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B. DETAILED DESCRIPTION OF MAIN COMPONENTS AND CIRCUITS. -
C. TESTING AND PERFORMANCE.

This is the second article in the series on linear electron accelerator development published
in this Review. Since the appearance of the first article, in which the basic principles of the
travelling wave linear accelerator were described by D. W. Fry of A.E.R.E., Harwell,
the present 15 MeV machine designed by the Mullard Research Laboratories has been in-
stalled at Harwell and is now in full time operation. Used in conjunction with a suitable N
neutron target, very intense bursts of neutrons are produced and the machine then provides ’
the most intense pulsed neutron source available (so far as is known) anywhere in the world. C
The large variety of problems that had to be solved in this comparatively novel type of apparatus
warranted a detailed treatment, to which more space has been devoted than is usual with the . .

subjects dealt with in this Review.

Introduction

The linear electron accelerator is an instrument
of considerable interest to the nuclear physicist.
Apart from constituting a comparatively simple
and efficient means of producing electrons of energy
in the 10 million electron-volt range or higher, the
linear accelerator, as was pointed out by Sir John
Cockeroft ') in" 1949, owing to the short_duration
and the large current in the electron pulse, is valuable
as a means of generating short bursts of neutrons
for use in “time-of-flight” neutron spectroscopy.
This method has gained considerable importance
for the investigation of neutron capture or scattering
cross-sections of materials used in nuclear reactors.

*) Formerly with Mullard Research Laboratories, Salfords,
England; now Chief Superintendent, Long Range Weapons
Establishment, Salisbury, Australia. .

**) Mullard Research Laboratories, Salfords, Surrey, England

1) J. D. Cockcroft, Nature 163, 869, 1949.
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The first two travelling wave type linear accelera--

tors designed and built- by Mullard Research La-
boratories were destined mainly for nuclear physics
work of this nature-at the Atomic Energy Research

" Establishment at Harwell. The first of these was a

3.5 MeV accelerator similar to the one developed
by D.W.Fry and co-workers and described in a
previous article in this Review?®). The second
(fg. 1), whose installation at Harwell was completed
during September 1952 and which is the subject
of this article, was designed for an energy of 15 MeV.

Although this machine (as well as the smaller

one) was destined for nuclear physics work, the

design was influenced by the consideration that
linear electron accelerators are likely to assume a
‘very important role as X-ray sources in radlo-

?) D. W. Fry, Philips tech. Rev.14, 1-12, 1952 (No., l) ThlS
article will further be quoted as I~

s




Fig. 1. View of thé 15 MeV-accelerator, mounted in concrete shelter at the Atomic Energy
Research Establishment, Harwell, as seen from the target end. (This photograph and that
of fig. 13b are reproduced by permission of the Comptroller of H. M. Stationary Office.)

therapy. In fact, it seems that in the future the
most widespread use of the linear accelerator may
well be in clinical applications. It will be seen in
this description that the 15 MeV accelerator was

desigued in such a way that it can be used without
major modification either as a tool for the nuclear
physicist or as a clinical instrument for the radio-
therapist.

A. CHOICE OF PARAMETERS AND GENERAL DESIGN

Choice of operating parameters
General

The problem of the design of a linear accelerator
for a given purpose depends on a large number of
factors, and as in other problems of this nature
the final design must inevitably be a compromise.
‘While most of the factors which affect the design
have been discussed in I, it will be desirable to
recapitulate while discussing the choice of design
parameters for the 15 MeV accelerator.

. The preliminary data for the design were the
following: the performance aimed at was an energy
of 15*MeV with 25 mA beam current in the electron

pﬁlée; the length of the corrugated waveguide should
not greatly exceed 6m, as this was the space
available in the concrete shelter at Harwell in
which the machine was to be housed in order to
protect personnel from the intense radiation pro-
duced; finally the most suitable power source
available was a magnetron operating at 3000 Mc/s
with 1.8 MW output in the pulse.

In principle a higher operating frequency would
be an advantage. This is readily seen from the
relationship (valid when the phase velocity is in
the region of the velocity of light) between the
maximum accelerating field E and the power flux W
in the corrugated waveguide through which the
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wave and the electrons travel (see I, eq. (2)): .

R

E = (480 W)t ijmat, . . Q)

where a is the inner radius of the irises in the
corrugated guide. For a given value of \a/Z., which
is the main parameter of the guide, a higher fre-
quency (shorter wavelength 1) would mean a higher
accelerating field per\unit power flux (i.e. a higher
series impedance of the guide, see I). In the future
suitable magnetrons for higher frequenmes may
become avallable but at the time when this equip-
ment was designed the pulse powers available at
. higher frequencies, e.g. 100 kW at 10 000 Me/s,
were much too small.
It was pointed out in I that a ch01ce has to be
made between a long guide with low series impedan-

ce which is insensitive to frequency changes and a

short high impedance guide which is relatively
frequency sensitive. This - situation is improved
by the use of the feedback principle, since the
power entering the guide is then higher than the
magnetron power and therefore gives a higher
energy, with the same impedance, in a given length.
It may also be noted that the same electron energy
may ‘be achieved with the same length of guide
but with a lower impedance (i.e. a less frequency
sensitive guide). Even so it may well happen that
the frequency sensitivity of the guide will be
greater than is compatible with the given stability
of the high frequency source. In this case it will
be necessary to-divide the given total length of
guide into two or more independent systems fed
from a common source, thus permitting correction
of the accumulated phase error at the end of each
system. )
The decision whether the available length of
guide should be subdivided in this way, is com-
plicated by the problem of how much of the maxi-
mum accelerating field in the corrugated waveguide
can be usefully employed. To emphasize the im-
portance of this point it is necessary to enlarge
upon the motion of wave and electron in the wave-
guide. If it were possible to obtain a high frequency
source of very great stability (1 in 10%) and if it
were possible to machine and assemble the corrug-
ated waveguide such that electron and wave
. velocities are substantially equal at all points of
the electron path (machining tolerances 4-2 p. on
some dimensions) then all electrons injected at
the correct velocity and appropriate phase could

fraVel in the wave crest, i.e. they could be acceler- -

ated in the maximum axial field. In practice
magnetron frequency stability is at best of the
order of 1 in 104, and it is not economic to machine

- .

error
, traversing
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o
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corrugated waveguides to tolerances closer than
415 p. It is therefore clear that the electron must.

* . be made to travel in a region of increasing ax1a1

field such that changes in guide dimensions or
frequency which cause the wave to accelerate more

rapidly than the electron, do not cause the electron
-to move into a region of instability (i.e. of decreas-

ing field behind the wave crest). With the guide
impedance used up to the present time, it has
been found possible to machine and assemble one

metre lengths of waveguide such that the phase

of the position of the electrons after
one length will not exceed 15°.
The accumulation of phase errors due to the
mechanical inaccuracy can be avoided by inserting
correcting sections of guide at the end of each metre
length. Magnetron frequency changes of 1 in 10%,.
i.e. 0.3 Mc/s, produce phase errors of the same
order of magnitude, so that the total phase error
in, for example, a 3 m length would be in the region
of 30°. Current practice therefore is to make the
electrons lead the wave crest by about 35°, i. -e. 1o
make the stable phase for the electrons @ = 55°.

This means, that the actual acceleratmg field on the
electron

(W) . (2)

(u'ging the abbreviation p = 480(A/na?)? sin? ),
will amount to about 809, of the maximum value 3).

= (480 W) (Z./:rmz) sin @ =

Calculation of performance

For a chosen value of the waveguide parameter
a/A, integration of E, over the length L of the
guide, taking into account the attenuation of
power W along the guide, gives the total energy V
gained by the electrons. If the beam loading
of the accelerator is light, i.e. if the ratio of power
transferred to the electron beam to power lost
as heat in the walls .of the corrugated waveguide
is small, the power flux W at any point may be
expressed in terms of W,, the power entenng the
guide, by

W=Wet: ., ... (3

where « is the voltage attenuation -coefficient
expressed in nepers/metre and z is \the distance

along the gulde Then,

L .
V= /Ezdz= [(pWe)‘% e=azdz,
K g .

3) p might be termed the “reduced impedance” of the wave-
guide: when ® = 90°, p is equal to the series 1mpedance
of the guide. .
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so that the energy gain per unit length is: -

- 14
T = (pWe)

gl
aL

In most cases of practical interest, however, the
beam loading cannot be rieglepted. In fact, the
ratio of the power absorbed in the beam to that
lost in the walls may be of the order of !/, A
recalculation of (3) and (4) taking into account
the power absorbed by the electron beam (beam
current I) gives the equations:

Sy
Wt = We%e—az—;la(l— —az) .. (5)

and

L oL

aL . 2&

for the variation of the power flux along the guide
and the energy gain per unit length, respectively.

Equations (5) and (6) can be derived in the following way:
The power loss in a length dx of the guide is the sum of the
power transferred to the electron beam and the copper loss:

AW = —IEdz — W(l—e %) = —IE, dz — 2aWdz.

Substituting for E; in terms of W by meahs of equation (2)
and integrating between 0 (where W = W.) and z gives
equation (5). .

Substituting for W in terms of E:, again by meansofeq. (2),
gives:

e—GZ),

E = (@Wo e —2 (1~

which when integrated over the length L and rearranged,
gives equation (6):

From eq. (6) the electron energy to-be expected
with given values of p, a.and L can be computed )
provided that the power flux W, at the beginning
-of the corrugated guide is known. In an accelerator
without feedback this is of course equal to the
magnetron power, Wi. In the case where feedback
is used (fig. 2) W, is calculated as follows. If it
is assumed that there is’ no loss of power in the
feedback bridge itself, but a reduction by a factor
k at the input and output feeds to the corrugated
guide (see fig. 2), then: ~

W = kWi + W, ,

where W, is the power flux at the output end of the
accelerator. W, can be expressed in terms of W,

4) The form of eq. (6) is convenient for computation since
the function (l—e—*)/x has been tabulated by Miller

. and Rosebrugh, Trans. Roy.-Soc. Canada (2) 9, sect. III,
73-107, 1903, and by G. F. Hardy, Trans. Fac. Actuaries
8, 57-86, 1918, )

@,

- 1—eaL ‘ — Iy .
I_:(PWe)%l_eﬂ__i@_}—e—‘;) (6)

/7

VOL. 15, No. 1
using equation (5), putting z = L. Eliminating W,
from these two equations gives W, and the electron

- energy can be computed.

Conclusions from the calculations

- In this way the accelerator performance to be
expected for various designs of corrugated guide
was calculated. A few results are illustrated in
figs. 3 and 4. Fig. 3 is valid for a/A = 0.2 and a
single section 'waveguide with feedback. Fig.3a
shows the variation of electron energy with beam
current for various lengths of guide 5); fig. 3b shows
the variation of the electron energy with length,
for a beam current of 25 mA. In the same diagram
is plotted the frequency shift Af which produces a_
phase error of 35°. -

Figs. 4a and b provide similar information for a
corrugated guide with a/A = 0.168 and which
consists of two sections in series, each with its
own feedback loop. o v

These graphs make it clear that, if the effect of
beam loading had been neglected, the error in the
estimation of the final electron energy would be
1.5 to 2 MeV.

Considering figs. 3 and 4 in more detail it will
be seen that for a/A = 0.2 the maximum beam
current which can be achieved at 15 MeV in a guide
6 metres long is 12 mA. Alternatively at 25 mA the
energy is 14.15 MeV. Under these conditions the
permissible frequency change of the magnetron
(for a phase shift of 35°) is 4 0.527 Mc/s. Again
by increasing the length, 25-mA at 15 MeV

Z
. B _ kW,
W,
'm Ve
=z
We c W
77063 0 (- -mmmo o l ’

Fig. 2. Power flux in a linear accelerator with feedback.
C = corrugated waveguide, B = feedback bridge, Z=dummy
load, Wm = power arriving from the magnetron, We =
“circulating power”, W, = attenuated power at output end
of waveguide. -

5) These curves do not represent the variation of energy
with beam loading of a practical accelerator. Each point
on the curves represents the performance of an indi-
vidual accelerator in which the corrugated guide has been
designed to keep the wave in phase with the electron.
Further, it is assumed that the feedback ratio n of the
feedback bridge is always maintained at the correct value
EW,/ W, Since W, will vary with the beam loading and n
cannot be adjusted during opération, the latter condition
will not be fulfilled in a practical case.” Therefore, the
curve of variation of energy with beam loading in a prac-
tical accelerator will be tangential to the appropriate
curvein fig. 3a at the beam current for which it is designed
but at lower and higher currents the electron energy will
be less than that indicated in the curve.
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. Fig. 3. Predicted performance of linear accelerators with feedback, in oné section and with
waveguide parameter a/A = 0.2. Magnetron frequency 3000 Mc/s, magnetron pulse power
1.8 MW; the power loss at each dootknob feed is 59, or k = 0.95.

a) Variation of predicted electron energy V with rated beam current I, for different
values of accelerator length L. . T

b) Predicted energy ¥V for 25 mA rated beam current and magnetron frequency deviation
Af for a phase érror of 35°, as functions of accelerator length L.

is obtained with 6.73 metres, but the permissible realised at 6.73 metres but the frequency sensitivity ;

frequency change is now only +-0.47 Mc/s. While
the frequency sensitivity at 6 metres, with a/A = 0.2,
is on the borderline, an accelerator could be
constructed provided the target performance of
either electron energy or beam current is relaxed;
“on the other hand the target performance can be

would make the machine difficult to operate over
a long period without constant attention.

For a/A = 0.168 and the two section accelerator
it will be seen that a 6 metre length gives 25 mA
at 15 MeV with a permissible frequency change
of 4-0.62 Mc/s. These were the operating conditions

g i | v Af
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Fig. 4. Same as fig. 3, for linear accelerators with feedback, in two sections and with wave- =

guide parameter afi = 0.168. -

\



which were finally adopted. With this choice of
a/A the iris radius of the corrugated guide will
be 1.68 cm. - ' - .

Somewhat' more complex conditions apply in the first
30 cm of the guide, where the bunching of the clectrons
(cf. I) must be accomplished. This has not been taken into
account in the above caleulations. )

Main components of the accelerator

Fig. 5 is a schematic diagram of the operation
of the accelerator and shows the relationship of
the various waveguide components. Fig. 6 shows

an artist’s impression of the layout of the accelerator

in the shelter at Harwell; the. control desk and
general power supply rack are not shown in this
drawing. ’

Referring to figs 5 and 6, a short survey of the
main components of the apparatus will be given
as ah introduction to the detailed description that
is to follow. '

The high frequency power produced by the mag-
netron is fed through a rectangular vwaveguide to
a Tee junction (T) where it is divided into two
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equal parts; the two outputs are fed to the feedback
bridges B, and B, associated with the first and
second accelerator sections, C, and C, respectively.
The phase of the wave fed to B, can be adjusted
by means of a phase shifter Py. Power is fed from
each feedback bridge to,the input of the appropriate
corrugated waveguide section (C; and C,) through
the “doorknob” feeds D;. By adjusting P, the wave
fed to section C, is phased precisely to pick up the
electron bunches arriving from section C,. The
residual power of the attenuated wave reaching
the end of each section is brought via the output
doorknob feed D, back to the appropriate feedback
bridge where it is combined with the incoming
power from the magnetron. The phase of the power
fed back is controlled by the phase shifters P, and
P,; a check on the correct phasing is made by
monitoring the powér levels by means of waveguide
thermocouples near the input and output feeds.
The magnetron (type VX4061) is operated at a

" power output of 1.8 MW in the pulse, as mentioned

above. Its frequency is adjusted by means of a
mismatch probe and a line lengthener (ceramic
N
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Fig. 5. Schematic diagram of operation of the 15 MeV accelerator. C;, C; = the two
sections of the corrugated waveguide, with input and output doorknob feeds Dj and Dy,
electron gun.G, and focusing coils F. M = magnetron. R = rectangular waveguide system,
with dividing Tee T, feedback bridges B,, B,, dummy loads Z and phase shifters Py, P,
P,. The power arriving from the magnetron (Ww) is indicated by the grey wave, the
attenuated power leaving each accelerator scetion (W) by the black wave; these powers are
combined in the feedback bridges and fed to the input doorknob of each aceelerator section
(black and grey wave). The clectrons after being bunched in the first waveguide section
travel in a stable phase position somewhat ahead of the wave crest, towards the target X.
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wedge phase shifter 8)). The magnetron requires
a magnetic field of the order of 0.15 Wh/m?2 (1500
gauss). This field should be adjustable, as for any
given valve there is an individual optimum value.
Hence an electromagnet, fed with stabilized cur-
rent, is preferred to a permanent magnet. The
required high frequency power pulses are obtained
from the magnetron by feeding to it voliage pulses
in the region of 40-50 kV and of 2 psec duration
from the modulator (Mod in fig. 0). The power in

15 MeV LINEAR ACCELERATOR 1

differs, however,in that the condition of freedom from
time jitter is of considerably greater importance.
In fact, an uncertainty in neutron energy in time-
of-flight experiments 7) is occasioned by uncertainty
in the actual time of the modulator pulse, and this
error should be small in comparison with other
sources of error, for example the duration of the
electron pulse. At present the electron gun which
supplies electrons to the corrugated waveguide is
pulsed simultaneously with the magnetron by the

Fig. 6. Artist’s view of the layout of the 15 MeV accelerator in the shelter at Harwell, The
components are indicated by the same letters as in fig. 5. On top of the shelter are the
magnetron M and modulator Mod. In practice the magnetron has been housed in a separate
unit. Note the high-voltage line to the electron gun.

the pulse which the modulator has to deliver
depends on the individual magnetron sample, i.e.
on the actual efficiency, and may be as large as
5 MW (for an inefficient magnetron).

The modulator design is essentially similar to
that of a high power radar modulator and is based
on charging a pulse forming network and discha rging
it through a pulse transformer via an ignitron. I

8) We cannot in this article enlarge on the details of standard
magnetron and waveguide techniques. For such details
the reader may refer, for instance, to C. G. Montgomery,
R. H. Dicke and E. M. Purcell, Principles of microwave
circuits, Mass. Inst. Technol. Radiation Series No. 8,
McGraw Hill, New York 1948. See also W. Opechewski,
Philips tech. Rev. 10, 13-25 and 46-54, 1948, and
A. E. Pannenborg, Philips Res. Rep. 7, 131-157, 169-188
and 270-302, 1952.

modulator. It is possible, however, that shorter
clectron pulses will be used in the future. It was
therefore decided to tolerate a jitter of the main
modulator of not more than about 0.1 psec.

A special circuit involving the use of a “magnetic
diode” was developed for stabilization of the gun
lilaunent current, as experience with the 3.5 MeV
accelerator had indicated that both beam current
and X-ray output are very sensilive to small
filament current changes.

The considerable defocusing forces acting on the
electron beam, especially in the first part of the
corrugated guide, are neutralized by the use of

7y T.I Taylor and W. W. Havens, Nucleonics 5, 4, Dec. 1949,
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focusing coils covering the entire length of the guide

and producing an axial magnetic field whose value
. is just sufficient to constrain the electrons to move
in a helix about the corrugated guide axis.

The guide must be evacuated to a pressure lower
than 10~ mm Hg, to give a mean free path greater
than the length of the electron path (6 m) to avoid
loss of beam current by collision with gas molecules.
This low pressure will at the same time eliminate
the danger of sparking in the corrugated guide,
where peak electnc fields of the order of 30 kV/ecm
will be present. - \

Sparking must also be taken into account in the

rectangular waveguide. In this case it could be
eliminated either by evacuating (to about 10™ mm
Hg) or by pressurizing to 2 ‘or 3 atmospheres ¢).
While there is little doubt that a pressurized wave-
guide system would have been very convenient
(small leaks could then have been disregarded),
it would then have been necessary to develop a
waveguide window capable of withstanding a
differential pressure of 2 to 3 atmospheres and at
the same time of passing up to 1 kW mean power

*(1/, X 1.8 MW with a duty cycle of up to 1 :1000)
without undue losses. As a result it was decided
to evacuate the whole system right up to the magne-
tron window. _

The vacuum system is pumped by a single nine
inch diffusion pump whose unbaffled pumping
speed is 1500 litres/sec. While it would have been
possible to evacuate the corrugated waveguide

- from one or both ends, the high pumping impedance
of an iris loaded structure would give a considerable
pressure gradient along the guide. Furthermore
it is not improbable that the pressure near the

“end away from the pump (or the centre) would be
too high for satisfactory operation. To avoid these
-difficulties it was decided to pump the corrugated
guide radially; it is therefore enclosed ina vacuum
* “envelope, each cell of the guide (see below) being

- -'perforated by four holes round its circumference.

To conclude this short survey of the main com-
ponents and returning once more to fig. 6,it should be
noted that the modulator and magnetron have been

- positioned on top of the concrete shelter. Thus the

magnetron and its associated waveguide components

" havé been mounted as close as possible to the accel-

erator in order to minimize attenuation of power
from the magnetron in the rectangular waveguide.

At 3000 Mc/s, the power loss in a run of rectangular

waveguide, say, 30 feet long, is of the order of 10%,.

8) The two possibilities correspond with choosmg a point
sufﬁclently high up either to the left or to the right of the
minimum of the well known Paschen curve.
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Whereas this is negligiblé in a radar application it
would be quite serious for the satisfactory operation
of the accelerator: 10%, change in power level would
in fact represent a’ 5%, change in peak field aﬁd
therefore in electron energy.

As the intensity of the radlatlon from the accel-
erator is very high (in the region of 2000 réntgen
per min at 1 m distance from the target), the walls of
the shelter have to be sufficiently thick to reduce
the radiation to a reasonable level at all points
where personnel may be working continuously.
The walls and roof of the shelter have been con-
structed’ from barytes concrete, which owing to
its high density strongly absorbs X-rays, and the
walls are 4} feet thick in the vicinity of the target

General mechanical construction

The chief point borne in mind in the mechanical
design of the accelerator was that the machine
should be easy to assemble. In addition it should be
possible to dismantle the equipment for servicing,
as required, and subsequently reassemble without
the necessity of remewing the initial setting up -
adjustments.
support the corrugated waveguide (with its vacuum
envelope and focusing coils) from below, it will be
essential for medical application of the accelerator
to have a clear space below the target end to
accommodate the patient.

Finally, while it is convenient to

To satisfy these requirements it was decided
to support each metre length of the guide on a
separate three-wheeled trolley.The six trolleys are
run into position on rails laid on two reinforced
concrete tables. Mounted between these two tables
is a fixed centre member which carries the diffusion
pump (cf. fig. 6). This set-up also allows the trolleys
(or only those nearest to the target end) to be
supported from above if desired.- :

Fig. 7 shows the centre member 4 and the two
trolleys T; and T, ad] acent to it. The centre mémber
is machined from an aluminium forging; aluminium
was chosen rather than brass for lightness and
economy, and as this member forms part of the
vacuum envelope a forging is preferred to a casting :
where the risk of blow holes or porosity exists. The
centre member serves also to support the doorknob
feeds D associated with the two sections C;, G, of
the corrugated guide. The trolleys consist basically
of two aluminium end castings which are held apart
at the top by the focusing coil former F and at the
bottom by a tubular member K. One end of the
trolley carries two single flanged wheels and the
other end one double flanged centre wheel. Owing
to this three-point-support the system will be
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Fig. 7. Centre member 4 and adjacent trolleys T, T, of accelerator. F — focusing coil

former. K

tubular member. C,, C, corrugated waveguide sections. ¥ — vacuum

envelope. D = doorknob feeds. S = slots in rectangular waveguide. H = Helmholtz coils.
0 — oil diffusion pump. R - section of envelope with special cooling.

strain-free whatever be the
position of the supporting
rails. The accuracy required
in laying down the three
rails, which are rigidly
attached to the concrete
tables, is determined by
the range of the adjust-
ment provided for aligning
the trolleys.

Fig. 8 shows a complete
trolley prior to connection
to the main system. The
tubular sections of vacuum
envelope consist of } inch
wall copper tube to which
are hard-soldered flanges of
strong, nonmagnetic metal
(“Delta” bronze, which is
much stronger than brass).
Each section of vacuum
envelope is supported at
its flanges inside the focus-
ing coil former by three
adjusting screws at each

[ )

Fig. 8. Complete trolley prior 1o connection to the main system. The corrugated waveguide
supported by a three-legged spider in its vacuum envelope ic clearly seen.
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_end which permit accurate alignment. Similarly

each metre section of the corrugated waveguide is
in its turn supported in the vacuum envelope at
each end by a three-legged spider w1th ad]ustmg
screws.

In this description some of the detailed features
of the design have already been mentioned. The
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second part (B) of- this article will continue
along these lines, describing the main components
listed above and discussing a large variety of
detail problems that bad to be solved in their
development. The third part (C) will deal with the
methods of testing and the actual performance
of the accelerator.

B. DETAILED DESCRIPTION OF MAIN COMPONENTS AND CIRCUITS

to

Corrugated wa\l'eguiﬂe

Mechanical construction

As the successful operation of the accelerator is
dependent to a very important extent on the correct
performance of the corrugated waveguide, its
method of construction required careful considera-
tion in relation to dimensional accuracy and, of
course, manufacturing costs. .

In particular the surface finish and radlo fre-
quency joints between adjacent parts must be
such as to give a low value of attenuation, the
diameter of the guide must vary with distance
along the guide to give the predicted variation of
phase velocity ?) and lastly the inner hole diameter
and corrugation pitch must not exhibit irregularities

which would give rise to standing waves. The im-

portance of the latter point does not stem from the
power loss involved (this amounts to only 0.06
dB for a voltage standing wave ratio of 0.8); the
main point is that it severely restricts the tuning
range of the magnetron. '
The corrugated guide is composed of cells, whose"

" general shape is illustrated in fig. 9a. For the major

part of the length of the guide a corrugation pitch

.(length of cells) of 2 cm was chosen as a suitable
compromise between the required uniformity of
field between corrugations and the copper loss in the
‘dividing walls (cf. I). For the first section of the

guide, however, where the electrons must be bunch-
ed and where the phase velocity of the wave must

.vary from 409, to 90%, of the velocity of light within

a distance of only 30 cm, a smaller pitch is

. necessary. Thus the first 30 cm of the guide are

made up of cells with 1 e¢m pitch. Next come two
special 1 cm cells that serve as a matching section
between 1 cm and 2 cm cells. The rest of the guide
consists of 2 cm cells. The variation of phase velocity
after the first 30 em guide length is from 909, to

®) The detailed design of the waveguide was carried out’
by W. Walkinshaw -of the Atomic Energy Research
Establishment, Harwell.

7/

99.8% of the velocity of lighf at the end of the

first three metre length, and then to 99.95%, at the

target end. The variation of cell diameter (outer
diameter of the corrugations) required to produce
the variation of phase velocity from 909, to 99.95%,
of the velocity of light is only 0.2 mm. The cells are
spigotted together as shown in fig. 9b; a groove is
provided at the corner of the male spigot for the
insértion of a solder ring.
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Fig. 9. a) One of the 316 cells from which the corrugated guide
is composed. Two types of cells are used, viz, of pitechw =2 em
and 1 cm respectively. g = groove for solder ring. h = pump-
ing holes. a = inner iris radius. .
b) Two cells showing spigotting action. s = solder fillet.
¢) Clamping of two guide sections by rings ry, r, registering on
collars ¢;, c,.

The joints shown in (b) and (¢) are important since good
radio frequency contact is required.

The method of machining and assembly involved
considerable experimental investigation. High
conductivity copper strip 5 inch wide and 0.25
inch thick is used as the basic raw material. From
this, cold pressings in the shape of a cup (fig. 10)
are made using a 75 ton press. The pressings

‘are machined to within 0.25 mm of final dimen-

sions. The considerable stresses produced in the
material by the cold working must then be relieved
in order to avoid the risk of dimensional changes
during the subsequent fine machining. The stress
relieving is effected by heating to 800 °Cin an atmos-
phere of “mixed gas’’ (909, Ny, 10%, H,). This pfocess
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The joints shown in (b) and (¢) are important since good
radio frequency contact is required.

The method of machining and assembly involved
considerable experimental investigation. High
conductivity copper strip 5 inch wide and 0.25
inch thick is used as the basic raw material. From
this, cold pressings in the shape of a cup (fig. 10)
are made using a 75 ton press. The pressings

‘are machined to within 0.25 mm of final dimen-

sions. The considerable stresses produced in the
material by the cold working must then be relieved
in order to avoid the risk of dimensional changes
during the subsequent fine machining. The stress
relieving is effected by heating to 800 °Cin an atmos-
phere of “mixed gas’’ (909, Ny, 10%, H,). This pfocess
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performs at the same time the function of rendering
the copper in the neighbourhood of the surface
effectively oxygen free %), the importance of which
will be evident presently. The cells are then fine
machined to tolerances of 10 at 20 °C on all
internal dimensions and on the spigot. It will be ap-
that

measurement of the cells is of great importance

preciated control of temperature during
since an error of 5 °C during the measurement of the
guide diameter would suffice to throw the dimension

outside tolerance.

77067

Iig. 10. A length of corrugated guide with centering spider.
1 cold pressed cup from which a cell (2) is machined. Note
the pumping holes in 2.

After machining the cells are degreased and
assembled in a stack with copper-silver eutectic
solder rings inserted in the grooves provided. The
stack is then heated to 780 °C in an atmosphere
of pure nitrogen; mixed gas is admitted for a
few minutes at the soldering temperature, the hy-
drogen acting as a flux for cleaning the surface
in the soldering process. Finally the guide is
cooled slowly in a nitrogen atmosphere. In this
way a very satisfactory radio frequency joint is
obtained. It should be noted that the surface of
the copper in the soldering process must be oxygen
free since otherwise the hydrogen flux will tend to
cause blisters on the surface of the copper with
a consequenl serious increase in RI attenuation.

The phase velocity of each section of assembled
waveguide is checked by treating the system as
a standing wave circuit. A short circuiting plate
is placed at one end and RF power at 3000 Mc/s
fed to the other; the wavelength and hence the
phase velocity is measured by introducing a small
loop into one of the pumping holes of each cell in
turn and plotting the field pattern. As a result of

10) Brit. Pat. Application 23322 of 1952.
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these measurements of phase velocity, correcting
sections of 10 cm length were inserted at four places
in the corrugated guide, in the 15 MeV accelerator.
the the
measured by feeding power into and out of the

Using same altenuation 1is

sel-up

guide through doorknob transformers and ob-
serving the mean power level at points along the
guide.

Adjacent lengths of corrugated guide are spi-
gotted and are clamped together by means of a pair
of rings, each of which registers on a collar on the
end cell as shown in fig. 9¢. At the end of metres
no.1,2,4 and 5 these rings are replaced by the three-
legged spiders mentioned earlier and which serve
to support and to centre the length of the guide
in the vacuum envelope. A length of guide with
a spider is shown in fig. 10. The ends of each three
the doorknob

metre length are supported by

transformers.

Water-cooling

At the maximum pulse repetition frequency the
power dissipation in the corrugated guide can amount
to as much as 300 W per metre length. As the area
of contact of the spider adjusting screws with the
vacuum envelope is necessarily very small, the
only effective points of heat transfer by conduction
are at the doorknob feeds. In a few hours running
quite high temperatures could therefore be develop-
ed in the guide and since a change in mean tempera-
ture of only 10 °C produces a 30° phase error be-
tween wave and electron, it is necessary to water-
cool the guide. This is effected by cooling pipes
which have a large area of contact with the guide
and which keep the temperature rise within 2 °C.

Since the guide and the vacuum envelope are in
effect rigidly clamped together at their ends, any
temperature variation of the envelope would cause
the guide — which remains at constant temperature—
to be in tension or compression, which results in
undesirable mechanical strains. (A phase error
would also result, but this would be very small
since only the length would be aflected, where
dimensional errors are only 1/20 as critical as on
the diameter.) The undesirable effect could be
avoided by providing an expansion joint in the
vacuum envelope but it is mechanically simpler
to pass the cooling water from the guide to a helix
soldered to the vacuum envelope so that both are
maintained at effectively the same temperature.
Before going to waste the water passes to the
focusing coil system (to be described presently).

Each metre length of the accelerator has its own

water circuit performing this triple cooling function.
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Electron gun

The electron gun is a simplified Pierce gun
which injects into the corrugated waveguide a
substantially parallel stream of electrons. The
electrode geometry is shown in fig. 1la. A directly
heated flat spiral tungsten cathode is situated just

R

x O
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Fig. 11. a) The electron gun is of the Pierce type. F
focusing electrode. A4
insulating glass plate. S

b) and ¢) Mechanism of vacuum valve. In the open position (b) three holes
- of both anode plate and slide plate are in register; pumping

spiral tungsten filament. K
passage of electrons. G

trons and p,, p, for pumping
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and compressing the slide plate is shown and ex-
plained in fig. 12.

After the cathode has been replaced the gun
space is pumped down to about 0.04 mm Hg by
one of the rotary pumps of the vacuum system
and the valve is then opened slowly. The resultant

replaceable, directly heated flat
flat anode with hole e for the
sliding plate of vacuum valve.
— e for the elec-

holes p,, p, of the anode are open. In the closed position (c) the five holes of the anode plate
are shut off by “Neoprene” rings held in self-retaining grooves in the slide plate.

inside the apex of a truncated conical focusing
electrode. The anode is at earth potential whilst
the cathode is pulsed to —45 kV by the main mo-
dulator. The cathode structure is supported and
insulated by a plate of “toughened” glass.
Experience with the 3.5 MeV accelerator showed
that while the average cathode life was in the
region of 150 hours, the performance of the accelera-
tor did not give any indication of cathode deteriora-
tion until fracture actually occurred. Thus it may
well happen that the cathode must be changed in
the middle of a long experiment. If cathode replace-
ments required opening-up the whole vacuum
system, about two hours would be necessary to
re-establish the vacuum after the operation. To
avoid this waste of time it was decided to incor-
porate a vacuum valve between the main accelerator
envelope and the electron gun'!). The valve
consists of a slide plate in contact with the flat anode
of the gun (fig. 11b). Corresponding holes for the
passage of electrons and for pumping are drilled
in the anode block and slide plate. These holes are
in register when the valve is open. When the slide
plate is translated to the closed position and pressed
on to the anode, the holes in the latter are shut off
by “Neoprene” O-rings held in self-retaining grooves
in the slide plate. The mechanism for moving

1y Brit. Pat. Application 1060 of 1953.

77068

Fig. 12. Electron gun. Through the glass plate supporting
and insulating the cathode, the mechanism for actuating the
vacuum valve may be seen. The slide plate (with holes) is
seen at the far end. The translational movement of the plate
is effected by a rack and pinion and the compression by a
screw thread. Both movenents are controlled by shafts passing
through vacuum-tight bearings (Wilson seals) in the gun
envelope; the driving knobs are seen at the bottom.
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rise in pressure in the main system is very small
and the pressure rapidly falls back to its normal
value.

It has been stated above that it is desirable to
stabilize the gun filament current. Since the cathode
is pulsed to 45 kV the problem of stabilization
requires special measures. The system adopted is
shown in fig. 13 @ and b. A D.C. generator, driven
through an insulating shaft by an A.C. motor, feeds
the gun filament through an 8 inch diameter
cylindrical coil. A magnetic diode (which has a
D.C. magnetron characteristic }?)) placed inside and
on the axis of the coil examines the field and in-
dicates (by its anode current) whether the field
differs from that corresponding to the filament work-
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Fig. 13. @) Circuit for stabilization of the gun filament
current. Only the components enclosed in the dotted line
are at high potential (—45 kV during the gun pulse).
G — D.C. generator driven by motor M. F — gun filament.
L field coil. R variable resistor. D — magnetic diode
measuring the field in the centre of coil L. 4 push-pull
amplifier. S servo motor. |/ insulating shafts.

ing current. This information is fed via a push-pull
amplifier to a servo motor, which drives through
suitable gearing and an insulating shaft a variable
resistor in the field circuit of the D.C. generator. In
this way the filament current can be maintained
at its working value. To allow adjustment of the cur-
rent to lower values, a subsidiary coil surrounding
the diode is provided. By passing a current through
this coil the field at the magnetic diode is increased
and the main current will decrease since the diode
will tend to maintain the total field at the same
value as before.

The only components of the power supply which
are at high potential, are the generator, its field
resistor and the field coil. A slipping clutech and
limit switches are provided to avoid damage to

12) Cf. H.B.G. Casimir, A magnetron for D.C. voltage am-
plification, Philips tech. Rev. 8, 361-367, 1946.
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the field resistor if the gun filament should go open
or short circuit.

This servo control system has proved very
satisfactory in practice and gives a filament current
stable to better than 419,

An alternative and relatively simple method involves
feeding the filameut through a bifilar choke. Conventional
means for stabilization using compouents at or near earth
potential can then be adopted. The choke, however, would
have a large capacitance to carth. In the particular case of
the accelerator at Harwell it is hoped in the future to pulse
the electron gun by a separate modulator having a pulse
duration considerably shorter than the 2 psec employed at
present (see page 7). In the interests of economy in this

subsidiary modulator it was desirable to keep the capacitance

to earth ol the gun and its power supply as low as possible.

b) Photograph of the stabilizer.

Focusing system

The defocusing forces acting on the electron beam
the
velocity of the electrons approaches the velocity

in the corrugated waveguide decrease as
of light (see article I). As a result, the axial
magnetic field required for focusing must be highest
near the electron gun end of the guide. The cal-
culated value for the 15 MeV accelerator varies
between 0.0750 Wb/m? at the gun end to 0.0125
Wh/m? at the target end.

The coil system for producing this focusing field
was designed round the use of windings 4 inches
long and 10 inches inside diameter, fed by a current
in the region of 3 A; the number of turns (and
hence the outer diameter of the windings) must
vary along the length of the accelerator. The
windings are assembled on ecylindrical bobbins
just under 1 metre long. This subdivision of the
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coil system makes for easy access to the water-
cooling connections of the vacuum envelope at the
end of each metre length. To bridge the gap
created by the centre member of the accelerator
and the diffusion pump (cf. fig. 7) a pair of large
Helmbholtz coils have been used. To avoid carrying
the focusing coils beyond the ends of the accelerator
(or alternatively of providing very large coils) in
order to maintain the calculated field in the region
of the ends, mild steel end plates have been used
to .provide a local concentration of field.
~ "As the total power dissipation in the focusing
coils is in the region of 6 kW, water-cooling has been
provided. The cooling pipes are attached to the
¢ylindrical coil formers which constitute the body
of the trolley assemblies as shown in figs. 7 and 8.
In the region of the gun end, where the power
dissipated is considerable, cooling of the cheeks of
the coils is also provided. The Helmholtz coils are

cooled on one end cheek and on the outer cylindrical V

surface.

~ In spite of the water-cooling the mean tempera-
ture and hence the resistance of the coils rises
during operation and this coupled with mains
voltage variations could easily produce a 259%,
change in focusing field. Stabilization of the coil
current was therefore necessary. In this instance
it was decided to supply the coils from six indepen-
dently variable stabilized power units, as experience
with the earlier accelerator had indicated that a
slightly higher beam current could be obtained by
local changes in the focusing field from its predicted
value. The six sections of the coil system were
chosen such that each power unit supplies approxi-
mately the same wattage. This means of course
that the coil divisions become progressively longer
in the direction of the target; this feature is con-
venient since it is to be expected that the actual
local value of field will be more critical in the low
velocity region.

The field stability required was estimated to be
in the region of 4-5%,. A magnetic diode circuit was
used for the stabilizer units as this was considered

"to be convenient and economical even though
no high voltage problems are involved and the
precision achieved is better than required.

Vacuum system \

The diffusion pump gives a pressure of 2x107°
mm Hg measured at the top of the centre member
of the corrugated guide, under normal running

- conditions. Although the pumping conditions for
the corrugated waveguide are not ideal, owing to
the small diameter of the pumping holes in the

L
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cells, the actual pressure in the path of the electron
beam is probably not greatly in excess of the
measured figure and satisfactory operation of the
accelerator is achieved provided the pressure, as
measured, is not in excess of 4X107° mm Hg.
Pumping conditions for the long rectangular guide
with its small cross section are even worse but fortu-
nately the vacuum requirements in this guide arenot
so stringent. Some pumping of the rectangular guide
will. occur through the doorknob cones and the
corrugated guide. This in itself is undesirable since
it tends to increase the pressure in the corrugated

guide. Slots have therefore “been made in the

rectangular guide sections of the doorknob feeds
(S in fig. 7). Pumping through these slots provides
a satisfactory operational pressure throughout the
whole rectangular guide system.

In order to avoid so far as possible the conden-
sation of pump fluid on the water-cooled walls of
the vacuum envelope and the corrugated wave-
guide the cylindrical section of envelope R in the
neighbourhood of the pump baffle is cooled by
water at least 5 °C colder than the main water

supply. A standard milk cooler comprising a

refrigerator unit, a well lagged 40 gallon (180 litre)

V-

77047

Fig. 14. Layout of the pumping system. O = oil diffusion pump
with heater h, water cooling w and water flow switch s. R,,
R, = rotary pumps for backing and roughing. 8 = backing
valves, VR == roughing valves, 4 = air inlet valves. All these
valves are magnetically operated. M = manual valves,
'C = centrifugal safety switches. P,0; = moisture traps.
B = baffle, with main valve v and refrigerated coils r; the
water in this circuit is kept at least 5° C below that in the main
cooling circuit by means of the refrigerator K with circulating
pump p, heat exchanger e, water flow switch b (interlocked to
the diffusion pump heater) and thermocouple ¢ for monitoring
temperature difference.
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storage tank and a circulating pump, was adapted
for this purpose. An electronic temperature con-
troller was fitted which maintains the temperature
of the water fed to the pump baffle at 5° C; this
temperature is adequate in the Harwell installation,
in which the main cooling water is recirculated and
whose temperature never falls below 10 “°C.

The layout of the pumping system is shown
diagrammatically in fig. 14 and the control panel
and some of the component parts are seen in fig. 15.

Fig. 15. Control panel and some of the component parts of
the vacuum system. The four cylindrical containers nnder the
panel are the magnetically operated valves. One of the rotary
backing pumps is seen in the adjacent arch of the concrete
table.

Two rotary vacuum pumps each with a displace-
ment of 450 l/min are provided. While one of
these is sufficient to maintain an adequate backing
pressure for the diffusion pump, the second pump
is useful when carrying out routine maintenance
and also to save time when evacuating the whole
system from atmospheric pressure (roughing).
The two pumps can be used either for backing or
for roughing simultaneously, or each can carry
out either function. In order to avoid the danger
of mistakes in the control of these functions ma-
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units for all vacuum

Fig. 16. Trolley housing the control
gauges (Pirani, Philips and triode ionization gauge).

nual vacuum taps are not used; each pump is
operated by means of a selector switch which
controls a pair of magnetically operated valves.

Pirani, Philips and triode ionization gauges '%)
are provided for the measurement of rough, medium
and fine vacuum respectively. The control units
for all gauges are housed in the vacuum gauge
trolley shown in fig. 16. The trolley is castor mounted
and is connected to the gauge heads through a
long flexible cable so that it may be moved around
to facilitate leak hunting.

A number of protective devices connected with
the vacuum system will be dealt with in a later
section.

Modulator

The modulator which feeds the voltage pulses
of 40-50 kV and 2 usec duration to the magnetron
and to the electron gun is shown in fig. 17. Fig. 18
is a simplified circuit diagram.

The output of the main transformer Tr which
is fed from a wvariable transformer Tr, is rectified
and provides D.C. at 10-12 kV level. After smooth-
ing, the output is fed through a ringing choke L
and a gas triode Th, to the pulse forming network
D (“delay line’). Owing to the inductance of the
choke the pulse forming network will be charged
to double the D.C. voltage supplied. When the
ignitron I is triggered, the pulse forming net-
work discharges through the ignitron and the pri-
mary of the 1:5 step-up pulse transformer P,.
13)’I‘mnization gauge control circuit is interesting in that

a simple saturable reactor is used to stabilize the emission

current at a preset value, in which case the plate current

is a direct measure of the pressure in the system (Brit.
Pat. Application 5377 of 1952).
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The rectangular pulse across the secondary of this
transformer is fed to the magnetron cathode. For
maximum energy transfer the impedance of the
primary of P, is matched to that of the pulse forming
network so that the voltage is divided equally
between these two and a pulse voltage of about
10 kV is obtained on the primary and 40-50 kV
on the secondary. The pulse transformer is bifilar
wound so that the heater transformer for the
magnetron can be at earth potential.

If the modulator were to operate at a fixed pulse
repetition frequency the introduction of the series
triode Th; would not be necessary since the time
constant of the ringing choke L could then be
adjusted so that the pulse forming network is
charged to the maximum voltage just at the time
of the occurrence of the next pulse. However, in
practice the accelerator is used at a number of pulse
repetition frequencies between 100 and 500 pulses
per sec and the introduction of a cut-off valve is

therefore essential. Furthermore the use of a suitable
time constant in the grid cirenit of Th, ensures that
the pulse forming network dees not start to charge

Fig. 17. Main modulator producing the vohage pulses of
40-50 KV and 2 psec duration fed to the magnetron and to the
electron gun, with covers removed. The letters correspond
to those used in fig. 18.

2U sec

v 50kV

Try

ll Tr‘2

77095 =
lig. 18, Simplified circuit diageam of modulator, with waveforms obtained at several

| points. The pulse forming network D is periodically charged up from a 12 kV D.C.
source via a ringing choke L and a cut-off gas valve Th,. By discharging the network
D through the ignitron I and the primary of step-up pulse transformer P, a rectangular
voltage pulse is obtained on the magnetron M. The maximum pulse repetition frequency
is 500 per second. The repctition frequency is controlled by triggering pulses fed through
pulse transformer Pj to the grid of the hydrogen thyratron Th, which on firing will dis-
charge the capacitor C through the step-down pulse transformer P, thus delivering a high
energy triggering pulse (2 kV, 300 A) to the igniter of the ignitron. Tr - R — main trans-
former and rectifier. Tr, — variable transformer, Tr, — magnetron filament supply trans-
{ormer.
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‘until the ignitron discharge valve is completely
de-ionized. .

The choice of an 1gn1t1'0n as the dlscharge valve
is rather unfortunate since it is inherently in its
design prone to jitter and since its de-ionization
“time is relatively long. However, at the time the
.design was carried out, no hydrogen thyratron
capable of handling 5 MW in the pulse was available.
(A" hydrogen thyratron to this specification is
now made in the United States 14).)

In order to reduce jitter two measures have been
adopted. The first aims at assisting ionization by
maintaining the ignitron bulb at as high a tempera-
ture as possible subject to not excessively in-
creasing the de-ionization time. of the ignitron.
Experiments with a number of samples showed
that a reasonable compromise temperature is 18 °C.
The cooling water which is fed to the ignitron is

therefore warmed to 18 °C by a 500 W immersion

heater stabilized by an electronic temperature
controller (Mullard type E 7594).

The second measure involves the use of a large
triggering signal on the igniter of the ignitron. The
signal is a pulse of 2 kV, 300 A obtained by the
.discharge of the 0.01 pF capa01t01 C through the
step-down pulse transformer’ P, and the hydrogen
thyratron Th,. The capacitor C is charged to 8 kV
from a potential divider (Pot) connected to the
main high voltage line. The hydrogen thyratron
Thy receives its triggering pulses from a blocking
oscillator which thus controls the pulse repetition
~ frequency of the modulator. The large triggering
pulse of 600 kW peak power on the igniter of the
ignitron reduces the maximum jitter to a value
in the region of 0.1 psec and the mean value is
considerably less. On the other hand there is some
evidence that the use of such a large triggering
signal reduces somewhat the ignitron life and it
becomes progressively more difficult to fire.

As a time somewhat longer than 1/10 psec is
necessary for oscillation to build up in the magnetr-
on and the effective impedance during this period
is very high (the current drawn is very small) the
steep voltage rise on discharging the pulse forming
network tends to produce a voltage spike on the
magnetron in the early part of the pulse. The
corresponding current spike would tend to produce

unwanted modes of oscillation in the magnetron
which generally cause sparking. The effect has been ‘

removed by the use of a choke i in series and a series
connected resistor and capacltor in parallel with
the magnetron. :

14). Electronics 26, Febr. 1953, p. 158.
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Rectangular waveguide system,

The whole waveguide run from the dividing Tee

is seen in fig. 6. As the system,is evacuated right
up to the magnetron, all the sections, bends and
waveguide components (feedback bridges, phase

shifters etc.) are connected together using standard

vacuum type choke couplings. The feedback bridges,
phase shifters and monitoring thermocouples will
be described in some detail below. Each part of the
waveguide which contains a discontinuity has been
individually matched with irises to avoid reflect-
ions as far as possible: the voltage standing wave

ratio (cf. note °)) is not less than 0.98 for any in-’
dividual part except for the phase shifters which -

cannot be matched to give this V.S.W.R. over their
whole range of phase adjustment. The overall
V.S.W.R. of the system (as' measured above the
dividing Tee, at low power and with the system

‘at atmospheric pressure) varies between 0.8 and
1 P P

0.97, depending on the position of the phase shifters.

Feedback bridges

The feedback bridges ;.‘-._zi,re. of the typla known as
circular magic-Tee 1°) which is illustrated in fig.19a
(see also figs.1, 5 and 6).,It consists of two circular
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Fig. 19. a) Circular magic-Tee. It consists of two sections of

‘circular waveguide, each section carrying two rectangular

waveguide arms mutually at right angles and spaced axially
by one wavelength. The two sections are joined by a rotatable
vacuum joint and closed by an ad]ustablc plunger for matching.
b) Electric field lines of H,;-wave in the circular guide excited
by Hy,-wave in a rectangular wavcgmde arm.

¢) The two Hy;-waves, excited in the circular waveguide by

“the rectangular wavegulde arms 1 and 2, have a resultant

polarization at 45° (provided the phases are suitably ad-
justed). The sum of the two incident powers can then be
drawn from rectangular. waveguide arm 3, and in the steady
state no povwer will enter arm 4. 4

15) The use of a circular magic-Tee in an accelerator feedback
system was suggested by L.B.Mullett, see: L. B. Mullett
and B. G. Loach, A. E. R. E. Report EL-R 93. See also:
B. E. Kingdon, A circular waveguide magic-Tee and its
application to high power microwave transmission, J.
Brit. Inst. Rad. Engrs 13, 275-287, 1953 (No. 5).
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‘waveguides joined together at one end by a butt
waveguide joint and a rotatable vacuum joint and
closed at the other end by an adjustable non-con-
tacting plunger and a vacuum end plate. To each
section of circular guide are attached two rectan-
gular waveguide arms, mutually at right angles and
spaced axially by one wavelength in the circular
guide. The principle of operation is as follows.
Assume initially that equal powers are fed into
two arms at right angles. Each will then give rise
to an Hj,-wave in the circular guide as shown in
fig. 19b. (The radius of the circular guide is chosen
“so that a reasonably good impedance match is
obtained as viewed from the rectangular guide.)
‘The electric fields of both H,,-waves will be at right
angles and of equal amplitude. Provided the
phases are suitably adjusted the resultant polari-
zation will be linear and at 45° to the individual

polarizations. If one of the rectangular arms of the

other circular section is now adjusted to be at
45° to the first two arms the sum of the two in-
cident powers can be drawn from it; see fig. 19c.

- When the ratio n of the two incident powers is
not unity, the situation is similar but the angle
between the resultant polarization and one input
arm will now be ¢7#45° This angle is given by
«tan?p = n. By means of the rotatable vacuum
joint the output arm from which the power is to
be drawn can again be adjusted so that its axis is
perpendicular to the resultant polarization. In the
15 MeV accelerator the practical value of 7, ie.
the ratio of the power returned to the bridge from
the guide to that supplied to the bridge by the
magnetron, is n = 1.28. The angle ¢ in that case
is about 46.5°. (This value of n will of course be
correct only for one value of beam loading; cf.
footnote %)). :

. It might appear that under these ideal conditions
the fourth arm, of the second circular guide section,
serves no useful purpose. During the steady state
of the pulse, when the power flow through the
éorrugate(i guide has reached its final value, no
power will in fact enter this arm. However, during
the first few tenths of a microsecond the power fed
back will be less than the steady state value, and
some power will enter the fourth arm. This power is
dissipated in a matched load. (A similar situation
will obtain even in the steady state when the beam
current in the accelerator differs from its design
value, but the power loss is small.) :

It is convenient to use a matched water load %) in
the fourth arm since it allows the power dissipated

16) Brit. Pat. Application 24823 of 1952.
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there to be measured during the setting up tests:
This load is illustrated in fig. 20 and some details
are explained in the legend.

Comparing the circular magic-Tee with another type of
feedback bridge, the rat-race, the former has the important -
advantage that it can be simply adapted to power addition
ratios other than unity without upsetting the impedanece-
match to the rectangular waveguide, viz, by changing the
angle between the two sets of arms. On the other hand the
rat-race is smaller and all arms are in the same plane, thereby
climinating the “staggered” sections of wavegnide required
for the circular magic-Tee. Incidentally it may be mentioned
that in theory the two arms of each circular guide section
could be in the same plane, but experimentally it is found that
an appreciable amount of power fed into one arm then enters
the arm perpendicular to it.

h
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Tig. 20. Matched water load connected to fourth arm of each
circular magic-Tee. A glass tube, through which the water
flows, enters through a Wilson vacuum seal at one corner
(see section AA) of a rectangular waveguide with a 45° bend
and emerges centrally through a similar seal at the other end
which is closed (section BB). Since the electric field near 4.4
will be small, the discontinuity caused by the glass tube
will not be important and little reflection of power will occur.

Phase shifters

The phase shifters used in this equipment
consist essentially of a ceramic wedge placed in the
rectangular waveguide parallel to its narrow face.
The wedge is carried by two shafts and can be
displaced perpendicular to the narrow face of the .
guide: The wedge will cause a delay in the propa-
gation of the wave resulting in a phase change
which depends on the position of the wedge and
which attains its maximum value when the wedge
occupies the centre of the broad face.

The displacement of the ceramic wedge involves
the movement of a component inside the evacuated
rectangular guide. Further, this movement must be
effected by remote control as the phase shifters in
the feedback loops may need to be adjusted during
full power operation of the accelerator.

A magnetic coupling was developed for moving
the phase shifters, which eliminates a vacuum Seal
on any moving member and therefore requires
o'nly a very small torque and the very minimum

‘of maintenance. The coupling makes use of a horse-

shoe magnet which is supported on a bearing outside
the vacuum system and which may be rotated about
its axis by remote control. Magnetically coupled to
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the magnet but inside a bell-housing attached to
the guide and which forms part of the vacuum
system is a soft iron pole piece mounted on a
threaded shaft which actuates the ceramic wedge
carriage. The shafts which carry the ceramic wedge
are of silver steel and are separated by an odd
multiple of the mean quarter wavelength in the
guide in order to minimize mismatch.

Moving parts inside the vacuum are lubricated
occasionally when convenient with “Apiezon’’ pump
fluid. A unit of this type incorporated in the 3.5
MeV accelerator has been in operation for three
years; it required servicing after about 18 months.

The position of the wedge in the waveguide is
indicated remotely on a.voltmeter by means of a
potentiometer coupled through a gear box to the
external rotating shaft. Limit switches are provided
in the external driving mechanism to prevent the
wedge jamming against the guide wall.

:

Monitoring thermocouples

The thermocouples used for power monitoring

are of the usual waveguide type. Each thermocouple

consists of a small pick-up loop in an evacuated
bulb. The current induced in the loop by the wave in
the guide heats the thermocouple junction, one
end of which is connected to a copper foil flange, the
other end Being brought to an insulated top cap.
The thermocouples are used in pairg, spaced by
8/, of a guide wavelength to reduce errors due to
standing waves. The two thermocouples of one
pair are connected in series and the polarities are
arranged so that the output is taken from the two
top caps.

The thermocouple mount is designed to provide

77370
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Tig. 21. Waveguide thermocouple mount. The thermocouples
T are used in pairs, each being mounted in a rotatable dise
assembly so that the sensitivity may be easily adjusted.
I = pick-up loop. b = bulb. f = copper foil flange. d; and
d, = dises. o0, and o0, = O-ring vacuum seals. p = plate
soldered to waveguide wall W, ¢ = collar for clampmg the
disc assembly in position.
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a good vacuum seal on the rectangular waveguide
and at the same time to allow the replacement of
burnt-out thermocouples without an elaborate re-
calibration procedure. The mount is shown in fig. 21.
It will be seen that each thermocouple with its

‘copper foil flange is clamped between a pair of

annular discs; this assembly rests in a circular hole
in a plate hard soldered to the waveguide and is
sealed in position by a collar bolted on to the plate.
For calibration a thermocouple pair, is mounted

-in a separate waveguide section where the power
; !

flux can be measured directly using a water load.
By rotating the disc assemblies the sensitivity of
each thermocouple is adjusted so that the correct
power values are indicated on the meter. The line
of the axis of the guide is marked on the upper disc
of each assembly and the thermocouples are trans-
ferred in this position to their proper place in the
rectangular waveguide system. Using this method
the calibration will be accurate to 4 59, which is
sufficient for the purpose.

Protective system

- With a view to avoiding damage or loss of time
in case of failure of any.component or supply, a
number of safety circuits have been provided. The
description of the safety system will be restricted
to indicating which components require protection
in the event of a given failure,.and the general
type of indicators and circuits used.

A series of safety measures have been provided
for 'the vacuum system. In the event of mains
failure to.the diffusion pump the two magnetically
operated backing valves are closed so that the
vacuum in the envelope is maintained, avoiding
waste of time and preventing damage to the hot
diffusion pump fluid. If the rotary backing pump
ceases to function, due to failure of the mains supply
to the pump, of the driving belt or of the motor, a
centrifugal switch mechanically connected to the
pump shaft switches off the diffusion pump and
closes the backing valve; moreover this switch
opens magnetically operated air inlet valves situated
in the line to each of the two backing pumps, as a
protection against oil from these pumps being

sucked into the vacuum lines. Of course, the air

inlet valve must not open until the backing valves

have closed; this is ensured by increasing the time
constant of the solenoid of the inlet valve by a
large capacitor. .

The same series of events will take place in the
case of a general mains failure. No other automatic
action is necessary in such an event since self-
holding contactors are used in the switches so that

[N

1




20 PHILIPS TECHNICAL REVIEW

power is not re-applied automatically when the
supply returns.

A rise of pressure in the vacuum system might
also occur due to a vacuum leak while all components
in the vacuum system are functioning normally. Such
a rise of pressure, apart from cracking the pump
fluid, would cause irreparable damage to the ioniza-
tion gauge filament and the gun filament. More-
over, it would cause sparking in the rectangular
waveguide or the corrugated guide and the resultant
considerable mismatch would in turn produce
severe sparking in the magnetron. To avoid these
consequences the Philips gauge mentioned earlier
incorporates an electronic relay system which
operates if the pressure in the vacuum envelope
rises above 10 mm Hg: this initiates the closing
of all vacuum valves and at the same time switches
off the modulator, gun filament supply, diffusion
pump heater and all vacuum gauges.

The failure of cooling water supplies could cause
even more costly dainage to the magnetron, to the
corrugated guide (due to differential expansion
between it and the vacuum cnvelope), to the elce-
tron gun and to the diffusion pump. The water
circuits therefore contain bucket-type switches,
which in the event of water supply failure interrupt
the mains supply.

Lastly, overloads in the three phase supply to
the modulator, in the drive circuit, the main high
tension circuit and the single phase supply to the
focusing coils are monitored by relays. These relays
in the D.C. circuits are actuated by the voltage

drop across resistors and in the A.C. circuits by

transformers.

current

7?7072

Fig. 22. Relay pack used in the protective circuits. If a relay
failure occurs, the pack is unplugged and may be replaced by
another one of the same type.
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It has been stated that the protective system
besides safeguarding the equipment from damage
should minimize the loss of time due to failure of
components. In any protective system of this extent
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Fig. 23. View of the safety circuit panel of the modulator.
Note the set of relay packs in the upper portion,

and intricacy, however, the factor of time loss due
to failures in the protective system itself becomes
important! The elements most liable to causc
trouble are the relays with which most of the
protective circuits are associated. Therefore a plug-
in relay pack (fig. 22) has been developed which
incorporates a standard Post Office type relay and
which

used in all these circuits (fig. 23). Failure of any

with very minor circuit modifications is
relay during service instead of necessitating a
lengthy removal and replacement delay, merely
requires the unplugging of the faulty pack and
replacement by another of the same type. A coding
system is used so that it is impossible to plug in a

pack Of the wrong lype.

Control

As the accelerator shelter is not accessible while
the apparatus is running, all adjustments required
during operation must be made by remote control.
In view of its position it is convenient to be able
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to control the modulator remotely alsol?). The
control desk (fig. 24) has been designed to carry
out this dual purpose. It consists of seven easily
removable panel units:

1) Main control panel. This ineludes push but-
tons for switching on valve heaters and anode
supplies and for switching on and varying the high
voltage output from the modulator. Meters are

15 MeV LINEAR ACCELERATOR 21

gun filament current, for the measurement of the
total power in the electron beam and of the X-ray
output and finally for the control of phase and
measurement of radio frequency power in cach
of the feedback loops are found.

4) Oscilloscope unit. This has a time base of
either 12 psec, 120 usec or 12 msec. It may be used
to monitor pulse voltage and current waveforms in

Wi

Fig. 24. Control desk of 15 MeV accelerator. It includes a main control panel (lowest centre),
magnetron control panel (lower left hand), controls concerned with the electron heam
(lower right hand), oscilloscope unit (middle centre), safety indicator panel (upper-
most centre) and two subsidiary panels for checking the condition of the vacuum system

and for various other meters.

provided to monitor the voltage and current from
the modulator. Also
which

generates the voltage pulses for controlling the

the main rectifier circuit in
attached to this panel is the oscillator
modulator. Pulse repetition frequencies of 100, 200,
350 and 500 pulses per second may be selected by
means of a switch. Alternatively an external source
of triggering pulses may be connected by means of
the same switch.

2) Magnetron control panel. This provides facili-
ties for control and measurement of filament cur-
rent, magnetic field, radio frequency power and
frequency.

3) Controls more directly concerned with the
clectron beam. Here facilities for control of the

17) In certain medical applications the modulator will be

. pp .

placed heside the accelcrator, so that remote control is
unavoidable,.

the modulator or, for example, the current pulse
produced by the scintillation from a crystal under
the action of the X-rays generated. It also includes
a 60 dB pulse amplifier connected to the output
of a high-Q cavity wavemeter for frequency
monitoring; this method of frequency measurement
is useful since it demonstrates frequency changes
during the magnetron pulse or the presence of
even a very small amount of unwanted modes in
the magnetron oscillation.

5) Safety circuits panel. This indicates the state of
the various safety circuits by a series of green lamps.
A red lamp is associated with each of the four high
power circuits which are protected against current
overload as explained in the previous chapter.
When the overload protection operates, the red lamp
lights and after the fault has been noted and

cancelled by means of a push button on the
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same panel, the circuit can be switched on again.

6) and 7) Finally two small panels provide a
remote indication of pressure from the ionization
gauge circuit, of the temperature difference between
the main and the refrigerated water supply and any
other indications which may be required in a parti-
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cular installation. At Harwell three hour-meters
(not shown in fig. 24) indicating low tension ecir-
cuits, high tension circuits and refrigerator com-
pressor hours were installed in one of these small
panels. The first two assist in compiling information
on the valve life to be expected in various circuits.

C. TESTING AND PERFORMANCE

Mea‘euring methods

, The testing of the machine as a particle acceler-

ator primarily involved the measurement of the

electron energy and the beam power. No attempt
was made to measure the beam current directly
since this is more difficult and without very care-
fully designed measuring gear would yield no more
than a very rough cross check on the value of current
derived from the other two measurements.

Measurements of the X-ray intensity obtained
and of the beam concentration (i.e. the radial
distribution of the electrons in the beam) were also
made. These characteristics will of course be of
special importance when a similar machine is
used for X-ray therapy.

The total beam power was measured by means of
a constant flow water calorimeter. This consisted
of a cylindrical brass container long enough to
absorb all electrons and closed by a brass plug
at one end and a thin copper foil at the other. The
container was supported coaxially with the accelera-
tor and with the copper foil facing the electron
source so that the electrons tended to give up their
energy in the'water rather than in the walls of the
container. The témperature rise of the water was
monitored by a differential thermocouple. In"these
experiments the electrons emerged from the
accelerator through a hole covered by a 0.002 inch
(0.05 mm) beryllium copper foil. The loss of energy
in this foil is very small but it causes considerable
scattering. The calorimeter was therefore placed
as close as possible to the foil to minimize the air
gap and to prevent the loss of scattered electrons.

By adjusting the rate of flow of water so that the
inlet and outlet temperatures differ by not more
than 10 or 15 °C, and by arranging that these
temperatures in so far as possible lie below and
above ambient temperature, the heat loss to the
air is made negligibly small.

The electron energy is determined, by the con-
ventional method, from the radius of curvature of
‘the electron path in a known magnetic field which
is at right angles to the direction of motion. A
schematic layout is shown in fig. 25. Two steel

plates F, and F, ‘with slits for the passage of the
electrons are set up at right angles. Electrons from’
the accelerator pass through the slit S;, traverse
a 90° arc between the pole pieces of an electro-
magnet (required field intensity about 0.2 Wh/m?)
and emerge through the slit S,. After traversing a
drift space 30 cm long they pass through a further
slit S; to a collector. The current obtained from
the collector is proportional to the number of elec-
trons that leave the a\ccelérator with an energy
corresponding to the chosen value of the analyzing
magnetic field.

The current pulse is amplified by a screened pre-
amplifier close to the collector and then by a high-
gain balanced amplifier; the output pulse is dis-
played on a high speed oscilloscope. In this way
the duration of the electron pulse and the time
distribution of electron energies occurring in the
pulse may also be measured. )

Since the electrons traverse a path of the order of
1 m length between the accelerator output window
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Fig. 25. Set-up for measuring the electron energy. The elec-
trons emerging from the exit window of the accelerator pass
through the slit S, and enter the magnetic field between the
pole pieces P of an electromagnet. The ficld is adjusted so that
the electrons describe a 90° arc and pass through the slit S,
to collector C. (Of course, the magnetic field need be esta-
blished only along the actual electron path, so that the pole
pieces take the form of 90° arcs.)
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same panel, the circuit can be switched on again.

6) and 7) Finally two small panels provide a
remote indication of pressure from the ionization
gauge circuit, of the temperature difference between
the main and the refrigerated water supply and any
other indications which may be required in a parti-
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cular installation. At Harwell three hour-meters
(not shown in fig. 24) indicating low tension ecir-
cuits, high tension circuits and refrigerator com-
pressor hours were installed in one of these small
panels. The first two assist in compiling information
on the valve life to be expected in various circuits.

C. TESTING AND PERFORMANCE

Mea‘euring methods

, The testing of the machine as a particle acceler-

ator primarily involved the measurement of the

electron energy and the beam power. No attempt
was made to measure the beam current directly
since this is more difficult and without very care-
fully designed measuring gear would yield no more
than a very rough cross check on the value of current
derived from the other two measurements.

Measurements of the X-ray intensity obtained
and of the beam concentration (i.e. the radial
distribution of the electrons in the beam) were also
made. These characteristics will of course be of
special importance when a similar machine is
used for X-ray therapy.

The total beam power was measured by means of
a constant flow water calorimeter. This consisted
of a cylindrical brass container long enough to
absorb all electrons and closed by a brass plug
at one end and a thin copper foil at the other. The
container was supported coaxially with the accelera-
tor and with the copper foil facing the electron
source so that the electrons tended to give up their
energy in the'water rather than in the walls of the
container. The témperature rise of the water was
monitored by a differential thermocouple. In"these
experiments the electrons emerged from the
accelerator through a hole covered by a 0.002 inch
(0.05 mm) beryllium copper foil. The loss of energy
in this foil is very small but it causes considerable
scattering. The calorimeter was therefore placed
as close as possible to the foil to minimize the air
gap and to prevent the loss of scattered electrons.

By adjusting the rate of flow of water so that the
inlet and outlet temperatures differ by not more
than 10 or 15 °C, and by arranging that these
temperatures in so far as possible lie below and
above ambient temperature, the heat loss to the
air is made negligibly small.

The electron energy is determined, by the con-
ventional method, from the radius of curvature of
‘the electron path in a known magnetic field which
is at right angles to the direction of motion. A
schematic layout is shown in fig. 25. Two steel

plates F, and F, ‘with slits for the passage of the
electrons are set up at right angles. Electrons from’
the accelerator pass through the slit S;, traverse
a 90° arc between the pole pieces of an electro-
magnet (required field intensity about 0.2 Wh/m?)
and emerge through the slit S,. After traversing a
drift space 30 cm long they pass through a further
slit S; to a collector. The current obtained from
the collector is proportional to the number of elec-
trons that leave the a\ccelérator with an energy
corresponding to the chosen value of the analyzing
magnetic field.

The current pulse is amplified by a screened pre-
amplifier close to the collector and then by a high-
gain balanced amplifier; the output pulse is dis-
played on a high speed oscilloscope. In this way
the duration of the electron pulse and the time
distribution of electron energies occurring in the
pulse may also be measured. )

Since the electrons traverse a path of the order of
1 m length between the accelerator output window
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Fig. 25. Set-up for measuring the electron energy. The elec-
trons emerging from the exit window of the accelerator pass
through the slit S, and enter the magnetic field between the
pole pieces P of an electromagnet. The ficld is adjusted so that
the electrons describe a 90° arc and pass through the slit S,
to collector C. (Of course, the magnetic field need be esta-
blished only along the actual electron path, so that the pole
pieces take the form of 90° arcs.)
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~ and the collector, the scattering — if the path were
at atmospheric pressure — would be considerable
and the current pulse at the collector would be very
small indeed. To avoid this the electrons pass through
a similar beryllium copper foil window at S; and
enter a tubular vacuum system which extends right
up to the collector. The resultant scattering in the
two foils and in the 1 inch path in air between the
foils is not very serious since the pulse current is
large and the absolute current value does not
matter in these measurements.

Of course it would have been possible to avoid all scattering
.by joining the tubular vacuum system directly to the main
vacuum system, which at the same time would eliminate the
necessity of separate pumping. This scheme was not adopted,
however, because of the physical difficulty of aligning accu-
rately the considerable mass of the magnet and its associated
trolley to the vacuum envelope. Moreover, it would have
made it impossible to measure both the electron energy and
beam power inside a short time interval (see below).

Another possible source of error has ‘to be con-
sidered in the energy measurement. The mild steel
_plates F) and F, are used to eliminate the effects of

the stray field of the analyzing magnet on the-

electron beam when it is near the target end of the
corrugated waveguide. After passing through the
slit S;, however, an electron will be under the in-
fluence of the stray field of the magnet since the
steel plates must be mounted some few inches
away from the edges of the pole pieces to avoid
affecting the uniformity of the analyzing magnetic
field inside the pole gap. In order to allow for the
slight deflection of the electrons in the stray field
~the magnetic field was measured along the path
between S, and S, and the actual path of electrons
entering and leaving with path normal to F, and
F, was determined by numerical integration. The
required correction can be expressed by an effective
radius of curvature which is greater than the mean
radius of the magnet poles. .

The value of the mean beam current is derived
from the measurements of the electron energy and
the total beam power. The pulse current may then
be calculated from the measured pulse duration.
In order to obtain the correct current value it is
necessary to ensure that conditions of operation do
not change between the measurements of energy
and beam power. The general procedure adopted
therefore was to have as short a time delay as possi-
ble between these measurements. Since it requires
quite some time to align the analyzing magnet to
the system, the energy measurement was carried
out first, followed as quickly as possible by the

~ power measurement,

.15 MeV LINEAR ACCELERATOR 2

Measurements of the diameter of the elec-
tron beam emerging from the accelerator can be
made by placing a piece of photographic paper in the
beam. The paper quickly darkens under electron
bombardment and gives a black central portion
where the electron density is highest, surrounded
by a gradually decreasing coloration. This method
is quite useful for centering the beam and indicates
that the electron density is high inside a diameter
of 6 to 8 mm, but of course it gives only a qualitative
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Fig. 26. Equipment for measuring the radial variation of
electron current density in the beam. The beam strikes on a
series of copper discs attached to the accelerator end plate,
each thermally insulated from its neighbour and with an O-
ring vacuum seal between adjacent discs. Progresswely smaller
holes are drilled in the discs, dividing the beam into a number
of coaxial “tubes”. The relative power in each ‘“‘tube” is
measurcd by means of a single turn cQolmg spiral,

estimate of the radial electron distribution. The
system adopted to get a quantitative estimate is
shown in fig. 26. To the end plate of the accelerator
is attached a series of>copper discs in which pro-
gressively smaller holes of 3/,, 3/, 1/, and !/; inch
diameter are drilled. These discs divide the electron
beam into a central core of !/ diameter and
coaxial tubes with inner and outer diameters of
/g and 1/,", 1/, and ¥/4"; and so on. A single turn
cooling spiral is soldered to each disc and allows
the relative powers.in the various sections of the
beam to be measured. The radial power distribution
is also the radial current distribution, since there
is no radial variation of electron energy.

Finally measurements of the X-ray intensity .
from a 4 mm platinum target were made using a
concentric cylinder ionization chamber with 200
volts across a 1 mm gap 18).

18) These measurements were made by Mr. G. S. Innes of St,

Bartholomews Hospital, London.
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Performance - :

The maximum energy obtained from the accelera-
tor at low beam cuirents lay always between 14 and
15 MeV with a tendency towards the lower figure.
The actual output achieved under any given con-
ditions depends of course to a very marked extent
on' the frequency of operation, the magnetron
power and the care with which the feedback loop
phase shifters and the phase shifter between the
two loops have been adjusted.

~
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at the base and 1.1 usec at the top giving a mean
value of 1.3 psec. The measured length of the cur-
rent pulse through the magnetron was 1.85 psec and
the radio frequency power pulse will not be very
much less. This appears to indicate that the time
required to build up energy in the corrugated
waveguide is of the order of 0.5 usec.

The electrons emerging from the accelerator are
not strictly mono-energetic but the spread of

energy is reasonably small. The spread varies during

¥
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Fig. 27. Variation of electron energy ¥, beam power P and beam current (nican value I,
pulse value Ip) with gun filament current (i.c. with beam loading) as measured in experi-
ments with the 15 MeV linear accelerator. The magnetron pulse power was slightly more
than 1.8 MW, frequency 2999 Mc/s, electron pulse duration 1.3 psec, pulse repetition
frequency 350 per sec. The measurements were obtained after rcasonably careful adjust-
ment of the phase shifters. It is seen that the actual performance falls somewhat short
of the predicted values®) (15 MeV at 25 mA).

Fig. 27 shows graphically a typical set of measure-
ments obtained after reasonably careful adjust-
ments and with a magnetron which delivered slight-
ly more than 1.8 MW in the pulse. It will be noted
that with increasing gun filament current the beam
power increases to a maximum and then falls off

rapidly. This is due to the beam loading and conse-~,
" quent decrease of peak accelerating field which
probably causes electrons to be slowed down to
such an extent that they fall back behind the wave
crest (region of peak accelerating field) and are lost.

' The length of the electron pulse as measuréd on

the oscilloscope display was found to be 1.5 usec

19) Cf. also: C. W. Miller, Naturec 171, 297-298, 1953
(Febr. 14). \ .

-

the pulse and is approximately 7%, (total width
of spectrum) when the current has attained half
its peak value. The spread is mainly accounted for
by the occurrence of two quite distinct energy
levels which are separated approximately 0.25 MeV
in energy. Electrons of the lower energy level
occur mainly in the first part of the pulse whereas
electrons of the higher level are concentrated in the
latter part. This is clearly demonstrated by fig. 28
shoiving the appearance of the current pulse as the
analyzing magnetic field is varied. The exact
extent of the dip in the centre current pulse is
difficult td)‘ determine owing to the finite resolving
power of the analyzing system. The effect has also -
been noted by other workers in the field on other

A



15 McV LINEAR ACCELERATOR ' 25

- JULY 1953
travelling wave accelerators. The authors are t /°_ ]
unable to advance any satisfact lanation : ‘ R
o adv y ctory exp on. . /
The radial variation of the current as measured 08 7
. . ' I
by the series of copper discs and the calculated / .
radial variation of current density are plotted in 0.6 ,
Sig. 29. It will be seen that just under 609, of the X /
current is contained inside a 5 mm radius and 0.4 A, :
509, inside a 4 mm radius. : ,
The variation of X-ray intensity (dose rate) with 02
gun filament current is shown in fig. 30. The beam i / D\o\
* current estimated from the power dissipated “in
0

the X-ray targetis also given in this figure, to show
the close correlation between current and X-ray

.
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Fig. 28. Appearance of eurrent pulse as obtained at the collec-
tor of the energy analyzer (fig. 25), for different values of the
analyzing magnetic field (B;>B,>B,). The oscillograms
demonstrate the occurrence of two quite distinet energy
levels, differing by about 0.25 MeV (as derived from the
dlﬁ'crcnce hetween B; and B,).

intensity; the values of the current should not be
taken as absolute values since there is considerably
more heat loss associated with this measurement
than with the water calorimeter. The efficiency of
X-ray production 'in the heavy metal target will
also be considerably greater ‘than in the water
target, i.e. more of the electron beam power will
be in the X-rays emitted. In fact the current values
appear to be about 209, low. .

It will be seen from the graph that the radiation
intensity peaks just before the current. This is as
would be expected since the radiation intensity

is proportional to the current and proportional to

approximately the 2.7th power  of the electron

. 9 05 10
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Fig. 29. Radial distribution of electrons in the beam. Curve
I: relative current inside radius r. Curve D: relative current
dcn51ty at radius r. *

energy. The energy is falling quite rapidly in the
region of the beam current maximum. :

All the measurements described above were made
at a repetition frequency of 350 pulses per second.
At Harwell the normal operating frequency is 400
pulses per second and in view of the danger of
damage to the glass window of the magnetron, this
must be considered a maximum for running periods
in excess of 30 minutes or so. For short periods the
magnetron may be operated (in this accelerator) at
500 pulses per second, when the maximum X-ray
intensity is in the region of 2250 rontgen/minute at
1 metre from the target.
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Summary of parts A, B, C. The linear electron accelerator
described in this article was destined for nuelear physics
work at the Atomic Energy Research Establishment, Harwell.
Its design was based on a performance of 15MeV electron energy
and 25 mA beam pulse current, with a corrugated waveguide
of length about 6 metres, and using a magnetron operating at
3000 Mc/s with 1.8 MW pulse output. The electron energy
to be expected iff a system with feedback was computed for
different values of the guide parameter af2, using a formula
which takes into account the heavy beam loading. As a result
it was decided to divide the waveguideinto two sections each
of 3 metre length, each with its own feedback loop, and to
use a value af2 = 0.168, the electrons travelling at a stable
phase 35° in front of the wave crest. In this way, since it is
possible to adjust the phase between wave and electron
after the first waveguide section, the frequency sensitivity
of the accelerator is reduced to .-a workable value, having
regard to the magnetron stability and practical machining
tolerances.

To ensure easy assembly, dismantling and re-assembly
without re-adjustment, the corrugated waveguide with its
associated parts is mounted on six three-wheeled trolleys
running on rails. The trolleys if necessary ean be supported
from above, thereby facilitating a conversion of the design
to a machine for medical use. After a brief survey of the cha-
racteristies of the main components of the complete instal-
lation, a number of components are described more fully.
This description includes the corrugated waveguide which
consists of 316 cells, and whose machining and watercooling

are discussed; — the electron gun with vacuum valve, and
with gun filament supply stabilized by means of a “magnetic
diode” circuit; — the focusing coil system surrounding the

guide and divided into six sections, fed from six independent
power supply units whose stabilized output current may be
adjusted to give maximum electron beam current; — the
vacuum system, consisting of a diffusion pump of 1500 litres/
sec unbaffled pumping speed, two rotary backing (or roughing)
pumps controlled by magnetically operated valves, and an
extensive gauging and protective system; — the radar type
modulator placed on top of the concrete shelter in which the
accelerator is housed and feeding 40-50 kV pulses of 2 psec
duration with a maximum jitter of 0.1 psec to the magnetron
and to the electron gun; — the rectangular waveguide system
evacuated to a low pressure to prevent sparking and incor-
porating the two feedback bridges {circular magic-Tee’s, that
are casily adaptable to the power addition ratios other than
unity required in this system), the phase shifters which are
adjusted by remote contrgl using a specially dcveloped mag-
netic coupling in order to avoid vacuum seals on moving
members, and the power monitoring waveguide thermocouples
required for adjusting the phase to give maximum power
flux; — finally the general lay-out, the details of the protective
system and the control and measuring equipment on the
control desk.

The last part contains a description of the methods used
for measuring the clectron energy, the beam power (the beam
current being derived from these two), the energy spectrum,
the X-ray output and the radial variation of electron density in
the beam. The energy obtained with an electron beam current
of 25 mA when the phases in the feedback loops are carefully
adjusted is between 14 and 15 MeV. 509%, of the beam power
is concentrated on the target within a circle of 8 mm diameter.
The maximum X-ray output measured at 1 m distanee from
the target is 2250 rontgen per minute.
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A LARGE-SCREEN\TELEVISION PROJECTOR
. by J. HAANTJES and C. J. van LOON. 621.397.62:535.88
Television i)ictures suitable for presentation in cinemas have to be about 10X larger than
those given by domestic receivers. The problems of producing such a large image have been

surmounted, as will be seen from the following descrlpnon of the large projector designed

by Philips. Prototypes of this equipment have for some ycars been available Jor demonstration
to visitors to the Philips Research Laboratory and the E.L.A. Studio (a studio for the re-
cording and reproduction of sound and for film projection). The projector. has now been

: in actual production for some time.

’~

In some countries television has made great
strides, notably in the United States where the
number of receivers in use is estimated at 20 million;
in Great Britain there are some 2 million sets in
use. There is little doubt that rapid expansion
will follow in other countries and that, there too,
television is due to play a growmg role in the field
of entertainment.

There "are no longer any technical reasons
why the use of television should be restricted to
private entertainment in the home. The fact that

it is possible to produce images several yards in

width offers considerable scope for the extension
of television applications. One such application
In the United States many
cinemas are now equipped for showing television

is in the cinema.

pictures !), but further developments in this
direction depend on non-technical factors; these will
not be discussed here. »

An entirely different use for telev151on arises from
~events which take place in locations where the
public cannot be admitted, but which Jarge numbers
of people should nevertheless have an opportunity
of seeing. In such cases the television camera and
a large projector can be employed in a “closed
. A typical ‘example of this field of applica-
tion is in college hospitals, where the medical
students are thus enabled to see on the screen in
the lecture room an operation being performed just
as though they were standing beside the surgegn.
In 1949 Philips had already demonstrated this
method at the University at Leiden 2).

The size of the picture in the ordinary domestic
television receiver has increased considerably since
1948. In that year the screen of the largest tube
then in use was 30 cm in dlameter, but there was
much demand for-a larger screen. However, as in

-circuit”

1) Accordlng to a recent estimate this number has increased
from 1 in 1949 to 75 in 1952, divided among 37 cities.
See N. L. Halpern, Theater television progress, J. Soc.
Mét. Pict. Telev. Engrs. 59, 140-143, Aug 1952,

%) Philips tech. Rev. 11, 42, 1949-50.

‘

other spheres (the automobile industry for example), -
European techniques have not met the demand
along the same lines as in the United States. There,
the most popular screen diameter is 50 cm, the
largest being 75 cm. In Europe the largest “direct
vision” tube normally obtainable is 43 em. For
pictures larger than this, projection television is
normally used. In this system only a small
tube is used, the very bright image thus obtained
being enlarged to a considerable size by optical
means. As far back as 1948 Philips had brought
this system to a high state of perfection 3) and, for
private viewing, both systems are now in use. It is
not yet certain which of the two systems will become
the more popular. o

' Television for large audiences is another matter,
a picture several feet in width is then required and
projection is the obvious solution; many difficulties
had to be surmounted, however, before satisfactory
results were obtained.

The “Mammoth”™ projector, designed by Philips .
for use in halls (type No. EL 5750) gives a picture
4 X 3 metres in size using a tube only slightly
larger than the kind found in home projection sets,
in conjunction with an optical system with wide
aperture.

The main dlfﬁculty in this system is that of
obtaining sufficient light; this questlon is therefore
con51dered first.

The necessary luminous flux

In making an estimate of the luminous . flux
required from the cathode-ray tube to give satis-

) See the series of artieles: A Projection Television Receiver,
Philips tech. Rev. 10, 1948-49:
I. pp. 69-78, P. M. van Alphen and H. Rinia, The
optical system for the projection. ,
II. pp. 97-104, J. de Gier, The cathode-ray tube.
IT1. pp. 125-134, G.J. Siezen and F. Kerkhof, The 25 kV
anode voltage supply unit.

Iv. pp. 307-317, J. Haantjes and F. Kerkhof, The
eircuits for deﬂeetmg the electron beam.
and F. Kerkhof, The

V. pp. 364-370, J. Haantjes
synchronisation. )
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factory results in a darkened hall we cannot do
better than assume the operating conditions in
cinemas. A film projector with shutier rotating,
but without film, is considered to give satisfactory
screen luminance 4) when this is equal to 34 nit %).
To ascertain the luminance when the film is being
exhibited this value must be multiplied by the
transmission factor of the film; at the most trans-
parent parts this is seldlom more3) than 0.5. A
television image having a maximum luminance of
17 nit can in this respect be regarded as on a par
with cinema pictures.

Let us denote the area of the projection screen
in square metres by S. If the screen reflects wholly
in accordance with Lambert’s law, that is to say
if it diffuses incident light in accordance with the
cosine law within a solid angle of 27, a luminous
flux of 17n S would have to reach it to produce a
luminance of 17 nt.

It is preferable to work with average instead of

VOL. 15, No. 1L

i.e. one which reflects more in the direction of the
normal and less towards the wings than would be
in accordance with Lambert’s law. This process
cannot be carried too far, however, as the solid
angle within which observers see the imnage suffi-
ciently brightly is then too small.

In our own experience optimum selectivity is that
which preduces a gain in luminance by a factor of
3 in the direction perpendicular to the screen and,
with a screen of this kind, an incident luminous
flux of 1/,0.3x17x S &~ 5 S lumens is sufficient.

This luminous flux represents only a part of the
flux that has to be emitted by the cathode-ray
tube, as some of it is lost in the optical system used
for the projection. Even with a system having a
very large aperture such as the Schmidt system,
about which we shall speak presently, only some
30 9%, of the emitted light reaches the screen. Hence
the cathode-ray tube must be capable of yielding
5 §/0.3 ~ 17 S lumens.

75412

Fig. 1. Cathode-ray tube type MW 13-16 for large projection of television pictures. Screen
dia. [2 em., The H.T. terminal is seen on the lower right: the glass funnel and the
ribbed cone of the tube serve to increase the creepage paths.

maximum values, as these are more casily measured.
The average luminance can be assumed to be about
309, of the maximum, so that the average luminous
flux would have to be 0.3 x 17 « 8.
Appreciably less is needed if use be made of a
screen having a selective reflection characteristic,

1) The Commission Internationale de I’Eclairage recom-
mends the use of the term “luminance” wnstead of bright-
ness, and asunits of luminance the nit and the stilh (abbrev.
nt and sbh): 1 nt = 104 sh = 1 candela (international candle)
per m* — ] lumen per m® per unit solid angle. The relation-
ship between this and the much used units apostilb and
footlambert is: 1 nt — z apostilb = 0.292 footlamberts.
ttence 34 nt — 107 apostilh = 10 footlamberts.

5) A. Cazalas, Amn. Télécomm. 5, 298-306, 1950.

The projection tube

The cathode-ray tube with which the Mammoth
projector is equipped is the MW 13-16 ( fig. 1), of
which the effective screen diameter is 12 ¢m, the
working voltage being 50 kV. The beam current
may reach a peak value of 2 mA, with an average
of 0.5 mA; hence the rated average load on the
fluorescent screen is a maximum of 25 W. Forced
air-cooling is necessary to prevent the screen from
cracking.

The fluorescent screen consists of silicates, all of
which fluoresce in different colours but which, when
mixed in certain proportions, emit white light
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(‘colour teml;erathl'e 6500 °K). A layer of aiuminium
is applied to the inside of the screen (“metal

backing™) to reflect the fluorescent light emitted

~ employed.

rearwards; thus ensuring that this light is not lost 5).
With the metal backing the efficiency of- the
particular silicate mixture used is 2.5 candela/W,
so that the MW 13-16 tube is capable of supplying
a luminous flux of 2.5 X 25 X 7 ~ 200 Im.

- According to the estimate in the previous para-
graph a screen area S is lequned to give 178
lumens, and this tube therefore emits enough light
for a projection-screen of area S = 200/17 A~ 12 m?,
i.e. 4 X 3 metres.

At the brighter’ parts of the image the beam
current momentarily exceeds the average of .5 mA,
and the tube is then working at -a point where the
ﬂu01escence exhibits saturation with any increase
in current 7), i.e. the light yield is no longer propor-

tional to the increase in current. At the peak value.

of the current (2 mA) the luminous flux is 600 Im.

The focusing of the electron beam must be very
precise, as will be appreciated when it is remembered
that the image on the screen of the tube is only
72 X 96 mm in size. Deflection of the beam is
accompanied by a certain amount of defocusing:
it is essential, however, that the light spot be
quite .clearly defined at the edges of the picture.
Efforts can be made to compensate for deflection

defocusing by making the focusing current vary

in a certain manner with the deflection current (both
focusing and deflection are electromagnetic), but
it is considered preferable to eliminate the defect
at its source as far as possible. Deflection defocusing
is dependent on the three-dimensional distribution
of the deflection fields; for this reason much thoﬁght
has been given to the design of the deflection coils
so that they will produce the best possible field
distribution. Furthermore, deflection defocusing
is reduced according as the electron beam is reduced
in width at the points where the deflection fields
operate. Hence the narrowest possible,beam is

In this way deflection defocusmg has been

reduced to a minimum’ and no compensation is

A
necessary. . .

The optical system . : .

~

_The optical system must be capable' of producing .

on the projection screen a highly magnified image

8) Sce article II, referred to in footnote 3),.in particular pp.
- 101-103.
?) -A.Bril and F.A.Krbger, Phlhps tech. Rev. 12, 120 128,
1950. . -

LARGE SCREEN TELEVISION PROJECTOR
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of the picture on the tube; in the present case this
represents a linear magnification of roughly 40x.
Special consideration must be given to the
following points in the design of such a system.
1) The system must gather as much light as possible
from the cathode-ray tube.
The quality of the image must be such that a
‘television picture of 625 lines is not noticeably
reduced in contrast or detall
The dimensions of mirrors ‘and couectlng Pplates
should be’as small as p0551b1e, as the cost of
. these components rises very steeply with the
size.

2)

3)

Reflecting system

A system which most nearly approaches these con-
ditions is the Schmidt system, which has already been
mentioned in numerous articles in this Review 8 9).
It consists of a concave spherical mirror and an
aspherical correcting plate mounted at the centre
2). The main
advantage of a mirror as compared with lenses as

,of curvature of the mirror (fig.

principal component isFthat mirrors are free from

. chromatic aberration and in contrast with equiva-
lent lens systems, exhibit less spherical aberration
and are much less costly. Image defects such as
coma and astigmatism”are avoided by mounting
a diaphragm at the cenl.le of curvature 10y,

"%,
v

Bl
b4

o

o

Fig. 2. Diagrammatie cross-section of the optical system.
W cathode-ray tube with focusing and deflection coils S
M spherical mirror; L Sehmidt correcting plate; D diaphragm;
The planes of D and L pass through the centre of curvature
C of the mirror. -

The only defects of the third order then remaining -
are the spherical aberration and field curvature; the
first is removed by using the correcting plate already

+

8) H Rinia and P.M. van Alphen, Phlhps tech Rev. 9
349-356, 1947-48.
%) See article I, referred to in footnote 3).
10) See e.g. W. de Groot, Optical aberrations in-lens and
mirror systems, Pluhps tech. Rev. 9, 301-308, 1947-48.
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mentioned, and the second by curving the light-
emitting swrface, i.e. the screen of the cathode-ray
tube, to a radius equal to the focal length of the
system, and mounting it so as to be practically
concentri¢c with the mirror. :

Optical systems made along these lines have a
very wide aperture, they are relatively inexpensive
to produce and, on plane surfaces, they give an
image that is subject only to defects of the fifth
and higher orders, and to an imperceptible chromatic
aberration in the correcting plate.

Light-gathevring power

We shall now determine the cxtent of the light-
gathering power, that is, the ratio of the luminous
flux entering the optical system to that emitted by
the object, in this case the screen of the cathode-ray
tube. For the 'moment we shall disregard, losses of
light due to absorption, imperfect reflection and
masking effects: in other words we shall assume

that the emitted luminous flux is equal to the
14

ineident flux.

To do this we make use of Abbe’s law which
states that when a luminous object is observed
through a loss-free optical system, the luminance
of the image as observed is equal to that of the
object. ,

Let us denote the luminance of the image on the
catﬁode-l*a); tube by L, the illumination on the
projection sereen by E, the diameter of the correc-
ting plate by D and the distance from this plate to
the projection sereen by d. Then, in accordance
with Abbe’s law:

Z D2
4

&2
The total luminous flux on the projection screen
(area S,) is therefore:

E= L.

= “pr -
. ) 4 -
- ESy= LS. . (1)

According to simple laws of geometrical optics

the following relationship exists between d;, the
focal length f and the lincar magnification M:
d=(M=1)f;". . .. ... (2
" whilst , .
Se=M2S,, . ... ... (3
where S, is the area of the image on the cathode-ray
tube. Substituting (2) and (3) in (1) ,we then have:

m({D\2[ M \2
==} [—=—]LS,,
ps.=5(7) (o) 15

-

2
P

for which, appliéd to the present case, where M >1,
we_ma’y write:

: D2 4
- ESZ—4«<T> LS. . ... (4

Tt will be seen that, of the two parameters D and
fwhich we have introduced in relation to the optical
system, only their ratio, the so-called f-number D/f
appears in equation (4). This equation states that,
in order to obtain the optimum amount of light
from the system, D/f must be as large as possible.
At the same time the quality of the reproduction
imposes a limit on D/f which experience shows to
be roughly 1.4.

- Another conclusion that may be drawn from (4)
is that, since the luminous flux emitted by the
cathode-ray tube is #LS,, the fraction of this that
reaches the optical system (i.e. the light-gathering
power) will be 1/,(D/f)?. Taking D/f to be 1.4, this
will be 0.5. (As explained in article I, referred to in
footnote 3), the light-gathéring power is equal to
the square of the numerical aperture, which in this
casc is 0.7.) . :

In practice the system is not free from losses;
light is lost at the mirror, whose reflection coefficient
is about 0.85; the cathode-ray tube itself intercepts
some of the reflected light and the correcting plate
reflects slightly. Consequently the luminous flux
from the optical system is not more than 309, of the
flux emitted by the cathode-ray tube, viz. the value
which we have already employed in the preceding
section.

Some of the light lost emerges from the system-
as scattered light, and this is a disadvantage as it
reduces the contrasts in the image; light-scatter
must therefore be avoided as much as possible, and
this is done in the usual way by giving the interior
of the optical system a dull black finish.

Dimensioning of the optical system

P .
In ordgr to ensure that the concave mirror will -

not limit the effective cone of light, the diameter of
this mirror must be equal to at least 2f. We have

. already seen that the diamter D of the correcting

plate should’be roughly, 1.4f"

The principal dimensions of the optical system -

are thus proportional to the focal length f. Hence
t6 cnsure compactness we shall want f to be as small

as possible.- On the other hand f cannot be made -

too small, as the i}nage angle then becomes so large
that the quality of the picture suffers, especially at
the edges, where optical defects of the 5th and
higher orders are mainly in evidence. In the Schmidt
system the practical limit occurs at f= 1.7 times

VOL. 15, No. 1
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the maximum dimensions of the object which, in

our case, is the diameter of the fluorescent screen

of the tube.

This diameter is itsell subject to a lower limit,
If the screen diameter — i.e. the size of the Huores-
cent image — is too small, one or more of the
following difficulties is encountered:

1) Light saturation of the phosphor — even with
the beam current below the maximum limit, the
energy density on the light spot may be too high.

2) Heat dissipation — in a smaller area, simple air-
cooling would not be adequate — the screen
would deteriorate rapidly '') or even be in
danger of cracking.

3) Size of light spot — 10 obtain a sufticiently small
light spot,
necessary.

higher tube wvoltages would be

As a compromise between optical requirements
and tube limitations a screen diameter of 12 em
was adopted.

To produce a picture diagonal of 5 m on the pro-
jection screen the magnification will be M = 500/12
1) A.Briland H. A. Klasens, Intrinsic efficiencies of phosphors

unter cathode-ray exitation, Philips Res. Rep. 7, 401-420,
1952 (No. 6).
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~ 40 From equation (2) it follows that the
distance d from the optical system to the screen
should then be about 8 m. Should the circumstances
warrant a greater distance, the optical system would
have to have a greater focal length. This would not
aflect the quality of the picture, but the equipment
would have to be larger and more costly, without
yielding the slightest gain in the luminance of the
projected image, as will be seen from equation (4).
(As will be shown presently, the design of the equip-
ment is such that the need for a larger projection
distance ‘s unlikely to arise.)

The correcting plate

With a given correcting plate the Schmidt system
gives good reproduction only when the magnification
does not differ by more than 109, from the designed
value. For greater variation of the enlargement
different correcting plates are necessary. The
Mamnioth projector is supplied with a correcting
plate adapted to the chosen projection distance;
these plates are made from “Perspex™ by turning
them on a lathe.

Fig. 3 depicts the optical system in the projector,

MW 13-16

K M

Fig. 3. The optical system in the Mammoth projector (with cover removed). S focusing
and deflection coils on the cathode-ray tube MW 13-16. ¥ motor driving blower at rear
of the spherical mirror to blow cooling air through aperture 0 on to the sereen of the
tube. B, main adjustment for distance betwecen tube screen and mirror. When a new
tube is inserted, the axis of the tube must also be aligned with the principal axis of the
mirror; hence the tube can be rotated on wo axes, viz. with knob B, horizontally (X
is one of the pivoting points) and with knob B, on a roughly vertical axis. K is the II.T.

cable and L the correcting plate.
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Fig. 4. Stabilized generator for 50 kV at an average current
of 0.5 mA, as useil in the Mammoth projector. In foreground:
chassis with oscillator, control and protecting relay. The
oscillator (frequency 20-25 ke/s) includes four valves type
EL 31 and a transformer Tr,. The oscillator voltage is rectified
by six rectifier valves EY 51 with six capacitors C; in a
cascade circuit (only 5 stages are visible in the photograph).
A reservoir capacilor Cy is included between the output
terminals. Heater euwrrent for the rectifiers is obtained from
a transformer Try, which is fed from the oseillator, Try and
Tr, both have Ferroxcube cores.

A is an insnlated arm to which a series of resistors R and
a contact wire D are attached. When the oscillator is switched
off the arm assumes the position depicted, whereby D makes
contact with the H.L. side of C,. The capacitors are thus
discharged across the resistors R. so as to eliminate all hazar-
lous voltages. When the oscillator is switched on, a motor
Mo moves this arin over to the position shown by the dotted
line, and contaet hetween D and C, is thus broken.

regarding which further details will be found in the
subscript. Replacement of the cathode-ray tube
necessitales mlly one or two simple Ul)erali(ms, and
adjusting knobs are provided for aligning the tube
to its optimum position in relation to the mirror
(the sereen of the tube should be almost concentric
with the spherical mirror, and the axis of the tube
must coincide with the principal axis of the mirror).
The whole operation of tube replacement and
alignment takes only two minutes. The correcting
plate is permanently mounted in the correct position
with respect to the mirror.

The 50 kV D.C. supply

A number of methods of generating the high D.C.
voltage needed for cathode-ray tubes have already
been described in

this Review !2). In particular,

mention was made of the generator designed for

12y . J. P. Valeton, Philips tech. Rev. 14, 21-32, 1952.
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large television projection, and this generator is
employed in the Mammoth projector. It consists of a
valve oscillator operating at a frequency between
20 and 25 ke/s and delivering an A.C.voltage which
is rectified 1o a high D.C. voltage by means of a
circuil of rectifying valves and capacitors in cascade.
The heaters of the rectifier valves are fed with high
frequency current from the oscillator. A control
system ensures a practically constant output voltage
between no-load and full load, but with higher loads
the voltage drops sharply, so that in the event of
a short-circuit the current is very little more than
on full load. In contrast to the method described in
article 12), the control potential in the present
instance is in effect the difference between two D.C.
voltages, one of which is proportional to the oscilla-
tor voltage, the other being a reference voltage main-
tained at a constant value by a stabilizer tube.

Should either the D.C. current or the voltage
exceed a certain value owing to a defect in the
control system, the generator is automatically
switched off.

The H.T. generator of the projector consists of a
single unit as depicted in fig. 4; further details are
contained in the subsecript.

Fig. 5. The Mammoth projector (Type EL 5750) mounted
in front of the first row of seats in a hall. The projectionist
takes his place behind the main body, between the “wings”.
The unit is so low that projectionist and public have an
unobstructed view of the screen.
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Construction details

In the design of the Mammoth projector the
ultimate aim was to ensure facility in operation
and a compact, self-contained unit; this takes the

“

form of a main central part, with two “wings”
(figs. 5 and 6) between which the projectionist is

stationed.
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screen if the lines in the image are not to be percep-
tible to an uncomfortable degree. This minimum
distance is based on the rule of thumb that it should
be equal to twice the height of the picture ( this rule
holds for 625 lines; for other systems the distance is
inversely proportional to the number of lines). The
front row of the seating accomodation can accor-

Fig. 6. Rear view of the projector. The left-hand wing contains a television receiver
and an A.F. amplifier (25 W); the right-hand wing houses saw-tooth voltage generators
for horizontal and vertical deflection, and also a video amplifier. The main body of the
unit contains the optical system, H.T. generator and ancillary equipment. The meter
indicates the beam current of the projection tube.

L monitor loudspeaker; W, and W, small cathode-ray tubes (type MW 6-2) for moni-
toring the picture as from the output of the receiver and video amplifier,

This equipment is complete in itself except for the aerial, the projection screen and

the loudspeakers.

As already mentioned above, the distance from
the projector to the screen must be 8 m for a magni-
fication of 40 x; this is simultaneously the minimum
distance from which the audience should view the

dingly be arranged on each side of, or just behind
the projector, which has therefore been kept
sufficiently low in design to prevent it from obstruc-
ting the view of the screen; the overall height of




the unit is not more than 1.15 m (3'-10:"). The floor
space occupied is only 1.35 X 1.65m (4'-5" X 5'-5")
(fig- 7). * :

As is seen in fig. 3 the upper part of the main
body of the projector houses the cathode-ray tube
and the optical system. Below these are the genera-
tor (fig. 4) and a stabilized rectifier unit for lower
voltages. Mounted at the rear, within the immediate
reach of the projectionist, is the panel which carries

75411

; 4 a

165¢cm

135¢m

 Fig. 7. Plan view of the projector (dimensions in ¢m). To
facilitate transportation the wings can be detached from
the main body (at the dotted lines).

the main switch, on/off buttons for the H.T.
generator, a meter to indicate the tube current, and
several indicator lamps (fig. 6).

The left-hand wing (fig. 6) contains a television
recciver and sound amplifier, the latter having an
output of 25 W. Both the sound and the picture can
be monitored by the projectionist by means of a

small loudspeaker and a cathode-ray tube which are -

also mounted in the left-hand. wing.
In .the right-hand wing are the video amplifier
and the time base generators for the tube, and these

- also operate a small monitor tube; the projectionist

does not switch on the projection tube until he is
sure that the image on the monitor tube is satis-
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factory, particularly as regards synchronisation,
thus sparing the audience the sight of confused
and imperfectly synchronised images. ,

The MW 6-2 is used for both monitor tubes, this
being the standard tube in projection receivers for
home use 13); in this case it is employed as a direct-
vision tube and 9 kV is sufficient to operate it.

The video and A.F. amplifiers can if desired be
connected to a television camera and microphone

in “closed circuit”, instead of to the receivers; the

amplifiers are fully loaded for a video signal of
1.5 V across 75 Q and an audio signal of 0.8 V
across 500 Q (in both cases peak to peak).

Needless to say, the necessary precautions have
been taken to prevent contact with live parts of the -
equipment. For example the opening through which -
the light is emitted is fitted with a wire guard, so
that the hands cannot be inserted. In the event of a
fault developing in one of the generators, the heam
current of the projection tube is suppressed to
avoid damage to the fluorescent screen

The equipment can be easily moved about, as
it is fitted with castors. With a view to transporta-
tion the wings are easily detachable; the electrical
connections are completed by means of plugs and
sockets, and the mechanical assembly with bolts
and wing nuts. When detached, each of the three
parts can be rolled along the floor.

As will be apparent from this description, the
equipment as illustrated in figs 5 and 6, is self-
contained (with the exception of the aerial, projection
screen and loudspeakers).

The acknowledgements of the authors of this
article are due to a large circle of co-workers.

13) See artiele II, referred to in footnote ?).

Summary. A description is given of the “Mammoth” tele-
vision-projector (type EL 5750), which is capable of giving
pictures 4 X 3 m in size with a brightness (luminance) equal
to that of cinema pictures (peak, 17 nit). The projector contains
a 12 cm cathode-ray tube (type MW 13-16) operating on
50 kV, and a Schmidt optical system (concave spherical
mirror with correcting plate). The dissipation at the fluorescent
screen of the tube is 25 W and the screen is cooled by a
jet of air. All the components, viz. the television rceeciver,
video and A.F. amplifiers and H.T. generator are combined
in this equipment, which can be operated by one person.
The projector is mounted about 8 m from the projection
screen, in front of the audience; it occupies a floor space of
1.35 X 1.65 m and is only 1.15 m in height. All the controls
are within easy Teach of the projectionist, and two small
tubes and a loudspeaker are included for monitoring both
picture and sound. ) :
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ABSTRACTS OF RECENT SCIENTIFIC PUBLICATIONS OF
N.V. PHILIPS’ GLOEILAMPENFABRIEKEN

Reprints of these papers not marked with an asterisk * can be obtained free of charge
upon application .to the "Administration of the Research Laboratory, Kastanjelaan,

Eindhoven, Netherlands.

2015: K. H. Klaassens, J. Bakker, C. J. Schoot,
J. Goorrissen : A simple method of measuring
the moment of disappearance of soap micelles
during polymerisation in emulsion (J.
Polymer Sci. 7, 457-461, 1951, No. 5).

A simple method is described for determining the
moment of disappearance of seap micelles during
the emulsion polymerisation of styrene by measur-
ing the electrolytic conductivity during the poly-
merisation (with the potassium salt of stearic acid
as a soap and potassium persulfate as an initiator).
The results have heen verified using the method of
surface tension. » '

It is génerally assumed that in the initial stages
of an emulsion polymerisation soap in the aqueous
phase is largely present in the form of soap micelles
but rapidly transforms into monolayers surrounding
the polymer-monomer particles formed by the
polymerisation reaction.

2016: H. Bremmer: The jumps of discontinuous
solutions of the wave equation (Comm.
puré and appl. Math. 4,419-426,1951, No. 4).

The connections existing between steady-state
solutions and pulse solutions (in Luneberg’s sence)
of Maxwell’s equations are studied. Luneberg’s
theory is based on the integration of Maxwell’s
equations over four-dimensional space-time domains.
The present simplification of this theory is based on
the use of the Heaviside unit function and the
Dirac delta function. Equations for the eiconal
function and for discontinuities on wave fronts in
scalar wave propagation are treated in detail.

2017: E.J. W. Verwey, P. B. Braun, E. W. Gorter,
T. C. Romeijn, J. H. van Santen: Die Ver-
teilung der Metallionen im Spinellgitter und
deren Einflu} auf die physikalischen Eigen-
schaften (Z. phys. Chem. 198, 6-22, Oct.
1951). (The distribution of metallic ions in
the spinel lattice and its influence on the
physical properties; in German.)

After dealing with the distribution of the cation
distributions’ in several oxygen spinels, as deter-

mined by X-ray analysis; the cases in which normal
or inverted spinels are to be expected are discussed,

-~

using a heteropolar model. In the case of inverted
spinels special ‘attention is paid to the problem of
order. The electrical problems of the ferrite spinels
are in agreement with a theory exposed in anterior .
publications. The difference between FeyO, and
Mn,0, is discussed. The ferromagnetic saturation
of the simple ferrites and their mixed crystals with
zinc ferrite can be explained from Néel’s theory. The
indirect exchange interaction between magnetic
ions is discussed. The influence of the angle Fe-O-Fe
and its vatiation are in qualitative agreement with
Anderson’s theory. See Philips tech. Rev. 9, 185-
190, 231-248, 1947-48 and 13, 194-208, 1952, No. 7.

2018: C.J. Schoot, J. Bakker and K. H. Klaassens:
Remark on the article by S. R. Shunmickbam,
V.C. Hallenbeck and R. L. Guile,*Emulsion
polymerisation of styrene, II. Effect of

- agitation” (J. Polymer Seci. 7, 657, 1951,
No. 6).

The effect of agitation on emulsion polymerisa-
tion, as found by Shunmickham and others, is
ascribed to contamination of the nitrogen gas used
in the experiments with traces of oxygen.

2019: H. P. J. Wijn and J. J. Went: The magneti-
sation process in ferrites (Physica 17, 976-
992, 1951, No. 11/12).

Initial magnetization curves of ferrites have
been measured as a function of frequency up.to 2
Mc/s. It has been found that the magnetization of
sintered ceramic ferrites with a high permeability
is brought about by at least two processes, one
of which, in the frequency range covered, is in-
dependent of frequency and determines the initial
permeability. The other process has a relaxation
frequency of about 200 ke/s and is responsible for
the irreversible processes during magnetization.
From measurements on samples of sintered ferrites .
fired at different temperatures, it has been concluded
that the frequency-dependent magnetization is
caused by irreversible Bloch-wall displacements,
whilst the initial permeability is caused by a reversi-
ble rotation of the magnetization in Weiss domains
in the direction of the external magnetic field (in
contrast to what is believed to be the case in cast
ferromagnetic metals). A discussion shows that -
neither eddy current effects nor any inertia effects
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‘so far known are responsible .for the relaxation
frequency of the Bloch wall at about 200 kc/s.

2020: M. E. Wise: Frec electrons, traps and glow
in crystal phosphors (Physica 17, 1011-1032,

- 1951, No. 11/12).

The well known monomolecular and bimolecular
. theories of afterglow and thermal glow are sum-
marized. Observed results on pbosphors of ZnS
“type are discussed, particularly the phosphors with
long afterglow in which the intensity-time laws are
hyperbolic. These have been explained by many
workers in this, field by a monomolecular theory
with a distribution of depths of electron traps. It
is shown that certain mathematical approximations
that must be used in relating the theory to observa-
tions of afterglow and tbermal glow are not suffi-
ciently accurate. A new and simple law is given that
describes the same observations more exactly. A
new physical theory for the fre¢ and trapped elec-
“trons is outlined, and this is discussed in relation to
F and F’ centres in alkali halides and to an unsolved
problem of semi-conductor theory.

R 179: J. L. H. Jonker: On the theory of secon-
dary electron emission (Philips Res. Rep.

7, 1-20, 1952, No. 1).

Starting from (1) Whiddington’s law concerning
the velocity loss of electrons penetrating into a
solid substance, (2) the experimental absorption
law and (3) the assumption that the distribution
of the secondary electrons within matter is isotropic,
the author calculates the behaviour of secondary
electrons as a function of various parameters. Good
agreement is found with results obtained experimen-
tally.,

R 180: J. Volger: The specific heat of barium
titanate between 100 °K and 410 °K
(Philips Res. Rep. 7, 21-27, 1952, No. 1).

The specific heat of polycrystalline BaTiO, has
been measured in a Nernst calorimeter. The lattice
contribution cannot be described accurately with
a single Debye-function. In threc transition regions
the anomalous peaks in the specific heat have heen
determined. '

. - .
R 181: W.J. van de Lindt: Application of multi-

hole couphng to the design of a variable
and calibrated waveguide attenuator and

VOL. 15, No. 1
impedance (Philips Res. 7, 28-35,
1952, No. 1).

A short introduction describes the hehavmur of
two parallel waveguides, mutually coupled by n
equidistant identical directional elements. A new
type of calibrated variable attenuator and a variable
impedance, capable of changing independently the
amplitude and the phase of the reflection coefficient,
are discussed.

“Rep.

G. Diemer and K. Rodenhuis: Optimum
geometry of microwave amplifier valves

(Philips Res. Rep. 7, 36-44, 1952, No. 1).

On the basis of Van der Ziel and Knol’s theory
of feedback amplifiers it is shown that for u.h.f.
amplifier valves the maximum frequency limit for
the amplification is reached if the electrode areas
are so chosen that the useful capacitance is equal
to the unavoidable stray capacitance. For optimum
value of the product (gain X bandwidth), the
useful capacitance should be somewhat higher.

R 182:

R183: G. Diemer and H. Dijkgraaf: Langmuir’s
&, n tables for the exponential region of
the I4,-V, characteristic (Philips Res. Rep. 7,
45-53, 1952, No. 1).

The inter-electrode distances of modern micro-
wave diodes and triodes are often so small that the
normal operating point lies in the exponential
part of the characteristic. A set of £,y tables with
the voltage gradient at the anode as parameter is
given, from which the potential distributions in
such cases can be derived. (See R7 and R 8.)

R 184: J.B. de Boer, V. Oiiate and A. Oostrijck:
Practical methods for measuring and cal-
culating the luminance of road surfaces

(Philips Res. Rep. 7, 54-76, 1952, No. 1).

In defining the qualities of an installation for
road illumination the luminance distribution of the -
road surface is a more important factor than the
illumination. However, owing te the lack of precise
and quick methods of measuring and computing
luminance, illumination values have mainly been
used. In this paper methods are described which
now enable the public lighting engineer to use
road luminance in practice. The reflection pro-
perties of one particular road surface (dry asphalt)
have been measured. Finally an example of the
calculation of luminance is given/ in the appendix.




VOL. 15 No. 2, pp. 37-12 AUGUST 1953

Phi[ips Technical Review

DEALING WITH TECHNICAL PROBLEMS
RELATING TO THE PRODUCTS, PROCESSES AND INVESTIGATIONS OF
THE PHILIPS INDUSTRIES

EDITED BY THE RESEARCH LABORATORY OF N.V. PHILIPS GLOEILAMPENFABRIEKEN;EINDHOVEN, NETHERLANDS

AN ELECTRONIC HEARING AID

by P. BLOM. 621.395.92:534.773.2

Means of compensating auditorv deficiencies have been known for some centuries, but until
recently these were large and clumsy appliances. The modern electronic hearing aid is small,
light and unobtrusive, and it is much wider in its scope. For an electronic hearing aidto have
the widest possible field of application it should be easily adaptable to suit the many different
forms of deafness that exist. This point is given special consideration in the following descrip-
tion of Philips hearing aids.

The object of a hearing aid is to compensate, in A brief discussion of the human ear and the
some measure, the auditory deficiency in persons defects of hearing will first be given as an
who are hard of hearing. The hearing aid is thus
an amplifier of sounds. designed for one specitic
purpose. Such appliances have been known for
some centuries, and everyone will remember the
large trumpets which were still in use not so very
long ago; their origin, of course, goes back much
further than the seventeenth century ear trumpet
shown in fig. 1. Itis only within the last two decades
that acoustic amplification has been achieved by

electronic means. The advantages of electronic
hearing aids are manifold; they are smaller, lighter
and less obtrusive.

In this article a new hearing aid is described
(marketed in three models, fig. 2), which differs in
certain respects from earlier types. Every effort has

been made to ensure not only compactness and low

current consumption, but also the widest possible
range of application. The design of the instrument J
provides for automatic volume compression based
on several control levels, and a wide choice of
response curves. A special characteristic of the
design is the method of construction and assembly, 75182

which allows for the casy replacement of com- Fig. 1. Design for a hearing aid by A. Kirchner, 1684. (From
G. v. Bekesy and W. A. Rosenblith, Early history of hearing:
Observations and theories, J. Acoust. Soc. Amer. 20, 727-748,
tropical conditions. 1948.)

ponents and gives a high degree of resistaunce to
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introduction to the siubject. A description follows
of the technical features of the hearing aid and
the miniature components which were specially
designed for this instrument.

VOL. 15, No. 2

through the auditory passage to the middle ear,
which is separated from the outer ear by the ear
drum. The middle ear comprises the three well-
known bones or ossicles of the ear. These ossicles

Fig. 2. The three models of new Philips hearing aid. The microphone slots are seen on the
right-hand side, and the volume/tone control in the top right-hand corner. The switch next
to the microphone slots operates the listening coil.

The organ of hearing

-The human ear consists in the main of threce
parts, each of which can be regarded as quite dis-
tinct from the others (fig. 3). Starting from the
outside we have first the outer ear which comprises
the auricle or shell of the ear, and the auditory
passage. The air vibrations of which sounds consist
are collected by the auricle and are directed

Fig. 3. Diagram of the human ear. O auricle; g auditory pas-
sage; h hammer; a anvil; st stirrup; t ear drum; ov fenestra
ovalis; ro fenestra rotunda; sl cochlea; e Eustachian tube;
r petrosal bone.

serve to transfer the vibrations of the ear drum,
as produced by the sound, to the membrane of the
fenestra ovalis, an oval aperture which forms the
connection with the inner ear. The inner ear com-
municates with the cavity of the nose and throat
through the Fustachian tube and so prevents
differences of pressure from occurring in the vesti-
bule of the inner ear. Within the inner ear there is
a spirally coiled duct of about 2!/, turns, narrowing
towards the upper end, known as the cochlea. Now,
the cochlea is divided lengthwise in two parts by
a membrane, one half of which communicates with
the fenestra ovalis and the other with a second
aperture in the wall of the inner ear, the fenestra
rotunda. The membrane is not continued right to
the end of the cochlea and the two halves are there-
fore in communication with each other. The cochlea
is filled with a viscous fluid, and the membrane,
and filled with fluid,

contains the so-called Corti’s organ, to which the

which 1s also hollow
vibrations are transferred from the fenestra ovalis
by the fluid. The cross-section of the cochlea with
Corti’s organ is not the same throughout its length,
and it is due to this fact that each part of this
organ responds to a different frequency; that part
which is nearest to the fenestra ovalis responds to
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the very high frequencies, whereas the top of the
cochlea is sensitive to very low frequencies. This
mechanical selection of sounds within the cochlea
is quite rough, but it is followed by a much finer,
but as yet little understood process of selection by
the auditory nerve, with which the cells of Corti’s
organ are in communication. The auditory nerve
passes the sound stimuli to the brain, where the
séund “signal”, analyzed into its various compo-
nent- frequencies, is received; in this way we are
enabled to form conclusions as to the quahty and
origin of a sound.

So far only air-conducted sounds have been .

mentioned, but sound can also reach Corti’s organ
by conduction through the bones of the skull
(bone-conduction);
is mainly the lower frequencies that are perceived.

Defects of the ear may result in varying degrees
of deafness and can be placed in three categories,
viz. deficiencies in the conduction of the sound,
causing conduction deafness; defects of the cochlea
or auditory nerve, resulting in perception deafness;
and defects of the brain. The last-mentioned will
not be considered, as this cannot be made good by
meaus of a hearing aid.

Conduction deafnéss may be caused by wax
blocking the auditory passage, or it may occur as a
result of inflammation. The ear drum can also
be a source of conduction deafness, e.g. when wax
is deposited on it. Another frequent cause is in-
flammation of the middle ear, possibly with rupture
“of the eardrum. Usually this kind of deafuness is
only temporary, but it can also be permanent
(chronic inflammation).

A stoppage in the Eustachian tube, resulting in
pressures below atmospheric in the cavity of the
middle ear will also be accompanied by deafness.

Otosclerosis, a disease of the middle ear manifested
in a morbid growth of bone, will sometimes ham-
per the movement of the aunditory ossicles; in many
cases this can be overcome by an ingcnious operation
known as fenestration.

In all these instances it is inainly the air con-
duction that is impeded or ceases to function
altogether.

Perception deafness is frequently caused by a.

gradual deg—eneration of Corti’s organ; usually this
commences at the point where the higher frequen-
cies are registered, and gradually progresses into
the region of the lower frequencies. Curiously
enough, however, at high sound intensities, high
tones can still often be heard, and at their full
strength too. There is then an abrupt transition
between déafness and hearing (fig. 4). Since the

HEARING AID

by this means, however, it

~1

/
threshold of pain (the maximum sound intensity

which may reach the ear without causing actual

. pain) usually remains at the same level, the range

or span of sound intensities that the sufferer can

! .
perceive is greatly reduced. This effect is known
as regression. ’

4

75245

Fig. 4. The effect of regression. Loudness L as heard by-the
patient plotted against the sound intensity I in the auditory
passage. Below a certain intensity I, the patient hears little
or no sound; above that'point the hearing-is comparable with
that of a person with normal hearing,

’

In order to diagnose the nature of a deficiency in
hearing, a chart is plotted for the auditory loss of
the sufferer, for both air-conduction and bone-con-
duction, as a function of the frequency of the sub-
mitted sound. The auditory deficiency is defined as
the ratio of intensities that can just be perceived

by the patient, to those in the case of a person of .

normal hearing; this is expressed in decibels. The
curve thus obtained is known as an audiogram and
it is plotted with the aid of an instrument called an
audiometer 1). A number of audiograms are depicted

“in fig. 5, and from these it is seen that in serious

cases of conduction deafness the sound pressure
required to produce a sensation that is only just

" perceptible can be up to 60 dB, i.e. roughly 1000

times stronger than for persons with normal
hearing. A pronounced dependence on frequency
is not usually apparent. Perception deafness is
distinguished from conduction deafness by the fact
that hearing is impaired in both air-conduction and
bone-conduction; this can be seen from the audio-
grams. — as a rule, in conduction deafness, bone-
conduction suffers no attenuation (2, fig. 5). As
already mentioned, perception deafness is usually
more evident in the higher frequencies, and in that
region it may be absolute, i.e. more than 100 dB.

Many cases of deafness are of a mixed type, as
will be seen from fig. 5. Regression cannot be

1) An instrument of this type is described in an earlier number
of this Review; see L. Blok and H. J. Koster, Philips tech.
Rev. 6, 234-239, 1941.

39
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.
diagnosed from a single audiogram; more extensive
tests are essential when an examination is to be
made.

The task of the hearing aid "

The main function of a hearing aid is to so
amplify sounds that speech will be intelligible and
that local noises will give the user an impression

VOL. 15, No. 2

patient will give preference to a flatter character-
istic. ) :

One of the difficulties in determining the most
desirable characteristic for a hearing aid is the fact
that the hearing of a deaf person using a hearing aid
is monaural. In monaural hearing several curious
effects become apparent. The usual directional
effect largely disappears, although with " some
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Fig. 5. Audiograms. Auditory deficiency in dB (vertical) compared with the average
sensitivity of the human ear, as a function of the frequency of the sound in ¢/s (horizontal).
Chart 1 represents normal hearing; 2 a person with conduction deafness; 3 a person with
perception deafness and 4 a sufferer from a mixed form of deafness. The full lines refer to
air-conducted sound and the broken lines to bone conduction, This figure consistsex of amp-
les only: each particular form of deafness yields its own audiograms,

.

of what is going on around him. The reproduction
of music takes second place. \

From the foregoing brief review of the major
forms of deafness it will be clear that the individual
requirements to be imposed on a hearing aid must
differ very considerably between one case and
another. In addition, it has not yet been found
possible to establish any well-defined relationship
between the nature of a deficiency in hearing as
characterized by the audiogram, and the optimum
characteristics required of the hearing aid by the
user. For example, chart 3 in fig. 5 would indicate
the need, on physical grounds, for a hearing aid with
a rising amplification factor (rising frequency res-
ponse curve), but very often, if not invariably, the

practice this can be recovered. Turning of the mi-
crophone produces differences in the quality of the
signal as received, since the response curve of the
instrument depends to a certain extent on the direc-
tion from which the sound is picked up 2). Another
effect of monaural hearing is the apparent reception
of all local sounds from one and the same plane; in
other words, the user of the hearing aid is not well
able to determine the distance from the sound
source, although here, too, a certain amount of
judgment is restored in most cases, after some
practice. :

2) See also K. de Boer and A. Th. van Urk, Some particulars
of directional hearing, Philips tech. Rev. 6, 359-364, 1941,
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As it is only the patient himself who can he the
ultimate judge of the most desirable characteristics
for the hearing aid, it is most essential that the
characteristic should be variable within wide limits.
This applies not only to the response curve, but
also to other characteristics. Manufacturers would
be able to meet the need for variable characteristics
very easily ‘were it not for the fact that they are
tied in two respects. First, from the point of view
of the user, certain other requirements have to be
met, which are also quite important, e.g. lowest
possible current consumption, small dimensions,
lightness, robustness etc. In view of this it is usual
to limit amplification to a range of frequencies of
from 100 to 5000 c/s, but even then it is very
difficult to adequately fulfil all the requirements
mentioned. o

Secondly, it is important to the manufacturers
themselves to be able to meet the needs of the
greatest possible number of users with only one
type of hearing aid. In other words, their aim is to
cover the various needs with a single type of instru-
ment, capable of simple manual adjustment. This
facilitates mass production and reduces costs.

Some details now follow of the manner in which
these several requirements have been met in the

Philips hearing aid.
.Scope of the hearing aid

The basic requirement for the response of a
hearing aid may be said to be an amplification of
50 dB in a frequency range of 200-4000 c¢/s (which
includes speech and local sounds). Care must be
taken, however, that the sound of loud shouting
(input sound intensity about 30 dB above normal
speech intensity), or of other very loud sounds, is
not distorted, ,and that the user does not receive
such a volume of sound that the threshold of pain
is passed. The need for such control on the volume
is particularly evident among sufferers from
regression deafness, for their margin between the
thresholds of hearing and pain is usually smaller
than the range of intensities of the sounds which
are to be rendered audible. '

Control on,the amplification can be either abrupt
or continuous; the former method is known as
signal cut-off, which implies that the signal is
prevented from exceeding a certain value at the
output. Fig. 6 illustrates a signal subjected to
cut-off; it will be seen that considerable distortion
is introduced, and this affects the clarity of re-
production. In the Philips instrument, therefore,
the continuous method has been adopted, viz.
automatic volume compression, as this avoids

N
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distortion. In addition, the operating level of the
control is variable in seven stages, to meet the need
for versatility explained above.

Modification of the response curve of the Philips
hearing aid can be effected in the"first place by
means of a tone switch. The user is thus given the
facility of selection from three response characteris-
tics to suit his particular need, the difference be-
tween the characteristics lying mainly in the limits
of the frequency range. Of even greater importance
is the fact that when purchasing his hearing aid
the user is given a choice of seven earphones, each
having an entirely different response curve. In all,
therefore, a selection can be made from 3 X7 = 21
overall characteristics.

75247

Fig. 6. Illustrating the distortion arising from abrupt cut-off
of the output signal.

The microphone, pick-up coil and earphone

The microphone in the Philips hearing aid is of the
crystal type, all the components being se¢ assembled
as to form a complete removable unit. A diagram
of the microphone is given in fig. 7. The “capsule”
of the microphone consists of a round housing in
which the acoustically sensitive element, a square
crystal of Rochelle salt (sodium potassium tartrate)
is mounted. The capsule is mounted flexibly in a
rectangular housing which also carries contact pins
for connections to the amplifier. Sound vibrations
are picked up by a small conical diaphragm of
aluminium foil which is connected to one corner
of the crystal. The electrical connections through
the round and rectangular housings are insulated

75246
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Fig. 7. Cross section of the microphone in Philips hearing aid.
s Rochelle salt crystal; f aluminium foil; v resilient suspension
of housing with crystal and foil; g glass beads; p contact pins.
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with glass “bead” bushings which also serve to
seal the casing against moisture.

A large part of the background noise that users
of hearing aids always hear is produced by {riction
between the clothing and the microphone or neigh-
bouring parts of the instrument (“case noise’). In
order to suppress such noise as much as possible in
the new hearing aid, the slots for the microphone
are situated in the side of the case.

Rotation of a switch enables the user to connect
the microphone to a so-called “pick-up coil”. By
means of this coil signals may be picked up inducti-
vely from the field of an exterior coil, such as that
of a telephone receiver. The pick-up coil has a large
number of turns, so that the stray field from a 1ele-
phone receiver induces a signal voltage which is
sufficiently large for the hearing-aid amplifier. In
this way the acoustical link between the telephone
and the hearing aid, which is responsible for con-
siderable distortion, is eliminated. In addition, the
magnetic transier of the signal effectively eliminates
all airborne sound, so that background noise 3) —
unusually distracting in a telephone conversation
due to monaural hearing — is greatly reduced.

The pick-up coil is also being used to an in-
creasing extent at concerts and in theatres and
churches. A large loop of wire is laid round the walls
of the building and connected to the output
of an audio-frequency amplifier; the A.I'. magnetic
field of the loop induces voltages in the pick-up coil.
Those who are hard of hearing need thus no longer
be restricted to the front row or other specific
places, but are free to move about while listening
to reproduced sound which is almost wholly free
This

system can also be used to great advantage by

from auditorium noises and reverberation.
persons with normal hearing, for example in con-
ducted parties in museums (“radiophonic” address)
(fig. 8), for communication with personnel in large
factory bays where the noise level is high or, again,
in television or film studios.

The earphone of the hearing aid is attached to the
auditory passage by means of a plastic ear-picce
(fig.9). The closure should be as nearly as possible
airtightin order to avoid loss of sound and distortion.

As already pointed out, the purchaser of the
hearing aid has a choice of seven ditferent earphones.
Five of these are of the magnetic type with an
impedance of 100 Q (at 1000 c¢/s) and different
response curves; the other two are crystal ear-

phones of 100 000 € impedance,

giving more

3) Local noises can also be excluded by using a throat mi-
crophone, see Philips tech. Rev. 5, 6-14, 1940.
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output in the higher tones. The crystal receiver
is also lighter and smaller than the magnetic
one. All thcse receivers are fitted with a standard

press-stud, by means of which the earpiece is
attached.

Fig. 8. Visitors to the Municipal Art Gallery, Amsterdam,
listening to the ‘‘guide” with the Philips hearing aid and
pick-up coil.

The amplifier

The amplifier in the Philips hearing aid is of the
The
maximum electrical gain is 72 dB, or an amplifica-
tion of about 4000, which can be reduced manually
by means of a volume control situated after the
first valve. The average amplitude of the alternating
grid voltage as delivered by the microphone is
I mV for a normal sound level (speech); the A.C.
voltage supplied by the output transformer is then
about 5 V. Measurement of the sound pressure of
the receiver placed in an artificial ear %) shows that

conventional 3-stage audio-frequency type.

Fig. 9. Plastic ear-piece with press-stud by means of which
the receiver is attached to the ear; on the right it is shown
with the earphone attached. A wedding ring is shown for
comparison.

%) For a description of the artificial ear see K. de Boer and
R. Vermeulen, On the improvement of defective hearing,
Philips tech. Rev. 4, 316-319, 1939.
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the acoustic amplification of the complete hearing
aid is 52 dB at 1000 c/s. .

The secondary side of the output transformer
has an impedance of 100 Q, matching the im-
pedance of the magnetic earphone. By reversing a
plug in its socket the user can increase the im-
pedance at the output terminals of the amplifier
to 100000 Q, thus providing a matching for a
crystal earphone. Fig. 10 shows the circuit diagram
of the complete amplifier. . \
The automatic volume compression mentioned

’
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A}

distorted (the amplifier would be overloaded). The
“attack time” of the A.V.C. is governed mainly by
the product of the values of R, and C,, which
function as a filter for the control voltage from
the sélenium rectifier to the input wvalve. On

_the other hand, this time should not be too short,

as this tends to make the amplifier unstable
(motor-boating). This can be avoided, however,
by coupling elements of suitable values. In practice

“an attack time of 150 msec has been found

satisfactory. p

1‘ 22,5V gt

Fig. 10. Circuit diagram of the amplifier. Only the principal components are listed: M
microphone; S, switch, microphone/pick-up coil (the leads to the pick-up coil are not

shown). B,, B, B, valves; S, tone switch: in position 1 the hearing aid is inoperative. Ce
electrolytic decoupling capacitor. 4, B, C, E and F contact sockets, strapped by means of

a plug. T earphone receiver. The automatic volume compression circuit is indicated by
the heavy lines. The alternating anode voltage from the output valve B, is fed through
R, and C, to a selenium rectifier Se, and the rectified voltage is apphed across R, to the
grid of the input valve B,. C, and R, determine the “attack” time of the compression, and
C;, R, and R; the “release” time. The control level is determined by the value of resistor R,.

s

earlier is provided by that part of the circuit
shown by heavy lines in the figure. - The alter-
nating anode voltage from the output valve

B; is taken through R, and C; to a selenium .

rectifier Se, which rectifies it, and the resultant
D.C. voltage is applied to the grid of the first valve
B,.In this way the bias of the input valve is auto-
matically reduced and the amplification limited
wheén the input voltage rises too much.

It is of course essential that strong sound puylses
‘should be. attenuated very quickly, as otherwise
the initial components of a word might be

~

When -the sound reaching the microphone is no
longer abnormally loud, the amplification should
return to its original level, and the time in which
this takes place is the “release time’; in order to
avoid a noisy background as a result of the A.V.C.
becoming inoperative during the pauses in a
sentence, this time must not be too short; it is
determined by the time constant of the system
C,, R;, Ry in fig. 10, and lies somewhere between
1/, and 1 second. ’ ‘

Fig. 11 shows the action 6f the A.V.C. with
acoustic’ pulses applied to the hearing aid. With
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the control at maximum, the amplifier is over-
loaded for a very short time and therefore gives
a distorted signal only for a few milliseconds.

o

dist. 10%

75265

Fig. 11. The action of the automatic volume compression.
a) A voltage of square wave-form (¥;) is applied to the input
of the amplifier, the amplitude being such that, without the
A.V.C., the distortion of the output voltage would be more
than 10%,.

b) The output voltage V,, with A.V.C. operating, exhibits
distortion of more than 109} for only a very short period.
The significance of the attack and release times of the A.V.C.
(1; and t, respectively) is clearly seen from the figure. The
scale of t; is exaggerated in the diagram.

As mentioned above, the control level can be
adapted to the needs of the user. This individual
. matching is accomplished by means of a resistance
(Rs, fig. 10) placed in series with the receiver. It is
not necessary, nor is it desirable, that the user
should have control over all the variables in the
instrument: he will obviously never require to
‘adjust the instrument to respond to forms of
deafness other than his own. For this reason
the output level is pre-set at the time of purchase,
while the A.V.C. resistor is provided in the
reversible plug to which reference has already been
made. The patient, assisted by the doctor, has a
choice of 2 X 8 different plugs, which will give him
either uncontrolled output, or control in one of
seven different ranges, each differing by 5 dB,
either with the crystal or the magnetic earphone.
Some response curves for the complete hearing
aid are reproduced in fig. 12; these show the ratio

of outpui: sound pressure to input sound pressure

in dB, as a function of the frequency. The charac-
teristics depicted are examples of what can be
achieved with the seven-times-three combinations
of receiver and tone control. This choice of
characteristics, together ‘with the eight ranges of
A.V.C., provide a very wide range of application
of the instrument, capable of meeting different
forms of deafness.

N
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Construction

The construction of the Philips hearing aid
differs in some respects from conventional types.
Apart from the necessity for small dimensions,
robustness, resistance to tropical conditions etc.,
easy replacement of the components was made an
essential feature of the design. If components can
be easily repldced, repair work is greatly simplified.
The dealer is then in a position to remedy the
more usual faults himself with the aid of a manual
only, no soldering or measuring instruments being
necessary.

The advantages of the interchangeability of the
receiver as well as the reversible plug are obvious.
The amplifier is composed of units linked mechanic-
ally and electrically by contact pins; the batteries
form another unit in themselves. Contact pins and
springs complete the circuits of the microphone,
tone switch etc., which are also separate units.
This method of construction has proved a very
satisfactory answer to the problem of the simple
replacement of components.

75248
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Fig. 12. Response curve of the complete hearing aid for three
of the 21 combinations of earphone and tone control setting.
The vertical axis represents the acoustic amplification, i.c.
the ratio of output sound pressure G, to input sound pressure
G;, expressed in dB. :

~

Fig. 13 is an exploded view of the various com-
ponents and shows how they are grouped into
their various units. A photograph of the interior
of the hearing aid is reproduced in fig. 14, which
shows the intermediate model of the range of
three (see fig. 2 and below). No individual resistors
etc. will be seen, either in the exploded diagram or
in the photograph, this being~due to the special
method employed in incorporating them all in their
particular unit. The resistors and capacitors, as
well as the output transformer, are first laid out
on a resin-bonded paper plate (fig. 15), all the con-
nections being made on the back of the plate. There

~
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is an almost complete absence of soldered joints in
this hearing aid: nearly all the leads are spot welded
in order to avoid a dangerous rise in tempera-
ture during assembly of the components, which
are mounted in close proximity to each other. The
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The local “‘climate” in which hearing aids are generally
used differs considerably from that in which most electronic
equipment operates. The set is carried either in the breast
pocket, or almost in direct contact with the body. In the latter
case a relative humidity of 1009 is fairly closely approximated.
The temperature differs greatly according to the method of

Fig. 13. Exploded view of the Philips hearing aid. The principal components are numbered:
1 case with microphone slots 2, and clip 3 for attachment to the clothing; 4 earphone with
cord; 5 pick-up coil; 6 battery case; 7 block of polyester resin containing the electrical
components; 8 contact pins linking the components of the hearing aid electrically and
mechanically; 9 valves; 10 plug: 11 valveholder; 12 switch for microphone/pick-up coil;
13 tone switch; 14 volume control, 15 microphone in screened housing.

entire unit is moulded into a block of polyester
resin %) which is then polymerized; the block thus
formed is denoted by 7 in fig. 13. Polyester resins
have very excellent insulating, damp-resisting and
mechanical properties, closely resembling those of
polystyrene and, owing to their low surface tension
before polymerization, permeate easily into the
small spaces between the components.

°) See J. P. Mudde, Polyester casting resins, Plastica 6, 12-15,
1953 (No. 1).

carrying and, when the case is worn close to the body, the
possible effects of skin secretions must also be taken into
account. All these factors are accentuated in tropical climates.
In the design, therefore, allowance has been made for tem-
perature variations between 0 and 45 °C and relative humidities
between 0 and 1009;. Thermal stability has been ensured by
specially designing each component; this will be referred to
again later. Sensitivity to humidity is avoided by moulding
the moisture-sensitive components into the polyester resin
block; judicious selection of the constituents of the resin has
yielded a polymerization temperature of only 35 °C, so that
damage to the components is avoided and only negligible
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Fig. 14. Interior of Philips hearing aid. Only the screened
microphone, the volume control, the valves and their holder,
the plug and the batteries can be seen.

shrinkage stresses (on cooling) occur. In order to reduce
still further the shrinkage and increase the physical strength,
a quantity of ceramic powder (*Kersima” ¢) is added to
the monlding powder. This ensures at the same time that
the instrument shall be shockproof. Hearing aids belong to a
class of equipment which, in contrast to radio receivers for
example, are subjected to constant jolting and vibration;
robustness, therefore, is an essential requirement.

75186

Fig. 15. Assembly of the electrical components on resin-bonded
paper plate. The whole is later moulded solid in polyester resin.
T screened output transformer. C electrolytic capacitor;
B valveholder; S selenium rectifier.

%) For a description of different kinds of ““Kersima”, see R. A.
Ijdens, Ceramics and their manufacture, Philips tech.
Rev. 10, 205-213, 1949; E. J. W. Verwey and R. D. Biigel,
Ceramic materials with a high dielectric constant, Philips
tech. Rev. 10, 231-238, 1949.
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The miniature components

The smallness of the hearing aid is due to the
very compact design of the components. As
standard components would require too much space,
an entirely new range of components was designed
for the new Philips hearing aid, very small in size,
but with excellent electrical properties. The use
of these components are not confined to hearing
aids alone, for there are many other fields in elec-
tronics in which an important outlet for such
components exists. The more important compo-
nents of the hearing aid will now be discussed.

The valves (fig. 16) are of course battery valves,
of the sub-miniature type. The DF 67 is used in
the first and second stages; the output valve is the
DL 67, except in the smallest model of the hearing
aid which is fitted with the DL 66. The valves are

mounted in a special valveholder.

Fig. 16. The three amplifier valves, with a wedding ring for
comparison of size. The valve at the right is the output valve
DI. 67.

The coupling resistors between the three stages
of amplification are very small indeed, viz. 7 X 11/,
mm, and are capable of carrying a load of 1/50 W
(fig. 17). They consist of ceramic tubes coated with
graphite suspension, the characteristics of which
can be varied to vield resistance values of from
1000 €2 to 15 mQ). The coupling capacitors, of which
a specimen is also shown in fig. 17, are also manufac-
tured from ceramic tube, in this case a grade of
“Kersima” of which the dielectric constant is very
high, namely 4000. With this material very small
capacitors can be made in a range of values up to
0400 pF. The dimensions are 16 X 3!/, mm. A
special feature of these components is that the
leads are attached inside the tube of the capacitor,
leaving the exterior quite smooth. The capacitors
are protected by a coating of insulating material
and can therefore be mounted in close contact
with each other.
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An electrolytic capacitor (Ce in fig. 10) is connect-
ed in parallel with the anode battery to prevent the
amplifier from oscillating (it decouples the anode
circuit). There is always some risk of oscillation as
the batteries get older; the internal resistance then

e

Fig. 17. Miniature components: left to right, carbon resistor,
ceramic capacitor, electrolytic capacitor, selenium rectifier
and A. F. transformer with part of the screening box removed.

rises and the circuits

becomes tighter. Hence the capacitor in the circuit

coupling between the

enables the user of the hearing aid to obtain the
longest possible service from his batteries, although
there is of course a limit, imposed by the ultimate
decrease in the amount of power available. The
electrolytic capacitor is also quite small; it is
housed in an aluminium tube 18 X 4 mm (fig. 17)
and is made in two ratings, viz. 2 uF at 25V and
10 uF at 2 V.

The output valve of the amplifier is matched to
the receiver by means of a special transformer (also
shown in fig. 17) which provides the impedance
matching of 100,000 or 100 €. When a crystal
receiver is used, the coupling consists only of the
self-inductance of the primary winding. Owing to
the high impedance of the valve, it is necessary,
for effective matching, to provide a high self-
inductance; to realize this within small dimensions
is made more difficult by the presence of a D.C.
component of 200 pA which reduces the permea-
bility of the core. The use of high alloy-content
laminations and a large number of turns of very
thin wire (30 micron) offers a satisfactory solu-
tion. At 1000 ¢/s the efficiency is 609%,, which is
high for such a small iransformer, being of the
same order as that of output transfurmers of
standard dimensions.

As already mentioned, the transformer is moulded
into the polyester resin block with the other com-
ponents; the penetration of the resin guarantees

HEARING AID 47

the resistance of this

conditions.

component to tropical

The amplification of the hearing aid is controlled
manually by means of a potentiometer (fig. 18)
connected between the input and second valves.
This is a rotary potentiometer and the physical
requirements to be met by this component are
fairly heavy. The user is continually adjusting it to
give the required volume of sound, and a life of
20,000 operations on both directions is essential.
To withstand this a robust spindle bearing is
necessary, and fine tolerances on the other parts
of the potentiometer. An improved carbon track
with a moving carbon contact has practically elimi-
nated potentiometer noise, even for resistances up
to 5 MQ. The amplification between the potentio-
meter and the output valve is some 400 X , so that
it was further necessary to eliminate ripple voltages
induced in the grid circuit of the second valve by
the output valve. Such voltages could reach the
potentiometer through body capacitance via the
finger operating the control, and for this reason the
potentiometer is provided with an internal screen.

Fig. 18. Volume control with internal screening. The rotary
cap K is shown cut away to reveal the screening A.

The need for such screening could have been
avoided by placing the potentiometer between the
second stage and the output valve, but strong input
signals might then have overloaded the second
valve.

To a large extent the dimensions of the hearing
aid are dependent on the size of the batteries, two
of which are required, viz. one of 11/, V for the
filaments and another, of 22 V, for the anodes. As
sub-miniature valves are used, very little power is
needed (40 mW from the filament battery and 5 mW
from the other), so that for a reasonable life, onlv
very small batteries are required (filament battery
life about 20 hours; anode battery about 250 hours).
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In order to leave the compromise between dimen-
sions and battery life (also economy) to the user, the
three models as illustrated were placed on the
market, the only difference heing in the size of
the battery helder (the smallest model, moreover,
has no listening coil and is fitted with an output
valve of smaller rating). There is accordingly a
choice of very small batteries with a correspond-
ingly small case, and larger batteries with larger
case, but lower running costs.

Summary. Defects in hearing can assume many different
forms. The greater the adaptability of an electronic hearing
aid in its applications, therefore, the larger the number of
persons who can benefit from it.

This need for adaptability is emphasised in practice by the
fact that it has been found impossible to define a unique

-
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relation between the desired characteristics of the hearing
aid and the nature of the deafness in each individual case.
In the new series of hearing aids adaptability is ensured by
providing.automatic volume compression in a range of seven
different levels, from which a selcction ¢an be made by order-
ing the appropriate plug. Further, there is a choice of seven
different earphones, five of which are magnetic, and two of the
crystal type. These featurcs, in conjunction with a 3-position
tone switch offer a total range of 21 different characteristics.
The microphone can be switched over to a pick-up coil
whereby signals are reccived directly by induction, for
example, from a telephone. In the design of these hearing aids
every endeavour has been made to ensure that all the com-
ponents shall be easily replaceable, so that repairs can be carried
out quite simply without any soldering operations. The
electrical components are of the miniature type, specially
designed for the purpose. All the resistors and capacitors, as
well as the output transformer, are moulded into a solid block
of polyester resin, ensuring a high degree of robustness and
resistance to tropical conditions, and low sensitivity to humi-
dity. All the components, too, were designed with a view to
long life and reliable service. Three models of the hearing aid
are manufactured, the principal difference between them
being in the rating of the batteries.
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THREE METHODS OF MEASURING MAGNETIC FIELDS

I. MEASUREMENT BASED ON THE GENERATOR PRINCIPLE .
by B. F. JURGENS. '

II. MEASUREMENT OF THE FIELD ON THE AXIS OF MAGNETIC ELECTRON LENSES
by A. C. van DORSTEN and A. J. J. FRANKEN. . .

I1I. MEASUREMENT BY THE PROTON RESONANCE METHOD

\ . by H. G. BELJERS.

621.317.42:538.082

-

The best method of measuring magnetic field strength depends on the characteristics of the field.
Three methods currently employed in the Philips laboratories are described in this article,

each of which has its own particular applications.
Jor most magnetic circuits and is accurate to within two or three percent.

The first method described is suitable
The second was

developed specially for measurements on magnetic electron lenses, uhlle the third provides a
» very accurate absolute measurement of fairly strong homogeneous fi elds.

Introduction

A large number of methods have been devised for .

the measurement of magnetic fields and much is
still being written on the subject *). When the
necessity for such measurements arises in experi-
mental work, special apparatus is often constructed
to suit the particular conditions; the need for such
special equipment may be due to the fact that the
field is restricted within a very confined space, or
that measurement is to be effected close to the walls.
Examples of such conditions occur in the fields
within the air-gaps of electrical machines or moving-
coil instruments. The accessibility of the points of
measurement will also affect the design of the
equipment. For example, the air-gap in an iron
circuit will usually be accessible only in a direction
at right angles to the lines of force; on the other
hand the aperture of a magnetic electron lens is
accessible only in a direction parallel to the lines
of force. The measurement of inhomogeneous fields
also has its own particular problems; here, a certain
average value of the magnetic induction over the
mew of practical methods is given by L. W. Me-_

Keehan, The measurement of magnetic quantities,
J. Opt. Soc. Amer. and Rev. sci. Instr. 19, 213-242, 1929,

space occupied by the measuring head is recorded,
and there is some uncertainty as to the exact point
where the measured value actually exists. Often
this difficulty is partly overcome by employing a
very small measuring head and, in the first of the
methods described in this article, this is the solution
adopted. At the same time, it is sometimes possible
to determine local values of the field with precision
by means of an instrument that is not small, by
utilizing certain properties peculiar to the magnetic
field. The second method described is an example
of this **).

The discovery and study of new phenomena and
their behaviour in magnetic fields have again and
again led to the development of ‘mew kinds of
measuring equipment, and this applies to the third -
method dealt with in this article. This is an inci-
dental outcome of research into ‘the magnetic
moments of atomic nuclei. A distinguishing feature
of the method is the unusually high degree of
accuracy which it offers (within 0.019%,).

**) Another example will be found in W. F. Brown and
J. H. Sweer, The fluxball. A test coil for point measure-

ments of inhomogeneous magnetic fields, Rev. sci.
Instr 16, 276-279, 1945.

L MEASUREMENT BASED ON

Use is often made of the generator, principle to
measure magnetic induction ). A coil is rotated

1) A. Kohaut, Ein Messgeriit fiir magnetische Felder, Z..
tech. Phys. 18, 198-199, 1937. R. H. Cole, A magnetic
field meter, Rev sci: Instr. 9, 215-217, 1938, -

'o. Klemperer and H. Miller, Search-coil oscillator for
measuring fields of magnetic electron lenses, J. sc1 Instr.
+ 16, 121-123, 1939.

THE GENERATOR PRINCIPLE

within the field, about an axis perpendicular to the
axis of the coil; the alternating voltage thus gene-
rated is proportional to the speed of fotation and
also to that component of the induction which is
at right angles to the axis of rotation. If the speed
be kept constant, the induced alternating voltage

,is a measure of this component. As a rule a synchro-

i
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Fig. 1. For measurement of a magnetic field by the generator
principle a coil is rotated at constant speed in the field. The
coil is mounted in the extremity of a “Perspex’’ spindle fitted
as extension piece to the shaft of a synchronous motor. On the
left is an enlarged sketch and in the centre a photograph
of the end of the actual spindle with coil. Right: a match
by comparison on the same scale.

nous motor is used to drive the coil, the speed then
being constant in so far as the mains frequency is
constant.
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In the instrument under review, the spindle of
the small synchronous motor carries an extension
piece of some easily machinable plastic such as
“Perspex”. A very small coil is mounted in
this spindle, near the extremity ( fig. 1). The
A.C. voltage generated when the coil is revolved in
a magnetic field, is taken by means of bronze contact
rings and silver springs ( fig. 2) through a screened
cable to an amplifier, where the signal is amplified,
rectified, and measured by a moving-coil instrument.
The deflection of this meter is a direct measure of
the field component perpendicular to the spindle at
the point where the coil is located. The equipment
is shown in use in fig. 3.

The exploring coil used in this case is considerably
smaller than anything made hitherto for equipment
of this type. The inside and outside diameters are
0.5 and 1 mm respectively, and the length is 1.5 mm.
These very small dimensions make it possible to
measure local values in inhomogeneous fields with-

out difficulty.

74447

Fig. 2. The synchronous motor with “Perspex” extension piece. The silver contact springs
for collecting the voltage can be clearly seen. In addition to the motor housings and the
spindle cover, a magnet used for calibration of the instrument is shown in the photograph
(background, right).
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Fig. 3. The field-strength meter in operation. At right: the motor is held in the hand and
the exploring coil in its cover is inserted between the pole pieces of the magnet to be
measured. At the left is the amplifier and meter.

In such a small coil the flux per turn will of course
be very small indeed; moreover, the number of
turns cannot be very great, as there is a practical
limit beyond which the thickness of the wire cannot
bereduced. The sensitivity of the exploring coil drops
sharply with the dimensions, but, owing to the
amount of amplification provided, the meter gives
full scale deflection (at max. amplification) for a
field of 3x10~* Wb/m? (3 gauss).

The coil is made of enamelled copper wire
25 microns in diameter, which, in the space available
permits of 500 turns. With a view to the desired
sensitivity a fairly high speed of rotation was
adopted, viz. 50 revolutions per second (3000 r.p.m.)
It would not be possible to go much beyond that,
seeing that no extra bearings are provided for the
“Perspex” extension on the motor spindle.

When the rotating probe is held with its axis
parallel to the lines of force at the coil, the field
component in the plane of rotation is zero and the
meter gives no deflection. This, then, is a means of
ascertaining the direction of the lines of force. The
absolute value of the induction is measured by
finding the position corresponding to maximum
meter deflection. It is of course necessary that
there is sufficient room for such positioning.

In order to ensure optimum transfer of energy
from the exploring coil to the amplifier, it is
necessary to match the impedance of the former
with the input impedance of the latter. This
impedance consists almost solely of the attenuator

which is provided to permit variation of the
measuring range, and is 500000 Q (see fig. 4). At
a frequency of 50 c¢/s the self-inductance of
the exploring coil is still determined only by
the D.C. 70 Q. It was

accordingly found desirable to couple the coil

resistance, which 1is
to the amplifier by means of an input transformer.
Now, the available voltage induced in the exploring
coil is divided between the resistance of the coil
itself and the inductive impedance of the trans-
former. When the frequency increases, this induc-
tive impedance rises and, with it, the ratio of the
voltage across the primary of the transformer to that
induced in the exploring coil. In the region of 50 ¢/s
this ratio is roughly proportional to the frequency 2).
As the voltage induced in the exploring coil itself is
also proportional to the frequency (speed of rotation)
the potential applied to the grid of the input valve
of the amplifier is approximately proportional to the
square of the mains frequency. Now, in order to
avoid serious errors in measurement arising from
this, in the event of fluctuations taking place in the
mains frequency, the amplifier was designed to have
a response curve such that the gain in the region
of 50 c/s decreases as the square of the frequency.
For this purpose two RC filters are employed, these
being located between the first and second amplifier
valves (fig. 4).

2) Tt is possible to design a transformer which, under the
conditions described, will ensure a voltage ratio that is
practically independent of frequency in the region of 50 c/s.
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Fig. 4. The amplifier circuit. The voltage generated in the exploring coil C is taken across
a magnetically screcned input transformer T’ to the amplifier. The effect of the double
RC filter (R,-C, and R,-C,) between the first and second valves is to modify the response
curve in such a way that the reading will be independent of the mains frequency. P,
calibrated attennator for the different measuring ranges. 4, represents the meter.

The input transformer is provided with effective
magnetic screening to, avoid interference due to
magnetic leakage-fields set up by the mains trans-
former (such fields are of the same frequency as
that of the signals used); the screened transformer
can be seen at the front of the chassis shown in fig. 3.

A stabilized supply unit is used for the amplifier,
so that variations in the mains voltage shall not
affect the amplification.

-The complete unit is calibrated by placing the
exploring coil in a magnetic field of known strength;
the calibrating magnet supplying this field is
depicted at the rear in fig. 2. The space between the
pole pieces of the magnet is filled with wood in which
a hole is provided that just accommodates the
screening tube on the “Perspex” spindle. To give the

desired reading of the known field strength on the
meter, the amplification is adjusted by means of
variable feed-back.’ Since the attenuator has a
linear calibration with respect to the meter, the
reading is then correct in all the other measuring
-ranges as well.

In the most sensitive position, a full-scale deflec-
tion corresponds to an induction of 3 X 10 Wh/m?
(3 gauss), and in the least sensitive position to
3 Wh/m? (30000 gauss). The error is roughly 3%
of full scale, except in the lowest measuring ranges
(viz. 3 X 10™ Wh/m? and 107> Wh/m?). With such
low induction values, a certain amount of inter-
ference is experienced in the form of a meter
deflection not due to the magnetic field, and
corresponding to about 3 X 107> Wh/m2

]

In order to determine the focusing characteristics

of magnetic electron lenses such as those used in,

electron microscopes, it is usually necessary to
ascertain the form of the field along the axis of
symmetry. When this is known a computation can
be made. of the field away from the axis.

This statement holds for a part of the space in which no
electric currents flow and no magnetic materials occur, and
this is the case in the vicinity of the axis of a magnetic electron
lens. In such spaces the value of the magnetic induction can
be derived from a scalar potcntial conforming to Laplace’s
equation. (The derivation is an application of potential theory.)

| :
II. MEASUREMENT OF THE FIELD ON THE AXIS OF MAGNETIC ELECTRON LENSES

In essence, a magnetic electron lens consists. of
a coil enclosed within a soft iron housing (see sketch
fig- 1a). The curve representing the field along the
axis is more or-less bell-shaped. (fig. 1b). Approxi-
mate computation of this field, is possible, but the
accuracy is not always high enough for the purpose
in view, especially if saturation phenomena occur
in the iron. If, say, the spherical aberration of a
lens is to be calculated with any precision, the error
in the calculation for the field should not exceed 1%.
It is better, therefore, to measure the field direct

’
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former (such fields are of the same frequency as
that of the signals used); the screened transformer
can be seen at the front of the chassis shown in fig. 3.

A stabilized supply unit is used for the amplifier,
so that variations in the mains voltage shall not
affect the amplification.

-The complete unit is calibrated by placing the
exploring coil in a magnetic field of known strength;
the calibrating magnet supplying this field is
depicted at the rear in fig. 2. The space between the
pole pieces of the magnet is filled with wood in which
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meter, the amplification is adjusted by means of
variable feed-back.’ Since the attenuator has a
linear calibration with respect to the meter, the
reading is then correct in all the other measuring
-ranges as well.

In the most sensitive position, a full-scale deflec-
tion corresponds to an induction of 3 X 10 Wh/m?
(3 gauss), and in the least sensitive position to
3 Wh/m? (30000 gauss). The error is roughly 3%
of full scale, except in the lowest measuring ranges
(viz. 3 X 10™ Wh/m? and 107> Wh/m?). With such
low induction values, a certain amount of inter-
ference is experienced in the form of a meter
deflection not due to the magnetic field, and
corresponding to about 3 X 107> Wh/m2
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In order to determine the focusing characteristics

of magnetic electron lenses such as those used in,

electron microscopes, it is usually necessary to
ascertain the form of the field along the axis of
symmetry. When this is known a computation can
be made. of the field away from the axis.

This statement holds for a part of the space in which no
electric currents flow and no magnetic materials occur, and
this is the case in the vicinity of the axis of a magnetic electron
lens. In such spaces the value of the magnetic induction can
be derived from a scalar potcntial conforming to Laplace’s
equation. (The derivation is an application of potential theory.)
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II. MEASUREMENT OF THE FIELD ON THE AXIS OF MAGNETIC ELECTRON LENSES

In essence, a magnetic electron lens consists. of
a coil enclosed within a soft iron housing (see sketch
fig- 1a). The curve representing the field along the
axis is more or-less bell-shaped. (fig. 1b). Approxi-
mate computation of this field, is possible, but the
accuracy is not always high enough for the purpose
in view, especially if saturation phenomena occur
in the iron. If, say, the spherical aberration of a
lens is to be calculated with any precision, the error
in the calculation for the field should not exceed 1%.
It is better, therefore, to measure the field direct
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from the lens itself, or from an enlarged or reduced
scale model of it. .

In the following a description is given of a method
of measuring, rapidly and sufficiently accurately,
the induction along the axis of a magnetic electron
lens. This method is a modified version of the one

employed by Van Ments and Le Poole for the same

AN

purpose ).

—_— 7

4

Fig. 1. a) Diagrammatic representation of a magnetic electron
lens. The lens consists of a coil, almost wholly encased in soft
iron; on the inner surface is a small air gap. The field is
concentrated mainly inside the coil, near the gap in the iron.
b) The curve of the magnetic induction B, on the axis of
such a lens is more or less bell-shaped.

74577

Van Ments and Le Pool measured the static force
exerted upon an exploring coil within the magnetic

field, with a constant direct current flowing through -

the coil. The coil is specially shaped and consists of
a long thin solenoid, the windings of which are
reversed at the mid-point M (fig. 2). To make the
measurement, the coil is positioned with its axis
coincident with that of the electron lens. The length
of the solenoid is such that the two ends are then
situated at points where the field is practically zero.

The principle upon which the measurement is
based may be described as follows. Each turn of
the coil, as far as its magnetic properties are con-
cerned, may theoretically be replaced by a flat
plate, homogeneously magnetized in a direction
perpendicular to its face. The plate would have the
same thickness and periphery as one turn of wire;

1) M. van Ments and J. B. Le Poole, Numerieal computatio;l
of the constants of magnetic electron lenses, Appl. sci.
Res. B1, 3-17, 1947. * :
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one side of it would carry a uniformly distributed
positive magnetic charge and the other a similar
negative charge, so that adjacent positive and
negative charges of the successive plates neutralise
each other. At the point where the winding direction
changes, however, like charges face, and therefore
reinforce each’ other. Magnetic charges would also
occur at the end faces of the solenoid, but these are
outside the field and therefore experience no force.
The charge at M, on the other hand, encounters a
force that is proportional to the induction at that
point. The magnitude of the magnetic charge is
proportional to the current flowing in the solenoid
and, if this current is constant, the force on the
solenoid must be a measure of the induction at M.

In fact, the force on the solenoid is not proportional to
the induction along the axis at M, but to the flux Ppr con-
tained per turn at M. If we denote the axial eomponents
of the magnetic field strength and the magnetic’ induction
by Hax and By respectively, and the (constant) density of

_the magnetic surface-charge at M by o, the foree on the
solenoid will be: ) '

' K=[0HudS = 2 [BwdS =2 on,
, Ho . Ho

where S is the cross-section of the solenoid at M, over which
the integration must be performed, and. y, is the permea-
bility of a vacuum. @y is of eourse proportional to the average
value of Bgx for the cross-seetion, and what is measured is,
in effeet, this average. ' >

A correction ean be made, however. If we consider the
z co-ordinate along the axis of symmetry and denote the
flux per turn (radius r) and the magnetic induction on the
axis at the point z by @; and B, respectively, it follows
from potential theory that: )
r? d2B,

8 a2

BB )
192 dzt :
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Fig. 2. For the measurement of the field of a magnetie electron
lens a long thin solenoid ,the winding direction of which is
reversed at the centre M, is used as the actual measuring head.
© The axis of the solenoid is made to coincide with that of the
lens. The foree acting on the solenoid is proportional to the
magnetic induction at M and to the current flowing in the
coil. The ratio of length to thickness is much greater than
as shown in the figure.
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Here, then, @:; is expressed as a series of powers of r. B; is
the term to be evaluated and @; is the value measured. The
derivatives d2B:/dz? etc., appearing in the corrective terms, are
a;:tually unknown, but we can, as an approximation, replace
B; by its average valie @/m? for the area of one turn. Then:

10, 180 Laae,, 0 g,
ar® ( 8 dz 192 dzA
@ is measured as a function of z; hence the derivatives can
also be ascertained as a function of z, enabling the corrections
" to be computed. It will be seen that the corrections are smaller
according as r (the radius of the solenoid) is redueced.

B: r
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The solenoid ¢an be suspended horizontally on
wires (fig. 3). When a direct current is’ passed
through it, a deflection occurs owing to the force
acting upon it, and this can be measured optically,
for example. The deflection is a measure of the
induction at the point of reversal in the direction of
winding. .

7457v 7N

Fig. 3. Principle of System adopted by Van Ments and Le
Poole!). The rod 1 on which the measuring solenoid 2 is
wound, is suspended horizontally by means of thin wires,
so as to be concentric with the axis of the electron lens 3.

A horizontal force is exerted on the solenoid in the field of

the lens and the resultant displacement, which is measured

optically, is a measure of the field strength at M. |

In the present case, however, another method is
adopted; the exploring coil is connected to a source
of A.C. voltage, a variable resistor being used to

8
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Fig. 4. Schematic view of the system with a vertically suspended
solenoid. The coil I is wound on an aluminium rod 2 which
also serves as return line for the current.’An alternating current
is passed through the coil, causing this, together with the
rod 2 and plate 3, to vibrate vertically. Vibration is made
possible by mounting the system on two horizontal flat
springs 4 (see detail in fig. b). The amplitude of the vibration
is a measure of the magnetic induction to be determined,
and is measured by means of a standard Philips gramophone
pickup 5. The sapphire needle 6 of the pickup rests against
the vertical plate 3. For normal measurements, where the

’
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adjust the current flowing in the solenoid to a
certain value which is kept constant throughout the
process of measurement. The solenoid is thus sub-
jected to a periodic force proportional to the
induction at the reversal point in the winding, and
accordingly vibrates. The amplitude of this vibra-
tion is measured with the aid of an ordinary Philips
gramophone pickup of the piezo-electric crystal
type. The fact that the signal can be amplified
means that measurement is at once simple and
accurate. .
The solenoid is suspended vertically from two
flat springs (fig. 4) which also carry a vertical
metal plate. This plate follows the vibration of the _
solenoid. The plate is in contact with the sapphire
needle” of the pickup and transmits the vibration
to the needle by reason of the friction between
plate and needle. Should very large amplitudes
occur as a result of jarring etc, the needle slips
on the plate and damage is prevented. The flat
springs and pickup are mounted on a slide in a
vertical track which actually forms part of the
framework (9, fig. 4a).” To effect the measurement,
the electron lens is supported so that its axis
coincides with that of the solenoid; the solenoid is
then moved vertically along the slide so that the

—_——— _é 7458

amplitude is only a few hundredths of a millimetre, friction
causes the needle to follow the motion of the plate. In the
event of jarring, the needle slips and damage is avoided.
The reversal point in the solenoid winding is positioned at

- the desired point of measurement by sliding the whole system

vertically in a guide 7; this is effected by means of a screw 8
(not shown in b). The guide forms part of the framework 9.
The magnetic lens 10 to be measured is supported on screws 11
for vertical adjustment. Baseplate 12 is mounted on four steel
springs 13 to eliminate external vibration, andweights 14 serve
to increase the vibration period of the whole system to 0.5 sec.
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induction can be measured as a function of the
position along the axis of the lens.

"Apart from the vibration of the solenoid, the
friction plate may very easily transmit undesirable
movements to the pickup. e.g. external .vibrations
originating in the table on which the apparatus is
set up. The effect of these vibrations is so marked
that its elimination is essential to the effectiveness
of the method. The whole apparatus, with the
exception of the amplifier and measuringinstrument,
is_therefore placed on a board supported by four
vertical compression springs (fig. 4a). Weights
placed on the plate, moreover, reduce the natural
frequency of the whole to about v, = 2 ¢/s. As the
lowest frequencies encountered in floors, walls and
tables are usually somewhere between 12 and 20 c/s,
the frequencies » of such extraneous vibrations lie
well above »,. They are thus transferred to the

" measuring apparatus attenuated in amplitude 2) in

.the ratio (vy/»)2. The effect of the external vibration
is accordingly reduced by a factor of more than 100.
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Fig. 5. Magnetic electron lens with bore b and variable
pole-piece spacing s. This lens was specially designed in
order to ascertain the effect of the ratio s/b on the characteris-.
tics of the lens. s/b is variable between 0 and 8. -

%) J. A. Haringx, Philips tech. Rev. 9, 16-23, 1947.
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In the design of electron lenses the dependence
of the focusing characteristics-on the ratio of pole-
spacing s to diameter of the bore b is of particular in-
terest. A special lens has therefore been constructed,

-

b=6mm -
' - ' Yb=4
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Fig. 6. Results of measurements taken from the lens shown in
fig. 5. Relative value of the magnetic induction B;/B;max 0n
the axis, for various valucs}of s/b.

-

in which the ratio of s to. b is variable between
fairly wide limits, viz. 0 to 8 ( fig. 5). The results of
measurements taken from this lens are reproduced
in fig. 6. These provide a check on the accuracy of
the computed values as well as an insight into the
effect of §aturation in the iron.

The derivatives dB;/dz and d2B;/dz?, the second of which
occurs in the correction terms for B; in expression (1), can
also be measired directly if a small modification be made
in the apparatus deseribed above. Instead of the long solenoid,
ashort coil is placed on an aluminium rod (2 in fig. 4) suspended

~ from the flat springs. The coil may be visualised as the

equivalent of evenly distributed positive and negative
magnetic charges at the two end faces of the coil. Since the
spacing of these faces is a constant of the apparatus, the
resultant force is proportional to dB;/dz at the location of
the coil. .

If the short coil be made with a reversal of winding direction
at the centre, the force to which it is subjected will be propor-
tional to the difference between the forces on the two halves
of the coil. The force is thus proportional to the difference in
the values of dB,/dz for the two halves of the coil and, hence,
also proportional to d2B,/dz® for the location of the whole
coil. In principle it would be possible to measure d°B,/dz®
with a combination of two divided coils, and so on.

~

1. MEASUREMENT BY THE PROTON RESONANCE METHOD - .

I

The physical principles underlying the two
methods already described are so well-known that
the emphasis in sections I and II has been on the
mode of application ‘rather than on the principles

t

X ,
themselves. The third method, however, which is
characterized by exceptional accuracy, involves the
application of new principles. It is an incidental ‘
result of new developments in the sphere of atomic
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magnetism. A brief outline of these developments
will now be given, i so far as they are necessary to
an understanding of this method of measurement.

Nuclear spin magnetism and proton resonance

1

The princible of this method of measurement can
be explained broadly and simply in terms of the
quantum theory. The proton (nucleus of the hydro-
gen atom) has a constant mechanical angular-
momentum known as the “spin” which is analogous
to the spinning of a top. Furthermore, the proton
has a constant magnetic moment u,. The vectors
of the spin and magnetic moment-always lie in the
same direction, as will be obvious if the proton be
imagined as a rotating electrical charge.

According to the quantum theory a proton in a
magnetic field By can assume only two orientations,
viz. those in which the magnetic moment, and hence
flso the spin, are paiallel, and antiparallel, to B,.
An amount of energy AE = 2u,B, is needed to
change the orientation of a proton from the parallel
to the antiparallel position!). Thus, spins in the
antiparallel position possess an energy which is
2p By higher than the energy level of parallel spins.
The distribution of the spins among these two
energy levels will be in accordance with Boltzmann’s
law, which states that the concentration in an energy
level is proportional to e FIkT, where E is the energy
~ of the level, and k is Boltzmann’s constant. The
higher the energy the lower the concentration. Let
us denote the number of nuclear spins at the lower
and higher levels by IV; and N, respectively; then:

Ny — dEIT
Ny
Since, normally, 2u,B, < kT, the surplus of
protons in the lower level (IV; — IV,) is very small
compared ‘with the total number (IN;+ N,) of
protons 2).

Y Y

1) B is written instead of H becausé of the definition of the
magnetic moment. The proton is visualised as a very small
circuital current, and the local magnetic field (in vacuo)
is defined by the magnetic induction B. The magnetic
moment of a plane circuital current i encircling a plane
surface S is defined as m = iS. The couple imparted to
such a circuit in a magnetic field B whose lines of force
make an angle # with the normal at S, is iSB sm #. Some-
times the magnetic moment is defined as m’ — ,uOLS =
"ugm. The expression for the resultant couple is then

m'B sin®/u, = m'H sind. (H = magnetic field strength).

These last expressions for the magnetic moment and re-
sultant couple are automatically arrived at if the magnetic
moment be imagined as the outcome of a combination
of equal but opposed magnetic charges. We shall, however,
adhere to the first-mentioned definition (see for example
Slater and Frank, Electromagnetlsm, McGraw Hill, New
York 1947, p. 59)
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Suppose that a weak alternating field B, cos 2nt,
of frequency v be established perpendicular to the
field B,: quantum theory states that energy can be
derived from, or imparted to this field only in quanti-
ties which are integral multiples of the energy
quantum hy, where h is Planck’s constant. If the
value of v is such as will satisfy the equation
hy = 2upB,, one single energy quantum will be
just enough to change one spin from the parallel
to the antiparallel orientation. The chance .of
parallel spins absorbing energy quanta and be-
coming antiparallel spins is then greatly increased,
i.e., resonance occurs. The frequency at which this
takes place is called the resonance frequency w.
Hence: ‘

} . B
By=— . « . . . .. (2)
ZIuP

Measuring principle

The above considerations have led to the following.
method of measuring magnetic fields.

Protons are introduced into the field By to be
measured, in the form of hydrogen nuclei from sub-
stances rich in hydrogen. A weak alternating field
is established perpendicular to the field B, the
frequency being so adjusted that equation (2) is
satisfied. The absorption of energy which occurs
at the resonance frequency, is employed as an
indicator for the adjustment, and the apparatus
therefore includes a cathode-ray oscilloscope, from
which the occurrence of this energy absorption can
be noted visually. As the resonance frequency is
related to B, (see eq. 2), the measurement of the
magnetic field is now reduced to a measurement of
frequency. Since high frequencies can be measured
very accurately with little djfﬁculty and, as' the
onset of resonance is very sharp, this method of
measuring magnetic induction is much more precise
than other, traditional methods.

For the comparison of magnetic fields it is only
necessary to determine the resonance frequencies in
these fields. Nevertheless it is also possible to effect

“absolute measurements, seeing that the exact value

of h/2up is known. With #; in cycles per second,
we may write: . -

B, = 2.3489 x 10~ »; Wh/m?
= 2.3489 X 10~ », gauss. . . . (3)

A resonance frequency of 30 Mc/s therefore occurs

in a field of 0.7047 Wb/m? = 7047 gauss.

2) up = 1.410 X 10~ Am® and k = 1.375 x 10— J/degree.
With a field By=1 Wb/m? (10000 gauss) and a temperature
of 300 °K, 2upB,/kT ~ 10—° and N,/N, is accordingly
very little Tless than unity.
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The value of h/2up can be derived very exactly from
measurements taken by Bloch and Jeffries 3) who set out
to determine the value of up, making use of the
proton resonance described. The principle on which their
measurements were based is as follows. Since protons carry
an electric charge e (¢ = 1.6019 X 10-!? coulombs) they will
experience a force when moving in a magnetic field. When
the movement is in a‘plane perpendicular to a homogeneous
field (B,, say) they will describe circular paths, which they
traverse with a frequency ¥, (independent of velocity) given by:

L eBo
27:AIP

(Mp = mass of the proton = 1.6722 X 10—* kg).

Suppose we have a cyclotron with a magnetic field strength
By; vc is then the frequency for the Dee voltage in order that
the cyclotron may accelerate protons ). Bloch and Jeffries
employed a small, specially constructed cyclotron and deter-
mined the frequency at which this functioned with protons;
this was the frequency #e In the same cyclotron field they
then ascertained the proton resonance frequency ¥ which, in
accordance with equation (2) is given by:

From (4) and (5) it follows that:

' b v 2mMp

2p v e

The intercsting point is that the induction By, which cannot
be independently determined with any great accuracy, is
thus eliminated from _the cquations. According to the measure-
ments of Bloch and Jeffries, »rfve = 2.7924 -+ 0.0002. Using
the above-mentioned values of e and Mp, we find that hf2u, =
2.3489 x 10-%, which value appears in equation (3). (Since
h is known, the value of ujp itself can also be computed.)

Before we proceed to a description of the meas-
uring equipment itself, it is necessary to discuss in
greater detail two further points, viz. the magnitude
of the energy absorption, and the “line width” of
this absorption. '

Magnitude of the energy absorption

As already mentioned, there is, in respect of
every parallel spin, a certain chance that it will
absorb an énergy quantum from the field and thus
change to the antiparallel orientation. On further
consideration, however, this is in itself not enough
to ‘explain the energy absorption observed. There
is, in effect, an equally good chance that the alter-
nating field may induce a proton with antiparallel
spin to release an energy quantum and thus assume

3) F. Bloch and C. D. Jeflries, A direct determination of the
magnetic moment of the proton in nuclear _magnetons,
Phys. Rev. 80, 305-306, 1950.

4) See for cxample "W. de Groot, Cyclotron and synchro-
cyclotron, Philips tech. Rev. 12, 65-72, 1950. © -
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A}
the parallel position, this process being known as

“induced emission”. Both chances are proportional
to the concentration of energy quanta of the
alternating field, that is, to the energy density of this
field, i.e. to B,2. Now, the number of parallel spins
N, is greater than that of the antiparallel NN,

_(Boltzmann distribution; equation (1)), so that,

from the start, more parallel spins change to anti-
parallel than vice versa; consequently NN, increase
at the expense of IV}, but, as N, and N, approach
each other, this process slows down. In the absence

‘of any other influences, a situation would finally

arise in which N, = N, with just as much energy
absorbed from the alternating field as is restored
to it; the net absorption would then be zero.
Energy absorption would then take place only
during such time as N, were approaching [V,, and
the total absorbed energy would be so small as
to be undetectable.

* There is, however,
causes reversal of the spins, and this is associated
with the thermal motion. An interchange of energy
occurs between the magnetic energy of the protons
in the magnetic field By, and the kinetic energy of
their thermal motion; this -process tends to restore
the original Boltzmann distribution (1) of the
parallel and antiparallel spins. On average, there-
fore, the spins release energy towards the thermal’
motion, and an equilibrium is set up in which the
spins take up just as mucki’energy per second from
the alternating field as they impart to the thermal
motion. If this release of energy is sufficiently
great, then, a considerable amount of energy can be,
absorbed continuously from the alternating field.
Tt is this absorption, as already mentioned, which
serves as an indicator for the attainment of the

another mechanism that

resonance frequency.

The protons, which are brought into a state of
resonance in the apparatus about to described,
are actually those forming the nuclei of hydrogen
atoms in a small quantity of water. With pure
water,- however, the continuéus energy absorption
from the alternating field is too small to yield a
clear indication, the reason for this being the
very slow transfer of the magnetic energy of the
protons to the thermal motion. This transfer is
enhanced by adding paramagnetic ions to the water,

. e.g. by dissolving ferric or manganese salts in it.

Because of the pronounced interaction between
the magnetic fields of the protons and the strong
fields of the ions, the exchange of energy is much
greater and so also is the amount of energy absorbed |
from the alternating field. The resonance indication

is then clear enough for a practical measurement.
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Line width; sharpness of the resonance indication

The field of the protons and that of the
paramagnetic ions, alternating in time and space,
are superimposed on the external field By the
protons accordingly exist in fields that exhibit
a certain variation about the value of the external
field B,. There is therefore not one specific resonance
frequency, but a certain range of frequencies in which
resonance occurs, and this range lies on and around
the frequency corresponding to B,. The resonance
thus possesses a finite “line width”. If the rate of
absorption of energy, for a constant value of B,, is
plotted as a function of the frequency, the absorp-
tion spectrum reveals the peak shown in fig. la,

Py PT
N i

2up8 P By
h 24p
a b

Fig. 1. “Line width” of proton resonance in a magnetic field B
with a superposed perpendicular H.F. field (frequency »).
Resonance can be attained in two ways, viz. 1) with constant
external field B, by varying the frequency of the H.F. field;
2) with constant frequency, by varying the external field B.
For measuring purposes the two methods are combined.
a) With constant external field B, resonance occurs in a small
range of [requencies about the frequency value relevant to
the field B, in accordance with equation (2). P is the absorbed
power.

b) With constant frequency, resonance occurs in a range of
magnetic induction values about the value relevant to that
frequency, in accordance with equation (2). The line width
can therelore also be expressed in Wh/m?2,

ol

74518

rather than a clearly defined line at », = 2upBy/h
(see Eq. 2). Similarly, when the rate of absorption of
energy is plotted against the external field B for
constant frequency, a straight absorption line is
not obtained for B = hy/2u, = B,, but again
a peak of finite width about B, (fig. 15). According
to whether we are considering fig. la or 1b, the
line width can be expressed in c¢/s or Wh/m?. The
relationship between the two alternatives follows
at once from equation (3): 1 ¢/s corresponds to
2.3489 x 10 Wb/m?2.

For pure water the line width is roughly 10~°
Wh/m2 (10~* gauss). The addition of paramagnetic
ions increases the width, as is to be expected, since
the magnetic fields of these ions increase the
“spread” of the local fields around the value of
B,. At the same time, even when pure water is
replaced by a solution of ferric or manganese salts,
the line remains so narrow (in our case 10~° Wh/m?2
= 0.1 gauss) that the definition of the resonance
indication is not appreciably affected. These figures
demonstrate the sharpness of the resonance indica-
tion. The inhomogeneity of strong magnetic fields
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(of the order of 1 Wh/m?) within the space occupied
by the measuring head (about 30 mm3), even in the
most uniform fields, is usually of the same order
of magnitude, so that greater precision in the in-
dication of resonance would in any case be

superfluous.

Description of the proton resonance equipment

The equipment about to described was constructed
along the lines of a design previously employed
by Pound and Knight 3).
a small “Perspex” container, is contained in a
flat coil-holder (fig. 2), the axis of the coil lying in
the plane of the holder. The holder is inserted in
the magnetic field to be measured with its flat face
at right angles to the lines of force. An alternating
current passed through the coil produces the weak
alternating field perpendicular to the field to be
measured. The “Perspex’’ chamber is filled with an

A coil, wound round

aqueous solution of manganese sulphate or ferric
nitrate, to provide a certain concentration of manga-
nese or ferric ions. The hydrogen atoms of the water

74519

10cm

74471

Fig. 2. a) Construction of the oscillator coil. The cavity I
(internal diam. 3 mm, length 4 mm) contains a solution of
a ferric or manganese salt. The walls are formed by the
“Perspex” components 2 and 3. 4 is the oscillator coil proper.
5 is a “Perspex’ bush. 6 and 7 are brass terminals for the coil.
b) The oscillator coil is fitted in the centre of a flat coil holder
8. The lead for connection to the capacitor in the oscillator
circuit is taken through the handle of the holder; on the left
will be seen leads for an auxiliary coil which produces a
ripple on the field to be measured. At right: oscillator coil
for a different measuring range.

%) R. V. Pound and W. D. Knight, A radio frequency spectro-
graph and magnetic field meter, Rev. sci. Instr. 21,
219-225, 1950.
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Fig. 3. Measuring the magnetic field of a large permanent magnet (weight 600 kg) by
means of the proton resonance equipment. The coil holder is inserted hetween the pole
pieccs of the magnet. The electronic equipment is standing on the right-hand pole piece;
on the right of the illustration is the oscilloscope for the resonance indication. At right below,
high tension unit and battery supplying heater current for the valves. Standing on the
left hand pole piece of the magnet is the wavemeter used for measuring the resonance
frequency. On the ground at left: a variable transformer to supply the ripple added
to the measured magnetic field.

1L +aoov
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Fig. 4. Circuit diagram of the proton resonance measuring equipment. On the left is the
exploring coil connected to capacitor C;, and a double triede operated as negative
resistance to form an oscillator. On the right-hand side of this valve is the circuit
for amplification and detection of the veltage modulation in the oscillator circuit.
F connecting point for wavemeter.
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contain the protons which are to be brought into
resonance in the measured field, and the paramag-
netic manganese or ferric ions ensure an eflective
transfer of the energy absorbed at resonance to the
thermal motion.

A low-capacitance coaxial cable connects the
coil to the electronic equipment ( fig. 3). The coil,
together with a capacitor C; and the cable capaci-
tance, constitute a tuneable oscillator circuit ( fig. 4);
this is coupled to a negative resistance circuit formed
by a double triode ECC 91 to complete the oscillator
circuit. The frequency of this circuit is tuned to
the resonance frequency of the protons by adjusting
C,. In order to cover a wide frequency range, the
coil is interchangeable (fig. 2). There are in all three
coils, each with a different number of turns.

By means of the biasing resistor common to the
two triodes, the oscillator is adjusted to the
threshold of oscillation. Under these conditions the
voltage on the circuit is very sensitive to the small
increcase in damping that occurs with proton reso-
nance. In the rim of the coil-holder there is a flat
auxiliary coil, through which a 50 c¢/s current is
passed during measurement; this causes the field
at the location of the exploring coil to alternate
between B, + Bs und B,— By. B, represents the
value of the field to be measured and Bg the ampli-
tude of the field of the auxiliary coil, at the “Perspex”
container. Proton resonance and the accompanying
absorption of energy will occur twice per cvele of
1/50 sec when the oscillator is tuned to a frequency
v such that (see fig. 5):

hy

B, + By = = B,— Bs.
2/1,p

Ba

.h_;.} B
2up 50|4‘.z./__\_\\ //L &
e

N —|| S
L'h a —
74521 Vep sec
Fig. 5. The auxiliary coil in the coil holder superimposes a
ripple of amplitude Bs on the measured field By. At a given
frequency » of the H.F. field, resonance occurs when the value
of B lies between the two dotted horizontal lines. This occurs
twice per cyele of 1/50 sec., viz. about the times ¢ and f,.
The oscilloscope thus reveals absorption peuaks at the points
corresponding to these times. If, now, the ripple amplitude is
reduced under the conditions as shown, where hv/2uy > By,
t, and 1, move towards each other. The oscilloscope shows
the absorption peaks approaching each other, coinciding and
disappearing.
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Twice per cycle, then, the resonance requirement
v = 2upBlh = vy (see Eq. 2) will be met, and at
these moments (t; and t, in fig. 5), the voltage of
the oscillator circuit will vary by a small amount.
Owing to the finite width of the resonance range
(shown by the horizontal dotted lines), the instants
of time are increased to short time intervals. The
high-frequency signal across the circuit is modulated
by these dips in voltage. The fundamental frequency
of the modulation is thus 50 ¢/s.

The signal is first amplified by an EF 80 valve,
the anode circuit of which is tuned by means of a
variable capacitor and one of three coils operated
by a switch, corresponding to the exploring coil
used in the coil holder. Next the signal is rectified
and smoothed by a combination of capacitor and
resistor with low time constant, to avoid attenuation
of the peaks, which occurs with a frequency of
50 c/s. Finally, the signal, which now contains only

Fig. 6. Oscillogram of modulation of the oscillator amplitude.
The frequency of the time base in this case was 25 c¢/s: hence
the two pairs of peaks.

the absorption peaks, is again amplified and applied
to a cathode-ray oscilloscope. The time base is
synchronised with the 50 ¢/s voltage on the auxiliary
coil. When resonance conditions are obtained, two
absorption peaks are seen on the screen, well above
the noise level ( fig. 6 shows two pairs of peaks, this
being due to the use of a 25 ¢/s time base).

To measure a magnetic field B, the currenl in
the auxiliary coil is gradually reduced. In the case
of fig. 5, when the frequency is too high, the traces
of the two peaks will be seen to come together,
coincide and then disappear; when the frequency
attains the value »;
the peaks remain stationary ( fig. 7). (Because of
the finite width of the resonance zone, the peaks

241y By/h appropriate to By,

become wider according as Bj is reduced. When the
ripple on B, lies wholly within the resonance zone,
the resonance is continuous and, with it, the ab-
sorption, in which case the H.F. voltage on the
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oscillator circuit is no longer modulated, but has a
constant value. As only the modulation is visible,
the peaks then disappear from the screen.) The
resonance adjustment, then, consists of tuning the
oscillator till the separation of the peaks becomes

Ba
e e,
2up 9 4 \/ =
: |
74522 4 & =z

Fig. 7. The frequency » being so adjusted that hv/2u, B,,
the absorption peaks remain stationary when the ripple ampli-
tude is reduced. This is the indication that the frequency is
correct.

insensilive to changing the current in the auxiliary
coil. The frequency is then carefully measured, e.g.
by means of a calibrated auxiliary oscillator
beating with the signal. Finally, the value of the
field is obtained with the aid of equation (3).
With little trouble the frequency can be measured
with a relative error of less than 10™* but, if a
smaller accuracy is sufficient, use can be made of
a previously prepared chart showing the frequency
plotted as a function of the reading of the capacitor

C..
The amplitude of the alternating field

One or two points will now be mentioned concerning the
choice of amplitude B, of the high-frequency alternating field.
Any increase in B, results in an increase in the concentration
of energy in this field, and more energy quanta are then
available for raising protons to the higher energy level. In
the resultant new condition of equilibrium, the difference in
the concentration of the two possible levels would then be
smaller, which means that the departure fromn the Boltzmann
distribution would be greater and the release of energy to
the thermal motion accordingly increased. Since this release
of energy is equal to the absorption of energy from the alter-
nating field, the absorption will likewise increase. It will be
clear, however, that, according as B, is increased further, the
departure from the Boltzmann distribution approaches a
limit, viz. the point corresponding to equal concentrations in
the two energy levels (see page 57). Simultaneously the release
of energy to the thermal motion would also approach a limiting
value, with a corresponding limit to the energy absorption
from the alternating field. An indefinite increase in the ab-
sorption peaks seen on the oscilloscope cannot therefore be
expected as B, is increased. In practice it is observed that
while the peaks first increase in size, they subsequently
collapse with further increase in B,. That this must be so is
easily demonstrated. In the description of the equipment it
was mentioned that the oscillator must be adjusted to the
threshold of oscillation, as it is then most sensitive to varia-
tions in the damping. In order to increase B, the oscillator
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must be made to oscillate more strongly and the sensitivity
to variations in the damping then drops; the increase in
damping and the drop in sensitivity thus counteract each
other. When the absorption approaches its maximum value,
the decrease in sensitivity gains the upper hand and the
absorption peaks shrink in size.

Classical considerations

Mention should be made of the fact that the subject of
proton resonance can be viewed in the light of the laws of
classical mechanics 8). This is a fairly complicated procedure
however and gives a less straightforward picture than the sim-
plified explanations given here on the basis of the quantum
theory. In the classical theory the proton is regarded as a kind
of top, which executes a precessional motion under the inflnence
of magnetic fields 7). The transfer of energy to the thermal
motion takes place with a certain delay which is expressed as
a certain relaxation time. This relaxation time is considerably
reduced by the addition of paramagnetic ions.

Apparatus for fields up to 1.4 Wh/m? (14 000 gauss)

The measuring range of the equipment described
above is roughly 0.16 to 0.82 Wh/m? (1600 to 8200
gauss), corresponding to a frequency range for the
oscillator of 6.8 to 35 Mc/s. Another unit has now
been made up, which measures field strengths up

to 1.4 Wb/m? (14,000 gauss) ( fig. 8). The oscillator

Fig. 8. The proton resonance measuring unit for fields of from
0.5 to 1.4 Wh/m? (5000 to 14 000 gauss). The oscillator
frequency is variable from 21 to 60 Mc/s, this being possible
because the whole oscillator is housed in the coil holder,
thus eliminating the capacitance of the cable between valve
and oscillator coil. The double triode is in the handle, that is,
as far as possible from the magnetic field to be measured. In
strong magnetic fields the triodes will not function. Behind
the coil holder will be seen the unit for amplification and
detection of the signal. (The lead from the coil holder is shown
disconnected.)

5) F. Bloch, Nuclear induction, Phys. Rev. 70, 460-485, 1946,
7) See also H. G. Beljers and J. L. Snoek, Gyromagnetic
phenomena occurring with ferrites, Philips tech. Rev. 11,

313-322, 1950.
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frequency range in this case is extended to 60 Mc/s,
this having been made possible by mounting the
whole oscillator in the coil holder. This dispenses
with the lead between the coil and the oscillator
valve, with a’corresponding reduction in the circuit
capacitance.. It is probable that at the upper limit
the measuring range could be extended to 2.0 Wh/m?
(20000 gauss). A unit for lower field strengths
(lower Limit approximately 10~ Wh/m? (100 gauss)
is now in course of development. '

Applications ‘of the method

The apparatus described — which is also very
suitable for demonstrating the phenomenon of
nuclear spin resonance — can be used for checking
the variation of induction between the poles of
permanent magnets during the course of time. It
is also useful for ascertaining the effect of certain
external influences such as mechanical impact or
vibration of the magnet, temperature variation
and so on. As an example, the table below
gives details of the field strength at the centre

between the pole pieces of a large permanent magnet

Table. Induction between poles of large ““Ticonal” magnet,

Induction in
Wb/m? as
Date Treatment measured
after treat-
ment
25-11-51 0.4351
3-12-51 0.4350
16-1-52 0.43325
16-1-52 Heating from 20 to 49 °C 0.4301
k)
16-1-52 Cooling down to 19 °C 0.4326
. 18-1-52 0.4326
_18-1-52 Heating from 20 to 68 °C 0.4284
18-1-52 Cooling down-to 20 °C 0.4325
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of “Ticonal” (see Fig. 3). This magnet was fabri-
cated in the Philips laboratories and is used mainly
for calibrating coils for fluxmeters.

From the measurements it is apparent that a
rising temperature cycle results in a drop in the
induction, at least, when this occurs for the first’
time; this process may be regarded as a sort of
ageing. It appears from both the temperature cycles
that the temperature coefficient of the magnet is
roughly 0.85 x 10~ Wh/m? per °C.

Summary of I, IT and I. Three instruments for the measure-
ment of magnetic fields, based on three entirely different
principles, are described. The first of these makes use of an
extremely small coil (outside diam. 1 mm, length 1.5 mm),
mounted ‘on the shaft of a small synchronous motor and
rotated with constant angular velocity in the field to be
measured. The voltage generated is collected by contact rings
and springs and is taken to an amplifier and then rectified.
The resultant D.C. voltage is a measure of the magnetic
induction. The influence of the mains frequency on, the induced
signal voltage is compensated by a suitable response curve
of the amplifier. The measuring range is very wide, viz.
10 to 3 Wh/m? (1 to 30,000 gauss), and the. accuracy is 3%.

The second instrument was developed especially for the
measurement of fields along the axis of magnetic electron
lenses. A long thin solenoid, the winding direction of which
is reversed at the ceéntre,’is suspended vertically by two flat
springs and is mounted so as to coincide with the axis of the
electron lens. When a constant 50-cycle alternating current
is passed through the solenoid, an alternating force acts
upon the coil, this being proportional to the magnetic indue-
tion at the point where the winding changes direction. In
consequence, the solenoid vibrates vertically, and this vibra-
tion is communicated to the sapphire needle of a gramophone
pickup. The A.C. voltage thus obtained, which is amplified,
is a measure of the induction. In practice, it is essential that
the apparatus be so mounted as to be free from external
vibration. By this method the field at any point on the axis of
a magnetic electron lens can be measured simply and quickly
with an error of less than 1%,

In the third method, a small container of water is placed
in the field to be measured. A weak alternating field set up
at right angles to this field, brings the hydrogen nuclei of the
water molecules into resonance. The frequency at which this
proton resonance occurs is proportional to the strength of
the field to be measured (30 Mec/s in a field of 0.7047 Wh/m?).
Measurement of the magnetic induction is thus reduced to
measurement of this resonance frequency, which can be
carried out with a high degree of accuracy. The method is
very suitable for the accurate, absolute measurement of
strong homogeneous magnetic fields (error less than 0,01 %)-
The measuring range is 0.16 to 0.82 Wh/m2 Another
model has a range of 0.5 to 1.4 Wb/m?2 This method has
been employed in the Philips laboratories at Eindhoven to
check the stability of a large permanent magnet used for
calibration purposes.




AUGUST 1953

THE EFFICIENCY OF FLUORESCENCE IN CATHODE-RAY TUBES

by A. BRIL and H. A. KLASENS.

535.376: 621.385.832

In the manufacture of cathode-ray tubes it is desirable to have guantitative data
on the fluorescent efficiency of the screen, i.e. the efficiency of conversion of electron
energy. to luminous energy. Special measurements and theoretical considerations make it
possible to determine the conditions for optimum screen brightness with a given electron energy,
in particular for screens coated with a layer of aluminium.

Introduction,

: The fact that certain minerals fluoresce when
subJ ected to an'electrical discharge in a rarefied gas
was noted by E. Becquerel about 1860. After the
discovery and subsequent study of cathode rays by

- Hittorf (1869) and Crookes (1879), a special investi-

7

gation of this kind of fluorescence was made by the
latter in such substances as CaS, BaS, diamond,
ruby etc. Lecoq de Boisbaudran (1883) made con-
siderable additions to the list of substances that
exhibit this phenomenon, which became known as
cathodoluminescence.

Lenard (1903), who had done a great deal of pioneer
work in the fields of both cathode rays and lumi-
nescence, carried out a quantitative investigation
into the phenomenon of cathodoluminescence.
According to him, the relationship between the
brightness L of a screen exposed to cathode rays
(electrons), the current density j and the accelera-
tion voltage U, can be formulated as:

L=kj(U—1U,) (1)

where k and U, are constants which differ betweén
one case and another. The quantity U, i.e. the
value of the acceleration voltage below which no
noticeable light appears, was given as 300 V for the
phosphor CaS-Bi, 1700 V for ZnS and 6000 V for
uranium glass

Other research workers have since carried out
more accurate investigations into cathodolumines-
cence at low acceleration voltages!) and have
arrived at formulae of the following kind:

L=KjU" (n>1) (2)

The efficiency 7 of the luminescence, i.e., the ratio
the radiation emitted per unit area of the screen to
the energy per unit area of the electron beam, jU,
is thus defined by the equation # = k" U™

It will be clear that a formula such as this, in
which the efficiency increases steadily with U, can

1) For details and bibliography, notably for the period since
1925 see A, Bril and H. A. Klasens, Philips Res. Rep. 7,
401-420, 1952 (No. 6). :

be valid only for a limited range of values of
U, since 7 can of course never be > 1.

The efficiency of cathodoluminescence is nowadays
of great practical importance in many technical
applications—e.g. for oscilloscopes, television tubes,
electron microscopes, radar. Renewed investigations
in this field have therefore been made in the Philips
Laboratories at Eindhoven. The work was under-
taken with a view to obtaining results of practical
value but having also a sufficient generality to
enable them to be applied independent of arbitrary
factors such as the grain size of the phosphor or the
thickness of the screen.

The mechanism of cathodoluminescence; conditions
for measurement of efficiency-

The screen of a cathode-ray tube is usually built
up of one or more layers of ¢iystals. With ZnS, for
example, the size of the crystal may vary between
one and some tens of microns; other substances such
as willemite (Zn,Si0,—Mn) have smaller crystals.
When a crystal of this kind is struck by an electron,
the electron may leave the crystal without loss
of energy (elastic collision); more frequently,
however, the electron will impart some, or the whole,
of its energy to the crystal (inelastic collision) and
the energy thus released is transferred mainly to the
electrons present in the crystal. Within the crystal,
then, a swarm of “excited” electrons is formed,
which possess extra energy of the order of 10 eV.
These excited or secondary electrons will, if the
substance is not a “phosphor”, ultimately yield up
this energy to the crystal lattice without radiation,
in the form of heat. With phosphors, on the other
hand, some of the excited electrons transfer their ..
extra energy directly or indirectly to so-called

“luminescence centres, which can then emit a quantum

of light?). Other secondary electrons will leave the
crystal immediately (secondary emission), and this

2) See also A. Bril and F. A. Kriger. Saturation of fluorescence
2n television tubes. Philips Tech. Rev. 12 120-128, 1950
No. 4).



'

64 -PHILIPS TECHNICAL REVIEW -

is important from the point of view of the charging
of the screen.

The physicist is interested in all the elements of
this process i.e. the number and velocity-distribu-
tion of the secondary electrons and the distribution
of the radiative and non-radiative energy released
in the crystal. Technically, however, the number of
emitted light-quanta per primary electron is the
main interest. The object of the measurements
described in this article and dealt with in greater
detail in the article referred to in footnote ) is to
determine this last-mentioned quantity as accura-
tely as possible.

It has been pointéd out that, according to the
earlier findings of Lenard as well as to later
measurements,the efficiency of cathodoluminescence
at low values of the electron energy is very low, but
that it rises sharply when the energy is increased.
This has been attributed to the small depth of
penetration of the electrons when their energy is
low. These electrons are for the greater part slowed

down in the outer atomic layers of the crystal where, ,

in consequence of lattice defects or impurities, they
produce but little luminescence.

To obtain quantitative results which are indepen-
dent of such surface effects, the investigation of
these phenomena is restricted to high electron
velocities, corresponding for example to accelera-
tion potentials of 10 to 50 kV. This range of poten-
tials, whereby electrons will penetrate crystals such
asZnSto adepthof1 to 25 y, is also the most interest-
ifig from the point of view of technical applications.

To yield reliable data of practical value it is
desirable that measurements be made with on a
comparatively thick phosphor layer (e.g. 0.3 mm).
The reason for this is as follows.

As already mentioned, the screen of a cathode-
ray tube usually consists of one or more layers of
crystals. Consider first a single crystal. Secondary
electrons are produced along the path of the
primary electrons within the crystal, and some of
.these secondaries will be responsible for the emission
of light. Before the light finally leaves the'crystal it
will generally be internally reflected a number of
times from the faces of the crystal (total reflection),
so that the whole crystal, as it were, is filled with
light. Hence the crystal may be regarded as a light
source, embedded in the screen and emitting light in
all directions. Once the light has left the crystal it
falls upon neighbouring crystals, which also produce
internal reflections and thus pass the light in turn to
others. This transfer of the radiation from crystal
to crystal is a cause of scattering of the light in the
screen which, in itself, does not represent a loss of
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energy. Apart from the scattering, however,
absorption takes place during the passage of the light
through the crystals, and this of course is accom-
panied by a loss of energy.

_Consider now the light emitted from both
sides of the screen. The two sides do not emit
equal quantities of light, the distribution of the
total available luminous energy between the two
being determined mainly by the scatter and the
absorption. These two factors of course depend on
the thickness and nature of the screen (crystal size

" and absorption of the phosphor), as well as on the

penetration depth of the primary electrons. If the
thickness of the screen be increased, no light will
ultimately penetrate to the front of the screen (i.e.
the side remote from the electron beam); apart
from absorption, all the light will then be emitted.
from the rear face. This situation would obviously
be of little use for practical purposes, but it does
lend itself admirably to measurements of the
efficiency of the fluorescence.

The measurements are carried out as follows. A
beam of electrons of constant current density is
allowed to strike a thick screen from a certain
angle and the flux emitted per unit area and
per unit solid angle is - recorded. Since it is
permissible to assume that the radiation from-a '
thick screen conforms to Lambert’s law (bright-
ness indéependent of the direction of observation
of the screen), it is only mnecessary to multiply
by n the measured specific flux emitted in the
direction of the normal in order to obtain the total
energy per unit area. If we now divide this by the
product of current density and acceleration voltage,
that is, by the power per unit area of the primary
electron beam, we shall know the efficiency. This .
efficiency value is to a certain extent influenced by
the absorption losses and, if necessary, a correction
may be made, based on the fact that the light is
actually produced by a very-thin surface layer of the
phosphor. One half of this light is emitted directly
from the back of the screen without appreciable
absorption, and the remainder only after diffusion
in the phosphor crystals. Owing to absorption, this
remainder undergoes a reduction corresponding to
the reflectivity R,
crystals. If we denote the measured efficiency by 7,
and the efficiency thus corrected for absorption
losses — 1.e. the “intrinsic”’ efficiency — by #;, it
follows that: :

of an infinitely thick layer of

N = (o+/2 R ) ni R 3)
B 2

or: ni=—1+—R°°nm. R (1)
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The measuring equipment
The

cathode-ray tube permanently connected to an oil

apparatus consisted of a demountable
diffusion pump backed by a rotary oil pump. This
tube (fig. 1 @ and b) comprises 3 sections, 4, B and C.
Section A, which is of the same design as that
used in the Philips’ electron microscope, contains the
electron gun with an oxide cathode f having a core
of nichrome wire; this cathode is enclosed in a
cap g having in it an aperture through which the
electrons stream. The space between the cap g and
the hollow anode &, which is attached to the metal
wall of 4, is adjustable. The anode and the shield 4
are earthed, whereas the heater fand the cap g can be
given a high negative potential by means of a trans-
former and rectifier, this potential being varied
from the primary side of the transformer. The leads
to the cathode are taken into the tube through a
porcelain insulator.

Section C is a metal cylinder in which an alumi-
nium plate P is mounted at an angle of 45°; this
plate has in it a number of shallow recesses which
can be filled with various phosphors. The plate can
slide along the axis of the cylinder, so that the various

|||l
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phosphors in turn can be subjected to electronic
The

fluorescent radiation is observed, and measured,

bombardment under identical conditions.
perpendicular to the plane P, through a quartz
window a. Window d serves for the measurement,
if desired, of the light emitted from the front of a
screen; in this case the solid plate P is replaced by a
plate with openings carrying glass plates with the
phosphors applied to them. Windows b, c and e enable
the phosphors to be observed during measurement;
in particular, window b can also be used for measuring
the fluorescent light from directions other than the
normal, and also for determining its spectral com-
position.

A focusing coil F is used for concentraling the
electron beam on a particular point of the test
plate, and two deflection coils D enable a limited
area of the layer of phosphor (1.5 X 2 e¢m) to be
scanned in two perpendicular directions through
this point. In this way the electron beam can be
made to trace a raster on plate P, this being
visible through window a. The beam current

densily is obviously higher than the average current

density on the screen. There is some risk, especially

Fig. 1 a) Diagram of apparatus for the measurement of fluores-
cent efficiency. 4 metal chamber, h anode, f filament, g cap,
p pump connection, F' focusing coil, D deflection coils, B glass
tube, C metal cylinder, P target plate, a, b, ¢ and d quartz
windows. M microammeter.

b) Photograph of the equipment. L box containing photo-
electric cell.

3) See Philips tech. Rev. 12, 33-51, 1950.
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with sulphide phosphors, that this may result in
saturation: of the fluorescence (see note?)), but
current density and focus are so adjusted that satur-
ation cannot occur, or is so small that a correction
can easily be made. The plate P and the wall of the
tube C are connected together and are earthed
across a microammeter M. Electrons leaving the
layer of phosphor ultimately all arrive either on
the plate P or on the cylinder C. At the commence-
ment of the measuring operation electrons will
also strike section B of the tube wall; this part is
made of glass, but it has on theinside a layer of metal

which is insulated from 4 and C. The layer is not -
earthed and therefore quickly acquires a suffi- -

ciently high negative potential to prevent secondary
electrons from reaching this part of the tube. The
current, as read from M, is then the primary
electron current flowing to the plate P. Thé metal
plate prevents the phosphor itself from acquiring
a negative potential.

For observations on both sides of the screen, i.e.

with the phosphors applied to glass plates, potentials
of up to 10 kV were employed. No trouble was
experienced as a result of charges on the screen.
The radiant energy of the fluorescence in the
range of wavelengths 2000 A — 7500 A was mea-
sured with the aid of photo-electric cells which had
been calibrated by comparison with a previously
calibrated thermopile, using certain phosphors.
- Two vacuum phoéto-electric cells were used, a caesium
antimony cell (having nearly constant sensitivity
between 2500 and 5000 A) and a rubidium cell
(practically constant sensitivity between 5000 and
7000 A). The first of these was employed for mea-
surements on phosphors emitting blue or ultra-
violet radiations, and the other for green, yellow or
red fluorescence. In the latter instance, a separate
test was necessary to ensure that no infra-red was
present in the radiation, e.g. by repeating the
measurement, this time with a filter passing only
radiations of > 7500 A. In some instances use was
also made of a selenium barrier-layer cell. Fig. 2
shows the relative spectral sensitivities of the photo-
cells employed. i

Most of the measurements were made with an

acceleration voltage of 20 kV. The current density
" of the beam was about 1 uA/cm?.

For reasons which will be mentioned later, it was
found desirable to know the effect of the tempera-
ture of the phosphor on the efficiency, and for this
purpose a tube was used of the kind depicted in
Fig. 3. This tube contains a demountable cathode

4) The lower limit of the wavelength range (2000 A) was fixed
by the transmissivity of the quartz windows.
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“and, although provided with a focusing coil, has no

deflection coils. The stationary beam is slightly
converged, but is not sharply focused on the plate P.
The temperature of the plate is raised by means of a
heating element mounted underneath it and is
measured with the aid of a chromel-alumel thermo-
couple attached to the plate. Secondary electrons

e
Cs-Sb

Se

1 L 1 ] ) 1 ) I

3000 7000 A

74768

4000 5000 6000

p———1

Fig. 2. Relative spectral sensitivities of the photo-electric
cells used.

either return to the plate P or are caught by the walls
of the tube C, which are silver-plated, both being
earthed through a microammeter. In this case, a
tube B, internally silvered and insulated from the
wall of C, has the same purpose as section B in fig. 1.
A voltage of —100 V is applied to this electrode.
The beam current employed was in general between
2 and 5 uA with an acceleration voltage of 8 kV.
14

Aem-]

B
F

+1

-74769

] -
Fig. 3. Diagram of apparatus for the measurement of the
efficiency as a function of the temperature. S stopper with
interchangeable cathode f. A anode, F focusing coil, B and
C’ internally silvered glass vessels, W quartz window,
P target plate. H heating clement, M microammeter. The
temperature of the phosphor on the target plate is measured

« with a thermo-couple (not shown).
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Measurement of the efficiency

The absolute measurements of phosphor effi-
ciencies are made with the aid of a calibrated
thermopile, placed in front of window a (fig. 1),
so that the light output in the direction normal
to the phosphor layer is measured.

Denoting the area of the thermopile by S, the
sensitivity by A4S (watt/volt) and the voltage
measured at the thermopile by v, the energy
reaching the thermopile per second is thus ASw.
This energy is emitted by the phosphor within a solid
angle S/r? (r = distance thermopile to phosphor).
The total energy radiated. by the phosphor per
second, having regard to Lambert’s law and making
a correction for the transmissivity 7 of the window
(a), is:

I=ardvfz. . . . . .. (5

Let ip represent the primary electron current and
U the acceleration voltage; the energy I, of the
primary electron current flowing to P per second
will then be i, U, and the efficiency:

I  qarde
= e T . 6
T T iU (©6)

We have already seen above, how the intrinsic
efficiency #7; can be derived from this measured
efficiency 7.

For a few phosphors the absolute efficiencies

Table I. Efficiencies of the fluorescence of a number of phos-
phors under electronic bombardment at 20 kV,

Phosphor Z/': 1(?)/: ) ;Z i;t lvni Colour
ZnS—10—%Ag—Cl1 21 37 7 |blue
ZnS—Sx107Ae. o-aap |23 | 83]25 | 35( 8 |bluc
(O'SOZ“’O'SSOff(}?Qg_Cl 19.5 500 (98 |yellow
ZnS—10-5Cu—10—A1 23 | 83|25 |400 (92 [green
ZnS—0.015Mn 4 | 87/ 4.5]460 [18.5|yellow -
Zn0—Zn 7 | 85| 7.5/ 34024 |green
CaWo, 3 | 80|35 702 [blue
MgWO, 2 [ 971 2 [250| 5 |bluish -
Ca0-Mg0-$i0,—0.03Ti 7 | 91| 7.5 70| 5 |blue
Zn,510,—0.004Mn 8.5( 99| 8.5(475 (40 lgreen
2(88Zn0,12Be0)SI0 = 17 | 07| 7 [450(31 |yeliow
Cd,B,05—0.002Mn 5.5/ 96| 5.5]240(13 |orange
CdC1(PO,)—0,05Mn | 7| 95| 7 [400|28 [orange
Zny(PO,),—0.3Mn 5 1100 5 |170|8.5 [red
2€a0.A1,0,.5i0,—0.04Ce | 4 90 | 4 blue
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were determined in this way. The efficiencies of
other phosphors were measured relative to these

with the aid of the cahbrated photocells described

in the previous section.

- The results of a number of measurements are
shown in Table I, in which the values in the first
column are those of the measured efficiency 7y,
under the conditions mentioned. The second column
shows the reflectivity R, for light of the same
spectral composition as the fluorescent light, and
the third column the intrinsic efficiency #; derived
from the first and the second column. The fourth
column contains the equivalent luminosity %) (lm/Wy)
of the fluorescence, calculated from the spectral
distribution, and the fifth column gives the product
of the values in columns 1 and 4, i.e., the emitted
Iuminous flux in lumens — per watt of the primary
electrons (Im/W,). The sixth column gives an
indication of the colour of the fluorescent light.

The sulphide phosphors ZnS-Ag-Cl and (ZnCd)S-
Ag-Cl are generally employed for direct-vision tele-
vision tubes; (ZnCd)S-Ag-Cl, (with less Cd than in-
dicated in Table 1, giving greener fluorescence) is also
used for the screen of the electron-microscope. Phos-
phors Ca0.Mg0.Si0,-Ti and 2(Zn0.Be0)SiO,-Mn
are used for the screens of projection television tubes.
CaWO0, is encountered in X-ray techniques.

Phosphors Zn0O-Zn and 2Ca0.A1,0,.8i0,-Ce are
remarkable for their short persistence (10~° and 1077
sec respectively); these are used for the televising of
films by the scanning method (“flying spot scanner”)
Zn,Si0-Mn (willemite) is employed in oscilloscope
tubes, and this (green luminescing) phosphor in con-
junction with Zng(PO,),-Mn (red) and CaO.MgO.
Si0,-Ti (blue) is of importance in certain colour-
television systems.

The table also includes a number of other
phosphors whose importance will bécome evident
in the next section. '

Effect of temperature on efficiency

It has already been seen that the bombardment "
of the screen by primary electrons results in only a
part (#;) of the energy being convertedinto radiation.
The remainder is ultimately liberated at the screen
in the form of heat. In the kind of tube used for
large-screen projection television, in which the
primary image js very small, the screen gets very hot
and air-cooling is essential to prevent the temper-

‘ature from becoming dangerously high. It is

therefore useful to know how ‘the efficiency of the
fluorescence varies as a function of temperature

5) This has a value of 660.lumen/watt at the region of maxi-
mum visual sensitivity (5500 A). )
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The temperature dependence of the fluorescence
has been investigated in a number of different
. phosphors by means of the apparatus depicted in
fig. 3. For the blue-fluorescing phosphors the

—>-3

00 200 300
Fig. 4. Effect of temperature on the efficiency 5 of a number

of phosphors. Curve G refers to the green, and R to the red
band of the ZnBe phosphor.

measurements were made with the Cs-Sb vacuum
photo-cell; for the phosphors the selenium cell was
employed ©).

As arule a rapid decline in efficiency occurs above
a certain temperature, but in some cases the drop
is not so marked, or there may even be an initial
increase.

A number of the results are shown graphically in
figs. 4 and 5, in which the relative efficiency, i.e.
100 %/%max, 15 plotted against the temperature in
°C (7max represents the maximum observed efficien-
cy under prevailing conditions).

n _ 7477}
T
7 ;5
\ ZnS-10"Ag—Cl
‘ ZnS-Zn-Cl N

\\'

1 1 1 1
0 50 100 0 200 °C

Fig. 5. Effect of temperature on the efficiency % of two
sulphide phosphors.

Effect of the energy of the primary electrons on the
efficiency

In addition to the above measurements, the
variation in efficiency of certain phosphors with
the energy of the primary electrons, or acceleration

6) Actually, the spectral distribution does depend on the tem-.

perature (it usually increases in width when the temperature
is increased), but, cven allowing for the spectral variation
of sensitivity of the sclenium cell, no-very great error
is entailed in the measurement of the energy efficiency as
a function of the temperature. At the same time, any such
variation in the spectral distribution may have a marked
effect on the colour of the fluorescent light.

VOL. 15, No. 2

voltage, was determined. The results are reproduced
in fig. 6, which shows the relative efficiency as a
percentage (100 7/7%max) plotted as a function of the
acceleration voltage in kV. (Here #pax represents
the maximum measured efficiency under these
conditions).

This maximum efficiency was in most cases
attained with a voltage of 25 to 30kV. For _some
phosphors the efficiency remains constant above
that voltage, whereas with others it drops
slightly on further increase of the voltage. There is
no immediate explanation as to why this drop takes
place; possibly it is due to an increasing influence
of the. absorption, since at higher voltages the
electrons penetrate the layer of crystals to a greater
depth — the fluorescent light accordingly has to
travel further before being finally emitted. It is

Zn'S ~0,0005 Ag-0,0005 A1
Znp Si 04—0,004Mn
(CaMg)Si 0;~0,03Ti

! ! 1 !

0 10 20 0 40
74772

Fig. 6. Effect of the acceleration voltage on the efficiency 7
of various phosphors.

50kV

also possible that, when the primary electrons are
accelerated, the chances of elastic collision are
increased — at the expense of inelastic collisions —
with a correspondfhg increase in the number of
reflected primary electrons.

Comparison of cathodoluminescence with ultra-violet fluores-
cence

As will be seen from Table I, the efficiency of fluorescence due
to clectronic bombardment can be quite considerable, viz. up
to 25%. This is particularly noteworthy in view of the many
different ways in which energy is lost (elastic collisions, transi-
tions without radiation etc.) mentioned in the introductory
paragraphs. '

Ultra-violet irradiation entails fewer causes of loss, and
higher efficiency values are therefore often obtained. The
quantum efficiency (chance of emission of a quantum of
visible light per ultra-violet quantum absorbed) will quite
frequently have valuesin the neighbourhood 0f1009,. However,
since ultra-violet quanta embody more energy than the emitted
light quanta, the energy efficiency, even in the most favourable
cases, is naturally lower, being usually not more than 50%,

. Table IT shows the efficiency of a number of phosphors when

bombarded with electrons and also when irradiated with ultra-
violet at wavelengths of 2537 A and 3650 A, from which it will
be seen that, in terms of energy, the fluorescence of sulphides
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under electronic bombardment is well able to compete with
that produceéd by U-V irradiation and in some instances is
greater.

Table II. Efficiency of the fluorescence of some phosphors
under electronic bombardment and ultra-violet irradiation.

» Energy efficiency '

Phosphor Electrons R?dia- Rgdia-

20 kV | 537 & | 3650 A
ZnS—5x10Ag—5 x 10—%A1 23 3 21
(ZnCd)S—Ag—Cl 19 10 - 35
ZnS—Cu—Cl 18 [+ 10 40
Zn,Si0,—Mn 8 45 —
(ZnBe),Si0,—Mn 7 40 —
MgWO, 2 45 —
Cd,B,0;—Mn 55 | 35 —

Light yield from thin phosphor layers

In the foregoing we have shown how the effi-
ciency 7; can be derived from the fluorescence of a
very thick layer, with light emitted only from the
rear. In practice, however, we are usually concerned
with thin layers which are viewed from the front.
The total luminous flux #;I,= I, produced (mea-
sured as energy) then gives rise to a luminous flux
T emitted from the front of the layer, and another,
R, emitted from the rear. In general:

R+T<I,

because some of the radiant energy is lost by
absorption in thelayer. In fig. 7 we give the theore-
tical curves for R, T and R-- T as a function of the
layer thickness D (see Appendix), assuming that
the electron energy I, is wholly dissipated in the
layer. Clearly, with very thin layers, half the light
will be emitted from the front of the screen and half
from the rear; hence when D=0, it may be said that,
theoretically, R=T=1/,I, or, including a correction
for reflection at the glass face, R=1/,1;, (1--rg), and
T = ,I, (1 — rg), where rg denotes the reflection
coefficient of the glass.

It will be seen that the luminous flux T, which is
the important element, cannot exceed about 459,
of the fluorescent radiation. In actual fact, in the
case of very thin layers, the attainable values of
T are even lower than those indicated in fig. 7,
because thin layers cannot absorb the whole of the
electron energy I;,. There are two reasons for this.
If the layer thickness is less than the penetration
depth of the electrons (about 1x for 10 kV
electrons), some of the primary electrons pass
through the crystals without giving up their energy.
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Fig. 7. Theoretical curves showing the ratio of luminous
energy to intrinsic energy I, as a function of the thickness D.
The upper curve refers to the total light output (R + T). The
other curves are for the light emitted to the rear (R) and to
that emitted to the front (T). The curves are computed from
formulae (7) and (8) (see appendix; a = 15 emrt, s = 600 cm—?,
R = 0.8,r¢c = 0.08).
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Secondly, owing to the finite size of the crystals,
holes occur in the layer if D (or strictly speaking, M,
the weight per unit area of fluorescent substance), is
very small. The penetration and, more particularly,
the incomplete coating due to low values of M
result in R and T both approaching zero. Since T,
as we have already seen, also approaches zero with
very thick layers (scatter and absorption), there
must be an optimum layer thickness at which the
luminous flux obtained at the front of ‘the screen
reaches a maximum. This is clearly demonstrated
in fig. 8, in which measurements of R and T as

N
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Fig. 8. Radiation from a willemite screen with 10 XV accelera-
tion voltage, from the front (T) and rear (R), and the total
(R + T), as a function of the coating M. The dotted lines arg
the theoretical curves shown in fig. 7.
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applied to a willemite (Zn,Si0,-Mn) screen are shown
graphically. With -optimum layer thickness_ the
energy T emitted at the front of the screen is
usually 30 to 409, of the theoretical total fluores-
cent energy I, (At the rear we then have 60 to
65%; 5 to 159% is lost through the incomplete
-coating.) )

Very much better results are obtained with a
fluorescent screen having a metal backing, i.e. a
thin film of metal on top of the phosphor. In some
cases the metal backing is used to prevent the
build up of charge on the screen (the metallic
layer being earthed). It also largely protects the
phosphor from bombardment by negative ions (ion
burn), and it has yet another great advantage in
that the light emitted towards the rear (R) is to a
great extent reflected towards the front, thus adding
to the effective luminous flux T. ‘

The coating is applied in the following manner.
A coating of some organic substance such as nitro-
cellulose is first produced on the layer of crystals by
evaporation from a solution; this serves to fill up the
interstices and irregularities, and thus to present a
smooth surface. Aluminium is then evaporated on
to this prepared surface, the organic filling layer
being subsequently removed by heating, leaving the
aluminium as a mirror-bright layer resting on the
projecting corners of the crystals (fig. 9). The

L
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Fig. 9. Glass plate G with phosphor crystals K and aluminium
backing A after removal of the nitro-cellulose layer. The
arrows represent electrons.

primary electrons now have to penetrate this layer,
which is opaque to light, before they can reach the
screen proper 7). It is true that this involves a

certain loss of energy (a few kV per. micron of

. aluminium), but the gain in light due to reflection

from the aluminium completely outweighs this; the

. reflection coefficient of the aluminium is very high
(in the region of 80%; see Appendix). ’

A certain minimum thickness of aluminium is

necessary before the reflection coefficient of the

7) See J.de Gier, A projection television receiver, Philips
tech, Rev. 10, 97-104, 1948, in particular pp. 103-104.
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layer reaches this high value. On the other hand the
layer may not be too thick for it would then
absorb too much of the electron energy. This layer
too, therefore has an optimum thickness. Fig. 10

Y4 K\ V
- e ———— 20KV
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R

/

\ . 10KV
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03 0,4 - 0% cm Al
Fig. 10. Radiation (on relative scale) from the front of a
willemite screen backed with aluminium, plotted against the
thickness of the metal layer for 10 kV and 20 kV acceleration
voltages.
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shows the quantity of light emitted (on a relative
scale) from a thin willemite screen, plotted against
the thickness of the aluminium layer; it will be noted
that a maximum is reached with quite a thin layer
of aluminium (some hundredths of a micron), this
being followed by a gradual reduction as the
thickness is increased. This drop is a result of
the loss of energy of the primary electrons. Extra-
polating to zero thickness, it is found that a loss of
109, occurs at 20 kV and 50%, at 10 kV, both for
0.4 u aluminium 8). The optimum layer thickness is
0.02 — 0.08 x for 10 kV, and about 0.1 x for 20 kV.

A maximum in the light output of aluminized
screens is also found with increasing thickness of the
phosphor layer. This maximum would not occur if
the reflection_factor of the aluminium layer were
1009, and if no light were lost through absorption
in the phosphor layer: after being reflected once or
several times by the aluminium all the light would fi-
nally be emitted from the front of the screen. The light
output would thus increase with increasing thickness
of the phosphor layer until the screen has become so
thick that'all the electron energy is being utilized,
and would then remain constant. The reflection
factor of the aluminium layer is, however, lower than
1009%,. This means that every time light falls on it
some of it is absorbed. The thicker the phosphor
layer i.e. th& greater the value of R (see fig. 1), the
more often the light is thrown back by the phosphor

\

8) With 50kV and the same thickness, the loss in energy is
only 1 to 29%. Cf. F. Kirchner. Ann. Physik ,30, 683-688,
1937. .



AUGUST 1953

towards the aluminium layer ‘and the higher the
absorption losses become. The light output must
approach zero at infinite thickness of the phosphor
layer even if no losses occur through absorption in
the phosphor layer itself. All the light is then lost in
the reflection at the aluminium layer.

If we compare the optimum values of T’ (with

aluminium) with T (without aluminium), we see
that the gain amounts to a factor of 2 to 2.2.
. In order to determine the light yield to be
expected under the most adx’;antageou's practical
circumstances it is necessary also to take into con-
sideration the fact that, under manufacturing con-
ditions, the efficiency of a phosphor is usually some
10% below its original value. Furthermore, the
conditions under which tubes with sulphide screens
are normally operated generally entail a certain
amount of saturation, which results in a further loss
of 10 to 159%,.

The intrinsic luminous efficiency of a white-
fluorescing sulphide mixture is roughly 60 lm/W,
so that, in view of the above-mentioned losses, a
mixture of this type can be expected to yield at
most 15 Im/W at the front of the screen without
‘metal backing, that is, a specific luminous intensity
of about 5 ¢cd/W, or 30 Im/W (a2 10 c¢d/W) with the
backing.

The acceleration voltage necessary to produce
these results must be at least 10 kV.

" Appendix. Theoretical aspects of scatter and absorption

The scattering and absorption of light that take place in the
screen can be formulated theoretically following Hamaker,
Klasens, Coltman and others?), on the basis of a theory given
by Schuster (1905).

This theory postulates that the characterlstlcs of the screen
are governed by two constants s and a, the first of which refers
to the scattering and the second to the spectral absorption of
the fluorescent light. It is assumed that the spectral composi-
tion of the fluorescent light is not modified by the absorption,
so that s and @ may be regarded as constantin a given instance.
Furthermore, the phosphor layer is taken to be homogeneous,
i.e. the grain size may be disregarded in comparison with the
thickness of the screen.

According to Schuster, light scattering and absorption in a
medium can be represented by the following differential

equations:
dJ
,d—xl——(a+s).]1+s]2, B
dJ.
d_:= (@+s)J,—sJ,,

where J, and J, are the luminous flux values at a point =, in

%) H. C. Hamaker, Philips Res. Rep. 2, 55-67, 1047,
H. A. Klasens, Philips Res. Rep. 2, 68- 78, 1947.
J. W. Coltman, E, G. Ebblghausen and W. Altar, J. appl.
Phys. 18, 530-544, 1947.
For further blbhography see note 1), -
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.
opposite directions perpendicular to the sereen. At the rear of
the screen (¥ = 0), J is equal to R, and at the front (x = D),
J=T.

In the case of the scattering of ﬂuorescent light R and T are
evaluated by solving analogous differential equations, with the
introduction of suitable boundary conditions. Using the abbre-
viated form ¢ = [a(a + 2s)]‘/- the relevant solutions for R
and T are:

1—rg

T=1%}1I, )
M sinh ¢D 4 cosh ¢D
(1 4 r¢) cosh oD + %‘(a-kzs) sinh qD
R= %Io (8)

a+ (1—rg)s

p sinh ¢D + cosh ¢D

Furth'er, it follows from the theory that:

s 2R,
-= m, N )
which, in conjunction with (7) and (8) enable us to write: -

R 1+ re + (10)

1= cosh oD +

smh ch

Provided that o D is sufficiently small (e.g. 0 D < 0.3), it may

be said as an approximation that:
R 1 + r(;

T 1

+@+2)D. . ... (11

The form of T and R are such that when D—>0, T=
3 (1 —rg), and R=4I,(1 +r¢); also R+ T =1, as

anticipated. If D be increased, T drops steadily and R rises.

When @ = 0, R+ T remains equal to I, since no energy is lost
through absorption. When a # 0, while D increases, R+ T
and also R alone, approach the value 3I, (1 4+ R, ), which
agrees with the efficiency, given above, of 1m=1/, (1 + R, }1. .

The functions (7) and (8) correspond closely to the experi-
mental curves for D—>o0, but this is no longer the case as
D—>0, because the electron energy is then not wholly absorbed
by the phosphor layer.

The quantities s and a, which characterize the optical
performance of the sereen, are not usually known, so for a
number of phosphors measurements have been taken of R, T,
Ry r¢ and D, from which a, s and o have been computed with
the aid of formulae (9) and (10), or (11); the results for the
willemite screen (fig. 8) mentioned in the foregomg are now
given in Table I11.

Table III. Measurements on willemite (Zn,Si0,-Mn).

M . O s a
mg/em? em—! em-! cm~!
2 45 ; - 900 1
4 55 - 1100 1.5
6 . 65 1300 1.5

5. . 80 1650 2

It is thus seen that the values of ¢ and s are not constant,
but depend on the layer thickness; the layers having M = 2 to
7 mgfem? are in fact too thin for the theoretical formulae to be
valid, while for the thicker layers measurements of T cannot
be relied upon.

In prineciple it is also possible to compute the quantity of
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light using Hamaker’s formulae in the case of sereens with
metal backing (reflection factor r 4); it is found that:
T = .

by . (I—TG) (1+TA)

zdo ; — . n

Utrera)edt Ur6)A=ra g o0 4 (1-rgr)coshoD
\
’ e e e 12)

where I’ = mlp'; I’ (< Ip ) represents the energy of the primary
electrons after they have passed through the aluminium layer.
1, is therefore slightly less than I;. In many cases the quantity
r¢ (roughly 8%) may be disregarded. Assuming that ¢D <0.3,
our formula now becomes:

TI

. ’ 1+TA
= a0 D

. Hence, if r4=1 and & = 0, we should find that T'= I/, in
which ecase, as anticipated, all the light produced by the elec-
trons would be emitted at the front, no matter how thick the
screen were made. :

When r, differs from unity, the expected improvement can
be computed with formula (12) or (13), the values of ¢, s and o
being taken from the actual measurements given‘ above;
conversely, r4 can be computed from measurements earried
out on screens with and without aluminium backing.

With a given aluminium backing (0.3 z thick) the relative
efficiency of willemite was measured as a function of the layer

13)

N PHILIPS TECHNICAL REVIEW

VOL. 15, No. 2

thickness in mg/em? of this phosphor; from the eurve obtained
for a voltage of 20kV the magnitude of r4 was then determined
with the aid of formula (13) in the form:

. Ty 14+ (1—4)s1D,

T~ T+ lat (I=ra)slD;” a8

where D; and D, represent two values of the layer thickness,
and T,’/T,’ the ratio of the luminous emission values in respect
of this thickness. For values of D; and D, ecorresponding to
layers of 1.5 and 7.5 mgfem? it was found that Ty'/T," = 1.5,
so that 4 = 0.83. Dircet measurement carried out on the alumi-
nium layer after the tube had been opened, gave r4=0.82.
In other cases the amount of agreement was not so close, but
on the basis of a number of measurements taken, it may be
said that r 4 is roughly equal to 80%,.

v

Summary. Introductory remarks on the mechanism of cathodo-
luminescence and the scattering and absorption of light in the
screens of cathode-ray tubes are followed by a description of
methods of measurement, the purpose of which is to determine
the intrinsic conversion efficiency of eleetron energy into
luminous energy. The results of measurements taken from a
number of different phosphors with varying temperature and
primary clectron energy are presented. IFurther measurements
give the luminous intensities at the front of conventional types
of screen with and without aluminium backing. There are
optimum values of the screen and backing thicknesses. Theor-
etical support is also lent to the arguments.

ABSTRACTS OF RECENT SCIENTIFIC PUBLICATIONS OF
N.V. PHILIPS’ GLOEILAMPENFABRIEKEN

Reprints of these papers not marked with an asterisk * can be obtained free of charge
upon application to the Administration of the Research Laboratory, Kastanjelaan,

Eindhoven, Netherlands.

-2021: K. F. Niessen: Curie temperature of nickel-
zinc ferrites as a function of the nickel-zinc

ratio (Physica 17, 1033-1049, 1951).

In a series of mixed crystals of nickel ferrite (or
any other ferromagnetic ferrite Me®* Fe,0,) and zinc
ferrite, the ratio of the Curie teinperature to that
of the zinc-free ferrite can be calculated by means
of a generalisation of Néel’s extension of the Weiss
theory, to ferrites. In this generalisation the interac-

tions of all magnetic ions are taken into account.

The dependence of the Curie temperature on com-

position leads to the prediction that zinc ferrite is .

antiferromagnetic.

2022*: H. G. Beljers, W. J. van de Lindt and J. J.
*Went: A new point of view on magnetic losses

in anisotropic bars of ferrite at ultra high

. frequencies (J. appl. Phys. 22, 1506, 1951).
“When ferrite rods are manufactured in a special
way the magnetic losses at frequencies between
. 100 Mc/s and 104 Mc/s can be greatly reduced (in
some cases down to 10 percent) by a relatively

small, axially directed, magnetic field. Ferrite bars
not specially manufactured show losses nearly
independent of polarization. The effect may be
explained by assuming that extrusion causes
elongated air inclusions giving rise to an anisotropic

. structure, and a certain non-random orientation of

the magnetic domains.

2023: A.M. Kruithof and W. de Groot: Photometry
at very low brilliance levels (C.I.E. Proc.,
Stockholm 1951, Vol. 2,).

.The paper describes preliminary experiments at
luminances between 10 and 10~%cd/m? with a photo-
meter with circular field (central area 4°, annular
area 8°) by four observers. A source, having a colour
temperature of 2042 °K, is compared with sources
of colour temperatures 2042 °K and 7700 °K resp.
The heterochromous comparisons show a dependence
on the fixation point (foveal and 4° parafoveal),
which is apparent when the value of log (Lags2/Lyzg0)»
corresponding to a match in apparent brightness, is .

. plotted versus log Ly, (L = luminance).
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THE FERROXCUBE TRANSFORMER CORE USED IN THE :
BROOKHAVEN COSMOTRON

by F. G. BROCKMAN *) and M. ' W. LOUWERSE *¥). 621.318.134: 621.384.61

For the last ten or twenty years fundamental research in nuclear physics has been associated
with the building of ever larger machines for particle acceleration. This evolution which has
tied up the physicist’s work with that of the engineer has frequently been commented on. However,
the evolution continues, and in recent years the personal assistance of the engineer has
been superseded by the material cooperation of whole industrial organizations. This article will
give an account of the cooperative studies that have been made in the development of ferrites
Sor high energy particle accelerators by the Brookhaven National Laboratories, U.S.A., and

N the Philips Laboratories in the Netherlands and the U.S.A. .

Introductxon

In the efforts to produce partlcles of very high The present article will focus attention on the
energies for nuclear experiments, a substantial fact that, in one of the chief elements of the Cos-
advance was made in the past year when the motron, the “transformer” producing the radio-
proton accelerator of the Brookhaven National frequency electric field for the actual acceleration
Laboratories, U.S.A. — the Cosmotron — was of the protons, a large ferrite core plays an im-
brought into successful operation. While the highest ~portant part. The major portion of this core was
particle energy obtained with earlier accelerators . assembled from Ferroxcube material manufactured
did not surpass 1000 million electron volts, the by Philips at Eindhoven. The specifications for
Cosmotron has produced protons with 2300 MeV, this core and the problems encountered in selecting
and it is expected that the energy can be increased the material and in the manufacturing will be
to 3000 MeV. : , described. A few remarks will be made on the devel-

The completion of this machine, which was opment of other ferrite materials for similar purposes.
achieved by a group of workers including M. S. L ’ '
Livingston, J. P. Blewett, G. K. Green and L. J. Basic design of the Cosmotron
Haworth, is a remarkable feat of enterprise and A short description of the design principles of the
engineering. A few data that will be mentioned Cosmotron as published in the first article quoted
preseritly may give some idea of the vastness 6f in 1), will first be given..
the project. An account of the design was given The protons travel in an annular’evacuated
by these Brookhaven workers in 1950 in the Review chamber of cross-section 30X 7'’. This chamber
of Scientific Instruments, and a detailed des- is composed of four quadrants of about 30 feet
cription of the completed machine has just appeared radius, which are connected together by four short

in the same journal 1). ) : straight sections (plan view, fig. 1). The protons

. _ ) -are made to follow a path roughly on the axis of

) Phéhis Lgboratoncs, Inc., Irvington-on-Hudson, N.Y., th-. e chamber by magnetic fields perpendicular to

**) Laboratory of the Philips Ceramics Factory, Emdhovcn, the plane of the path, which are produced by four
Netherlands. i

1) M. S. Livingston, J.-P. Blewett, G. K. Green and L. J. powerful electromagnets disposed along the path.

Haworth, Design study for a three-Bev proton accelerator, In the photograph of the Cosmotron (fig. 2) the

Rev. sci. Instr. 21, 7-22, 1950, _ :
The detailed descr;ption is contained in a series of articles yokes of these magnets, which enclose the annular

in Rev. sci, Instr. 24, 723-870, 1953 (No. 9). acceleration chamber, can be seen. )

-

o
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i ‘
One of the straight field-free sections is used for
the injection of the protons into the chamber. The

“protons are obtained from a hydrogen ion source -

and accelerated by a Van de Graaff high voltage
generator to aninitial energy of 3.5 MeV for in-
jection. In another straight section the acceleration
of the injected protons is effected: under the

- influence of a longitudinal electric field alternating

’

at a suitable frequency, their energy is increased
by a certain amount after every revolution. To keep
the protons (mass M, charge e) on a circular path
of radius R, a magnetic field of flux density

My

B=—
"eR

Y
is ré‘quired. With the momentum Mv corresponding
, to the initial energy of 3.5 MeV, the required value
of B is 0.029 Wb/m?. In order to keep the protons
on the same orbit within the vacuum chamber

F
. \\\\\—\\\\\{\ 4 p
g
Ej

N
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Fig. 1. Plan-view of the Cosmotron, The accelerated protons
move on (or near) the axis of the annular evacuated chamber
A, which has a diameter of about 60 feet. The protons are
injected into the chamber at Inj, with an initial energy of
3.5 MeV, from a Van de Graaff high tension generator G.
Four electromagnets M keep the protons on their track. The
acceleration of the protons occurs at F, where an alternating
electric field, generated by the oscillator O, gives the protons
a “kick”, once per revolution. When the protons have acquired
their final energy, they emerge in a beam P from the annular
chamber at the ejector Ej. ¥ represent a number of high vacuum
pumps for the evacuation of the acceleration chamber.

while their energy and momentum is increasing, the
magnetic field is imcreased continuously, up to a
maximum value of 1.4 Wh/m? This wvalue will
" allow the protons to be kept on their track with
a final energy of 3100 MeV. The beam of accelerated
protons can be ejected from the annular chamber
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by a suitable deflector device accommodated in

another straight section of the. charpbéi'.

At the injection energy of 3.5 MeV, the proton
velocity is 2.6 X 107 m/sec. As the path along the
axis of the annular chamber has a total length of
about 70 meters, the time for one revolution is
initially about /450040 Second. This means that
the accelerator section proper must carry an alter-
nating electric field of frequency about 350 000
cycles/second, in order to give the circulating
protons a “kick” each revolution in the correct
phase. At a final energy of 3000 MeV, the proton

- velocity (for the calculation of which the relativ-

istic formula must now be applied 2) is ‘approxi-
mately 10 times the initial value, so that during
the course of the acceleration of a burst of protons
the frequency of the accelerating electric field must
be gradually increased from 0.35 to about 4 Mc/s.
Although this brief description would suffice for
our further discussion of the ‘accelerator, a few
further details of the design study published by the
Brookhaven group !) may be mentioned in this
section for the sake of completeness. One of the
major problems of the project was the supply of
the large magnetic energy required for keeping
the protons on their track. The field of 1.4 Wh/m?
in a space 70 metres long and roughly 36’ % 9.35"
in cross-section (gross dimensions, as against the
above-mentioned net dimensions inside the chamber)
involves a magnetic energy of 12 megajoules. This
formidable magnetic energy 3) must be built up

. during the acceleration time of one burst of protons

and taken away relatively quickly after the ejection
in order to make the apparatus ready for the next
burst. As it would be very uneconomical to dissipate
the magnetic energy after each burst, it is stored
mechanically in the form of the kinetic energy of
a large flywheel and recycled. In order that the
build-up of the magnetic energy may be accom-
plished with a reasonable peak power, and that the
acceleration may be achieved with not-too-large
“kicks”, the acceleration time for one bunch of
protons must be relatively long. An acceleration
time of 1.0 sec was chosen. (This means that the
protons will make reughly three million revolutions
during theiri acceleration.) The cooling of the
magnet and the available power of the motor-

2) A convenient graph for the general velocity-energy
relationship may be found in Philips tech. Rev. 11, p. 68,
1949. :

3) For a comparison, the reader is referred to the description
of the Amsterdam synchrocyclotron given in this Review
12, 354, 1950: it was there mentioned that the large
electromagnet contains a magnetic energy of 0.65 mega-
joules, whereas the magnetic energy in the gap of a high
power loudspeaker amounts to about 0.25 joules.
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generator coupled to the flywheel are such that
the acceleration of a bunch of protons may be
repeated every 5 seconds.

Another important problem was the simultane-
ous variation of the magnetic field and of the fre-

FERROXCUBE CORE OF COSMOTRON 75

protons must increase afler each revolution in order
to keep them on the same orbit. This required
energy gain per revoluticn is plotted against time
in fig. 4; it is seen to decrease during the acceler-

ation period from an initial value somewhat greater

o Q@
nﬂ”
ggllik?\’gél.i.\\\ .. .

RN

Fig. 2. General view of the Cosmotron, in the Brookhaven National Laboratory, U.S.A.
The four large electromagnet quadrants, surrounding the four sections of the annular
acceleration chamber, have a total weight of 2200 tons. In the hackground is the Van de
Graaff generator placed in a horizontal tank. Farther to the right is the accelerator unit.
The concrete wall seen in the foreground protects personnel from the radiation of the

machine,

quency of the accelerating electric field. Because
of the essentially non-linear behaviour of an elec-
tromagnet as a circuit element, it would be difficult
to realize an exactly predetermined increase of the
magnetic field with time. The designers of the
Cosmotron avoided this difficulty by regarding the
magnetic field as the independent variable. The
expected time-variation of the magnetic field (fig. 3)
was derived from the circuit constants and model
From the rate of change dB/dt
of the magnetic field it can be deduced by how
much the momentum (and the energy) of the

measurements.

than 1000 eV 1o a final value of rather more than
600 eV per revolution. The velocity of the protons
resulting at each instant of the acceleration time
(and which depends only on the instantaneous
value of B) determines the frequency that is
required at that instant for the accelerating electric
field; cf. curve f in fig. 3. The problem of con-
trolling the frequency to obtain this time variation
with the required precision, was solved at Brook-
haven in an elegant manner: the derivative of the
magnetic field is measured continuously by means
of a pick-up coil, and the integrated signal of this
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Fig. 3. Variation with time'of the flux density B of the magnetic
ficld during one aecelerating period. This field, which forces the
protons to move in their circular orbit, is regarded as the
independent variable: the frequency of the accelerating elec-
tric field must then vary according to the curve f, in order to
ensure that the protons circulating at an increasing rate will
remain on their track inside the annular echamber. :

coil, is used for controlling the frequency of a
“permeability-tuned” L C-oscillator producing the
accelerating radio frequency field4). The tuned
circuit of this oscillatér employs an inductance
containing a Ferroxcube III core with an initial
permeability of about 1000. The control signal
provides an increasing bias magnetization of the

77661
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" Fig. 4. Required energy gain per revolution of the protons as
a function of time.

4) A. I Pressman and J. P. Blewett, A 300 to 4000 kilocycle
electrically tuned oscillator, Proc. Inst. Rad. Eng. 39,
74-77, 1951.
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- core, causing its effective permeability to drop

sharply, thus decreasing the inductance. In this

‘way the required wide frequency sweep (fig. 3)
is obtained, together with the required frequency

stability. A frequency error as small-as 0.3%, would
cause the proton orbit radius to exceed the latitude
allowed by the annular chamber. With the oscillator
described, when the temperature of the Ferroxcube
core is held constant to 0.1 °C, the oscillator fre-
quency is stable and reproducible at any control
signal value to better than 0.19,. The oscillation
amplitude is held . constant at a value such that
the peak accelerating field is about twice the highest
instantaneous value needed (see above).’

‘With a view to the phase stability of the revolving protons,
these must pass through the alternating electric field at a certain
phase angle @ after its peak. If the protons are focussed to
a bunch at a phase of about ©=60°, the peak value of the
accelerating radio-frequency voltage must be about 2200 V.
Matters of orbit stability, which of course were of prime
importance in the design, need not be considered here,
though in the last section they will have to be mentioned.

A Ferroxcube core is thus encountered in the
tuning circuit of the oscillator, at the heart of the
Cosmotron. This small core, however, did not offer
any specific manufacturing problems and need
not be discussed in this article. The Ferroxcube
core forming the subject of this article is also part
of the radio-frequency accelerating device, but
serves the purpose of transferring the radio-frequency
energy to the proton beam.

The accelerating unit

The manner in which the longitudinal radio-fre-
quency electric field is established in the acceler-
ation path of the protons is one of the unique
features of the Cosmotron as compared with other
types of particle accelerators. The method 5) may be
roughly described by regarding ‘the large circular
path of the protons as the single turn secondary
winding of a transformer, whose primary winding
consists of a coil (having one or more turns) in the
anode circuit of a power amplifier (fig. 5) driven by
the radio-frequency oscillator. Both windings are
effectively coupled by a ferromagnetic core ( fig. 6).

The Brookhaven workers were able to consider
the adoption of this novel system because, at the
time that the design work on the Cosmotron had
begun, the development at the Philips Laboratories

5) A proposal to accelerate particles by a method along
these lines was already made by A. Bouwers, in his book:
Elektrische Héchstspannungen, J. Springer, Berlin 1939,
p. 83. .
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Iig. 5. Power amplifier supplying the radio-frequency energy to the primary of the

transformer.

at Eindhoven of ferromagnetic materials suitable
for very high frequencies had become known 5).
The usual transformer steel, even with extremely
fine lamination, would not do in this case because
of excessive eddy current losses. Powdered cores
of iron or of “Permalloy” also offered no satis-
factory prospects (sece below). The new materials,
however, owing to their very high resistivity, could
be expected to be adequate even with sections
several centimeters in thickness,

Quantitatively, the conditions imposed on the
core material were derived from the formula for the
input impedance Z of the above-mentioned trans-
former (cf. the first article quoted in1), eq. 17). This
formula in simplified form says that Z is propor-

s (1+'>
el i)

S being the frequency, yi; the relative permeability

tional to

of the core material and ( the usual figure of merit
of the primary winding including the effects of core
losses. In order to obtain the desired accelerating

¢) J. L. Snoek, Non-metallic magnetic materials for high
{requencies, Philips tech. Rev. 8, 353-360, 1946: J. L.
Snoek, New developments in ferromagnetic materials,
Elsevier Publishing Co., Amsterdam 1947,

voltage (2200 V peak) with areasonable anode current
of the oscillator, a high impedance Z is desired, while
for reducing power loss and heat dissipation in the
transformer, the real component of Z should, of

Fig. 6. Simplified representation of the acceleration system
of the Cosmotron. The metallic annular acceleration chamber
A constitutes the secondary winding of a transformer with
primary winding E and ferromagnetic core F. T is an
insulating section of the annular chamber, across which the
accelerating voltage is produced. In reality the core Fis
enclosed in a copper shield having the gap I in the centre.
The shield forms an autotransformer with the windings. Thus
the electric field is restricted to the gap and radio interference
prevented.
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course, not be too large. A core material with a high
permeability s, preferably not less than 500, and
low losses resulting in a reasonably high value
of Q, say, not less than 0.5 even at the highest
frequency used (4.2 Mc/s), was therefore desirable.
Comparative measurements of u; and Q for ring
core samples of several materials were performed
by the Brookhaven group. Their results!), shown
in table I, clearly pointed to the superiority of the
ferrite material for this application, though they
did not yet conclusively demonstrate that ferrites
could do the job.

It should be emphasised that the system outlined
in fig. 6 was not the only practicable solution for

Table I. Properties of magnetic core materials at 1 megacycle,
as measured by the Brookhaven group ).

Material Hx Q

4-79 Mo Permalloy (0.001” laminations) = 600 0.6

Fe powder (80 mesh grade B) ‘ 35 2.0
81 Permalloy powder (120 mesh) a5 1.6
2-81 Mo Permalloy powder (120 mesh) 125 3.0

Typical ferrite 1000 6.0

Fig. 8. Bank of 12 Ferroxcube “picture-frames”, during the assembly of the core of the
Cosmotron, On the left, part of the annular acceleration chamber, which runs through the
“window” of the core, can be seen.
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Fig. 7. Dimensions of one of the 24 “picture-frames™, made of
bricks of Ferroxcube IV, manufactured by Philips for the core
of the Cosmotron.

the problem of transferring energy to the proton
beam from a radio frequency source. An alternative
solution considered by the Brookhaven group
involved the use of a tuned system,for example a
resonant cavity, driven at a varying frequency
and continuously tuned over the desired frequency
sweep. Although the first system was chosen
for the Cosmotron, the alternative system has
gained new interest, as it will probably be used
in a new type of accelerator which can yield
even higher particle energies and which is now
the subject of study by a number of groups
including that at Brookhaven. We shall return to
this further development
at the end of this article.

The adoption of the
transformer system pre-
the
ferrites with two practical

sented makers of
problems: the choice of
the ferrite material best
suited for the purpose,
and the actual manufac-
turing of the large core
structure. The “window”
of the core must be about
100 cm wide and 34 cm
high, to allow space for the
annular vacuum chamber
and the primary winding.
In order to keep the mag-
netic flux density sufti-
ciently low, a core cross-
of 10 X 50 cm

was required. This would

section

mean a total weight of
the ferrite core of about
750 kg.

In 1948 the Brookhaven
group consulted thePhilips
Laboratories, Irvington,

regarding a suitable fer-
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rite for the core structure. After the charac-
teristics of different materials for the purpose were
investigated, part of the final core was assigned to
‘Philips in November 1949. This part consisted of
24 “picture frames” of Ferroxcube IV, of the size
shown in fig. 7 and composed of bricks with
dimensions 170.0 X 98.0 X 20.0 mm. The delivery
of the whole batch was completed in May 1950.
The frames were installed in the Cosmotron in two
banks of 12 each. The photograph in fig. 8, made
during the course of the assembly of the Cosmotron,
shows one of these banks.

A few details of the preliminary investigations
and of the manufacturing method will now be given.

Choice of material and manufacturing of the
Ferroxcube frames

The ferrite chiefly manufactured at the time was
Ferroxcube III, a solid solution of manganese-,
zine- and ferrous ferrites. This type of ferrite has
by' far the lowest hysteresis losses, a property of
great importance for telephone applications, and
in fact, the use of ferrite in carrier telephony was
then commercially the most important 7). The
different varieties of Ferroxcube III have initial
permeabilities 8) varying from 800 to 1700,
resistivities of the order of 100 ohm cm (a factor of 10
million times greater than that of iron) and they yield
Q-values of 10 at frequencies up to 0.3 to 0.8 Mc/s.

From the latter property, it was estimated that core -

sections with a thickness of a few centimeters would
not introduce excessive eddy-current losses. This
conclusion appeared to be verified by tests performed
on samples of the material of the small size usual
in carrier telephony and other applications. When,
however, bricks of this material having dimensions
of several cm and suitable for the assembling of
a test core for the Cosmotron were made at Eind-
hoven and tested at Brookhaven, it was discovered
that their initial permeability u; decreased abnor-
mally rapidly with increasing frequency resulting in
a very low value at about 2 Mc/s (fig.9). Closer
investigation of this unexpected phenomenon -at
Irvington revealed the existence of a dimensional
effect, which could be shown to be due to the
material possessing a very high dielectric constant ?).

7} G. H. Bast, D. Goedhart and J. F. Schouten, A 48-channel

,carrier telephone system, Philips tech. Rev. 9, 161-170,
1947 and 10, 353-362, 1948/49.

8) Cf., for example, J. J. Went and E. W, Gorter, The mag-
netic and electrical properties of Ferroxcube materials,
Philips tech. Rev. 13, 181-193, January 1952.

?) F. G. Brockman, P. H. Dowling and W, G. Steneck,
Dimensional effects resulting from a high dielectric con-
stant found in a ferromagnetic ferrite, Phys. Rev. 77,
85-93, 1950. .
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The rapid decrease of ui, which could be interpreted, in
general, as a resonance effect, was shown to shift to higher
frequencies when air gaps were intfoduced into the core, an
increasing air gap with a given frequency thus giving rise to
a larger cffective permeability (fig. 10). This result made it
very probable that the permeability observed with no air gap
was not a true constant of the material. Further evidence for
this was obtained from experiments with laminated cores.
Again, the apparent resonance effect was shifted to higher
frequencies as the core was subdivided more and more in a
direction perpendicular to the magnetic flux (fig. 11). Since
the effect of ohmic eddy currents certainly could not-
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Fig. 9. The permeability of Ferroxcube III, measured on the
sample bricks, for the Cosmotron core, plotted against
frequency. The ratio of the self-inductance L of a ring-coil
with a core of these bricks to that of the same coil at
low frequencies Ly, is used as a measure of the permeability.
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Fig. 10. Same as in fig. 9, with air gapé in the core of 0, 0.12,
1.35 and 2.7 mm respectively, The sharp drop in permeability
occurs at higher frequencies as the air gaps get larger.
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Fig. 11. Same as fig. 9, for cores of different” cross-sections
and subdivided into laminations as shown. The smaller the
dimensions, the higher the frequencies at which the decrease
occurs. (In one of the curves, negative values of L are seen to
occur; this means that a dimensional resonance frequency
has been passed and that the induction in the core then is
oscillating in antiphase with the exciting alternating field.)
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account for the results, one was led to consider the
dielectric properties, and a relative dielectric constant ér
of quite a surprising value was found, being as high as 50 000.
The phenomena observed could then be explained by the
superposition upon the usual eddy currents due to ohmic
conduction of another type of eddy current which flows by
dielectric displacement. Such currents will be out of phase
with the ohmic eddy currents, and they can lead to a dimension-
al resonance in an inductor wound on a core of large enough
cross-section. The wavelength of an electromagnetic wave in

such a material is given approximately by:

c 1

A

(¢ = velocity of light
in vacuo).

Standing wave cffects can be noted when the smaller dimen-
sion of a core, perpendicular to the magnetic flux, is !/, wave-
length.

Interesting though this discovery was from a
scientific point of view, it showed that Ferroxcube
ITTI would not be a suitable material for the Cos-
motron core. However, another type of ferrite,
Ferroxcube IV (nickel zinc ferrite), was available

1ype
mel the specifications in a satisfactory manner.

at Eindhoven, and a wvariety of this
This material has a sufficiently small dielectric
constant and a much higher resistivity than
Ferroxcube III (of the order of 10%-107 ohm em), so
that no dimensional resonance effects could occur
at the frequencies to be used, even with bricks of
large dimensions. Consequently, the frames for the
Cosmotron were made from Ferroxcube 1V. The
permeability versus frequency curve of one large
lamination is shown in fig. 12.

The large size of the core structure, which n
this way influenced the choice of the material, also
difticult

Ferrite malerials are prepared by ceramic methods,

created some manufacturing problems.

i.e. the powdered materials, after the addition
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Fig. 12. Relative initial permeability i of Ferroxcube IV,
measured on one of the picture frames for the Cosmotron,
plotted against {requency. A decrcase is seen to occur at much
higher frequencies than in the case of Ferroxcube III.
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of suitable binders, are given the shape of the
objects to be manufactured by pressing, extrud-
ing or the like, the shaped parts then being
dried and fired at a high temperature. During
the firing a shrinkage occurs, which in the case
of ferrites mnay amount to 20-249, (on the linear
dimensions). This large shrinkage, which is illus-
trated by fig. 13, imposes very strict requirements
on the uniformity of temperature during drying
and firing of large bricks such as were required for
the Cosmotron core, in order to avoid cracks. The
bricks were moulded in an 80 ton press and then
dried very slowly, remaining for several days in a
large drying chamber at about 40 °C. The firing was
then performed in special ovens in an oxygen
atmosphere, with a temperature cycle covering a
period of several days. Such an oven is shown in
fig. 14. The firing process, of course, must be

Fig. 13. A brick of Ferroxcube, before and after firing. During
the firing at high temperature a shrinkage of 20-249%, on linear
dimensions occurs.

conducted very carefully, as the reactions occurring
during firing are essential for the development of
the special magnetic properties of a ferrite.

The bricks then had to be cemented together to
form the “picture frames” as outlined in fig. 7.
The unavoidable air gaps between adjacent bricks
were reduced to a few microns by grinding the
faces of the bricks with this precision; it will be
appreciated that severe requirements were imposed
on the rectangularity of the bricks, the permissible
deviation of the 90° angle amounting to 1’ of arc
in the largest surface of the brick and 1'30” in the
second largest.

It was established at Eindhoven that a plastic of
the aethoxyline group, hardening at a temperature
of about 180 “C, would be a suitable cement for
ferrite materials. Experience with a sample picture
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Fig. 14. One of the electric ovens in which the Ferroxcube [V bricks for the Cosmotron
core were fired.

frame, used for preliminary measurements, had giving waler vapour, entering {rom the sides, access
shown however, that the simple cemenling and to the thin plastic films in the joint, causing
baking procedures applied to similar joints of other  deterioration in a few months.

materials and also of Ferroxcube III were not A special procedure was therefore developed for

Fig. 15. One of the “picture-frames” for the Cosmotron core, during control measurements
in the Ceramic Factory at Eindhoven.

satisfactory in the case of Ferroxcube IV. This the cementing of the Ferroxcube IV bricks. The
could be ascribed to the porosity of the sintered main steps of this procedure involved a thorough
Ferroxcube IV material, a property essential for cleansing of the surfaces to be cemented, a
giving the oxygen gas access to the innermost parts repeated impregnation in vacuo with the plastic
of the sample during firing, but unfortunately also cement and baking of the bricks. In the cementing
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process, a special tool enabled the bricks of a frame
to be pressed together by a constant force during
baking, so that most of the plastic layer applied
between adjacent bricks is driven out of the joints
during that part of the polymerization period when
the viscosity is lowest. In this way the gap lengths

Fig. 16. The completed ferrite core of the Cosmotron,
assembled in position. The Ferroxcube “picture frames” are
seen in the centre and in the background of the photograph.

of non-ferromagnetic material were reduced to the
small dimensions mentioned above. As a final
precaution, the cemented frames were coated with
a water repellent polyvinyl lacquer.

The breaking sirength of the joints obtained is
considerably larger than that of the Ferroxcube IV
slabs themselves. This had heen established by
experiments, and it was proved again in shipping
the frames to Brookhaven: when a box containing
one of them was dropped from the hoisting crane,
the frame was broken at two places, but not at
any of the joints.

The photograph fig. 15 shows one of the com-
pleted frames in the course of testing at Eindhoven.
Fig. 16 is a photograph of the complete core,
assembled at Brookhaven and containing the two
banks of picture frames.

Operation of the completed core under the load
conditions

has been

reported to be completely satisfactory. The frames

imposed at Brookhaven
are separated by air spaces, and since the core is
surrounded by a copper shield, forced air cooling
can be applied. Even uncooled, however, the core
functions without appreciable temperature rise. For
further information about the performance of the
oscillator the
reader should refer to the recent publication by the
Brookhaven group ).

and accelerator unit as a whole,
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The application of ferrites in “strong-focusing”
accelerators

Since the Cosmotron was put into operation
great interest has been aroused by the discovery
by members and consultants of the Brookhaven
group of the so-called “strong-focusing’ princip-
le 19). Without entering into a detailed discussion,
it may be said that a new method of reducing
the amplitudes of radial and vertical oscillations
of the revolving particles will allow the cross-section
of the annular vacuum chamber to be reduced
considerably, compared with the cross-section of
the Cosmotron. Thus, with about the same magnetic
energy — and therefore, very roughly, with a total
cost of the same order — particles could be kept
on a circular track with a diameter, say about 10
times that of the Cosmotron. In this way a particle
energy of about 10 times that of the Cosmotron,
i.e., of about 30000 MeV, could be obtained (the
momentum according to eq. (1) is proportional to the
product BR, and at these high energies the energy
is approximately proportional to the momentum; see
also the graph of fig. 10 in the article quoted in?).

Plans for accelerators using this principle are
actually being studied at several places. Such an
accelerator would not make use of a single acceler-
ating unit like that of the Cosmotron, but it would
contain a large number of accelerating units, based
on the continuously tuned resonator principle
mentioned above as an alternative possibility. No
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Fig. 17. A Ferroxcube material suitable for accelerators

employing tuned resonant cavities has heen developed at
Eindhoven. The permeability g of this material is varied by
means of a polarizing field H, and the curve f shows the
frequency variation obtainable in this way (1 :6). The figure
of merit Q (= l/tan 8) of a cavity filled with this material
is greater than 10 even at the lowest frequencies.

10) E, D. Courant, M. S. Livingston and H. 8. Snyder, The
strong-focusing synchrotron — a new high energy accelera-

tor, Phys. Rev. 88, 1190-1196, 1 Dec. 1952.
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transformer then would be needed, but oddly
enough, ferrites again would have to be employed,
on an even larger scale than in the Cosmotron: the
resonators would be resonant caviti;es, containing

massive cores of ferrite. The resonant frequency

of such a cavity can be changed by a saturating

magnetic bias field, much in the same way as in -

the master oscillator of the Cosmotron described
above. As several tons of ferrite would go into each
cavity, a total quantity of several hundred tons
would be needed for a 30000 MeV accelerator!
The ferrite to be used will have to meet very ex-
acting requirements. One of the tentative designs
calls for a lowest resonant frequency of 3 .Mc/s and
an upper limit of 17 Mec/s. This frequency sweep
(about 1:6) implies a corresponding permeability
change of 1:36, to be obtained by applying a
polarizing magnetic field. Another requirement
is a Q at all frequencies of interest of 10 or moré, at a
maximum flux density at the lower frequency
limit of 0.01 Wh/m2. In co-operation with the Brook-
haven group, the Philips Laboratories at Eind-

hoven have developed a ferrite which satisfies these
requirements, as is illustrated by fig. 17. Samples
of this ferrite are now under test at two laboratories
associated with the high energy accelerator design.

~

Summary. The Cosmotron proton accelerator, designed and
built by the Brookhaven National Laboratory, U.S.A., has
alrcady delivered a beam of protons with an energy of 2300
million electron volts and is expected to yield protons of
3000 MeV. The accclerator unit of this machine consists of a
large “transformer”, the ferromagnetic core of which is excited
by an alternating current whose frequency during the acceler-
ation period of one second varies from 0,35 Mc/s to 4.2 Me/s. At
these high frequencies only ferrite materials, which have very
low eddy-current losses, could be used for the core. The
major part of the ferrite core was manufactured by Philips at
Eindhoven after a suitable variety of Ferroxcube meeting the
permeability and figure. of merit requirements had bheen
selected by thé Brookhaven Laboratory in co-operation with
the Philips Laboratories at Irvington, U.S.A., and at Eind-
hoven. Some. glimpses of the problems encountered in the
manufacture of the Ferroxcube core are given in this article.
Mention is also made of the development at Eindhoven of
another variety of Ferroxecube which will be suitable for the
accelerator units of machines based on the principle of “strong
focussing™, which are expected to yield particles of energies
of 30 000 MeV or more. :

-~
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THE PRINCiPLE OF THE MAGNETIC RECORDING
AND REPRODUCTION OF SOUND o

by W.XK. WESIMIJZE. ==~

Id

621.395.625.3

The hysteresis and non-linear character of ferromagnetism would appear to render the
magnetic recording of sound a hopeless task. Despite these difficulties, sufficiently faithful
recordings on ferromagnetic tape were accomplished as early as 1907 by pre-magnetizing the
tape. Nowadays, the same result is obtained by superimposing an HF alternating current
on the signal current. For a correct application of this principle, a careful study of the mag-
netization process of a magnetic tape is required. Such an investigation is described here,
covering the recording and reproduction processes themselves, the frequency characteristic,
distortion, noise, and other phenomena which influence the quality of the reproduction. The
conclusion from this work is that magnetic recording not only competes successfully with other
sound-recording methods, but may even surpass them. ’

Introduction

The nature of the processes involved in the re-
cording and reproduction of sound on a ferromag-
netic tape will first be discussed. The apparatus
(fig. 1) and some properties of the ferric oxide
coated magnetic tape have been discussed in an
earlier publication ). It was there pointed out that
the material of the tape should have a certain
remanence and not too low a coercive force, and
degree of
hysteresis. Special measures are then necessary
to ensure linearity, i.e. to ensure that the resultant
of two or more superimposed signals will be solely
the sum of these signals.

consequently must show a certain

R
O,
©
A

G - 72134

Fig. 1. Schematic representation of a tape-recorder. M,
supply reel, M; take-up reel, B magnetic tape, K,, K,, K,
erasing, recording and reproducing heads. A drive capstan,
R rubber pressure idler, G; and G, idlers.

The process of magnetization as it occurs in the
material of the tape will first be -examined with
the aid of a schematic representation. Next, the
recording and erasing of signals will be discussed.
Other matters to be dealt with include distortion
(non-linearity between magnetization and signal

1) D. A. Snel, Magnetic sound recording equipment, Philips
tech. Rev. 14, 181-190, 1953 No. 7; hereafter referred to
as L )

.strength), the reproduction process, the frequency

characteristic, noise and the “print” effect.

Finally, the merits of the magnetic recording
process - will be compared with those of other
methods of recording sound.

Schematic representation of the magnetizing process

! As a rule, when working with ferromagnetic
substances, a distinction should be made between
reversible processes (in which the magnetization ?)
closely follows the field intensity), and irreversible
processes. With small variations in the intensity
of the external field, the magnetization is practically
reversible. Irreversible changes occur when the
variation in the field intensity exceeds a certain
limit. Localised sudden changes — Barkhausen

2) In a material uniformly magnetized by a solenoid, the in- '
duction B is composed of two parts:
B = uH -+ J.
In this uyH represents the contribution of the magnetic
field of the current and J (the magnetization, i.c. the
magnetic moment per unit of volume; = uoM) the
contribution of the material (B and J measured in Wh/m?,
H and M in A/m). The same formula is valid at every point
of a piece of material of any given form, whether or not
it has been placed in a magnetic field:

B=pH+J,

where B, H.and J represent, respectively, the induetion

veetor, the field vector and the magnetization vector,
at any point in the field. In general the magnetic field is
built up from various contributing elements:

' H= Hu + Hm1 ’
H, representing the external ficld, originating in electric
currents or other magnets, and Hp, the ficld of the “magnet
poles™, which, due to the magnetization, occur on the
surface and at disecontinuities in the material.
In the case of a toroid Hy = 0. In other cases, Hm and
J are usually in opposite directions and, since a decrease
of wH gives a greater decrease of B, the magnetization
J will be smaller than it would be if Hy only were
active. This is known as demagnetization. It should be
borne in mind that the induction lines are always closed
lines, as the induction B is subject to the law.

divB = 0.
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jumps — then occur in the various domains. When
the field intensity changes in the opposite direction
the magnetic processes will again be at first reversi-
ble and then irreversible. In general, the critical

g i
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Recording method

In the magnetic recording of sound, the tape —
consisting of a homogeneous magnetic material or
a carrier coated with magnetic material — is passed

v
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Fig. 2. Idealized and actual magnetization curves: (a) shows the curve for a particle
magnetizable only in a positive or negative direction, (b) the superimposing of a small
number of these curves, and (c) the same for an infinite number of particles.

field intensity will have different values for various
elementary domains of the material. The resultant
hysteresis loop (figs 26 and ¢) is obtained by
superposition of the magnetization curves of the
various domains (fig.2a). This complicated behavi-
our may be represented ?) by the idealised magneti-
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Iig. 3. Schematic magnetization curve, built up of two steep
irreversible branches, connected by less steep reversible bran-
ches, The origin O represents the non-magnetic state, R re-
presents the maximum remanence at zero field strength. H,
represents the coercive force, H¢ the critical field strength
at which the magnetization becomes irreversible.

zation curves of figure 3, which are built up of two
fixed irreversible branches, connected by two
(less steep) reversible branches. The slope of the
latter corresponds to the initial permeability (fig. 3).
Comparison with fig. 4 shows that the real
magnetization curve possesses the same character,
apart from the rounding off of the sharp edges.

%) A similar procedure was followed by H. Toomin and
D. Wildfeuer (Proc. Inst. Rad. Engrs. 32, 664, 1944).

across the gap of the recording head (fig. 5). This
the
magnetic field of which, within certain limits, may be

consists essentially of an electro-magnet,
assumed to be proportional to the energizing current.
The latter is derived from the original signal via an
amplifier.

The intensity of the magnetic field of a “ring-
shaped” recording head is at its peak value in the
gap, where, however, it cannot be used. The active
portion of the field is the siray field, in the vicinity
of the gap. It decreases rapidly in intensity in the
lengthwise direction of the tape and in a direction
perpendicular to the tape (i.e. the direction of the
thickness). If, for example, the recording gap has

a length ?) of 10 y, it may be assumed that the

a b c

Fig. 4. Actual magnetization curve, which, by means of an
integrating circuit is displayed on a cathode-ray tube and
photographed. Curve a is obtained by using an alternating
current with a gradually decreasing field intensity, curves b
and ¢ by superimposing an alternating current with a higher
frequency and a small amplitude on a given alternating
current. It is clear, particularly from ¢, that irreversible
processes also occur on the reversible portions, which for
reasons of simplicity were neglected in the idealised magnet-
ization curve. The scale of representation differs for the three
figures.

%) The “length” of the gap in this type of recording head is
defined from the lengthwise direction of the tape. The
“width” of the gap corresponds to the width of the tape.
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effective field extends only some tens of microns
from the gap. Consequently, when using a homo-
geneous tape of thickness say, 60 y, only a layer
of about 15 y facing the head will be magnetized.

VOL. 15, No. 3

Starting with a demagnetized tape, no permanent
magnetization will be imparted to it unless the
field strength of the applied signals is greater than
a certain critical value He¢.. This may be seen

7 = \ B
V70 7 sk o A
fw ]
a b 73579

Fig. 5. Recording head. a) A core of laminated soft iron (K) with a very short air gap (S)
is magnetized by a current flowing through winding (W). This creates a stray field (dotted
lines) around the gap. The tape (B) is carried across this gap and every particle traverses
this stray field, the intensity of which increases when approaching the gap and decreases

after passing the gap.
b) enlarged drawing of gap with tape.

For a coated tape, there is therefore no point in
making the coating thicker than 15 p.

When a particle of the magnetic material moves
past the recording head, it is exposed to a magnetic
field varying from point to point as regards inten-
sity and direction; in general it will also vary with
respect to time. For simplicity, we will first confine
ourselves to the case where the {requencies ot the
signal are so low that during the time that a particle
is exposed to the active field, the signal field is
independent of time. With a tape speed of 0.7 m/sec
and an active area of 50y, giving a transport time
of about 107* sec, this condition will be satisfied
when the frequencies are lower than 1000 ¢/s.
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Fig. 6. If the material is exposed to a strong field which first
increases and then decreases, the reversible portion 0A is
first described and then the loop BCDF. If now the field
starts to decrease when the point B’ is reached, then B”C”
is described. A similar effect is obtained for a negative field
after it has reached its largest value, say, at D’ (line D'F’).

from the schematic magnetization curve of fig. 3.
(In fact, there will be a very small remanent
magnetization.) Only when the peaks of the signal
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Fig. 7. As a result of the process reprodu-
ced in fig. 6, the remanence R of the tape,
represented by the line ABCD, is al-
ways proportional to Hpm—Her, where
Hm=—maximum value of the field of the
gap. If Hy changes (slowly) with ¢
according to a sine curve with increasing
amplitude, the badly distorted signal
shown on the right is recorded on the
tape. The points —o—o — indicate the non-
recorded peaks.

field exceed the critical value Hc, will the magneti-
zation change, say, from O viaA4 to B” ( fig. 6), and
from there fall back to R, rendering the tape
permanently magnetized. Evidently the remanence
OR’” is not now proportional to the value I of the
signal field, but to H—He;, with the result that the
signal is badly distorted.

The result of the recording of a sinusoidal signal
of a low frequency and gradually increasing am-
plitude would be as represented in fig. 7.

Of course, the distortion could be diminished by
the use of a material with a lower coercive force.
However, as pointed out in article 1, a certain
coercive force is needed to prevent distortion of the
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sound track by stray fields and to counteract the
influence of demagnetization in regions of sharp
changes in the magnetization (i.e. small wavelength,
corresponding to high frequency). :

One solution of the linearity problem which has -

been used from the early days of magnetic record-
© ing®) is as follows. Before the tape is carried past the
recording head, it is exposed to a direct field of such
intensity that it becomes saturated (E, fig. 8) and,
consequently, when passing the head, it is in the
state Ry.-A direct current is now superposed on the
signal current of such strength that the point 4
would be reached if no signal were present. In this

case, on leaving the region of the head, the remanent -

magnetization is proportional to the signal field; if
this is zero, the tape again becomes unmagnetized.
Linearity can indeed be obtained by this method,
and usable records can be made. However, the noise
inherent in tape that has gone through this cycle
is much stronger than that of a virgin tape. The
causes of this phenomenon will be given later when
discussing the problem of noise.

E
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Fig. 8. D.C. biasing. The tape is first saturated (E) and then
passed across the recording head. The direct ewrrent biasing
field alone would lead to a state 4; with modulation by the
signal, such states as e.g. B and F’ would be reached. The
remanence left in the tape after leaving the active field in the
head is then O, R”” or R’.

Modern methods:do not make use of a direct
field; nowadays an alternating field is superimposed
on the signal, of such a frequency that several
cycles occur during the passage of the tape through
the active portion of the stray field round the gap.

Assuming again a transport time for the tape of
about 10~* sec, it is clear that the frequency of this
biasing field should be higher than 10% c¢/s. In
practice a much higher frequency is used, in the
ultrasonic region, in the neighbourhood of 105 c/s,

) V. Poulsen (inventor of the magnetic recording method,
see I) and P. O. Pederson, U.S. Pat. 873083, 1907.
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" so as to avoid the disturbing effects both of this

frequency itself and of ‘audible beat-tones between
signal and biasing currents. '
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Fig. 9. The process of erasing, Imagine that the remanenece R” is
the starting point. The increasing alternating field will saturate
the material after a certain number of periods and make it
traverse the large cycle. If now the intensity of the field
deercases so slowly that the positive and negative peaks are
nearly identieal, the magnetization will follow the path shown
till finally, the reversible branch r, through the origin, will be
reached, reducing the remanenee to zero.

The amplitude of this field will, of course, vary
in the length direction of the tape. If this field alone
is applied, a particle arriving at the gap will first
be taken through several hysteresis cycles of in-
creasing amplitude until it is saturated, and will
then go through a number of diminishing cycles, so
that it is demagnetized as it leaves the head.
(fig- 9). This process occurs whether tape was
previously magnetized or not, and is put to use
in the erasing head. ‘

Consider the case when the high-frequency alter-
nating field is superposed on the relatively steady
signal field of the head. Now the positive and ne-
gative peaks of the field are not situated symmetric-
ally with respect to zero field, but are symmetrical
about the field corresponding to the signal. If the
amplitude of the alternating field is now decreased
below the critical value Hp, the magnetization
procéss again becomes reversible, although these
reversible states are not represented on a line
through the origin but on a line parallel to that
line (fig.10). For simplicity, suppose that only the
amplitude of the alternating field decreases as the
tape moves, the signal field being substantially
constant: then the remanent magnetization .will
be that corresponding to the signal field and this

~will remain even when, finally, the signal ﬁéld, too,

is removed. The final state is.such that when all
fields have been removed, a remanence R’ remains.
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' Thie essential principle of the process is, therefore,
the reduction of a hysteresis loop to a single reversi-
ble branch inside that loop. This transition takes
place when the amplitude of the high frequency field

(i.e- the difference in the value of H at points B’ -

and D', fig. 10) is exactly equal to 2 He;. The average
value of the intensity of the signal field at that
moment is the determining factor of the resulting
remanent magnetization. This remains true though
in reality its intensity changes at the same rate as
the intensity of the alternating field, as the tape
passes through the recording head. It is irrelevant
that the signal field is not constant with time but
is really a relatively slowly alternating field.
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Tig. 10. Recording using a high-frequency biasing field. A
rapidly alternating biasing field is superimposed on the
constant field S. The positive peaks are always higher than
the negative ones. When the biasing field has reached its
maximum positive value in B’, the eycle B’ C’ D’ F’ is
traversed. If the amplitude of the biasing field falls below the
value Her, the magnetization remains on the reversible branch
through B’’; consequently, after taking away the biasing and
signal field, the remanence R’ remains.

The remanence is always determined by the mean
value of the two extreme field intensities (equal to
the signal field) when the difference between them
is exactly equal to twice the critical field intensity.
This situation arises immediately after the gai) has
been passed, when the particle has already entered
the decreasing part of the strong field: the above

" value of the remanence is now recorded on the tape.

Distortion during recording -

It is clear that owing to the introduction of the
HF biasing field, the remanence has become pro-
portional to the intensity, of the signal field because
the irreversible branch is represented by a straight
line.and all reversible branches are parallel to each

other. Thus the distortion occurring in the absence
of the biasing field has been eliminated in principle.

A certain amount of distortion still remains, how-

ever, due to various causes.

- VOL. 15, No. 3
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Distortion is inevitable when the signal current
is so strong that a higher field exists than that
corresponding to the maximum remanence of the
material (R, fig. 3). Consequently, care must -be
taken that the signal strength does not exceed a
certain level. . - K
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Fig. 11. Intense demagnetization occurs in the sound track of
a sinusoidal signal with short wavelength (high frequency).

Distortion may also arise due to the demagnetiza-
tion effect of adjacent parts of the tape. Consider,
for example, a sinusoidal signal; if the positive
peaks give rise to a magnetization directed to the
right, the magnetization corresponding to negative
peaks will be directed to the left (fig. 11). At the
point under consideration, the oppositely directed
magnetization in adjacent domains generate a
field that tends to weaken the magnetization,
especially when maxima and minima are close
together (corresponding to shorter wavelength,
i.e. higher frequency) and when the magnetization
is strong. The relation between this demagnetizing
field and the magnetization causing it, is represented
in fig. 12 for a fixed, low frequency, by the line I.
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Fig. 12. As the demagnetizing field intensity is proportional
to the magnetization, the resulting magnetization can be
represented by a line through the origin, the slope of
which is determined by the geometry of the magnetization
pattern, for example, by the wavelength, With a small
demagnetizing factor (I), the remanence R, is proportional
to the signal, but not if the sloping line (e.g. II) and the
reversible branch would intersect outside the hysteresis
parallelogram, : .
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When it has left the head; the part of the tape under
consideration then attains a state corresponding
to point R,. As long as the reversible branches
intersect the line I at points within the hysteresis
loop, the proportionality between signal and
remanence is not impaired, not even when the
demagnetization is diminished due to the magnetic
“short-circuiting” effect of the soft iron of the re-
producing head (as a consequence of this, the line
I in fig. 12 is replaced by a line with a steeper
slope).

"The proportionality is lost, however, when the
intersection point would lie outside the hysteresis
loop. In fig. 12 this is the case when, at higher

frequencies, the demagnetization is represented by

the line II. This causes a shift of the remanence
from the line R'R, to the line R""D".
Optimum value of the biasing current

\
As is evident from the above, the linearity is
influenced by the magnitude of the biasing current

as well as by the strength of the signal. If the

biasing current is zero, the magnetization is zero
until the §ignal field H exceeds Hgy;it then increases

in proportion to H—H;, until saturation is reached. ’

This is the large distortion mentioned in the be-
ginning, which occurs when no biasing field is used.

R h
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case the signal is recorded on the tape a little
further on, at the poin’t where the biasing-field
amplitude is exactly equal to H¢r. The more intense
the biasing field, the furthier away from the gap this
occurs and the weaker, at a given signal current, the

operative signal field. The more intense the biasing"

field Hy, the more it must decrease to reach the
value H¢;. The signal field must suffer a corres-
ponding decrease; hence, for a given signal current,

the remanent ' magnetization decreases as the -

biasing current increases.
These conditions are represented in fig. 13a. As
the curvature of the line representing magnetiza-

tion asa function of signal field is ‘a measure of the :

dlstortlon, it is clear that with weak signal currents,
the distortion decreases with increasing biasing

current (Hp). For strong signal fields, however, .

(depending on the exact values) the distortion
first decreases with biasing field and may then
suffer an increase due to saturation, followed by a
further decrease. With average signal strengths the
behaviour lies between those stated above.

In practice, a value of the biasing current is
chosen such that it corresponds nearly to the se-
condary maximum for strong signals. This is a
compromise, adopted because, as will be seen later,
a higher value of the biasing current must be

di
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Fig. 13. a) Relation between magnetlzatlon and signal with various amplitudes of the
HF biasing field Hy. b) Curve representing the distortion for a weak signal (I) and a
strong signal (II), as a function of the HF biasing ficld.

7

Even when a biasing field is present, the same state
of affairs is reached if its amplitude is too small,
the only difference being that the increase in
magnetization starts somewhat earlier. With a

biasing-field amplitude equal to Her, the magnetiza-

tion is proportional to the signal, except for the
limits set by the saturation. In practice (for reasons
to’be given later) the biasing field in the neighbour-
hood of the gap is chosen higher than H,. In that

4

z

avoided, whereas with lower values, distortion may
occur owing to the fall off in intensity of the field
for particles furthermost from the tape surface.

Effect of the biasing current on the frequency
characteristic

. The sound signal is recorded on the tape at the

moment when the intensity of the biasing field is.

equal to Hgy; in practice, the value of He, differs
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slightly for different particles, so that there is a
spread of the critical biasing field, and the signal
is not completely recorded until the lowest value
of the critical biasing field is reached. The position
and the length of the recording zone of course de-
pend on the strength of the current producing the
biasing field. If during the recording of a rapidly
alternating signal the value of the biasing field does
not decrease quickly enough, it is possible that a
part of the tape, after having passed the spot in
which the intensity of the biasing field is exactly
equal to the critical value, is brought again on the
irreversible branch by the rapidly increasing signal
field. This may cause a false rendering of the signal.
The higher the signal frequency, the sooner this
result is to be expected, because in that case the
signal field, when passing the above-mentioned
zone, changes in intensity more rapidly. This false
rendering results in a certain attenuation of the
recording of the high frequencies.

There are other and more important consequences
of the differing coercivities among the particles of
the tape. Two particles at the same spot on the tape
but with different H¢, values will not record the
signal at the same moment and therefore will
record a different phase. This phase shift of the
signals on the sound track results in “interference
attenuation” at high frequencies.

At a given biasing current, the points where
H = Hg, will not lie on a plane perpendicular to the
tape,but on a curved surface. Consequently, particles
with the same H¢, but situated in different depths
of the tape will meet the critical field intensity at
different distances from the gap. This also makes
the phase shifts of the recorded signal dependent on
the depth in the tape. During reproduction, it is
precisely those particles which lie instantaneously
on the plane of symmetry of the gap which repro-
duce the signal, so that the summation of the out-
of-phase signals again results in attenuation of the
higher frequencies.

If the biasing current is stronger, the region
where H ~ Hg; lies farther away from the gap and
is more extended. In this case the attenuation is
noticeable at lower frequencies.

The

mentioned earlier,

distortion caused by

demagnetization,
which becomes worse with
increasing frequency, can also attenuate the high
frequencies, for, owing to this distortion, not only
are the higher harmonies superposed on the fun-
damental, but the fundamental is itself attenuated.

It should be noted that the schematic represen-
tation of the magnetization process which has been

used in this article, is only an approximation and
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cannot adequately explain every detail. To go into
further detail would be to go beyond the scope of
this article %).

The reproduction process ; influence on the frequency
characteristic

In order to convert the magnetic pattern on the
tape back into an electrical signal, the tape is car-
ried past the reproducing head, the construction
of which is similar to that of the recording head

(fig. 14).
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Fig. 14. Reproducing head K with winding W, gap S and
screening A. B represents the magnetized tape. The lines of
force are indicated schematically.

Considering an arbitrary cross-section of the tape,
the recorded magnetization .J gives rise to a total
magnetic flux @. As the lines of magnetic induction
are always closed, they must close outside the
tape, so that an equal and opposite flux is found
there.

When the tape makes contact with the head,
the lines of induction will close mainly via the
material of the head (owing to its high permeability)
and so link the reproduction coil. Thus a flux
flows through this coil, which to a first approxi-
mation is equal to the flux traversing the cross-
section of the tape facing the gap. When the tape
moves on, changes of this flux induce the signal
voltage in the coil. Due to the good magnetic
conduction of theiron circuit, whereby the demagnet-
izing field is reduced, the flux mentioned is even
greater than it would be with a tape moving freely
m the air.

The closer the tape comes into contact with the head, the
more will the demagnetizing field be reduced. If the surface of
the 1ape is not completely smooth it will be in true contact with
head only at certain points. In this case, the demagnetizing the
field is not completely removed, and at small wavelengths a
decrease in the magnetization will occur. This decrease will
be greater as the slope of reversible hranches hecomes steeper
(and thus the reversible permeability greater).

%) See W. K. Westmijze, Philips Res, Rep. 8, 148-157,
161-183, 1953.
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It should be noted, however, that not all the
induction lines will enter the pole pieces and hence
do not all link with the coil. One reason for this
is that the magnetie resistance of the iron circuit
can never be quite zero, so that small magnetic
potential difference will always remain across the
gap S, and as a result, a flux proportional to this
potential difference will pass across the gap.
gap
magnetic reluctance that is high compared with

Therefore it is desirable to have a with a
that of the iron circuit, i.e. a “long” gap with the
small “height” %).

Tukinginto consideration constructional demands,
namely the mechanical strength of the poles, the
machining precision and the duration of life of the
head, the height of the gap has been reduced as far
as possible. It should be borne in mind that during
use, the tape is moving continuously across the
head at a high speed and with a fairly high pressure
and that the magnetic particles of the tape are in
fact a form of the well-known polishing agent
jeweller’s rouge. The resulting wear reduces the
height of the gap to such an extent that after say,
500 hours, the head must be exchanged. The life
time of the head of course also depends on other
details of its construction and on the quality of the
tape used.

A large gap length cannot be used, however, for
more fundamental reasons: while it is true that for
long wavelengths practically all lines of force
emanating from the tape enter the poles and link
with the coil, this is no longer true when the wave-
length is comparable to the gap length. This occurs
al relatively low frequencies if the gap length is

Fig. 15. The form of the induction lines, when the wavelength
A is comparable with the length I of the gap (the cause of the
fall of the reproduction characteristics at high frequencies).

large. In this case a large number of the lines of
force do not enter into the poles at all, but close
through the air of the gap (fig. 15). To a first ap-
proximation this can be expressed as follows:

the flux through the coil (gap length = I.

wave-
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length A) is approximately proportional to
sin (atl/2)
al/2

For small values of [/}, i.e. if 1>, this expression
is practically equal to unity and independent of A.
With higher values of [/4, i.e. at high frequencies,
the value of the expression decreases and with it
the frequency characteristic. If 4 | and conse-
quently I/7 — 1, the expression 0 and no flux
at all flows through the coil. Therefore the gap must
be shorter than the smallest wavelength essential
for reproduction.

A second cause for the lines of force not linking
with the head lies in the fact that at very long

wavelengths ( fig. 16) the lines of force take a path
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Fig. 16. The form of the lines of induction, when the wave-
length is comparable to the dimension L of the head (a source
of irregularities in the frequency characteristic at low fre-
quencies).

around the head, especially so when it is surrounded
by the imevitable shielding (A4).

that only the lines of force over a certain length

Supposing now

L>>1 of the tape contribute to the flux through the
coil, the flux becomes proportional to:
L

A
[ sin (27x/2)dx {1 — cos (27L/2)].
0 7

2
This means that for wavelengths 2 >L only a
negligible part of the flux traversing the tape at
the point where it faces the gap, enters the coil. As
the wavelength decreases, a maximum is reached
for 2 = 2L, and with still shorter waves, maxima
and minima (
(n+1,)4, and L

represents a whole number. This is not so serious

zero) would alternate for L
ni, respectively, in which n

as it sounds, because the transition between the
flux making its way through the coil and the flux
taking other paths is not sharp but gradual, which




results in the maxima and minima being smoothed
to a considerable degree, making them imper-
ceptible for A<€ L. Consequently, the result of this
effect is mainly a ‘decrease in the useful flux for
.wavelengths greater than L (fig. 17). i
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Fig. 17. The form of the useful flux @ (in dB) as a function
of the wavelength at long wavelengths. @ is plotted against
L[4 (thus the frequency increases from left to right). If L=
25 cm and the speed of the tape = 0.76 m/sec, the maximum
at the left corresponds to a frequency of 37 cfs.

In general, the decrease of the useful flux at short
wavelengths is more serious than at long wave-
lengths. The frequency at which this decrease
occurs can in principle always be raised by in-
creasing the speed of the 'tape. In practice the tape
speed is increased to such a value that the femaining
frequency correction can be successfully applied in
the amplifier, without introducing too much noise
and other disturbances. On the other hand, the
amount of tape used becomes larger and the playing
time decreases when the speed of the tape is in-
creased. Moreover, the decrease of the useful flux
at longer wavelengths, which corresponds at small
speeds of the tape with frequencies below the
audible range, is noticed as an irregularity in the
characteristic and as an attenuation at lower,
audible frequencies. It will also be seen below, that
at higher tape speeds the “print-effect”” becomes
stronger at higher frequencies (and consequently
becomes more disturbing). On account of this it is
necessary to choose a tape speed which is a com-
promise between the reproduction of the high
frequencies and the objections just mentioned.

Overall frequency-characteristic: “transimpedance”
/

In the preceding section the influence of the
recording and the reproducing process on the
frequency characteristic have been discussed
separately. In practice it is difficult to separate the
one influence from the other, as the magnetization
brought about by the recording process can be
measured only with a reproducing head. The
voltage generated at the reproducing head can then
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be measured as a function of the current sent
through the coil of the recording head. If we
assume that this current is a pure sinusoidal current
the relation between the voltage and the current
mentioned can be determined as a function of the
frequency f = w/27. This relation has the dimen-
sions of an impedance and may therefore be called
the “transimpedance”.

Ifitis desirable to study the influence of one of the

components of the system — recording head, tape

or reproducing head — separately, this can only
be carried out by relative measurements, which
means that one of the components should be
replaced by a corresponding part and a comparison

" made between the transimpedance measured before

and after the exchange. -

Ideally, i.e. excluding very low and very hlgh
frequencies, the tlansmpedance increases linearly
with the frequency. It is therefore comparable with
the impedance of an inductance.

The transimpedance depends not only on the frequeney
but also on the number of turns of the coils of both heads.
Within certain limits we have a free choiee in these, and thus
the value of the transimpedance can still be varied at will.

Sometimes it is useful to consider, apart from the trans-
impedance Z;,, another quantity which it is convenient to
call the “transfactor” (T'), defined by the relation:

Zy
T= @y
(Z, is the impedance of the recording head, Z, that of the
reproducing head.)

This factor is dimensionless, and is independent of the
number of turns of the coils. In the ideal case it is a constant,
independent of the frequency (fig. 18), of magnitudc about 0.01.
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Fig. 18. Corrected frequency-characteristic (flux @ through the
reproducing head) for tape velocities of 19, 38 and 76 cm/sec
resp. At the same time the curves approximately represent
relative values of the transfactor as a function of the frequency f.

.
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Noise
Ground noise

The magnetic laver of a recording tape is built up
from very small particles. If the layer is examined
under an electron microscope, the size of the particles
(fig- 19) is found to be about 0.1 . Now we can
assume that every particle still contains some
Weiss domains, separated by walls. If the tape is
completely demagnetized, the fields of the Weiss
domains will largely compensate each other, but
still a weak, multi-polar field will emanate from
every small particle. As a result of this, some lines
of force will leave the material and create a micro-
field, which irregularly changes its sign along the
tape. This micro-field is easily detected by runming
the tape across the reproducing head, with its
narrow gap of 10 p. If then, a demagnetized or
virgin tape is carried across the reproducing gap,
it will continuously induce low irregular voltages
into the coil of the head, which, after amplification,
are audible as noise, the ground noise. This noise
limits the weakest signal stll reproducible and
determines in that way the “dynamic range”. By this
we understand the diflerence in level, measured
in dB, between the largest signal which can be
recorded without appreciable distortion and the
smallest signal still audible above the ground noise.

In general, the more particles available to record
the signal, the larger the dynamic range. If the
average size of the particles is 0.1 i1, and the tape
velocity is 0.76 m /sec, with a tape of width 6.3 mm
and amagnetic layer thickness of 15 (1, the number of
particles passing the gap per second will amount
to about 10'3. A simple calculation of probabilities
shows that in the frequency range 0 f<<10% ¢/s
the dynamic range will be at least 90 dB (in reality,
due to partly unknown causes, about 70 dB is
usually measured).

Modulation noise

A magnetized tape possesses more noise than a
clean tape. It is true that this higher noise level is
partly masked by the signal, but it is still audible,
especially when the signal consists of a single note
(pure sine function), which now sounds somewhat
harsh. In order to understand this extra noise, it
is necessary to consider the structure of the tape.
The particles of the magnetic material are not
evenly distributed through the carrier, but are
grouped in clusters (fig. 19). In the demagnetized
state, in every cluster the magnetic moments of
the separate particles are irregularly distributed.
In the magnetized state, in every cluster a more or
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Fig. 19. Electron microscope picture of a thin layer of the
coatings covering the magnetic tape. Enlargement 10,000 x.
The separate particles (size &~ 0.1 1) group together in
clusters.

less evenly directed magnetization of the particles
is present. Due to the distance between the clusters
and due to the fact that each cluster now represents
a dipole, there is more chance that lines of force
from the microfield will emerge outwards. This
may also be expressed in the following way. Due to
the grouping of the particles in clusters, the sensi-
tivity of the tape shows fluctuations over long
distances as well as short ones 7). This causes the
signal to be multiplied by a factor which is a fune-
tion of the point x on the tape. If we call this factor
1+46(x), it is found that o(x) irregularly changes
its polarity, even in aninterval comparable with the
smallest wavelength which can be registered. Still
another way of expressing this would be to say that
an interference signal S(x)-d(x), proportional to the
signal, is superimposed on the signal S(x). The noise
caused by this is called the modulation noise. The
ratio of signal/modulation noise is about 40 dB.
The measuring of the modulation noise is carried
out by passing a direct current (in addition to the
biasing current) through the recording head; equal

7) Fluctuations in the thickness of the magnetic layer, which
may occur up to 19, have the same effect.
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in amplitude to the maximum admissible sinusoidal
signal, and to measure the voltage induced in the
reproducing head. Clearly a D.C. magnetization of

- the tape should always be carefully avoided, as the

modulation noise of this D.C. magnetization would
always be present. This magnetization may be
caused, for example, by a permanently mag.netized
recording head, or a D.C. component cf the biasing
current. Even if the biasing current does not contain
a D.C. component, it can cause D.C. magnetization,
viz. when the positive and negative peaks differ in
height. This is a result of the specific property of
the tape to react only to the peaks of the magnetic

field. It can now also be understood why the -

Poulsen method of using a D.C. biasing field may
cause a higher noise level in the tape, especially in
the weaker passages. This noise would not arise if
the opposing field could exactly eliminate the D.C.
jhagnetization; incomplete compensation, however,
leaves a remanent magnetization in the tape. The
advantage of the application of an HF biasing
field is that, when no signal is present, the tape
is automatically left in the demagnetized state.

Print-cffect

If the magnetic material really behaved as
suggested by the scheme given in fig. 3, only ex-
terior fields of higher intensity than the critical
value would be able to affect the recording. Such
a strong field will not readily occur accidentally
under ordinary circumstances. If appears, however,
that weak fields, e.g. those originating from an
adjoining layer in a rolled tape, may also influence
the magnetization. Consequently, if parts of a tape
carrying a very weak part of the recording happen
to lie near parts where a sudden strong signal occurs,
a part of the magnetization due to the latter signal
may be transferred to the adjacent layer. In this
way the strong signal may be weakly audible during
. reproduction once or even a number of times, be-
- fore and after the real signal. This is the so-called
“print-effect””. The transfer of magnetic energy
is here effected by the thermal agitation. For the
reversal of the magnetization of a Weiss-area, a
certain amount of energy E is required. Till now we
have .considered only the case when this energy
is completely supplied by an exterior magnetic
field. It can, however, also be supplied partly by
the thermal agitation. The probability of a transi-
tion from one orientation-to another as a result of

the thermal agitation is given by the well-known

expression exp (—AE/kT), where AE represents the
energy required for the transition,-k the Boltzman
constant and T the absolute temperature. When
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an equilibrium has set in, a weak field, in itself not
strong enough to supply the energy for reversing the
magnetization (i.e. roughly speaking, smaller than
the local coercive force) may still cause a shifting
of the equilibrium with the aid of the thermal agi-
tation. After the interfering field has been removed
the area does not resume its original state, at all
events, not at once. It appears that the print-effect,
as would be expected on this theory, strongly in-
creases with increase of temperature, and is also
dependent on the duration of the influence (it in-~
creases almost linearly with the logarithm of time,
(fig. 20). When the field is removed it decreases
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Tig. 20. Measured “print-effect” plotted as a function of the
duration of the influence (log. time-scale). The graph shows the
flux @, caused in a clean tape by contact with a tape at
30 °C having a saturated varying signal of wavelength
0.5 mm.
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again, but it does not disappear completely, as
there will be some particles in such a stable state
that it is highly improbable that they will return
to their original state by the thermal agitation.
Jt will be understood that stray AC fields can
also take over the part played by the thermal
agitation and may cause an increase of the print-
effect. With the aid of a high-frequency A.C. field
it is even possible to transfer the recording from
one tape to another in contact with it. In this way
contact copies can be made 8) in a manner similar

.to photographic processes.

The print-effect is not equally strong for all wave-
lengths. The magnetizing field is in reality the field
of the neighbouring layer, the distance between
this and the magnetized layer being equal to the
thickness of the tape. The intensity of this field de-
creases exponentially with the ratio of the tape
thickness (4) to the wavelength (1), but it is also
proportional to the ratio d/4, in which d represents
the thickness of the magnetic layer, which is nor-

8) M. Camras, Electronics 22, Dec. 1949, p. 78.
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mally smaller than A (fig. 21). This is expressed in
the formula

nd
oH —

- B, - exp(—2nd/1),

where B, represents the average induction in the
magnetized layer. The formula shows that the
strength of the field has a maximum value when
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TFig. 21. Seme layers of rolled tape. The figure shows the
relative dimensions of the tape-thickness (4) and the thickness
of the magnetic layer (d).

4= 27A. When the thickness of the tape 4 =155 p,
this maximum is reached for 2 = 350 p, which
with a tape speed of 0.70 m/sec. corresponds lo a
frequency f = 2200 ¢/s. This frequency is lower at
smaller tape speeds, so that the audibility of the
print-effect is then less.

Comparison of the magnetic process with other
recording methods

In comparison with other sound recording and
reproducing methods, the magnetic process has
both its advantages and ils disadvantages.

At the speeds used for professional purposes,
l.e. at a tape speed of 30" /sec = 0.70 m/sec, the
quality of the sound reproduced is superior to that
of all other systems, thanks particularly to the
favourable signal/noise ratio, which is perhaps
equalled by that of a newly cut lacquer disc. The
dynamic range of the gramophone records commer-
cially available and of the optical systems (photo-
graphic and Philips-Miller processes) is certainly
smaller.

Since, in optical processes, the number of elec-
trons emitted by a photo-electric cathode is of the
same order of magnitude as the number of magnetic
particles passing the reproduction head per second
in the magnetic process, it might be expected that
the two systems would exhibit roughly the same
dynamic range. However, the number of electrons
emitted is not-the only factor which influences the
dynamic range in optical processes. The noise in
optical systems is also dependent on a variety of
other causes, e.g. the grain of the film and small
irregularities in the film.

Another advantage of the magnetic process lies
in the fact that both the negative and the positive

MAGNETIC RECORDING AND REPRODUCTION OF SOUND 95

magnetization contribute to the recording, which
makes the “zero track”, necessary in optical record-
ing, superfluous. This eliminates the noise generated
by a zero track, and at the same time, the necessity
to suppress the zero track during weak passages
(“noiseless reproduction”).

Magnetic recordings are free from noise caused
by dust particles, an additional source of noise
found in all other systems. Dust particles are nor-
mally non-magnetic, so they do not contribute to
noise in the magnelic process.

On the other hand, disturbing magnetic fields may
unfavourably influence the maguetic recording,
especially as regards the print-effect, which is not
present in other recording processes. For some
the fact that
visible may be a disadvantage. Nevertheless, the

purposes the modulation 1is not
magnetic process is being used more and more in
studios for broadcasting, and us an intermediate
link in the gramophone and film industries.

The simple handling, during both recording and
reproduction, is an important feature. This is es-
pecially important for the recording process, where,
in all other systems, an expert technician is needed.
The door is thus opened to a large number of ama-
teur or semi-professional applications, at home, in
the office, and for studying music or languages. The
simplicity of the apparatus makes a compact
construction possible, a very important feature for
designing portable equipments.

A unique advantage of the magnetic process lies
in the fact that a recording can be erased and a
fresh one recorded at once. This has considerable

economic advantages in some applications, and also

Fig. 22. Recording head for the sterecophonic recording of
sound on a magnetic tape.
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.opens the door to a number of quite new possibili-
ties, e.g. the magnetic recording of data in the
“slow-memory” of modérn computing machines.
In this way intermediate results may be ‘stored
until needed for further computations. -

+"As a tape is used in the magnetic process, it is
very suitable for ste.reophom'c recordings. This is
also the case with the optical and with the Philips-
Miller systems, but it is more difficult to achieve
with the gramophone record. The two sound tracks
necessary for stereophonic reproduction can be
recorded side by side by using a double recording
head (fig. 22) and similarly reproduced later on.

Summary. The proeesses occurring during the magnetic
recording and reproduction of sound on a ferromagnetic tape
are discussed in detail with the help of a simplified represen-
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tation of the hysteresis loop and of the magnetization proeess
in the iron-oxide partieles of the tape. Linearity between
signal and magnetization is attained by the application of a
high-fréquency biasing field. The strength of the biasing field

-influenees both the linearity of the signal and the frequency

characteristic. Distortion and attenuation of the high fre-
quencies during recording may also be caused by demagnetiza-

- tion proeesses. Deviation from the flat eharacteristic during

reproduction occurs with long waves (low frequencies) as well
as with short waves (high frequencies). In the latter case,
the tape speed together with the length of the gap of the re-
produeing head determine the highest frequency which can be
reproduced. When further discussing the total frequeney charac-
teristic, it is useful to introduce the eoneepts “transimpedance” .
and “transfactor”. The noise of the tape is determined
largely by the grain structure. An additional noise (modula-
tion noise) sets in during magnetization, as a result of fluetua-
tions in the thickness of the magnetic layer and the grouping
of the magnetic particles into elusters. The transfer of magneti-
zation to another tape is sometimes useful (for copying pur-
poses), and at other times deleterious (print effect).

A comparison of the magnetic recording process with other
recording processes shows that the quality of sound reproduc-
tion of the magnetic process is superior, in many respects, to
others. Moreover, the specific qualities of this system (easy
handling, erasure) favour its use in many applications.
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METAL-DETECTORS

by E. BLASBERG and A. de GROOT.
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Inmany manufacturing processes, the detection of metallic inclusions is of great importance.

- Examples are in the textile, paper and plastics industries, where small metal particles may
- damage the machinery or spoil the finished product. Undetected pieces of metal such as nails or
parts of tools in timber or coal may have serious consequences in sawing or crushing operations.

Many devices have been designed for the detection of metal objects in non-metallic materials. In

the present equipment, intended specially for tracing extremely small particles of metal, the
sensitivity has been increased to a point where it is possible to detect iron particles as small as

0.1 mg and non-ferrous particles down to about 0.4‘mg.

~

During the manufacture or processing of non-
metallic materials the intrusion of metal particles
into the raw material or finished article is very
difficult to avoid. In many cases this may be disas-
trous to the quality and good name of the article,
apart from the damage that such metal particles
can cause to the processing machines. It is often
difficult or even impossible to see the foreign body
and remove it in time, for example when it is buried

beneath the surface of the material; the inspection,
moreover, demands constant attention on the part
of the personnel.

Efforts to eliminate the human element and to
provide a more reliable check than is possible by
mere visual inspection, have led to the development
of special equipment — metal detectors — sensitive
to metal particles, which gives a warning signal
when such particles are encountered !). If desired,
the particular machines can be stopped automatic-
ally, or that part of the material which contains the
metal can be removed. .

Many metal-detectors are intended only to in-
dicate the presence of fairly large metal objects,
such as nails or bullets in trees which are to be
cut into planks, or small tools amongst coal being
fed to a crushing machine. In other instances it
may be desirable to detect extremely small particles
of metal — for example, during the manufacture
of gramophone records — even a very small metal
particle in the plastic moulding materials can put
a whole matrix out of action. In textile factories,
too, a small metal object such as a pin oi"'wire staple

1) See G. S. Elphick, A. R. Woods and S. Y. Logan, Metal
detection in industry, Symposium on electronics, Chapman
and Hall; 124-139, 1949.

C. R. Schafer, Industrial Metal Detector Design, Electron-

ics, 24, 86-91, Nov. 1951. /

- M. Grobtuch and D. J. Williams, Pulp-Log Metal Detector,
Electronies, 25, 124-126, July 1952, ’
W. Zandra, Ein ncues Metallmeldegeriit, Elektrotechn. Z.
73, 487-489, 1952, :

will often cause much damage to both machine and
product.’ ‘ ’

* A description is given in this article of two units
which were specially designed for the inspection of
non-metallic materials for the presence of small
metal particles. The first of these is intended for
the inspection of bulky ‘materials in bales or on
conveyor belts, packed foods and so on, whereas the
second is more for the detection of iron particles in .
materials in the form of a long strip, such as paper
or fabrics. '

‘ Metal-detector for bulk materials

Description of the detector

The principle on which this detector works may
be seen in fig. 1. The material to be inspected moves
on a conveyor belt 4 through a set of four coils.
L,, L,, Ly and L,. Of these, the so-called generator
coils L; and L, are wound in the same direction and

.-

Fig. 1. Diagram showing arrangement of the coils in a metal-
detector for bulk materials. The material to be inspected lies
on the conveyor belt 4. L, and L, generator coils. L; and L
pickup coils.

are fonnected in series; they carry an alternating
current of 1400 cfs. Fig. 2, which depicts a cross-
section of this coil system, also shows diagram-

matically some of the lines of force of the magnetic

“field that occurs in and around the coils. As will

~
)
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be seen, coils L; and L,, the “pickup” coils, include
lines of force emanating from both L, and L,, these
lines cutting the coils in opposite directions. When

the whole system is in equilibrium, no voltages are
N .

15054

Fig. 2. Cross-section of coil system shown in fig. 1. The broken
lines indicate the mean magnctic lines of force.

induced in L; or L,, but, should there be a metal
particle in the material under inspection passing
through on the belt A4, this will, if it enters coil L,,
modify the lines of force of this coil. The balance
between the voltages induced in L; and L, by L,
and L, is thus disturbed, and an A.C. voltage
occurs in L; and L,. Now, as these coils are wound
in opposite directions and are connected in series,
they will supply an A.C. voltage to the amplifier to
which they are connected. The amplified voltage
can be applied to a relay to operate a warning
system or to switch off a motor.
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An RC oscillator is employed as generator, this
being a simpler way of producing a stable frequency
and constant output voltage than by means of an
oscillator with LC circuit. The oscillator is coupled
to a push-pull amplifier with phase-inverter valve
in accordance with the circuit dagram shown in
Jig. 3. The oscillator proper comprises valves T; and
T,, a network R;-C,-R,-C, producing positive feed-
back; negative feed-back is provided through R,
and R,. For this circuit to oscillate, the alternating
anode voltage from T, must be in phase with the
alternating grid voltage of T, and, as will be seen
from a simple calculation, this takes place with an
angular frequency given, by:

w?= ——-1-—
R,R, GG,

When R, is of the same value as R,, and C, the
same as C,, as is usually the case in RC oscillators:

- Rlc - Rlc ' ).
141 2liz

The ratio of the A.C. anode voltage from T, to the
A.C. grid voltage of T, is then 3 :1, from which it
follows that the amplification of the two valves
need be only 3 for oscillation to occur. Without
the negative feed-back already mentioned (R;,R,),
the gain would be much greater, but it automatic-
ally adjusts itself to 3 in view of the fact that R,
has a high negative temperature coefficient (NTC
resistor 2). When a current flows in this kind of
resistor, the temperature rises and the resistance

(1)

w

2) See E. J. W. Verwey. P. W, Haayman and F. C. Romeyn,
Semi-conductors with large negative temperature coefficient
of resistance, Philips tech. Rev. 9, 239-248, 1947/1948.
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Fig. 3. Circuit diagram of the generator section of the metal-detector. Valves T, and T,
constitute an RC oscillator. T, is an amplifier and phase-inverter valve; T, and T are
output valves. K, cable connecting the unit to the generator coils L; and L,.
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drops. The negative feed-back factor in the circuit
therefore increases when the voltage across R; rises,
and this will occur as long as the gain from- T,

‘and T, (allowing for the negative feedback) exceeds

a factor of 3.

If the amplification is very high, so that a consid-
erable negative feed-back is necessary, a voltage
division will take place across R, and R, in a ratio
that is practically the same as that of the voltage
dividing network R,-C;-R,-C, which, as already
mentioned, is 3 : 1. The output voltage of the RC
oscillator accordingly rises ®) to a level where R, is
almost equal to 2 R,. For further details of this

type of oscillator 1eference may be made to other |

publications 4).

The voltage delivered by the oscillator is applied
through a capacitor C; and volume control R;, to
the grid of T, from the anode and cathode of which
two voltages are obtained, of opposite phase, which
are in turn fed to the two push-pull valves T, and
Ts. A cable K, is used to connect tle output
transformer of the oscillator to the two generator
coils I; and L,. Together with capacitor C,, these
coils form an oscillatory circuit tuned to a frequency
of 1400 c/s. As it is a practical impossibility to
make these coils absolutely identical, a variable
resistor Ry and variable capacitor Cy are connected
across one of them, enabling the current flowing in
it to be adjusted so that the sum of the induced
voltages in L; and L, (see figs. 1 and 2) will be exact-
ly zero.

- Fig. 4 shows the skeleton circuit diagram of the
amplifier and detector section, to which the voltage
induced in the pickup coils L; and I, is applied
via a cable K, This section comprises a two-
stage amplifier ¥V, for amplification of the A.C.
voltage induced in Ly and L,. Although only a
voltage of fixed frequency is applied to the ampli-
fier, it is essential that the amplifier should have a
certain minimum selectivity, as the gain is fairly
high, and this helps to reduce the noise originating
in the initial stage of the amplifier. Again, it is
undesirable to amplify harmonics of the oscillator

frequency, for the following reasons. The A.C.

voltage applied to the coils L, and L, by the os-
cillator is not purely sinusoidal. The “equilibrium”’,

3) The NTC resistor is the limiting eclement in this circuit.
If this method of limitation is not employed, the output
voltage is usually limited by the occurrence of grid current
or curvature in the valve characteristic. In this case
distortion of the output voltage is much more pronounced.

-4) M. G. Seroggie, Audio signal generator, ereless World 40,

294-297 and 331-334, 1949.

J. McG. Sowerby, Selectlve RC circuits, ereless World 41,

223-225, 1950. -
D.J. H Admiraal, RC oscillators, Electronic Applications
Bulletin 12, 111-131, 1951,
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in which the sum of the induced voltages in L; and
L, is zero, cannot be obtained simultaneously for
voltages at the fundamental frequency and its
harmonics. By designirig the amplifier to be fairly
selective, these two difficulties of the equilibrium
adjustment are avoided. Two filters are used to
give the required bandwidth.

The A.C.voltage delivered by the amplifier - V]
is rectified by a diode D and, when a metal object
passes through coils L, and L,, the voltage induced
in L and L, is modified, and the D.C. voltage sul;-
plied by the diode varies. The resultant voltage
impulse is amplified by a two-stage amplifier V,,
the output voltage of which is applied to the grid
of a thyratron Th; the phasing is such that when
the A.C. voltage applied to the diode D rises, a
positive voltage impulse occurs on the grid of Th,
which then strikes.

The voltage from the diode D is simultaneously
passed to the grid of an electronic tuning indicator
TI, to facilitate adjustment of the equipment. This
is done by adjusting resistor Ry and capacitor Cj
in the oscillator section (fig.3), so that the total
voltage induced in the pickup coils is as small as
possible; the fluorescent part of the tumng indicator

s then at its minimum.

75057
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Fig. 4. Circuit diagram of the amplifier and detector section
of the metal-detector. ¥, 4-stage amplifier for the voltages
at the generator frequency of 1400 cfs. The voltage rectified
by the diode D,is amplified in a 2-stage amplifier ¥V, being
simultaneously applied to an electronic tuning indicator TI.
A relay Reis included in the anode circuit of the thyratron Th.
S switch for quenching the thyratron; La and Ly signal lamps.

The amplifier ¥, is not a D.C: amplifier: capacitors
are used for coupling purposes. A slow drift in the
equilibrium adjustment (minimum induced voltage
in the ‘pickup coils) is unavoidable; the causes of
this may be temperature variations, or vibrations to
which the apparatus may be subjected. If ¥, were

‘a D.C. amplifier, it would respond to these slow
.changes, even in the absence of metal near the coils.

However, as V, is an A.C. amplifier, only rapid
changes in ‘the voltages induced in L; and. L,
operate the warning system. .




100

In order to prevent the condition of equilibrium

from being disturbed too much by eflects such as
those described above, the unit should be set at
regular intervals to give minimum deflection of
the tuning indicator.

The sensitivity

The sensitivity of the equipment drops as the
generator and pickup coils are made larger. It hasbeen
found in practice that with coils 16 sq. em in area
an iron particle 0.1 mg in weight can be detected.
To illustrate the relationship between the voltage
delivered by the amplifier and the particle size of
the iron, fig. 5 shows the A.C. output voltage

1
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Fig. 5. Voltage V delivered by the amplifier V) (see fig. 4)

as a function of the diameter d of a ecylindrical iron particle of

length | placed in one of the generator coils. Aperture of the
coils: 10 cm X 10 em.
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plotted as a function of the
thickness of a cylindrical
iron particle placed coaxi-
ally in the coil, for different
particle lengths. The coil
this was
100 em? From this figure
it will be seen that, provided

area 1n case

the particle is not too small,
the voltage obtained is a
linear function of the partic-
le thickness.

As the voltage induced in
the pickup coils, for a given
flux, is proportional to the
frequency, the sensitivity
in the frst
increase

will instance
with frequency,
but here it is necessary to

make a distinction between  right: coil system.
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IFig. 7. The amplifier and detector section of the metal-detector for
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Fig. 6. View of the oscillator section of the metal-detector for
bulk materials.

As the fre-
eddy
currents are produced in the foreign particles; the
detection of non-ferromagnetic objects is based on

iron and non-ferromagnetic metals.

quency is increased, more and more

this fact, so that a high frequency is advantageous
for two reasons. On the other hand, with iron
particles, which are detected by reason of their high
permeability, such eddy currents are undesirable
as they reduce the eflective permeability, so that
on this score, the frequency should not be too high.
In a number of units a frequency of 1400 c/s has
been employed, this being the frequency at which the
results shown above were obtained. For most of
the metals in general use, the specific resistivity
of which is not so low that the occurrence of eddy
currents is greatly hampered, e.g. copper, brass,

75041

bulk materials. At
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aluminium, the voltage induced in the pickup coils

at a frequency of 1400 c/s is roughly one quarter of
that produced by the presence of iron particles of

the same size.
If the equipment is to be highly sensitive, every

care must be taken to ensure a constant anode

METAL-DETECTORS
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or to improve the texture. The cloth is fed through
(calenders),
usually of steel, and heated. Calendering processes

a number of smooth, hollow rolls
are also widely used in paper making and in the
plastics industry. Should a metal particle become
fixed to one of the rolls, it would make an im-

Fig. 8. Metal-detector employed for materials used in the manufacture of gramophone
records. L coil system. ¥V oscillator unit. G amplifier and detector unit.

voltage for the valves, since small variations in
this voltage will have the same effect as the appear-
ance of a metal particle. On the other hand, if the
metal objects to be detected are comparatively large,
it will not usually be necessary to stabilize the supply,
and the equipment is correspondingly simpler.

Fig. 6 depicts the oscillator section of the metal-
detector, and fig. 7 shows the amplifier together with
a coil assembly.

A metal-detector for checking the materials used
in the manufacture of gramophone records is seen
in fig. 8. As a high sensitivity is needed for this
purpose, coils having an aperture of only 16 sq. cm
are employed.

Iron-detector for strip material
Description of the detector

In the textile industry the woven fabric is often
subjected to processes intended to increase the gloss

pression in the material once every revolution, thus
producing periodic flaws; alternatively, if loose
particles find their way on to the surface of the
rolls, they will become embedded in the material.
Often, the rolls become
damaged, involving re-surfacing, which is a costly

too, themselves may
operation.

Another process that many fabrics undergo is
one of trimming, which consists of removing the
fibres which project above the general surface.
The fabric is passed over a roll, above which a
fast-inoving cylinder with helical cutters is mounted;
these cutters travel along a straight blade and so
remove all projecting fibres ®). A single piece of
metal between the cutters would cause very
serious damage.

A metal-detector of the kind described above

5) The action is analogous to that of a lawn-mower.
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would not be suitable for application to strip material
of width say, one metre, as often encountered in the
textile, paper and plastics industries. The use of
coils of such dimensions that the material can pass
through them, is not feasible. For safeguarding
textile machines and the like, a metal-detector has
therefore been specially designed, based on a
different principle. As will be seen from the descrip-
tion that follows, this equipment reacts only to
particles of ferro-magnetic metals, but, in view
of the fact that most of the unwanted metal
particles encountered in the machinery are of iron,
the equipment offers a considerable degree of protec-
tion. Against this limitation may be set the advan-
tage that this detector is simpler, cheaper and more
robust than that designed for bulk materials.

The principle of this iron-detector may be ex-
plained in reference to fig. 9. A magnetic circuit is
. employed, comprising permanent magnets M, soft
iron blocks B, and pole pieces P, also of soft iron.
Coils L are mounted on the blocks B, and between
the pole pieces there is a gap Sp which has a brass
strip soldered into it to prevent the entry of dust
etc. and to_increase the robustness. The fabric is
passed over -the smooth upper faces” of the pole
pieces, which can be made in any length to suit
the width of the material. The magnets are arranged
at regular intervals along the pole pieces, the num-
ber depending on the material width.

If the fabric contains an iron particle it will, on
passing the gap Sp, cause a variation in the magnetic
flux, which in, tuun produces a voltage impulse
in the coils®). These coils, which are in series with
each other, are connected to an amplifier the circuit
diagram of which is depicted in fig. 10.- Two stages
of amplification (valves T; and T,) are followed
by a thyratron with relay in the anode circuit for

Fig. 9. Principle of the iron-detector for strip material. P pole

pieces; M magnets; B soft iron blocks; L coils; Sp gap between

pole pieces. . ’

6) The action can be compared with that of the playback
head of a tape-recorder on a very large scale, the remanent
magnetism being in this case not in the tape, but in the
head (and constant).
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operating a warning system or safety device. When
the thyratron has functioned it can be quenched by
breaking the anode circuit. To simplify operation,

the circuit may be so arranged that, when an iron

+

75224

Fig. 10. Circuit of the amplifier section of the iron-detector
for strip matcrial. T, and T, amplifier valves. Ty thyratron.
F filter for suppression of interfering voltages. Re relay.

particle appears, the detector is switched off
simultaneously with the driving motor on the ma-
chine. Once the particle has been removed and the
motor is re-started, the detector then automatically
comes into action again. ’

Since this unit is more sensitive to interference
from external magnetic fields than the first detector
described, a filter F is included between the coils
and the first amplifier valve. The frequency of
interfering fields is nearly always 50 c/s, whereas
the voltage impulses prod{med by iron particles,
at the speed at which fabrics usually move forward
(10 to 20 metres/min), contain chiefly components
of much lower frequency (5 to 25 c¢fs), so that a
filter to suppress 50-cycle frequencies eliminates for
all practical purposes the effects of interfering fields.
Tests in a textile mill have shown that an amplifier
without filter delivered an interference voltage of
about 16 V, originating from neighbouring motors.
The voltage produced by an iron particle was found
to be 15 V. With filter fitted, the unwanted voltage
proved to be only 1.2 V.,

The suppression of interfering voltages can be improved
considerably’ by shielding the filter with magnetic ‘screens,
thus preventing the stray fields from inducing voltages in the
filter itself. In practice, however, it is found that, even without
the screening, the ratio of the required voltage to the unwanted
voltage is sufficiently high in almost every instance. In this
connection, mention may be made of the interfering voltage
encountered when the iron-detector was set up at various
distances from a fully loaded 2!/, h.p. electric motor. At
distances of 30,50 and 100 cm the voltages delivered by the
amplifier with filter were 8, 6 and 1 V respectively.
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It wasfound necessary, however, when using the iron-detector
on a machine, to shunt the motor-starter with a capacitor. If on
this is not done, a \'roltage impulse may be produced each time
the motor is switched on, such that the detector immediately
switches it off again. This can be avoided in almost every
case by using a capacitor of about 0.1 uF.
. As mechanical vibrations in the coils also tend to initiate
voltage impulses, it is advisable to mount the whole unit, or
at any rate the pole pieces with the permanent magnets, on
flexible supports.

The sensitivity

The magnitude of the voltage induced in the coils
increases rapidly with the speed at which the iron
particle passes the gap between the pole pieces,
and also with the size of the particle. To illustrate
the sensitivity, fig. 11 shows the peak value of the
voltage impulse as a function of the particle speed,
when an iron particle 7 mg in weight moves at a
distance of 3 mm across the gap. In fig. 12 the

weight of the iron particle is shown plotted against -

the distance at which it must travel across the gap
to produce an impulse of 1.5 V at the output of
T, in this case the speed of the particles was con-
stant at 15 m/min. '

In the arrangement of the complete appliance the
valves T, and T,, together with the filter and
associated switch gear, the magnets, coil and pole
pieces, are combined to form a single unit. The
thyratron with relay and necessary switches are in a
separate cabinet. The Philips electronic relay type
GM 4801 serves the purpose well; the supply voltages
for the amplifier can also be obtained from this
relay. Fig. 13 shows these two units, and fig. 14
illustrates the manner in which the iron-detector
can be mounted on a textile machine.
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Fig. 11. Peak value Py, of the voltage impulse delivered by
T, with an iron particle of 7 mg passing the gap between the

pole pieces at a distance of 3 mm, plotted against the speed s.

of the particle. Width of gap: 5 mm.
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Fig. 12. Weight G of iron particles travelling ‘at 15 m per
minute which must move past the magnet gap to produce
a voltage impulse of 1.5 V peak value at the output of valve
T, (see fig. 10), as a function of the distance a from the gap. -
Width of gap 5 mm.
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Other uses of the iron-detector

Apart from its use in protecting machines from the
effects of iron particles, the detector described can
also be employed to operate some form of warning,
or to stop the machine, when any irregularities in
the fabric or variation in the thickness occur. A
soft iron wheel is made to run on the fabric ad-
jacent to the gap in the pole pieces. As long as the
thickness of the material is constant, the distance
between the wheel and the gap will remain constant
too, and no voltage will be induced in the coils.
Any irregularity in the Surface will vary this
distance and thus initiate a voltage impulse.

The detector has many applications apart from
the detection of iron as an impurity. When laige
iron objects are involved, the equipment described
will operate at distances of one metre or more from
the object; hence it can be employed for timing
purposes in motor racing, or for safety devices or
signalling in traffic, lifts or other transport systems.
Another special application consists in the counting
of a succession of objects, particularly when
“optical”” counting with a photo-cell is rendered
difficult because of vapours or steam, as for example
in canning factories. A counting system is then in: .
corporated in the anode circuit of the thyratron,
but in this case it is necessary to make a slight
modification in the circuit (fig. 10). i

When a counting system is employed, the thyra-
tron must of course cut out immediately after, it
has once fired, and this can be effected by means
of a relay which breaks the anode circuit after a

- slight delay ?) when energized, and re-makes it

again in short interval after it is released. This

?) This delay is essential because, when the iron object is not
small, more than onevoltage impulse will often be produced.
It is then necessary to prevent the counting system from
operating more than once. :
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involves a difficulty however, in view of the fact
that a voltage impulse caused by an iron object
passing over the pole pieces comprises components
whose frequencies are very low. Hence the coupling
capacitors in the amplification stages have to be

When the
thyratron strikes, the ion

fairly large.
current charges the capa-
citor C; up to a certain
proportion of the running
the
thyratron is quenched by
the the

anode circuits, this capa-

voltage and, when

interruption in

citor must discharge across
R,. Owing to the high time
constant of R,C, (C;

0.22 uF, R, 2.2 MQ),
roughly 1 second must
elapse after the thyratron
has cut out before C, is
more or
charged.

less fully dis-

Now, if

[ ,

the

Detector

75225

Fig. 14. Iron-detector fitted to a textile machine.
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anode circuit is closed again before this has taken
place, the positive voltage still available on the
grid would cause the thyratron to operate again,
whether or not a positive impulse is applied to the
grid. This would make reliable counting impossible,

Fig. 13. An iron-detector for material of maximum width 2 metres. with amplifier cover
and cover plates of the pole pieces removed. In the left hand top corner will be seen the
Philips electronic relay, type GM 4801.

and, indeed, preclude all applications in which
rapid operation of the thyratron is required. A
simple solution lies in placing a crystal diode
between the points p and ¢ in fig. 10, its conduction
direction being from p to ¢q. Positive impulses thus
have a clear path to the grid of the thyratron, but,
in order to charge the capacitor C, after the thy-
ratron has struck, a current must flow through the
crystal diode in the direction in which it is least
conductive, resulting in a fairly long charging time
for C;. When the thyratron is to operate rapidly,
then, C; will be charged only to a fraction of the
thyratron running voltage, so that, after quenching,
this small charge has time to leak away before the
thyratron anode circuit is re-closed.

Summary. Two metal-detectors are described, which give
warning of the presence of unwanted metal particles in non-
metallic materials. The first of these was designed for detecting
metal particles in bulk materials, the sensitivity of the unit
being such that it will detect iron particles as small as 0.1
mg in weight; for copper, brass or aluminium the sensitivity
is roughly one quarter of that for iron.

The second unit was developed for the detection of iron
particles in strip materials such as textiles. Compared with
the first-mentioned unit, this is of simpler and more robust
construction, but it reacts only to ferro-magnetic metals.
In addition to the protection of textile fubrics and machinery
this detector can be employed for counting iron objects on a
conveyor belt, where it sometimes has advantages over photo-
clectric counting. It can also be applied to other cases where
iron objects are involved. e.g. for traffic signalling and for the
timing of motor races.
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IMPERFECTIONS IN MATTER

by G W RATHENAU *)

An important stage is reached in a field of research when we are able to distinguish between
phenomena inherent in an idealised system and others which are due to disturbances or im-
perfections in this system. The concept of an “ideal” or “perfect” state is prompted by a desire
for simplicity which, it would appear, is not shared by nature. Evidently the dynamic of the
human spirit is not based on the same “minimum principles” which govern the processes of
nature. Prof. G. W. Rathenau, in his inaugural lecture delivered on 16th March 1953 at

Amsterdam, elaborates on this theme and describes its application to the special field

of the structure of solids. The muin points of this inaugural address, supplemented with
illustrations and a bibliography, are reproduced here with the kind consent and co-operation

of Prof. Rathenau **).

Introduction

Matter in the solid state plays an exceptionnally
important part in our lives. The tools which man
has evolved are witness to the unique quahtles of
solid matter, and the evolutionary ages of man
bear the names of materijals. It is an open question
what name will be given by posterity to the present
age, for which the press has already introduced the
unfortunate title of atomic age. One thing is certain,
however, that the technical and social significance
of the discovery of nuclear energy largely derive
from the fact that new fuels are now available for
driving our machines.

As far as we ourselves are concerned, the human
frame has all the characteristics of solid substance,
even though opinions of the importance of this
vary between the extremes of Epictetus, who
regards the human being as a soul bearing the
burden of a body, and of Nietzsche’s view “Leib bin

ich ganz und gar, und nichts ausserdem; und Seele

ist nur ein Wort fiir ein Etwas am Leibe”. (I am
wholly body and nothing else; the soul is only
another name for a part of the body).

Bravais, a hundred years ago, was the first to

*) Professor at Amsterdam University; previously with
Philips Laboratories, Eindhoven.

**) The inaugural address has been published (in\Dutch)
by the North Holland Publishing Company, Amsterdam.

regard crystalline solids. as consisting :of atomic
p_ai'ticles arranged at uniform intervals, to form
periodic lattices in space. Not until 1912 did the
work of von Laue and co-workers brilliantly
confirm the main parts of this idea.

The last 40 years have shown that the applica-
tion of theory, and particularly the quantum

theory, to the model of the space lattice paves the .

way to an explanation of many of the properties
of solids.
On the other hand

- difficulties and the lack of precise physical represen-

tations, the model of the space lattice has so far
not been developed to the point where important
properties such as supraconductivity and the
magnetic saturation of metals can be satisfactorily
explained.

It may, at first sight, seem surprising that so much

i

owing to mathematical

of the theoretical and experimental work on the solid-

state in recent years has been concerned with the
imperfections in the space lattice, while the model
of the perfect space lattice is still in need of further
development. The explanation of this apparently
illogical development must be sought in- the fact
that small divergences in .the periodicity have a
pronounced effect on the characteristics of the
substance. The situation is very analogous to that

~

’
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of a‘cobbled road with a number of stones missing
after every thousand. From an aircraft, the road
would appear to be perfect, but a motorist would
consider it a very poor approximation to a road:
from the point of view of driving its usefulness
depends on the presence or absence of the defects.

The terms “periodicity deviation” and “lattice
imperfection” would seem to imply an unfavourable
appraisal not only of the matter itself, but also
of this whole field of research. Caution is necessary

. in any such qualitative appraisal, however. In the

history of scientific research it is often the case that
divergences found experimentally from an idealised
model have proved to be pointers to theoretically
and technologically important developments.
Furthermore, when imperfections appear to be
inevitable and should therefore be referred to as the
“rule” rather than as imperfections or defects,
their investigation is clearly justified.

In fact, particularly in recent years, it has been
shown that lattice imperfections are indeed inevita-

ble. -

The rdle of entropy in the occurrence of lattice
imperfections

It is a well-known fact that the production of
lattice defects in a crystal system involves an in-
crease of internal energy. At the same time, it is
possible to indicate two general causes of the
inevitability of such defects.. The first of these
is related to a very universal premise which states
that with rising temperature the macroscopic state
of an atomic system is determined less and less by
the requirement of lowest internal energy and more
by the requirement of a large number of ways of
obtaining this state. Stated in more general terms,
this means that at elevated temperatures, nature
does not tend towards order, but towards disorder.
Hence well-ordered crystals undergo a change at
the higher temperatures to the liquid or gaseous
state, in which the atoms are less well arranged.

The lattice imperfections, whose equilibrium con- .

centration increases with temperature, tend to
make the solid state resermble the molten or gaseous
phase. From the statistical point of view the state
implied by the word “disorder” could, in fact, be
termed “order”, just as an untidy writing desk,
viewed from a higher level may, in fact, be
considered as being more ordered than one on
which all the papers are concentrated in one heap.

Let us take the case of a crystal consisting of
atoms of one kind only. Atoms of one kind may be
régarded as indistinguishable from each other, so
that the crystal can be constructed in only one .way.
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If one atom of another kind be introduced, however,
the conditions are very different. A given macro-
scopic condition, e.g. a crystal with a foreign atom
somewhere within it, can be constructed in just
as many ways as there are possible positions of the
foreign atom in the crystal. The same will apply
mutatis mutandis to atomic vacancies in a crystal,
and for all other local departures from uniformity.

Many solids are formed at such high temperatures
that the number of realisation possibilities — ex-
pressed in terms of the entropy — will significantly
influence the concentration of imperfections. It is
not improbable that, for special applications, ad-
vances in technique may lead to lower temperature
methods of preparation of solids, which can now
be formed only at elevated temperatures. Often,
however, it is found that the limit of chemical
purity indicated by entropy has not been reached
by a long way. In three dimensions, the analogue
of our example of the cobbled road, viz, ome
impurity at 1000 atomic intervals, may, in fact, be
called a model of perfection.

Interaction between physical lattice

defects and
departures from stoichiometry. P

In a study of this kind it is an over-simplification

- to regard divergences from exact chemical com-

position, i.e. departures from stoichiometry, as inde-
pendent of physical departures from uniformity, such
as vacancies in the lattice. Often the internal energy
of a crystal can be reduced by introducing a chemi-
cal defect together with a physical imperfection.
A well-known example of this is given by Bradley
and co-workers!) in the ordered nickel-aluminium
alloy NiAl with a surplus of aluminium. From the
point of view of minimum energy it is more ad-
vantageous to leave two places vacant in the nickel
sub-lattice than to squeeze a large aluminium atom
into one of the places belonging to the small
nickel atom. The same argument explains why in .
ionic lattices such as that of ferrous oxide FeO,
a surplus of oxygen is in fact obtained by the
formation of unoccupied places in the lattice of
the iron.

This last example may be used to show that the
introduction of extra oxygen may have further
consequences in addition to the occurrence of
physical defects in the form of unoccupied places in
the ionic lattice. In fact, as far as energy is concern-
ed, it is most advantageous to make the entire
crystal electrically \‘Iieiij:i';il. This can be done by
the formation of trivalent iron ions as additional
lattice faults. One kind -of lattice defect is then
respoﬁsible for a whole chain of defects. Future
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work will have to be awaited for an atomjc scale-
picture of the situation in ionic crystals containing
more complex defects such as dislocations. The fact
that the valency of the participating ions can be
controlled by the introduction of suitable chemical
additions in ionic lattices has been shown by
Verwey and co-workers 2). In this way the electrical
conductivity and diffusion rate in the solid state,
i.e. the reactivity, can be controlled. The problems

concerned are particularly important from a

technical point of view. Among others, Wagner 3),

Mott #)- and Shockley %) have made- contributions’

'

to their solution. - .

Mention has been made of a physical defect arising
from a chemical imperfection; this is an extreme
instance of interaction. More usually, physical and
chemical lattice irregularities  already present,
attract or repel each other. Examples of this are
found in the work arising from Snoek’s research-on
interstitial solutions %); small atoms occupy inter-
mediate lattice positions in crystals built up from
larger atoms. It appears that these small atoms
migrate to those places where there is a physical
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Fig. 1. Damping 4 of torsional vibrations in iron as a function
of the temperature T. The damping is caused by the migration
of dissolved nitrogen atoms to sites offering them the most
spacc. These atoms thus arrange themselves more or less
along the direction of tensile stresses, subject to a certain
relaxation time. If the oscillation period is egual to 2z
times this relaxation time, a relatively large amount of
- the vibrational energy is absorbed and dissipated as heat. '
A damping peak therefore results .
0: wire of pure iron
1: iron wire with dissolved mtrogen
2: as 1, but with greater quantity of nitrogen

(From J. L. Snoek, Physica 8, 711-733, 1941).
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lattice defect which offers them more space. When
the crystalis elastically stretched, they arrange them-
selves more or less in the direction of elongation
(fig. 1). If permanent, additional lattice defects are
produced as a result of plastic deformation, the
interstitially dissolved atoms are captured within
them, as shown by Dijkstra 7). The material can

accordmgly be purified locally by heaping up the‘

impurities at some other point.

‘It is clear that research in this newly opened
field, as undertaken for example by Zener 8),
Cottrell ®) and Fast 1), is only at a beginning. It
is difficult to believe that the accommodation of
dissolved atoms is determined only by the amount
of space available for them. For that matter it is
not at all certain in what state of ionization the
interstitially dissolved atoms occur and whether
this ionization does not in turn depend on-the
surroundlng structure. It is possible that sensitive
methods of ‘measurement may yield further in-

formation on these questions. . .

Acceleration of structural changes by lattice im-
perfections -

As a first reason for the inevitability of lattice
irregularities, the entropy gain which they occasion
has already been mentioned. When the’crystal is
at an elevated temperature, the internal eneigy

“will rise if irregularities occur, But the free energy

— which demdes ‘what will really happen — will

. decrease. - -

The second reasdrg for the occurrence of lattice
defects is that, in general, nature by no means
always selects a path for structural changes that
leads direct to the greatest decfease in free energy
of the system. Nature takes the quickest route
compatible with the requiremént of a drop in free
energy in the whole system. In systems involving

, structural changes in the solid state, this speed ‘is

often achieved at the expense of the perfection of
the lattice. One may be permitted t6 say that nature
behaves as a mass producer, preferring a quick
sale at low profit. N '

Crystal growth from solutions; nucleation as a rate-
limiting factor '

Frank and co-workers ') have concerned them-
selves with the growth of crystals especially from
supersaturated solutions. Their investigations are
of great importance as the treatment is straight-
forward and the confirmatory experiments unam-
biguous. Consider the case of a perfectly faced

crystal in a ioderately supersaturated solution, -

;
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The first atoms, which by adsorption could form
an atomic layer on the perfect crystal face, parallel
to it, are very liable to be re-dissolved, for the
evaporation pressure of the nucleus of the new
layer is very high as long as its volume is small
compared with its surface. However, once a nucleus

VOL. 15, No. 4

sence of a dislocation of this kind, growthis practical-
ly at a standstill.

In the case in point, imperfections in periodicity
are thus essential to growth. Whoever compares
the experimentally found growth spirals — of
which fresh examples are given almost daily —

Fig. 2a) Growth of a single erystal of n-hectane in the direction of the axis of a serew
dislocation. Electron-microscope photograph; specimmen shadowed with palladium. (I. M.
Dawson, Proc. Roy, Soc. A 214, 72-79, 1952, No. 1116).

of a certain critical size has been accidentally
formed — an improbable event in itself — it can
grow rapidly and thus produce another perfeci
face on which, after an indefinite time, a f{resh
nucleus of critical size may be adsorbed.

In the example given, the repeated nucleation
is the process that determines the speed of the
reaction. It can be avoided by building the erystal
on the principle of a single continuous surface,
much as the surface of a secrew thread or that of a
spiral staircase can be regarded as constituting a
single surface. If a crystal exhibits a screw disloca-
tion of this kind, it can grow further in the direction
of the axis of the spiral without requiring repeated
nucleation from which fresh faces can grow (fig. 2a
and b).

For crystal growth, therefore, what is needed is
a dislocation such that the Burgers vector charac-
terising the imperfection (so called after J. M.
Burgers who has done much pioneering work on
dislocations) includes a component in the direction
of the normal to the plane of the lattice. In the ab-

Fig. 2b). Growth spiral on a carborundum crystal. (A. K,
Verma, Nature 168, 430, 1951).
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with the calculated forms cannot doubt the essen-
tial correctness of this statement. If the distance
between the successive turns of the spiral along the
axis is large, possibly. owing to the presence of a
large and rather complex unit cell in the structure,
it may be expected, moreover, that thatspace
round the axis of the spiral, which is under the most
elastic strain, will be “channelled” and not filled

with atoms %), Until now, examples of this phe-.

nomenon have been obtained experimentally only
in inorganic substances. It would :be surprising,
however, if no use were made in living matter of
this opportunity for the formation of very fine
capillaries. ,

It might well be asked to what should we attri-
bute the screw dislocation that promotes the
growth of a crystal? It is probable that this phy-
sical imperfection will, again, often arise as a result
of variations in the chemical composition — corro-
borating the proverb that accidents never happen
singly. [ ;

I should not wish to create the impression that
the theory propounded by Frank is capable of ex-
plaining more than a small part of the phenomena
of crystal growth from the liquid phase. Suffice it
for me to say that it is at the moment not quite
clear how the terms “supersaturation of a solution”
and “perfect interfaces” should be interpreted when
applied to crystal growth from a melt. It is not
improbable that the imperfection in crystals formed
from the melt (as revealed by X-ray diffraction)
is to a certain extent also unavoidable.

Segregation; diffusion as a rate-limiting factor

In the growth of crystals from supersaturated '

solutions, of which we have just spoken, the
nucleation is the rate-limiting factor. In order to
grow without repeated nucleation — that is to say,
rapidly — the crystal awaits the occurrence of
lattice imperfections. In other transformations of
solids there are rate-limiting factors of a different
kind. A typical example is found in iron-carbon
alloys, which form homogeneous crystals at elevated
temperatures. At relatively low temperatures these
crystals must, in order to attain equilibrium,
separate to form two quite different kinds of crystal
which also both differ from the original in structure
and carbon concentration. Here, it is the diffusion
of the carbon that determines the rate of trans-
formation. In fact, the carbon appears almost
. only in one of the final phases.

In order to increase the speed of the reactlon,
nature reduces the path along which diffusion has to
- take place, viz. by forming the two new crystal types

\
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as lamellae in alternating layers (fig. -3). At the
boundaries between two such lamellae, imperfec-
tions occur, simply owing to the fact that the two
lattices do not mate. During the transformation,
therefore, a part of the available free energy is
transferred to energy at the boundary planes.

According to an estimate of Zener 13), who has
made a theoretical investigation of such trans-
formations, about half the energy released during
the transformation should be retained as boundary
energy, in order to give the highest reaction rate. The
lower the temperature at which the transformation
takes place, the lower the rate of diffusion, but the
greater the amount of free energy available for the
formation of new boundary planes. As a result, a
finer spacing of the lamellae occurs, a fact which
has been known for some time from experiment.
A theoretical minimum for the lamellae spacing, as
indicated by the energy at the boundary plane and
the heat of transformation would lie in the region
of 200 A.

Even ‘though the principal factors are known,
the transformations that take plac,%: in steel have
yet to be studied very much more closely. It is
not yet known, for example, whether and when a
relationship exists between_ the orientation of the
lattices of the two lamellate types of crystal.

. -

Segregation ; various rate-limiting factors i

' Whereas in the first-mentioned class of structural
changes, nucleation is the rate-limiting factor, and in
the second example the diffusion, it is to be ex-
pected that frequently one and the same substancé
will encounter different rate-limiting factors in
different temperature ranges. Nature employs
various devices to evade these.

Crystals supersaturated with a.given element,
as investigated by Guinier %) and Koster .15),
furnish eloquent examples of this. Below a certain
temperature the solid solution is no longer stable.
Just below this transition temperature there is so
little free energy available that the surface energy
essential for the formation of a germ crystal cannot
be produced. In this temperature region, germ
crystals occur as parasites on any lattice imper-
fections that may be present, which reduce the
surface energy required and thus promote an
acceleration of the process. In this way the lattice
imperfections become permanently fixed. At tem-
peratures well below the transition temperature,
more free energy is available to reduce the super-
saturation to zero, but diffusion now takes much
longer, and precipitation from the supersaturated
solution therefore occurs everywhere in the lattice

X
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of the matrix. This involves the consumption of
considerable energy for the formation of lattice
irregularities. The precise physical picture of this
process can only be conjectured; one experimental
indication is that in this low temperature region
the separation appears to be reversible. Anincrease
in temperature results in solution.

Finally, at very low temperatures, the rate of
diffusion is so small that concentration differences
even over very small distances require a great deal
of time to develop. Transformation then takes place
as a sudden reaction, the whole structure of the
lattice undergoing a change whilst retaining the

VOL. 15, No. 4

original composition; this structure is not stable,
but it is more stable than the original one in the
supersaturated state. The dimensional and angular
changes accompanying this instantaneous reaction
lead to an upheaval in the lattice and a large accu-
mulation of energy in the resulting lattice defects.

It is possibly relevant to note that the physical
picture of the relationships between the orientation
of the vanishing lattice and of the lattice in process
of formation is still very incomplete.

Recrystallization

During the growth of crystals in the homogeneous

Fig. 3. Formation of pearlite during cooling of an iron-carbon solution from high tempera-
tures. The pearlite forms in colonies of small lamellae. The progress of the boundary of the
pearlite formation is shown by the dotted lines in b to d. Photograph taken with an emission
electron microscope constructed at Eindhoven (See G. W. Rathenau and G. Baas,
Physica 17, 117-128, 1951). Magnification 500 X.
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solid phase it commonly occurs that energy for the’

formation of lattice imperfections is partly diverted
to ‘ensure that the disappearing lattice will vanish
as quickly! as possible. We know that when metals
are plastically deformed, the disturbances in the
lattice due to this will, when the temperature is
raised, line up in continuous planes, thus forming

boundaries between undistorted, submicroscopic
_zones, with very slight mutual disorientation among

the lattices. The phenomena of recovery and

- recrystallization, on which W.G. Burgers and co-

”~

workers 1) have done such important work, are
apparently based on nothing else than the develop-
ment of these zones into larger areas. :

For many years C.S. Smith 17) has stressed the -

fact that the motive force in the growth of crystals
in the homogeneous solid phase is the interfacial
tension at the boundary planes, just as in the growth
in a system of soap bubbles. From this it follows that
small crystals are no match for larger ones, but
that crystals of which the lattice shows only
slight disorientation have little tendency to absorb
each other. This is because the surface tension is
very small when the disorientation angle approaches
zero (fig. 4), a fact which is quite plausible and
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Fig. 4. Interfacial tension E (energy per unit area) of two
crystals disoriented by an angle @ with respect to each other.
The various measurement points refer to three different
metals, (W. Shockley, L'Etat solide, Inst. Internat. de Phys.
Solvay, Brussels 1951, p. 447.) If Om be the angle at which
E is at a maximum (=Em), E/En appears to be (to a fair
approximation)’ the same function of ©/®m, independent of
the metal.

\
which is quantitatively demoﬁstra_tted by the cal-
culations of Read and -Shockley %) and others,

and by the experiments of Chalmers, Dunn and .

others. The fact that crystals with roughly similar

orientation are not in a position to react with each

«
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" other quickly, means that they can grow indepen-

dently of each other, and that lattice disturbances
become permanent at the common boundaries
(even though they may not be very numerous per
square cm).

Order-disorder transitions .

Lastly, we must not overlook the phenomenon
of ordering in systems containing more than one
kind of atom, say two kinds. Below the so-called
transition temperature, a-condition is approached
in which each atom surrounds itself uniformly
with as many as possible of the other kind of atom.
In recent years the theory of order-disorder

_transitions has made great progress by taking into

account the interaction of not only nearest atoms,
but also their next-nearest neighbours. It appears,
for example, from 'the work of Linde %), Mac
Gillavry 20) and Guinier ') that in the transition
from the state of disorder to that in which order is
maintained even over large distances from an
atom, contiguous well-ordered zones are formed,
the order being disturbed at’_x_‘_:jt:be boundaries. In
the lattice of one zone the atoms are thus disposed
in a different manner from that of the atoms in
the lattices of neighbouring zones. It again appears
as though imperfections at the boundaries which -
are difficult to eradicate — the ‘so-called‘fstacking
faults — must be accepted in order to obtain a
reduction in the free energy wi}:;!gin the whole space
as quickly as possible. This raises the interesting

_ problem that such faults appear to occur only on

certain kinds of lattice plane and that this happens
at regular distances. _

In this connection it is worth while recalling one
of Guinier’s observations; in an alloy of one atom
of aluminium and one of silver he found an ordering
of the atoms within short distances, i.e. in very
small zones, even though long-distance ordering
and a transition temperature have not been found.
It may well be that such short-distance ordering

occurs in many systems and has some influence

on the physical, electrical and also the very sus-
ceptible magnetic properties.

The nature of physical lattice imperfecfions

In the foregoing we have discussed at some length
the fact that, for the sake of an increase in entropy
and high reaction rates, lattice imperfections occur
as a necessary — but none the less interesting —
“evil”’. We have not yet attempted, however, to
give any physical picture of the lattice defects.

It is beyond dispute that screw dislocations are
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a physical reality in the growth of crystals from
solutions, and there can also be no doubt as to the
accuracy of the picture given in 1939 by J. M.
Burgers 22) of the faults that occur at the crystal
boundaries. Means were found to “develop” such
faults for examination under light and electron
microscopes by making them function as points
of nucleation during the formation of new phases #*)
(fig- 5). The spacing of the faults thus rendered
visible correspond to that anticipated from the
known disorientation of adjacent crystals.
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experience of physical deformation, electrical con-

ductivity and so on, date back a long time. The

theory is already in an advanced state of develop-
ment. Without going into atomic data such as the
cohesion between the atoms in a lattice, we have,
models of
possible lattice imperfections. In this way the

by geometrical means, constructed
statics of lattice imperfections 25) and, recently,
also their dynamics, have been developed to a high
degree and adapted to all the empirically known
phenomena. For example, the important new in-

¥y

Fig. 5a) Geometrical representation of dislocations at the boundaries between two
crystals, (Vide J. M. Burgers, Kon. Ned. Akad. Amst. 42, 293, 1939.)

b) “Developed™ dislocations of the kind depicted in a). The distances are as anticipated
from the observed disorientation angle of the adjacent crystals. The arrows indicate the
crystal boundaries. (R. Castaing and A, Guinier, Comptes rendus 228, 2033-2035, 1945.)

Druyvesteyn and co-workers 24) have for some
years concerned themselves with the deformation
of metals at low temperatures, and their work
makes it probable that, in this case, conforming
the

vacancies is in part responsible for the recovery of
P

with the ideas of Seitz, diffusion of atomic
the Jattice after deformation.

In all truth it must be admitted that other kinds
of lattice imperfection exist which have never been
demonstrated in a fundamental manner, but have
been deduced indirectly from various experiments.
In physics, where the fundamental experiment
generally precedes the theory and the latter precedes
the practical application, this is a rather unusual

situation. Technological applications based on

formation regarding diffusion, the so-called “Kirken-
dall effect”, has now been added to the applications
of the theory of lattice imperfections. Experiment-
ally, however, the fundamental work has so far con-
sisted only of more or less happily chosen models.
There is, for example, the well known two-dimen-
sional model of a disturbed lattice devised by Bragg
and co-workers *%) consisting of a “raft” of uniform
soap bubbles ( fig. 6). However, as recently demon-
strated by Shockley, it can be very dangerous to
derive (uantitative data from a model of this kind.

The state of affairs in the field of physical lattice
imperfections may be compared with that in the
phenomenon of disorder in aggregates of magnetic
dipoles, now familiar in ferromagnetism. The latter
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Fig. 6. Two-dimensional model of an imperfect lattice obtained
by drifting uniform soap bubbles against each other (Bragg’s
bubble method). In this example two “crystals” are seen to
have formed with a certain disorientation angle. (W.M. Lomer
and J. F. Nye, Proc. Roy. Soc. A 212, 567-584, 1952.)

presents a much more favourable picture, partly
because many of the phenomena are produced on a
very much larger scale. The detailed theory of the
geometry of Weiss domains, as given by Néel ?7)
has been admirably confirmed by experiment. It
is to be hoped that in the years 1o come suitable
experiments will enable the present theory of
physical lattice imperfections to be verified and
applied to the atomic forces at work in a given
system.
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Regarded superficially, the human body is a
beautifully symmetrical structure; yet every surgeon
will be able to point out that the internal structure
reveals a lack of symmetry that is essential for
proper functioning. He would have nothing bult
admiration for the logic by which these departures
from uniformity can be explained. Although, as
is usually the case, the analogy is by no means
perfect, the physicist, too, studying the imperfect
lattice and searching for relationships between the
imperfections and many important properties of
solids, will be fascinated by the logic of the un-
folding pattern and its far-reaching ccnsequences,

Summary. Whereas many of the properties of solids can be
explained theoretically on the basis of a model of the periodic
space lattice, certain properties and also many phenomena
occurring in crystals depend on small departures from the
periodicity. The occurrence of such lattice imperfections, in
spite of the additional energy required, is shown to be
correlated with the increase in the probability of a given state
(increase in entropy), or, by the evasion of rate-limiting factors,
with an acceleration of changes in structure that are necessary,
i.e. which lead to a condition of lower final energy. The first
instance is illustrated by a consideration of the interaction
between physical and chemical lattice imperfections, for
example, in the case of controlled valency substances and in
interstitial solutions. The second instance is encountered in
phenomena such as the growth of crystals from solutions,
segregalion, recrystallization and order-disorder transitions,
where the processes are in principle determined by the atomic
interaction as manifested in nucleation, diffusion, and inter-
facial tension. Some notes are included on the nature of the
lattice imperfections. Although some kinds of imperfeclion
such as screw dislocations, boundary faults, and atomic
vacancies are well-known and much theoretical work has
already been done on lattice defects, further fundamental
work as to the character of all kinds of lattice faults is still
required.
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PREPARATION AND CASTING OF METALS AND ALLOYS UNDER

_ HIGH VACUUM
. by’ J D FAST, A I LUTEIJN and E. OVERBOSCH

669.04: 621.365.52

~

* This article describes a method whereby metals and alloys of extreme purity and precise
composition can be produced in a form that lends itself well to further shaping into test
specimens or components. The high degree of purity is demonstrated by chemical analysis
and in’ certain instances also by the striking physical properties exhibited by such materials.

N
- 1
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"In the fundamental 1nvest1gat10n of metals and

alloys, as well as in their processing and use, many -
of the difficulties encountered are attributable to

impurities which are always present in commercial
grade metals. Particularly the so-called structure-
sensitive properties of metals are affected by the
nature, quantity and distribution of the impurities.
Among these properties are mechanical properties
such as tensile strength and ductlhty, and magnetic
properties such as permeability, coercive force and
hysteresis losses. In order to reveal the optimum
values that these properties can attain we must
be able to produce the metals and alloys in a very
pure state and also to add any desired percentage
of impurities ). By working with alloys of precisely
known composition it is also possible to obtain
information regarding the very practical questions
as to those impurities which are more particularly
to be avoided and the probable effect of any
dlvelgence from specified percentages of the main
constituents. The effect of the latter, when in-
vestigated . in commercial grade alloys, is often
completely ‘masked by the effect of fluctuations
in the percentages of impurities.
A few years ago there appeared in this ‘Review
a description of an apparatus by means of which
metals and alloys of. precisely known composition
can_be prepared by melting them under vacuum,
using induction heating 2). The present article refers
1) Ordinarily the word “impurity” is held to mean a deleteri-
ous constituent, but in this article we shall take it in the
wider significance of “a small percéentage of alloying
* econstituent”, without, however, specifying a sharply
defined limit for this percentage. This wider definition has
been adopted because it is not a foregone eonelusion that
all foreign elements are deleterious and beeause instances
Joceur in which one and the same “impurity”” will have an
adverse effect on certain properties of an alloy and a
beneficial effeet on others. — It should also be noted that
for the sake of brevity the words metal and alloy are
employed in many places as synonyms. This is not un-
justified for, strietly speaking, all metals are alloys, as
no metals exist in a perfectly pure state.
%) J. D. Fast, Apparatus for preparation of metals with an

exactly known content of nnpurmes, Ph]hps tech. Rev.
11, 241-244,-1950.

to improved equipment which enables an alloy,

when once prepared, to be cast immediately in a
mould while still under high vacuum. There were
two important reasons for designing equipment
along these lines, both of which are related to the
further processing of the metal. Whether the final

‘product is to be a component or a test specimen,

some further shaping operation is usually necessary,
— for example forging, rolling, swaging or drawing
into wire. During these processes uncontrolled
quantities of impurities may find their way into
the metal. If the mechanical properties are such that
the alloy can be worked at room temperature, the
risk of the intrusion of impurities is only slight;
the impurities are then confined to a very thin
outer layer which can be removed either mechanic-
ally or chemically. On the other hand, if the
mechanical properties of the alloy necessitate its
working at elevated temperatures, impurities are
able to penetrate much more deeply. Especially to
be feared is the intrusion of elements having small,
rapidly diffusing atoms, such as hydrogen, carbon
or nitrogen. Particularly with alloys which do not
lend themselves well to shaping operations it is
therefore important that they should be prepared
by casting under vacuum in a shape that will
necessitate 'a minimum of working to reach the

-ultimate product. The other advantage of casting

is that there is a smaller risk of cavities or blow
holes than obtains when the melt is cooled in the
crucible. Such cavities can be caused by the con-
siderable reduction in volume that usually accom- -
panies the transition from the liquid to the solid
state: thus, in the gradual cooling in a crucible,
when the interior of the melt remains liquid for some
time after the outside has solidified, cavities form
as the interior solidifies. By casting in a suitably
designed mould, this can generally be avoided, as
will be seen presently.

With the experience gained with both the earlier
and the present equipment it is now possible to
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Fig. 1. Melting equipment with two furnaces for melting and casting alloys under high
vacuum. The high-frequency induction heating coils are scen in position round the melting
chambers. At right (in background) is scen the high-frequency generator (300 ke/s, 25 kW)
and, below the bench, the high-vacuum and rotary backing pumps. On the bench, behind
the furnaces, will he seen the apparatus for supplying purified gases (hydrogen, argon,
oxygen, nitrogen) to the furnaces. Mirrors are mounted above the furnaces to give a
clear view of the metal in the crucible.

give a more complete outline of the methods Description of equipment

employed in preparing alloys of carefully predeter-

mined composition. Fig. 1 shows the complete equipment, with the
Some examples of the results obtainable by these high-frequency generator on the right and the

methods will be given at the end of this article. melting apparatus on the left. In the latter, two
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- Fig. 2. Diagrammatic cross-section of one of the furnaces
(not drawn to scale). The hard glass melting chamber 1 is
cooled by the flow of water in the glass jacket 2 and is ex-
hausted through the pumping tube 14. The metal to be melted
(M) is placed in a crueible 6°and is heated by high-frequency
current in the coil 5. When ‘the metal has been melted and
purified, any required alloying constituents L are added from
the side tube 19 (pushed out by a ferromagnetic plunger 20,
actuated by a movable solenoid 21). For casting, the plug 7

is withdrawn by energizing the solenoid 10. The molten metal

then runs out of the hole at the bottom of the crucible into a
mould 11, which is cooled by the flow of water in-jacket 12.
Details of construction: the chamber I and jacket 2 are
mounted on a metal ring 3, by means of vacuum-tight cement.
This ring is held by three clamps on the base 4 of the whole
unit; a rubber gasket coated with vacuum grease and lying
in a groove in 4 ensures a vacuum-tight joint. The crucible 6
stands on.a refractory ring in an outer crucible of quartz,
the space between the two being filled with fragments of

crucible material. The outer erucible stands on a wide quartz:

tube 8 which is held in place in the base4 by means of springs.
The plug 7, which is in effect a ceramic tube, is not attached
directly to the ferromagnetic bush within the solenoid 10,
but is earried by a molybdenum rod 9, this being wedged in
the tube by carborundum particles. The metal housing 12
enclosing the mould 11 is held against the base 4 by three
clamps 13 with rubber gaskets, to ensure a vacuum-tight

-
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furnaces will be seen, each of which is fitted with
its own induction heating coil.

» The pumps used for exhausting the furnaces to
a pressure of 10~ mm mercury are housed beneath
the bench; they consist of an oil diffusion pump
(500 litres per sec.) and a rotary oil backing pump.
On the bench may be seen the large metal valves
and wide tubes' used for connecting the furnaces
to the pumps. '

Fig. 2 is a diagram of one of the furnaces. The -
melting chamber proper lies inside a hard glass
cylinder (1) which is cooled by a continuous stream
‘of water through the jacket (2) when melting is in
progress. This cooling prevents the liberation of,
gases from the walls. ’ -\

At the centre of the chamber is the crucible (6)
in which the metal is melted. The coil (5) for .
generating the high-frequency electromagnetic field
consists of a helix of copper tube, also water-cooled.
The coil is mounted outside the melting chamber,
so that an alternating current of very high frequency
can be used (300 ke/s), ensuring compactness of the
equipment %), The heat developed in the metal is
generated mainly by the eddy currents, but in the
case of ferromagnetic metal (iron, nickel, cobalt),
hysteresis losses — below the ‘Curie point — con-
tribute towards the heating effect.

The crucible stands on'aring of refractory material
in an outer quartz crucible, which is in turn
supported by a wide tube of quartz (8); this is held
in position in a heavy metal base (4) by means of
three springs. The space between the two crucibles
is filled with small pieces of broken crucible material.
Both crucibles have a hole at the bottom; the hole
in the inner one is closed during melting by a long
tube, slightly tapered at the end (7) and made
of the same ceramic material as the crucible itself.
When the metal is ready for casting, this tube is
withdrawn; the hole is thus opened and the molten
‘metal flows out into a metal mould (11). The tube
is lifted by the action of a solenoid (10) on a ferro-
magnetic bush, by means of which the tube is
suspended. It is not advisable to attach the ferro-
magnetic bush directly to the ceramic tube, as the

3) If the H.F. coil were placed in the melting chamber.—

which is done in other apparatus (employing lower fre-
quencies) in order to permit tilting of the whole furnace
for casting — gas dlscharges between the turns of the
coil would occur, owing to the low gas pressures now
employed.

seal for the mould and a water-tight seal for the housing.

Different gases can be introduced into the chamber through
tube 15 and these are removed again through the side tube 17
which is connected to the backing pump. Indicator tubes
16 and 18 serve for checking the oxygen content of the gas;
22 15 a quartz funnel.

\
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latter would then tend to break easily, especially
when the melt reaches a high temperature; for this
reason Lhe force is transferred to the tube by a
molybdenum rod (9) attached to the bush and
wedged within the tube by carborundum granules.

The mould (I1) consists of a slightly tapered
copper tube closed at the bottom end with a nut
and a suitable vacuum sealing compound; the upper
end is flared and terminates in a flange by means of
which the mould is attached to the apparatus (with
rubber gaskets to ensure vacuum-tightness). The
flange rests on the upper channel-shaped rim of
the metal casing (12): water flowing through the
casing and channel effectively cools the mould and
gaskets.

The ample cooling of the mould — at least with
the simple form of mould depicted (I11) — ensures
that contraction of the metal on solidifying does
not result in blow holes: solidification takes place
from the bottom upwards, and the shrinkage
results only in a crater at the head of the casting
(the last part to solidify). The quantity of metal
to be cast can be so chosen that the crater occurs
wholly within the tapered head of the casting, thus
ensuring that the bar itself is solid throughout its
whole length.

Melting in a gaseous atmosphere

The melting of the metal prior to casting must
often be done in a gas such as argon or hydrogen.
The reason for this may be to minimize the evapora-
tion of relatively volatile constituents, but usually
— and this refers especially to hydrogen — it is
to reduce the oxygen content of the metal as much
as possible. Before the gases are passed through
the inlet (I5 in fig. 2) into the melting chamber,
all residual oxygen is removed by passing them
through a purifier (see article referred to in foot-
note 2)); this consists principally of a tube containing
copper chips heated to 500 °C and two coolers,
immersed in liquid oxygen when the gas to be puri-
fied is argon, or in liquid nitrogen for hydrogen.
The purity of the incoming gas is verified by means
of a Cr-Ni steel (18/8) indicator tube *) (16). The
gas leaves the melting chamber throngh a narrow
side tube (17), passes through another indicator
tube (18), and escapes through a mercury trap (not
shown in the drawing).

Nickel and iron are among the metals from which
the last traces of oxygen can be removed by
means of hydrogen. The indicator tube (18) shows
when practically no more oxygen is being released

4) G. W. Rathenau and H. de Wit, Metallurgia 40, 114, 1949.

CASTINGS OF METALS UNDER VACUUM 117

from the molten metal. At this point, however, the
metal will contain a quantity of hydrogen in solution
in place of the original oxygen. It is just those
metals referred to, i.e. nickel and iron, that are much
more capable of dissolving hydrogen when liquid,
than in the solid state. When casting is effected in
hydrogen, therefore, much hydrogen must neces-
sarily be liberated when the metal solidifies. Solidifi-
cation takes place so rapidly in the water-cooled
mould that many gas bubbles are included in the
casting. To illustrate this, fig. 3 depicts an iron bar
sawn through after having been melted and cast in
hydrogen at 1 aim. (For the normal examination
of castings for the presence of blow holes, the
castings are of course not sawn through; instead
radiograms are taken, in which cavities are revealed
as dark spots.)

75737

Fig. 3. Iron slug (sawn in half), as produced in the vacuum
apparatus after purification and casting in hydrogen at a
pressure of 1 atm. Owing to the large volume of hydrogen
dissolved, and subsequently liberated by the rapid cooling,
the metal is full of blow holes. This can be avoided by
pumping away the hydrogen before casting.

The evolution of gas during solidification can be
completely prevented by pumping away the
hydrogen after purification; in fact, if the gas is
pumped away until a pressure of 107° mm mercury
is reached, a cast bar of purified iron shows
no trace of blow holes or porosity at all. It is neces-
sary to commence pumping slowly, as the dissolved
gas otherwise escapes with such violence that drops
of metal are entrained by the gas.-To prevent this,
the melting chamber is first connected to the
backing pump by means of a cock in the narrow
tube (I7); when the greater part of the gas has been
removed, the wider tube (I4) to the main pump
is opened and the pressure is reduced to below
10~ mm Hg in a matter of minutes. This pressure
is measured at the main inlet tube (I5), to ensure
that the pressure in the melting chamber is not
actually in excess of the value measured.

If the required alloy is to contain elements that
have a high affinity for oxygen (e.g. aluminium,
zirconium, titanium, vanadium) it is better not to
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add these to the other metals in the crucible from
the start as, during the melting process, they then
combine with the oxygen present in the iron,
nickel, etc. The oxides thus formed, viz. AlO,,
ZrQ, etc., cannot be reduced with hydrogen. It is
true that these oxides coagulate and, owing to their
higher or lower specific gravity compared with that
of the melt, will either sink to the bottom or rise to
the surface. However, in practice, this coagulation
and separation take places very slowly. It is therefore
better to add the above-mentioned “impurities” to
the melt only when those constituents which can
be reduced with hydrogen have been fully purified.
The materials to be added are placed in a side
tube (19), and at the appropriate moment they are
introduced into the melt by means of a ferro-
actuated by a movable
solenoid (21). The special shape of the transparent

magnetic plunger (20)

quartz funnel (22) ensures that the metals fall into
the crucible. This funnel also fulfils other important
functions, such as protecting the glass wall of
the melting chamber from spattering metal, and
condensing the greater part of the evaporated metal.

Some further general points concerning the pre-
paration of very pure alloys will now be mentioned.

Choice of raw materials

For making alloys of high purity it is obviously
necessary to select very pure ingredients. It should
be remembered that all metals qualitied as “pure”
nevertheless contain a certain quantity of unspeci-
fied impurities. This applies also to “spectro-
chemically pure” metals, since spectrochemical
analysis, apart from its limited (albeit high)
sensitivity, does not usually give any indication
of the presence of carbon, nitrogen, hydrogen,
phosphorus or sulphur; these elements, even in
very small concentrations, generally have unexpect-
edly pronounced effects on the properties of a metal
or alloy. For example, a small percentage of sulphur
in nickel is so detrimental that for many applications
a nickel containing 0.019%, of sulphur, which might
indeed be termed “spectrochemically pure”, would
actually be regarded as highly impure and useless
for the purpose (see fig. 4). In contrast, nickel
containing 0.1% of cobalt may for the same
purpose be considered fairly pure and quite usable.

This implies that when a choice is to be made
from different qualities of a metal, it is not always
the metal with the lowest total content of impurities
that will be selected. If the impurities are such that
they can be eliminated during the melting process
only with difficulty, or not at all (and this includes
cobalt and sulphur in nickel), the choice will depend

on the harmfulness of the impurities present, from
the standpoint of the particular characteristics or
application in mind. Also, where the choice lies
between alternative impurities 4 and B, the first of

Fig. 4. Test specimens of nickel containing 0.029, sulphur, as
obtained by solidification in the crucible (i.e. without casting).
A specimen of this kind would have to be processed to give

it the desired form by forging, rolling, drawing etc,, but,
owing to the sulphur, the metal was too brittle to permit
any deformation. The result of an attempt to forge this
material is seen in the specimen at the left of the photograph.

which is very difficult and the second relatively easy
to eliminate during the melting process, a sample
containing a large quantity the impurity B might

be preferred to one containing only a small
percentage of A. For instance, the best elec-
trolytic iron is of much higher purity than

the best carbonyl iron, but the latter contains

almost only carbon, oxygen and nitrogen as
impurities, which can be removed during melting
(see article referred to in footnote 2)), whereas
electrolytic iron is liable to contain metallic im-
purities that cannot be removed easily, if at all.

Metallic impurities are eliminated without diffi-
culty when the volatility of the basic metal is much
lower than that of the other metals. For instance,
in the equipment described, which can be exhausted
to a pressure of 107° mm mercury, the manganese
content of iron can be reduced to less than 0.0019,

by volatilization from the molten iron at 1600 °C.

In principle, metallic impurities of which the affinity for
oxygen is much greater than that of the basic material can
be eliminated by allowing the molten mass to absorb a
controlled amount of oxygen; the impurities then undergo
preferential oxidation. It has already been pointed out,
however, that the oxides formed usually separate from the
metal very slowly: for this reason this method of purification
is not very practicable.

Effect of the crucible

Although the melting process offers facilities for
the
possibility of the introduction of impurities from

removing many impurities from an alloy,




1

OCTOBER-1953 -

the crucible itself must always bé considered. The
' choice of crucible material is therefore very im-
portant 5). Generally speaking, it is necessary to
employ ceramic materials for this purpose.

Metal crucibles are not usually suitable, since nearly all
metals form alloys with each other. Iron and lead form an
interesting exception. Iron is virtually insoluble in lead,
so that lead can be melted in an iron crucible without con-
tamination by the crucible itself.

In exceptional cases graphite crucibles can be employed
viz. for melting copper. In most cases, however, graphite is

“ unsuitable for crucibles, as many metals tend to form carbides
with the walls, or at any rate to dissolve apprecmhle quantities
of carbon from them.

For the highly reactive metals titanium and zirconium
there is in fact no crucible material that will give entire
satisfaction. With graphife crucibles, contamination by the
carbon is anything but negligible, and ceramics are not
suitable because these metals in the molten state cannot

be brought into contact with any oxides (even their own)

- without dissolving large quantities of oxygen. The graphite
crucible in this case appears to involve the lesser of the
two evils.

A material much employed for crucibles is pure
aluminium oxide and, for a long time, mainly this
material has been used in this laboratory. It is im-
‘portant to note, however, that this may not always
be the most suitable ceramic material. Thus, if an
alloy containing carbon is melted in a crucible of pure
aluminium oxide, it will take up metallic aluminium
as an impurity, as a result of reaction between the
carbon and the crucible material. Even in the case
of carbon-free metals, the use of crucibles of Al,O,
can’lead to the appearance of Al in the melt; the
following equilibrium is established:

0, 2 2[AT] 1 3[0] , )

in which the square brackets denote the components
. dissolved in the molten metal. The partial dissocia-
tion of the solid Al,O; as indicated in (1) must not
be entirely disregarded, for example, when -the
“melt is of iron, because of the high heat of solution
of aluminium and oxygen in molten iron. The
thermodynamics of this reaction show that the
reaction constant at a temperature of 1600 °C is
given by: , . l

K = [%AIP[% 0P ~ 107, © . (2)
where the quantities within the square brackets
are the percentages by weight. The purification

5) Not long ago a description was given of a method of
melting metals in a freely suspended state, i.e. not in
contact with a crucible; see E.C. Okress, D. M. Wroughton,
G. Comenetz, P. H. Brace, J. C. R. Kelly, Electromagnetic
levitation of solid and molten metals. J. appl. Phys. 23,
545-552, May 1952. So far, however, this method has
been developed only for very small quantities of metal.

’ tance”’
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of carbonyl iron (see above) may be cited as an
example: - subjected to prolonged
heating at 1600 °C, in an atmosphere of pure
hydrogen. If the iron is contained in an ALQO,
crucible, the -equilibrium . illustrated above will
be established and, in accordance with «(2), the Al
content of the iron will rise according as the oxygen
content drops. If the oxygen content of the molten
metal be reduced to 0.001%,, the melt, according to
(2), will take up about 0.01%, Al from the crucible.

Iron of greater purity can be obtained by using
a crucible made of magnesium oxide. Since the heat
of solution of magnesium in molten iron is opposite
in sign to that of aluminium), the reaction constant
of the equilibrium corresponding to (1) ‘is much
smaller than that given by (2). Moreover, magne-
sium is much more volatile than aluminium, and the
magnesium formed during the process leaves the
molten iron by evaporation. -~

the iron -is

Typical analyses of carbonyl iron with purification
in A1,0; and MgO crucibles will be found in Table I.

The electrical resistivity at low temperatures is
a very reliable indication of the purity of a metal;
the purer the metal, the lower: this i
. To obtain some idea of the order of magni-
tude of this residual resistance, the electrical
resistance R at 291 °K (room temperaturg) may
be compared with that at 20.°K (temperature of
liquid hydrogen). For iron melted in an ALO;
crucible the ratio Ryg;/R,, was.found to be'31. The -
iron melted in an MgO crucible yielded a ratio of
140, and this high value (as also Table I) illustrates
the very high purity of MgO iron.

“residual resis-

Table I. Percentages of impurities in iron melted in the vacuum
apparatus in two different crucibles,

A1,0;-crucible MgO-crucible
" Mg 0.0007% 0.0016 ¢,
Si 0.002 0.002
Al 0.027 0.001 )
Cu 0.002 0.000°
Co 0.001 . 0.000° -
Ni 0.006 0.003
C 0.000 0.000
S 0.000 ; 0.000
o 0.000 "0.000

Applicationsof the method

The preparation of pure iron in an MgO crucible,
as described above, is representative of the high
degree of purity obtainable with this apparatus.
Taking this pure iron as a starting point, investiga- .
tions have been made on the individual influence of
various impurities , of practical importance upon

~ !
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Fig. 5. a) Photo micrograph of an alley of 809 Ni + 209, Cr prepared in accordance

with conventional methods.

b) Photo micrograph of the same alloy prepared in the vacuum apparatus. It is at once

evident that this contains much fewer inclusions than the specimen in (a). Owing

to the greater purity of this specimen compared with (a), etching for a longer period v
was necessary to render the grain boundaries visible. The longer etching is evidenced

by the more pronounced scoring of the polished surface. Magnification of (a) and (b) 400 X.

the characteristics of the iron; the effects of certain
combinations of impurities have also been studied.
The results of these experiments have already been
published in this journal and elsewhere ), and

%) J. D. Fast, Investigations into the impact strength of
iron and steel, Philips tech. Rev. 11, 303-310, 1950;
J. D. Fast, Ageing phenomena in iron and steel after
rapid cooling, Philips tech. Rev. 13, 165-171, 1951:
J. D. Fast and L. J. Dijkstra, Internal friction in iron
and steel, Philips tech. Rev. 13, 172-179, 1951; J. D.
Fast, Strain ageing in iron and steel, Philips tech.
Rev. 14, 60-67, 1952; J. D. Fast and J. L. Meijering,
Anelastic effects in iron containing vanadium and nitrogen,
Philips Res. Rep. 8, 1-20, 1953 (No. 1); J. D. Fast and
M. B. Verrijp, Diffusion ef nitrogen in iron, J. Iren and
Steel Inst. to be published shortly.

further results will be given in the near future.

Many nickel alloys of exceptional purity have
also been prepared in the vacuum apparatus. Some
examples are given below.

1) Figures 5 and 6 are photo micrographs of alloys
of 809, Ni + 209, Cr, the one alloy prepared
in accordance with conventional methods and
the other in the vacuum apparatus. It is clearly

that

much fewer inclusions than the first.

seen the last-mentioned alloy contains

2) A high degree of purity, and in particular the
absence of inclusions, is essential in alloys which

I

are 1o be magnetically “soft”. Fig. 7 shows the

b

Fig. 6. Photo micrographs taken with““dark ground” illumination (light at grazingincidence)
of the same alloys as in figs. 5@ and b. By this method of illumination the polished,
specularly reflecting surface of the metal is invisible, but the irregularities caused by the
inclusions appear as bright points. a) Alloy prepared in the usual manner; b) alloy made
in the vacuum apparatus. Magnification 550 <.
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Fig. 7. Magnetization curve of two alloys of 409 Ni - 609, Fe.
The broken lines relate to an alloy carefully prepared along
conventlonal lines; the coercive force is as low as any value
for such alloys mentioned in the literature 7). The full line
refers to an alloy prepared in the vacuum apparatus.

‘BH curves of two alloys of 409, Ni + 609, Fe;
the full line refers to an alloy made in the
vacuum apparatus, and the broken line to an
alloy prepared with the greatest care along
conventional lines. The coercive force of the
last-mentioned metal is 16 A/m (0.2 oersted),
which corresponds to that of the best alloys
of this composition mentioned in literature on

the subject 7). The alloy made in the vacuum -

apparatus has an appreciably lower coercive
force, viz. 3.2 A/m (0.04 oersted). In each case
the heat treatment preceding magnetic measure-
ment was the same; the specimens were made
in the form of a ring (produced by rolling the
cast bar to a flat plate and then turning on .a
lathe) and were heated together for 5 hours at
- 1200 °C in pure hydrogen.

3) The purity of alloys prepared in the.vacuum
apparatus was also deimonstrated in the making
of Al-Ni alloys contammg about 1 atom Al to
1 atom Ni, as well as in-alloys of this composi-

) tion, to which small quantities of another metal,
e.g. iron had been added. These alloys were all
of -a bright metallic colour and did not exhibit
“variations in tint observed by ‘othér research
‘workers 8). This seems to point to the fact that
the coloration is attributable to impurities which

he .

) Cf. R. M. Bozorth, Ferromagnetism, Van Nostrand Co.

. New York, 1951, ﬁg 5-14, p. 115.
F. Pawlek Magnetlsche Werkstoﬁ'e, Springer - Berlin,
1952, fig. 158 p. 188.

8) A. J Bradley and A Taylor, Proc. Roy Soc. A 159,
56-72, 1931. |
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“can be av01ded by preparatlon in"the vacuum
apparatus. : .

.In accordance with what has already been said
in the preceding section,. the pure chromium and
aluminium used for the alloys in experiments (1)
and (3) were first placed in the side-tube 19 of the -
apparatus (fig. 2). They were added only .after -

.purification of the molten nickel in a stream of

S

hydrogen. In view of the’ great heat of reaction
between aluminium and ‘nickel; the former had to
be added in small portions. Only when all the metal

had been added was-the hydrogen pumped off and ,

the alloy cast in the mould

. The importance of the preparation of pure

alloys for metallurgical research has already
been demonstrated. It may, however, be interesting
to note that the vacuum melting apparatus
can also be usefully employed in the develop-
ment and manufacture’ of certain new products.

In many cases the importance of alloys prepared
in this manner les not only in their preclsely
determined and possibly unconventional composi-'
tion, but also in the fact that alloys melted and
cast under high vacuum -liberate very little gas

when subsequently heated in the solid state. This

is a very essential property for many of the compo-
nents used in electron tubes, especially the lead-in
wires through the glass ehvelope. Gas liberated by
the internal components tends to reduce the life of
the tube, while gas produced by the lead-in wires
or plates may result in leaky seals. During the
development of new types of electron tube so 'many
unpredictable factors are operative, that it is' a
great advantage to be able to exclude one of them,
viz. the -harmful effects of evolved gases. .The
apparatus described in this article, which will handle
charges up to about*2 kg, can even be used- for
production on a.factory scale for certain com-
ponents. This is’ the case for certain components
which require only small quantities of ‘metal in
each tube (for example in the form of very-thin wire)
the cost of the material is of mmor 1mportance~

"
A
.

Summary By melting mctals and alloys under a hlgh vacuum
itis in many cases possible to attain a very high state of purity.
Risk of mtroducmg 1mpur1t1es into the pure alloy during
processing is minimized by casting, also under high vacuum,
in a cooled mould of suitable form. This simultaneously avoids,
the blow holes which normally occur when charges of several
kilogrammes are‘cooled slowly ini thé crucible. The apparatus
designed for this method of making castings is deseribed in
detail. Some points of practical interest with regard to the
choice of the ingredient metals and’crucible are also.given.
A few examples are included to demonstrate the high purity
of the alloys prepared in the apparatus described; such alloys
are particularly useful for métallurgical research; as well as
for the development of electron tubes and other products.

\ -~
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: THE DETERMINATION OF DROPLET SIZE IN ARC WELDING BY

HIGH- SPEED CINEMATOGRAPHY
by P. C. van der WILLIGEN and L. F. DEFIZE.

621.791.75: 778.534.83

In arc welding, material is transferred from the welding electrode to the work in the form
of droplets. To a certain extent the size of these droplets determines the welding characteristics
of the electrode. In order to provide data regarding the droplet size, films have been made of
the transfer of the weld metal, with a camera taking up to 3000 frames per second. With the
same camera, colour films have also been made which present ‘a very clear picture of the welding

process as a whole.

Introduction

Investigation into the manner in which the metal
is transferred from the welding electrode to the work
in arc welding, has revealed that this usually takes
place in the form of free droplets of molten metal.
Sometimes the droplets are so large that they
constitute a short circuit while flowing from the
electrode into the pool — in this case the droplets
can no longer be considered to ‘be wholly free.

To a great extent the droplet size determines the
welding characteristics of the electrode; it-is known
that small droplets result in a smooth bead, and
that the smaller the droplet, the more stable the
arc. This stability relationship is especially notice-
able in A C. welding, where the arc is established
twice pe1 cycle. Electrodes producing small drop-
lets, moreover, melt more quickly than those which
give the larger drops, because a large. drop usually
clings to the clectrode for a relatively longer time,
thus impeding the melting of fresh weld metal.
On the other hand the welder will generally prefer
to employ an electrode giving a large drop when it
. is required to span the gap between two plates.

The number .- of different kinds of electrode
manufactured has gradually increased in the course

of time, and the need has arisen for a quantitative
determination of the droplet size occurring with
the various electrodes. In order to meet this need,
systematic measurements have been carried out in
-the Philips laboratories at Eindhoven, and a
description of the method employed is now pre-
sented. To illustrate the results obtained, the
oxide-silicate and gas-shielded electrodes will be
compared with the “contact” electrode which was
derived from these types'). The results obtained
with a “basic” or low-hydrogen electrode are also
mentioned.

\

1) ‘For a review of the characteristics and composition of
welding clectrodcs see for example J. D. Fast, The function
of the coating of welding rods, Philips tech. Rev: 10, 114,
1948.

"Before low-hydrogen and contact electrodes were introduced
(the first of these before, and the second just after the last
world war), mild steel and low-alloy steels were welded almost
exclusively with oxide-silicate or gas-shielded electrodes,
of which the Philips 50 and Philips 48 are examples.

Basic electrodes are so named because the main®constituents
of the coating are basic oxides. The outstanding feature of this
kind of electrode is that the coating gives off very little water
vapour which otherwise produces atomic hydrogen in the arc;
this is liable to be absorbed by the molten metal, with detri-
mental effects on the weld 2). These low-hydrogen electrodes
excel by reason of their good mechanical properties and low
sensitivity to impurities (especially sulphur) in the metal to
be welded. However, they have to be used with a very short
are if porous welds are to be avoided, and this imposes rather
heavy demands on the skill of the welder.

Contact electrodes are noted for their casy welding, and more
particularly, for their high welding speed ®). They do not
represent a new ‘type of electrode in the sense that the coating
yields a new kind of slag, i.c. one not met in other kinds of
electrode. Their essential feature lies rather in a modification
of existing types, to produce an electrode suitable for contact
welding, i.e. the arc is struck automatically when the coating
is brought into contact with the work; the electrode with its
coating is then rested on the work while the weld is being
made. To make this possible, a semi-conductive coating is
used, which is also thicker than usual, owing to the fact that
a large part of the core metal is included in the coating in the

.

form of powder.

. Method of measurement and apparaius used

In order to determine the size of the droplets,
films have been made of the arc, a method often
employed to demonstrate the transfer of the weld
metal from the electrode to the work. It was
alfeady known that the processes taking place
within ‘the arc are so rapid that very high film
speeds (> 1500 frames per sec) would be required
to permit these processes to be followed ¢). Use

) 2) J.D. Fast, Low-hydrogen welding rods, Philips tech. Rev.

14, 96, 1952 (Nos. 3-4).

3) P. C. van der Willigen, Contact arc-welding, Ph1hps tech.
Rev. 8, 161, 1946 and 8, 304, 1946.

4) A, Hllpert Werkstoﬂ"ubergang im Schweisslichtbogen,
Z. Ver. dtsch. Ing. 73, 798-799, or Welding J. 8, 21, 1929
and 12, 4-8, 1933. \
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was made of an Eastman high-speed camera type
ITI, which is capable of taking a maximum of 3000
frames per sec. on 16 mm film; exhibited at the
normal speed of 24 frames per sec. the pictures
are seen slowed down by a factor of up to 125. The
camera does not of course operate at full speed
from the moment of starting; this speed is developed
in accordance with the curve shown in fig. 1.

frames per sec.

3000 T /
2000 t i
o
1000+ a t f l
|
| l
.
0 L E
0 L1 0 15 20 25 30

metres of film

Fig. 1. To determine the diameter of the droplets transferred
from welding electrode to work, a cine camera taking up to 3000
frames per sec was used. The curve in the diagram shows
how the speed develops after the camera is started.

To obtain an indication of the speed relating to
every part of the film, 50-cycle A.C. was used for
the welding are; the current thus passes through
zero 100 times per second, so that the arc extin-
guishes that number of times per second. Another
argument in favour of filming an A.C. arc is the
increasing use of the A.C. welding technique, which
involves much less difficulty due to magnetic arc
blow and requires less expenditure on equipment.

The fumes, as well as the light emitted by the
are, tend to make filming difficult. The fumes can
be blown from the field of view by means of a
current of air directed across the arc. To minimize
the effect of too much light from the arc itself, a
powerful light source was placed behind it (fig. 2);
originally a 60 A are lamp from a cinema projector

Fig. 2. Diagram of set-up for the filming in silhouette of the
weld metal droplets in the welding arc. The light from a
carbon arc lamp A is concentrated in the welding arc B by a
concave mirror, so that the droplets can be seen against a
bright background. C camera.
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was used, the light being concentrated around the
welding arc by a concave mirror, to produce a
background of high and constant brighiness %).
The welding arc thus became almost invisible
the
molten weld metal could be filmed in silhouette.

against the background, and droplets of

However, this light source was cumbersome and
proved rather unmanageable in use, and it was
subsequently replaced by a water-cooled mercury
vapour lamp, this being much more convenient to
handle. To concentrate the light, a lens was mounted
between the lamp and the arc. Another advantage
of this type of light source is that it introduces no
interfering objects in the beam; the carbon are
and mirror had to be very caretully watched, to
ensure that no shadow from the carbon-holder fell
across the welding ave (see fig. 3).

Fig. 4 depicts the actual apparatus used, with the
mercury vapour lamp. The welding electrode was
mounted in such a way that the are remained in the
same place while the electrcde was being consumed,
with the electrode-holder lying in the direction of
the electrode itself and supported by four guide
rollers. The work was pulled along below the arc
at the required speed by an electric motor. It was
not found necessary to use automatic feed for the
electrode-holder to maintain a constant arc length.

a

Fig. 3. Increase in the field of view obtained by replacing the

arc and mirror by a high-pressure mercury vapour lamp in

the apparatus depicted in fig. 2.

a) Field with carbon are and mirror. The shadow of one of the
carbon-holders is visible on the left.

b) With the mercury vapour lamp the shadow is eliminated.
The silhouette of the small bead already deposited can
be clearly seen.

The are length was checked by means of an optical
system with calibrated eye-piece, and the camera
was started as soon as the arc attained the desired
length. The operator hat no difficulty in keeping
the arc length constant for the few seconds needed
to take the shot (15 m of film).

Another very attractive method of photographing the
welding process is by means of X-rays ¢), the advantage of

5) A similar arrangement was first employed by L. Bull;
see M. Lebrun, La soudure électrique i I'arc et ses apphi-
cations, Bibl. off. centr. acétyléne et soud. autog., Paris
1931, pp. 39-44.

8) J. Sack, A new method for the investigation of the transfer
of material through the welding arc, Iron and Steel Inst.
Symp. on the welding or iron and steel, part 2, 553-559,
London, 1935. J. Sack, Welding and welding rods, Philips
tech. Rev. 2, 129, 1937.
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Fig. 4. Actual apparatus employed for filming the transfer of
weld metal in the welding are. 4 water-cooled mercury vapour
lamp, the light from which is concentrated on the welding arc
by a condenserlens B. C welding electrode (whitened with
chalk to distinguish it from the holder). D insulated rollers
between which the electrode-holder passes. E motor for draw-
ing the work slowly under the are. F jet (16 X 5 mm) through
which 20 litres of air per minute is blown, to disperse the smoke
laterally. G gauge indicating air velocity. H cine camera (up
to 3000 frames/sec). .J vertically mounted glass plates for
protecting camera and condenser from spattering metal.

this being that it is thus possible to distinguish between the
coating or slag and the metal. Further, no difficulties are then
encountered owing to the light from the welding are, or with
fumes, so that it is not necessary to take steps to counteract
thesc. As far as we are aware, however, no equipment has so far
been designed that will give cinematographie X-ray pictures
of sufficient frame speed. At the sume time, eflorts are being
made to increase frame speed in X-ray filming techniques,
for instance, Slack and co-workers 7) describe a eamera that
will take 150 frames per second.

In order to obtain comparative data of the droplet size, it
would be sufficient to have available a large number of in-
stantaneous pictures, not necessarily in the form of film; the
slow-motion film, however, does provide an opportunity for
studying the whole process of droplet formation, the transfer
of the weld metal and the form and motion of the are.

Determination of characteristic droplet size

The individual pictures of the film are projected
one by one on the screen, from which the dia-
meters of the droplets as well as the diameter of the
electrode are measured. As the actual electrode size
is known, the real diameter of the droplets is easily
ascertainable.

It is first necessary, however, to define the size
of the droplet to be regarded as characteristic of an
electrode. The transfer of metal is determined by
the volume of the droplets, so it is desirable to work
in terms of droplet volumes as obtained from the

7) C. M. Slack, L. F. Ehrke, D. C. Dickson, and C. T. Zavales,
High speed cine-radiography, Non-destr. Test.,, Spring
1949, pp. 7-1L

VOL. 15, No.

observed diameters. Let n; be the number of drop-
lets found of which the volume is v;. It will be clear
that the arithmetic mean droplet volume Xnji;/Zn;
will not be suitable for representing the volume of
the characteristic droplet. As against the very
large number of small droplets, the influence of the
larger drops, which, after all, are those that con-
tribute most towards the transfer of metal, would
thus remain obscured 8). This objection is removed
by counting each drop a number of times propor-
tional to its volume, i.e. 1o the contribution of the
droplet to the transfer of weld metal. The charac-
teristic droplet volume is then defined as:

2niv;?

2njry

Ve

Now each droplet is encased in a protective
coating of slag?), and the volumetric percentage
of slag will certainly vary between one droplet
and another. However, in order to take the average
volume of slag into account in the calculation, we
reduce the characteristic droplet volume by the
(known) volumetric percentage of slag in the molten
bead, taking the result to be the characteristic
volume of the iron core of the droplets. From this
we then obtain the characteristic diameter d. of the
droplet core.

As an example, fig. 5 shows a histogram of the
number of observed droplets as a function of their

35

30

n

Tzs

20
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a5 1 15 52 25 3 35
€ —_— d

Fig. 5. Diameter of droplets transferred through the are of
contact electrode C 18-4, used with free arc. Vertical axis:
number of droplets whose diameters lie between the limits
defined by the intervals (1/7 mm in width) on the horizontal
axis. (Here the characteristic diameter d. of the core of the
droplet is 1.8 mm). For the measurement, the film was project-
ed with an enlargement of 7Xx. Droplets of smaller diameter
than 3/14 mm (1.5 mm on the screen) could not with any
certainty be distinguished from blemishes in the film, and
are therefore not ineluded.

8) Some of the metal evaporates. Strictly speaking, all the
metal atoms in the vapour should also be taken inte ac-
count as separate droplets, but this number of atoms is
so large that the average droplet volume would be almost
equal to the volume of a single atom.

%) See articles referred to in footnote °).
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diameter, for the contact electrode ), C 18-4
(with which 389, of the total volume of the bead

‘of molten material is slag). Another complication
is encountered with contact electrodes in that the

size of the droplet cannot be determined from the

silhouette if the weld is made in accordance with

usual practice. Normally, the cup of the electrode
rests on the work, and the space between the
coating and the work is then so small that the
formation of the dropléts cannot be observed. To
enable the droplet size to be determined, the welding
with the contact electrode was therefore done using
an open arc. It remains a moot point whether the
size of the characteristic droplet in the normal
contact welding procedure would be the same.
The values obtained for contact clectrodes C18-4

and C20-4, as well as for the oxide- silicate electrode -

Philips 50-5 (from which contact electrode C20

“was derived), are shown in the talle. A few of the

results of measurement on the basic (low hydrogen)
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designed to give a large droplet, and the film in
fact showed that metal -was transferred from this
electrode only when the arc was short- circuited
(fig. 6a_and b). It is therefore somewhat surpnsmg
that with the C18 electrode, which is-the contaet
version of the Philips 48,, the material is transferred
only in the form of small, free, droplets (fig. 6¢). The
conversion to contactfelectrode has thus resulted
in an appreciable decrease in the size of the droplet.
Just the opposite has taken place, however, in the
oxide-silicate electrode Philips 50 and its contact
counterpart, the. C20; the table shows that the
ratio d¢/D’ of the C20 is almost twice the ratio
dc/D of the Philips 50. No explanatlon has as ‘yet
been found for these facts. '

The ratios dc/D’ of the C18 and C20 electrodes

‘are practically the same. It is remarkable that a

much larger percentage of very small droplets was

found for the C18 than for any other of the elec-’

trodes medsured. In the calculation of de, however,

electrode Philips 56-5 are also included. ' these smaller droplets are of minor 1mportance
Table. Diameter of the i iron core of the charactensuc droplet for several types; of welding
electrodes. . -
- Arc Arc Drops -de/D’ (for
Electrode Current voltage | length per de 4D | 7 contact
_ (amp.) (volt) (mm) sec. (mm) electrodes)
C 18-4 A80 45 4.8 185 19 | 047 | % 041
» 180 47, 6.6 133 2.0 0.50 0.44
» | 165 42 6.1 145 1.8 0.44 |+ 0.38
) -
C 20-4 190 35 " 6.1 91 - >2.3 0.58 0.44
Philips 50-5 200 35 4.8 162 | 1.3 0.26 ,
Philips 56-5 230 37 8.0 29 2,7 0.54
v 230 37 6.2 32 2.8 0.56
» 230 - 38 5.3 42 3.3 0.66
» 200 38 - 5.5 24 2.6 0.53

In general, larger droplets are to be expected to
result from larger core diameters D, so that, to
characterise the type of welding rod, the value of

d, obtained should be divided by the value of D.

" For the’ contact electrode, moreover, the ratio

de/D’ is also given, where D’ is the core diameter

" which the contact electrode would have if all the

iron in the coating were included in the core. (In
the C18, 249, of the iron is in the coatlng as powder,
in the C 20, 41%,.)

~

Discussion of results :

The gas-shielded electrode Phlhps 48 was specially

-

18) The second figure in the de51gnatlon of an electrode in -
every case indicates the core diameter in mm.

‘The molten metal at the extremlty of the Philips -

50 electrode, as well as that in the metal pool, is

- very mobile. This fact, coupled with the smallness

of the droplet (the smallest measured) is related
to the comparatively high FeO content of the
molten metal (approx. 0.049%), which greatly
reduces the viscosity and surface tension of the
molten metal. The droplets transferred are 1rregular
in shape.

The Philips 56, low-hydrogen electrode gives the
largest droplets (figs. 6d and e); the-spherical form
of the droplet is characteristic of this electrode.
It is known that the FeO content of the weld metal
of this basic electrode is very low (0.0019%,); the
viscosity and surface tension are accordingly

- high, . o h . .
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Sack !!') has also measured the droplet size of the Philips
50-5 and 48-5 electrodes, in this case by welding rapidly over
a copper plate, so that the droplets were caught separately.
These droplets, from whieh the slag was removed, were sorted
according to weight, and the characteristic diameters of the
droplets computed along much the same lines as those de-
scribed above. For the Plilips 50-5 electrode, Sack obtained
a value of d¢/D — 0.7, which is roughly twice the value found
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The “optical efficiency”

In order to gain some impression whether the
transfer of weld metal was actually recorded quan-
titatively on the film, the volume of material (iron
and slag) transferred per second was first deter-
mined from the measured droplet diameters. This
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Iig. 6. Silhouette pictures of droplet transfer in arc welding. Some of the intermediate
frames have been omitted from each strip, as will be seen from the numbering. These
reproductions do not do justice to the film as exhibited; for example, it is barely possible
to see from the above whether the arc is burning or not, whereas in the actual film the arc
can be clearly seen to extinguish and re-ignite.

a)

b)

Metal transfer from Philips 48-5 gas-shielded electrode. The short-circuiting of the arc
is clearly visible, starting at the moment the alternating current passes through zero
and lasting almost one whole cycle (}/5, sec.). Film speed 2000 frames/sec.

Further pictures of the Philips 48-5 electrode. In frames 1, 2 and 3 the arcis_extinguished
(current —zero). In 2 there is a momentary short circuit, but no material is transferred.
From 5., 8, 11 and 13 it will be seen that the are exerts a force on the droplet, thus
distorting it (see H. von Conrady, Der Werkstoffilbergang im Schweisslichtbogen,
Elektroschweissung 11, 109-114, 1943.)

With the contact electrode C18-4, which is derived from Philips 48 electrode, the metal
transfer is in the form of small droplets. Weld made with free arc.

The low-hydrogen (basic) electrode, Philips 56-5. Two free droplets are seen, the
upper one of which has the dimensions of the characteristic droplet (de/D = 0.57). The
arc is extinguished only in frame 3.

The Philips 56-5 again. Here a large droplet is seen in process of being transferred. The
arc is extinguished in 1 and 23. The 23 frames represent one half-cycle of the A.C.

e

(1/100 sec).

by us. It is very probable, however, that by this method the
droplets obtained are not droplets in the true sense, but larger
masses formed by the merging of several droplets before
solidification. For the Philips48-5, Sack obtained droplets for
which d¢/D 0.9, but the method employed by him does
nol really lend itself to revealing whether the transfer of
material is accompanied by shorting of the arc.

11y J. Sack, Overhead welding, Philips tech. Rev. 4, 9, 1939.

result was then divided by the volume of iron and
slag per second ascertained from the actual weight
of the quantities of material deposited and the
known specific gravities. For the C18-4 this “op-
tical efficiency” was found to be 1009%,, which of
course it should be. The basic electrodes gave
values of 150 to 2009,, and the Philips 50 only
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DROPLET SIZE IN ARC WELDING

Fig. 7. Extracts (not sequential) from three colour films of arc welding with A.C. The
differences in colour between the films are due to the use of different filters. (a) and (b)
were filmed with the set-up shown in fig. 8; (¢) with that of fig. 9.

a) Philips 50-5. In the top and bottom frames the arc is just re-igniting after the current

b)

c)

has passed through zero. The air-blast used for dispersing the smoke also tends to
blow away the arc. In the last frame but one the arc is extinguished (current passes
though zero). Note the spatter on the right-hand side.

Contact electrode C20-4 developed from the Philips 50. The electrode is now touching
the work. The arc is almost entirely shrouded by the cup formed by the coating and
therefore burns quietly. No spattering is seen, and the arc is not affected by the air-
blast used for dispersing the smoke. The arc is able to withstand a much greater air
velocity than Philips 50 before it begins to “stutter”. The current passes through zero
in the second frame from the top.

Contact electrode drawn across the work at an angle that affords a view into the cup.
The arc is extinguished in the top picture and is almost out in the last but one. It is
clearly seen that the arc originates in the core of the electrode and that, irrespective
of the direction of the current, it fans out towards the work.
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509,. By moulding the droplets from the basic
electrodes in a synthetic resin and then cutting
them through, it was shown that many of these
droplets contained cavities. Hence the droplet

volumes observed from the film were greater
than their true volumes. (In normal welding, the
droplets merge in the liquid pool and the cavities
entirely disappear.)

In the case of the Philips 50 electrode, a number
of droplets were apparently not observed; these
were presumably quantities of very small droplets
which had been rendered invisible by the smoke,
or by the fact that their silhouettes were indistin-
guishable from blemishes in the film. Clearly, in
this case, the value of d, obtained for this electrode,

which is already very low, is nevertheless too high.

Colour films

In addition to the black and white silhouette
films, some films were also made which were in-
tended to give an overall picture of the welding
process. On the advice of Prof. J. Brillié of Paris,

/. : /_,:c
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B

Fig. 8. Path of the rays in filming with reflected light using
carbon arc lamp A as light source. This is the set-up used for
taking the colour films. B welding arc. C camera.

these films were taken in colour (fig. 7). The light
source was mounted so as to illuminate the work at
slightly more than grazing incidence ( figs. 8 and 9).
The camera was similarly mounted, so as to photo-
graph the work from an angle. In order to get as
much reflected light as possible into the camera, the
surface of the work was polished before each shot;
in spite of this, so much light was lost that the arc
was much brighter than the background.

The advantage of filming from an angle is that
the pool of metal under the arc, with the layer of
liquid slag on its surface, is then clearly visible.
This gives a good perspective view of the welding
processes. In addition to the advantage of more
or less natural colouring, the use of colour film —
owing to its laminated structure — gives pictures
almost entirely free from the halation that other-
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Fig. 9. Apparatus used for filming the processes in the crater of
a contact electrode. The strip shown in fig. 9¢ was filmed in
this manner. For meanings of letters 4 to J see fig.4. K filter
(Scott GG 3). The welding electrode has again heen whitened.
The weld is made in the plane defined by the light source 4
(here, a high pressure mercury arc) and the optical axis of
the camera (instead of as in fig. 8, where the weld is shown
along a direction perpendicular to this plane).

wise occurs when the camera is directed towards
the light source. With black and white films, halation
is found to be a drawback at the beginning
of the shot, when the camera has not yet attained
its proper speed and the exposure time is accordingly
too long.

The series of pictures reproduced in fig. 7 are
taken from three of these colour films. One series
shows welding with an electrode with free arc (a),
and the other two show contact welding with
contact electrodes.

These films demonstrate the steadier arc and
smaller spatter losses when the contact electrode
is used; they also show the shape of the arc. The
filming with the contact electrode at an oblique
angle, giving a view into the cup (see figs 9 and 7c),
confirms that the end of the core metal is always
covered with a layer of slag during welding.

Summary. Systematic measurements have been carried out to
ascertain the size of the droplets of weld metal transferred
from welding electrodes to the work. For this purpose, films of
the welding arc were made at a picture frequency o fup to
3000 per second. For the background a light of such brightness
was used that the droplets were filmed in sithouette, notwith-
standing the brilliant Light emitted by the arc itself. Some of
the measurements are discussed.

Colour filns have also been made, at the same frequency, to
give a more general impression of the processes taking place
during welding. Certain features observed in the film are
briefly reviewed.
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Fiuorescent lighiihg: A review of the scientiﬁc and technical fundamentals and of the applicatlons of the

fluorescent lamp and its accessories.

.Editor-in-chief Prof. Dr. C. Zwikker, pp. 262, 187 ﬂlustratlons

— Phlllps Technical lerary — This book car be ordered through your technical bookseller.

The rapid evolution of the fluorescent lamp may
be compared with that of the metal filament lamp
(1907) and that of the gasfilled lamp (1913). On
_each of these occasions a new light source was
introduced, of higher efficiency than its predecessor
and of a colour making it suitable for general use.

The new tubular fluorescent lamp has been-
adopted so rapidly that nowadays practically all
important new lighting installations for shops,
restaurants, offices and factories use these lamps.
The introduction of this new light source, however,
has not been so simple as the changeover from the
early incandescent lamp to its successor. The tu-
bular shape demanded completely new fixtures.
Control gear had to be built-in, and preferably
in such a way that it would be unobtrusive.
The usual method of increasing the lighting,
namely by substituting a bigger lamp for a smaller
one cannot be applied with fluorescent lamps, so
that such lighting project has to be very accurately
planned. In short, the development of the new
lamp was not the end of the story. A new approach
was also necessary with regard to fittings and to
lighting schemes.

Anybody applying fluorescent lamps without
taking into account these considerations, should be
prepared for disappointing results.

For these reasons the publication of this book is
highly appreciated. Under supervision of Prof. Dr.
C. Zwikker, nine authors; all of the technical or
scientific staff of Philips, have discussed the various
aspects of fluorescent lighting. A summary of the
subjects as given below.

Dr. J. L. Ouweltjes: fluorescence
and

Luminescence,
and phosphorescence,

luminescent substances.

Dr. A. A. Kruithof: Colour of the light emitted

by tubular fluorescent lamps;

colour rendering.

discharges, lamp
construction, and factors
affecting the efficiency.

: Lamp types, starter switch-
es, circuits.

: Ballasts.

Dr. W. Elenbaas

: Gaseous

Drs. J. Funke

Th. Hehenkamp

Ir. L. M. C. Touw : Lighting fittings for fluor-
. ' ) escent lamps.

Dr. D. Vermeulen : Some fundamentals of light-

ing technique. .

Ir. L. C. Kalff : Applications of “TL” lamps.

Dr. R.v.d. Veen : Uses of fluorescent lamps for

agricultural purposes.

The book is amply and well illustrated; the picture
of the colour triangle (fig. 19) and the energy-
conversion graph on page 83 should be spec1ally
mentioned.

An extensive index of subjects renders valuable
service to those interested only in certain parts of
the subject. '

' The book is a very successful example'of teamwork.
There is a perfect balance as regards the various
chapters, and overlappings and recurrences have
been avoided. The book gives concise theoretical
expositions as well as practical hints. It can be used
not only by electrical engineers, but also by techni-
cians, and by architects and physicists who wish to
get acquainted with the present state of ﬂu01 escent
lighting,

The reviewer’s appreciation of this book can be
"best expressed by the remark that it is a great
pity that a similar book has never been published on

the gas-filled lamp. 'N. A. HALBERTSMA,

Gas Discharge lamps, by P.-J. Oranje, with a preface by M. Maurice Leblanc (President of the French

Committee on Lighting and Heating and Vice-President of the International Lighting Comnmittee), p

Pp. 290,

161 figures and 32 photographs. — Phlllps Technical Library — This book can be ordered through your

technical bookseller.

This is the English translation of the Dutch book
by P. J. Oranje on discharge lamps. Since the
publication of the Dutch edition, it has been brought
up to date and supplemented by new material so
as to correspond with the present state of the
technique.

/

The book covers not only disch:';lrge lamps but
also auxiliary gear, ballasts, fixtures and appli-
cations. As far as the last subJect is concerned, the
book contains some beautiful pictures of lighting
sodium

V(high-

installations. The lamps discussed are:

vapour lamps, mercury vapour lamps
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pressure and ultra-high pressure lamps with forced
cooling' by air or water), neon-lamps, stloboscoplc
lamps and finally fluorescent lamps.

With the aid of numerous diagrams and charac-
teristics the author discusses the fundamentals of
discharge lamps and also,matters concerning the
auxiliary gear and installations. The construction
of the lamps and the auxiliary gear is also explained
‘with diagrams and pictures. The mutual influence of
the lamp and its auxiliary gear is dealt with in
detail. An interesting appendix gives dimensions and
characteristics of the Philips products in this field.

As head of the discharge lamp testing department
of Philips for many yearé, Mr. Oranje was enabled to

VOL. 15, No. 4

become well acquamted with the problems of
lamp installation. The text
represents the experience gained in that way,
supplemented and arranged in order in a critical
manner. This book has been written by a man who
is not content with summarising previous publi-
cations, but who has gone through all the facts he
describes and who has been obliged to solve many of
the problems arising in this field.

The book gives an answer to numerous questions
relating to the use of gas discharge lamps, and will
greatly contribute to the elimination of wrong
ideas, which are still orily too prevalent.

C. ZWIKKER.

construction " and’

- ABSTRACTS OF RECENT SCIENTIFIC PUBLICATIONS OF

/

N.V. PHILIPS’ GLOEILAMPENFABRIEKEN

Reprmts of these papers not marked with an asterisk * can be obtained free of charge

upon application to the Administration of the Research Laboratory, Kastanjelaan,

. Eindhoven, Netherlands.

2024: A. A. Kruithof: Specification of hght sources
’ by the spectral band method (C.LLE. Procee-
dings, Stockholm 1951, Vol. 3).

The specification of light sources by the spectral
band method, as introduced by Bouma, is examined.
For 10 pigments, illuminated by standard illumi-
nants A or C, the displacement r of the colour
point in the colour diagram, caused by a 10 percent
increase in energy in a band 5 mp wide about the
wavelength 1, is calculated as a function of A. The
ratio rfr, (where r, is the radius vector of the
corresponding McAdam ellipse) is plotted against A.
The area under the envelope of these curves is divi-
ded into 7 or 8 parts thus obtaining the following
bands: \
380-44.5-485-525-560-595-625-750 mp.
380-445-470-500-530-560-595-625-750 m.

and

'By a separate investigation it is shown that for a
band between 380 mp ‘and x mp, the displacement
of the colour A point by concentrating the luminance
of the band into one wavelength (436.8 mp) is' a
minimum for x =445 mp. The distributions found
satisfy the condition that the mercury lines 546 mp.
and 578 my. shall not be too near the limit of a band.

2025: B. Verkerk: A possible extension of the
density-difference method of spectrographic
analysis (J. Opt. Soc. America 41, 1017-1022,
1951).

An investigation into the use of Seidel’s “trans-

formed density” Dy = log [(dy/d)—1], in which d,

and d are the densitometer deflections of the

‘unexposed plate and the spectral line, respectively.

An empirical formula is derived for D, as a function
of the illumination E. Using this formula it is
possible to estimate the error introduced if the Dy-
log E curve is considered as a straight line for inter-
polation according to the density-difference method.
This proves permissible under certain specified con-
ditions in the density range 0.1—2. The influence of
the wavelength on the shape of the transformed
density curve is investigated and some experimental
results obtained with the method are described.
2026*: G. W. Rathenau: Etude des phénoménes
de récristallisation par microscopie électro-
nique & émission (Revue Métallurgie 48,
923-928, 1951, No. 12). (Study of recrystalli-
sation by emission electron-microscopy; in
French).

Description of a method for studying crystal
growth by means of emission electron-microscbby.
Results with face-centered NiFe alloys show, after
intensive rolling, a cubic structure with (001)
planes parallel to the.rolling plane and the [100]
direction parallel to the rolling direction. It is
proved that, in general, crystal limits with highest
energy are displaced, but it is impossible to predict
whether crystals having a large surface energy will
grow or dissappear. The former occurs in normal
crystal growth, starting from small grains, the
latter in secondary recrystallization. Most probably
after primary recrystallization, large crystals are in
the most favourable condition for growing. (See

No. 1986.)
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G.D. Rieck and J. M. Stevéls: The influence
of some metal ions on the devitrification of
glasses (J. Soc. Glass Tech. 35, 284-288,
1951, No. 167).

A study, at 1200 °C,'by means of X-ray spectro-
meter diagrams, of the crystallization of glasses
containing about 95 mole 9, SiO, and about
5 mole %, of Li,0, Na,0, K, 0 BeO, MgO, CaO,
BaO or ZnO. The univalent ioné are shown to pro-
mote the formation of tridymite from initially
formed cristobalite. The glasses with bivalent ions
devitrify by formation of cristobalite. A number of
these ions influence the crystallization in such a
way that it starts with the temporary formation
of quartz. Probably this is due to a direct influence
of these ions on the glass, and not to an indirect
influence on the transformation of the crystalline
phases.

2027:

2028: W. Six: Het gebruik van koude-kathode-
buizen als schakelelement (T. Ned. Radio-
“genootsch. 17, 17-32, 1952, No. 1). (Cold
cathode gas discharge tubes as switching

element; in Dutch).

This paper points out that there is an electronic

analogy for most circuits which can be built up with

electromechanical parts, such as relays, switches,
etc. A small cold-cathode gas-filled valve has been

developed to be used as switching-element in elec- -

tronic circuits.

Examples are given of equivalent electronic
circuits for relays circuits, counting-and selecting-
circuits, registers, busy-test and lock-out circuits
and for talking-path circuits.

2029: M. Travnigek, F. A. Kroger, Th. P. J.

Botden and P. Zalm: The luminescence of -

basic magnesium arsenate activated by
manganese (Physica 18, 33-42, 1952, No. 1).

In the system MgO-As,O; there is a compound
of the composition 6Mg0.As,05. Products contai-
‘ning small concentrations of manganese show
fluorescence upon excitation by cathode rays or
by ultra-violet radiation. The band emitted depends
on the valency of the mangenese. Divalent manga-
nese causes fluorescence in a broad band in the
green, with a maximum at 5050 A. Tetravalent
manganese causes a red fluorescence in five narrow

bands at 6200 A, 6300 A, 6500 A and 6580 A.

- Both fluorescences decay exponentially; the time

constant at room temperature is 130 sec™ for the
green band and 360 sec™ for the red bands. For
" the red luminescent systems the spectral distribu-
_tions of the absorption, excitation and fluores-
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cence, and the temperature dependence of the inten-
sity of the fluorescence, the fluorescence spectrum
and the decay constant have been determined,
and a quantitative explanation of several of these
values has been given.

2030: J. A. Haringx: De wondertol (De Inge-
nieur 64, 013-017, 1952, No. 4). (The magic
top (Tippe Top); in Dutch).

Starting from the analysis of a series of forced
regular precessions the author has shown why and
under what conditions the “tippe top”’ exhibits its
typical behaviour. The limits of the ratio of its’
principal moments of inertia with respect to the
eccentricity of its centre of gravity have been deter-
mined and the minimum initial rotation which is
needed for reversal has been calculated.

2031: J.M. Stevels: Les pertes diélectriques des
verres et les renseignements qu’elles don-
nent pour 'étude de leur structure (Silicates
industrielles 16, 325-328, 1951, No. 10; 17,
15-18, 1952, No. 1). (Dielectric loss in
glasses and its relevance to the study of
their structure; in French).

The power factor (tan'd) of glasses is discussed
as a function of the frequency (f), the temperature
(T) and the chemical composition, both from a
theoretical and a practical point of view. A three-
dimensional model, showing the relation between
tan §, f and Tis described: The influence of chemical
composition on the power factor is discussed at some

length.

R185: J. L. H. Jonker, A. J. W. M. van Overbeek
and P. H. de Beurs: A decade counter valve
for high counting rates (Philips Res. Rep 7,
81-111, 1952, No. 2).

A decade counter tube has been developed having
a ribbon shaped electron beam and 1-dimensional
deflection. The electrode configuration resembles
that of a cathode-ray tube and is such that the beam
can be fixed in any of ten discrete positions. Slotted
electrodes permit part of the beam to fall on the
appropriate part of a fluorescent layer, so that the
instantaneous position can be read from the adjacent
figure on the wall of the tube. The beam moves from
one position to the next when an impulse is applied
to one of the deflection electrodes. Counting and
calculating devices constructed with these tubes
permit a great economy in valves and components,
in comparison to conventional counting circuits,
The decade counter tube has small dimensions (the
size of a normal receiving valve), low power con-

sumption and low supply voltage (300 V). For

.
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random pulses the tube has a mean resolving time
of about 15 psec when connegted in & simple counting
circuit. With the aid of one double triode this can be
improved to 6 usec. With a special circuit incorpora-,
ting a triode-hexode and a secondary-emission tube
it has been reduced to less than 0.2 psec.’ For
pulses occurring at equal intervals the resolving time
is larger. See also Philips tech. Rev. 14, 313-326,
1953 (No. 11). -

R186: J. A. Haringx: Instability of thin-walled

cylinders subjected to internal pressure

‘ (Philips Res. Rep. 7, 112-118, 1952, No. 2),
‘See Abstract No. 1997. '

P. Schagen, H. Bruining and J. C. Francken:
A simple electrostatic electron-optical system

~ with only one voltage (Philips Res Rep. 7,

119-130, 1952, No. 2).

" A simple electron-optical system is described for
application in television pick-up tubes or image
converters. This system. consists of two concentric
spheres, the sphere with the smaller.radius, the
anode, being provided with a hole. The electron paths
in the field of force of this system are calculated and
the influence of the hole in the anode is estimated.

- The calculations indicate that an inverted image of

the cathode can be obtained at a distance equal to
6(n—1)R,/(n—4) behind the hole, the ‘magnifica-
tion of this image being equal to 3/(n—4), where n
is the ratio of the radii of the spheres and R, repre-
sents the radius of the anode sphere. With experi-
mental tubes, adapted to practical requirements,
pictures of good resolution and geometry have been
obtained.

R188: A. E. Pannenborg: On the scattering matrix
of symmetrical waveguide junctions (Philips
Res. Rep. 7, 131-157, 1952, No. 2).

The description of the electromagnetic behaviour
of microwave circuits ~with the aid of the scattering
matrix is systematlcally developed. Specml atten-
tion is paid to resonators. The basic results obtained
by Tomonaga on this subject are elaborated to the
point of practical usefulness.

R189: J. M. Stevels: Some experiments and theo
ries on the power factor of glasses as a func-
tion of their composition, ITI (Philips Res.
Rep. 7,161-168, 1952, No. 3).

It is shown that the power factor of borosilicate
glasses (measured for widely differing frequencies)
is a minimum on the straight line separating the
accumulation region and the destruction region in
the phase diagram, thus showing that on this line the
rigidity of the network is a maximum. This maxi-
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mum is less pronounced for the higher SiO, concen-
trations and vanishes at composition of 75% SiO,-
20.5%, B,0;-4.5% M,0 (M = Na orLi) . The experi- .
mental results are dlscussed from a theoretlcal point
of view.

See abstracts R 127 and R 158.

'R190: A. E. Pannenborg: On the scattering matrix

of symmetrical waveguide junctions, II
(Philips Res. Rep. 7, 169-188, 1952, No. 3).
Continuation of R188. General considerations
about the consequences of structural symmetry of
microwave circuits lead up to an extensive dicussion
of junctions consisting of two parallel sections of
rectangular waveguide having one of their sides in
common.

R191: J. A. Harmgx Instability of bellows subjec-
ted to internal pressure (Philips Res. Rep. 7,
189-196, 1952, No. 3). L

See No. 1998.

R192: Th. P. J. Botden: Transfer and transport of
energy by resonance processes in luminescent
- solids, IT (Philips Res. Rep. 7, 197 235, 1952,
No. 3).

Continuation of R178. A number of sensitized sys-

tems are dealt with. Of the several explanations for

the phenomenon of sensitization, only a few are borne
out by experiment. On the basis of some of these
theories it has been deduced that the ratio of the
quantum efficiencies of activator and sensitizer
fluorescence will not
sensitizer concentrations at constant activator con-
centration. This is found to be in contradiction with
the author’s results, obtained with the systems
Cay(PO,),-Ce-Mn, Sry(PO,),-Sn-Mn, Cag;P;0.,F-Sh-
Mn, Ca,P,0,-Sn-Mn and also with Frohlich’s results

increase with increasing

" onMg,P,0,-Ce-Th-Mn. An explanation of the experi-

ments is given on the basis of: (1) a random distri-
bution of the sensitizer and the activator ions, (2)
direct transfer of energy from the sensitizer to a
neighbouring activator (by quantum-mechamcal '
resonance), (3) the assumption that if the excited'

sensitizer has not an activator in its neighbourhood, -
the excitation energy may be transferred via other

sensitizer ions (by resonance) to a sensitizer that

has an activator in its neighbourhood, followed by

transfer of the energy to the activator. The numbers

of cation sites around a sensitizer are calculated

from the experiments on a few systems, for transfer

both to an activator and to another sensitizer. The

mechanisms of transfer and transport of energy

are discussed on the basis of the theory of Mott and

Seitz; the temperature dependance of sensitization

may be explained in this way.
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Casting by the lost-wax process, an ancient craft practised with great skill already thousands

of years ago by the Sumerians and the Egyptians, has retained its importance throughout the

’ ages up to modern times. Many of the beautiful art bronzes of the Renaissance were cast by this

method, and the same technique forms the basis of a modern industrial process for the mass
production of metal articles, which has been adopted during the last decade.

' The casting of molten metals to form articles of

general utility is a very ancient craft that goes far’

back into the Bronze Age. If we examine the history
of metallurgy, we find that the first metals to which

primitive man had access were found in a native _

state (gold, silver, copper.) At a very early period,
however, copper and bronze were separated from
their oxidic ores in a primitive fashion, and the
metals thus obtained were shaped by means of
casting, sometimes followed by forging and other
processes, into weapons and objects for religious and
domestic use. Cast copper and bronze articles are
known to have been already made in various regions
in the third or fourth millennium before Christ.
The metallurgy of iron underwent an entirely
different development. Native iron is very rare
(meteorites), and the melting-point of iron was too
high for the craftsmen of those days,so that extraction
was restricted to reduction of the ore to mietal in a
solid or dough-like state. This metal, impregnated
with slags, was hammered into bars by repeated
forging, which also had the effect of expelling the slag.
Only when the development of the furnaces was in

an advanced state did it become possible to obtain

liquid iron. The oldest known cast-iron comes from
China and dates from about 500 B.C. In Europe the
great technical development of cast-iron begins
towards the end of the Middle Ages. Cast-steel,

.

owing to its low carbon content, has a melting point
lying 350 °C higher (above 1500 °C), and could be
made only about the beginning of the 19th century,

while the modern alloyed stainless and heat- -

resistant steels have only in the last few decades
begun their remarkable development, as is the case
with aluminium, magnesium and their alloys.

The number of alloys employed has greatly in-
creased, especially in this century, and the same can
be said with regard to the number of melting and
casting methods. The crucible furnace, in which the
material is melted in a crucible, the reverbatory
furnace in which burning gases pass over the ma-
terial, the blast furnace in which ore and coal are
introduced together at the top while the air re-
quired for the blasting is blown in and the metal
and slag drawn off from below: these are the fur-
naces which have been developed in the course of the
centuries to the perfected equipment of to-day.

Quite new ‘are the electric furnaces. The intro-
duction of the electric-arc furnace was greatly
‘stimulated by the first World War. The high-
_ frequency furnace, which made its début in in-
" dustry during the 1930’s plays only a very limited

part in production as yet, being used mainly in the
production of high-alloy steel. The low-frequency
induction furnace, on the other hand, has won for
itself a wide field 'of employment in the melting of
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brass and bronze. Aluminium and magnesium
alloys are very often melted in electric radiation
furnaces.

Casting in sand-moulds

Now for the actual casting methods. Originally, a
pattern was pressed in sand or loam and the hollow
obtained was filled up with molten metal. At an
early date, however, castings were made in closed

moulds: two boxes filled with sand in which a

PHILIPS TECHNICAL REVIEW
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of all kinds of contrivances, complicated parts can
be cast, that form the basis of our tools and ma-
chines. No great dimensional accuracy can be
expected, however, for two reasons. The first is
that, after removing the pattern, it is not possible to
replace the halves of the mould so accurately that
there is absolutely no alteration in their mutual
position. The second reason is that the pattern has
to be taken out of the sand, which entails some
knocking or vibrating to loosen it, with the result that

Fig. 1. Upper and lower boxes of a sand mould. The wooden pattern can be seen in the fore-
ground. In the upper box the “gate” or “sprue” can be seen through which the metal is
poured. (This photo, taken in the Reineveld Engineering Works at Delft, was supplied by
the Casting Research Centre, National Council for Industrial Research, Netherlands.)

pattern (usually a wooden one) was laid, so that a
hollow was formed, half in the lower box and half in
the upper box (fig. 1). The top box was then lifted
off, the pattern removed and the top box replaced
on the lower one. In the top box a channel (“sprue”,
“runner” or “gate”) was made through which the
metal was poured. After solidification of the metal,
the mould is “shaken out”, and gates and runmners
are cut oft. During casting, the air in the mould and
the water-vapour and gases liberated from the
mould material by the hot metal, escape through
the porous mass.

In this way, intricate castings could be produced.
The technique has been more and more perfected in
the course of the centuries, until we come to the
modern sand or loam casting by which, with the aid

the dimensions of the mould are slightly different
from those of the pattern itself. A restriction on the
shape of the moulding is that the pattern must be
“detachable”, that is, it may have no protruding
parts that would prevent its removal from the sand.
Yet it is astonishing what complicated castings can
be made by the subsequent insertion of loose cores
of sand fixed in the hollow of the mould. The
mould for the cylinder block of a motor-car, for
instance, is built up of a large number of sand parts
(sometimes more than fifty). In this case various
kinds of binding agents are added to the “sand”
(clay, oil, cement and numbers of others) in order
to meet all requirements as to strength, porosity
(for the escape of gases etc., see above) and the
quality of the metal surface.



NOVEMBER 1953

Permanent moulds

Interesting as the subject may be, we shall not go
further into “sand-casting” but turn our attention
to other methods. One of the oldest employs
permanent moulds that can be used more than once.
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during the injection of the metal, and is soon
damaged.

Besides these methods, two others have recently
come to the fore: the first is the so called “Croning
process” (C-process or shell-mould casting) and the
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Fig. 2. Machine for pressure die casting. 4, and A4, are the two parts of the steel die. The
moving part is pressed against the fixed part by the hydraulically moved piston B, while
the piston C forces the liquid metal, poured into (unnel D), into the cavity a of the die.
(From “Designing for Alcoa die castings”, Alum. Co. of Amer. Pittshurgh 1948.)

Even primitive peoples made use of such moulds
hewn in stone and this method developed into
metal moulds that are still employed on a large
scale. They are, for example, used for the casting of
ingots. These are afterwards worked up into sheets,
bars, strips and wire by hammering, forging, rolling
etc., thus forming the raw material of our entire
metal working industry. Quite 90%, of the metals at
present consumed by industry is worked up in this
way and feeds the metal working machines, and
only a small part of the total supply of meral is cast
directly to shape.

Permanent moulds are also used for the direct
manufacture of utility articles. We speak of “gravity
die casting” if the metal is poured in with a ladle,
and of “pressure die casting” if the metal is forced
into the die under (usually high) pressure (fig. 2).
Gravity die casting is an old process; pressure die
casting is an invention of this century of mass
production '). This method is especially employed
for the mass production of small parts made of
low melting-point material. An example is the
zinc alloy, from which all kinds of automobile parts
are made, from the intricate carburettor to the
radiator grill and the doorhandles. In addition, a
great deal of pressure die casting is performed in
aluminium and brass. Metals with higher melting-
points cannot in practice be cast in this way, as the
die cannot stand the sudden change in temperature

1) See for example. “Die casting for engineers”, The New
Jersey Zinc Co., 1946.

second is the lost-wax process, also called “precision
casting” and “investment casting™ (see later).

Croning process

The Croning process?) is new. and originates from
Germany where it was invented during the last
World War. It it based on the following principle
(cf. fig. 3). A metal pattern js divided into two

>

Fig. 3. Half of a double mould for the Croning process. The
two halves of the mould are made by dropping a mixture of
fine sand and powdered plastic on a heated pattern. In the
foreground are pieces cast from such a mould. (From K. Rose,
Materials and Methods, Jan. 1953.)

2) Field Information Agency (Technical), Final Report 1168,
“C”-process of making moulds and cores for foundry use.
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halves and each half is mounted on a flat plate. The Lost-wax casting
plate is heated to about 250 °C and then placed face The last process that we shall examine here 1s
downwards on a box containing a small quantity of lost-wax casting. This will be dealt with rather

moulding powder. This powder is a dry mixture of more thoroughly, in view of the investigations

fine sand and powdered resinous plastic. The box which have been made in the Philips laboratories

with the plate is then turned over, the powder into the possibilities of its utilisation. The process

falls on the hot mould, the
plastic melts and causes
the grains of sand to co-
here. After a few minutes
the box is turned up again
and the pattern plate, on
which a “shell” of coherent
sand about 1/, em thick
is formed, is taken off
the box and heated. The
resin-sand shell is “cured”
by the heating and after
some time can be separ-
ated from the pattern.
Two of these shells are
fitted together and in this
way form the mould into
which the metal can be
poured. During casting
the mould becomes so hot
that after the solidification
of the metal the resin will
for the greater part be
burnt out, so that the
remains of the mould can
easily be removed from
metal. The fine sand gives
a clear impression with
good detail. The process
has proveditself to be very
suitable for the mass pro-
duction of small articles.
The United States in par-
ticular are attempting to
perfect the technique 3).
Many industries are de-
veloping the process to
extend its use to the most
varied products of cast-
iron and other metals.
The croning process is
even being developed for
certain high-grade sieels,
e.g., for gas turbine parts.

3) R. W. Tindula, Foundry,
Cleveland, 80, 201-210,
1952 (No. 7).

76001

Fig. 4. Ancient Egyptian bronze (from the collection of the late Dr. A. F. Philips, at
Eindhoven). The bronze is about 15 em high. These bronzes were cast by the lost-wax
method. In excavated workshops, the remains of wax patterns have been {ound.
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itself is very old. The Sumerians and the Egyp-

tians practised this method already three thou-
sand years before Christ ). Decorative objects
were lirst fashioned in wax. These were then

covered with wet clay in which a hole (“sprue”)
had been left. The lump of clay was then dried
and afterwards heated, causing the wax to melt
away. The molten metal was poured into the
cavity thus obtained. Many bronze images and
objects that accompanied the Pharaohs on their
journey to the realm of the dead were made in
this way %), and exhibit a great sense of art and
great skill (fig. 4).

The great value of this process for the plastic arts
is obvious if we compare it with sculpture in hewn
stone. The free modelling in wax, the ease with
which smooth surfaces and fine details can be repro-
duced, the mechanical strength of work cast in
metal and finally the possibility of forming the
wax pattern (which is lost during the process —
hence the name) by means of a mould, whereby the
process is potentially repetitive: all this induced
artists in many cases to prefer metal casting to
working in marble or stone.

The technique has therefore remained in use
throughout the centuries for the making of bronzes.
It reached a culmination in the Italian Renaissance.
Vasari, in the prologue to his well-known ¢“Lives of
Artists” (1550), gives a detailed description of the
Benvenuto Cellini (1500-1571) the
the

bronzes, some of them of great dimensions, which

technique 3).

goldsmith-sculptor, renowned for splendid
he created by this means (fig. 5), has written an
extensive record of the methods he employed?).
During the last 50 years, however, except for
sculptors in bronze, it was only the dentists who
used wax impressions, Lo serve as a patteru for the
making of the gold castings for false teeth! Not
until about 1930 did the process find any other
employment (viz., in the jewellery industry) but
about 1940, when the gas turbine made its début
in aircraft, the process was introduced on a large
scale. The blades of gas turbines (fig. 6) have to
come up to the highest mechanical and thermal
requirements, and the newly developed materials of
which they were made were difficult to machine.
4) See for example: H. Garland and C.0. Bannister, Ancient
Egyptian Metallurgy, Griffin, London 1927.
G. Roeder, Die Herstellung von Wachsmodellen zu iigyp-
tischen Bronzefiguren, Z. idgypt. Sprache und Al. 69,
45-67, 1933.
V. Gordon Childe, The technique of prehistoric metalwork,
Antiquity 22, 29-33, 1948.
5) G. Vasari, Le vite de’ pilt eccellenti architetti, pittori e
scultori, Florence 1550.

B. Cellini, Trattati dell’ oreficeria e della scultura, Panizzi
and Peri, Florence 1568.
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Fig. 5. Benvenuto Cellini’s bronze Perseus with Medusa head,
in the Loggia dei Lanzi at Florence (completed 1545). The
statue displays a great fineness of detail, made possible by the
lost-wax casting method. (Block kindly supplied by A. Oosthoek
Publishing Co., Utrecht.)

Lost-wax casting was the solution of this problem.
At the end of the war there was an American
factory with a monthly production of two million
blades! It is small wonder that after its successful
application to the gas turbine, the process was tried
for other products as well, and is now employed in
many countries, though still on a limited scale ©).
Some years ago Philips set up a research group to
$) L. G. Daniels, Great savings in replacing complex assem-
blies by a single investment casting, Metal Progress 56,
496-491, 1949.
R. L. Wood and D. V. Ludwig, Precision investment
castings replace parts produced by other methods, Materials
and Methods 32, 49-53, 1950.

R. Miller, Investment casting, money saving mass pro-
ducer, Steel, 14 Jan. 1952.
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study this casting technique and put it into practice.
The process has now been in use for some time on a
factory scale. The photos fig. 7a and b give an
impression of some of the machine parts made here.

We shall now discuss further the present indust-
rial form of this process, in connection with the
manufacture of machine parts, particularly from a
mass production point of view.

Fig. 6. Blades for gas turbines cast from a heat-resistant alloy
by the lost-wax casting process. The blades are about 4 em
long. (By the courtesy of Haynes Stellite Co., Kokomo, Ind.,
U.S.A)

The procedure is as follows: a wax pattern is first
made of each article to be cast. These patterns are
then mounted on a “wax-tree”, the trunk of which
will serve later on to pour in the metal. The “tree”
is mounted vertically on a wax covered plate, and a
box or eylinder without ends is placed on the plate
and melted to it. The lidless box formed in this way
is filled with a “slurry”, a ceramic mass that solidi-
fies after some time. (This operation is called invest-
ment: hence the term “investment casting”.) The
box and its contents are then heated, the bottomn
plate loosens and is removed, and the wax melts
and runs out of the mould, which is then dried and
baked. The mould is now ready, and the cavity is
filled with molten metal. After cooling, the mould
is shaken out, the castings are cut off the “tree”,
cleaned and, if necessary, machined.
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After this introductory description we shall
examine the various steps in the process more
closely and then consider what the advantages and
limitations of the process are.

Making the wax pattern

For making the wax pattern we need a metal die.
This is filled with liquid wax, and opened, after the
wax has set, to allow the pattern to be removed.
The wax pattern can also be composed of various
parts made by means of separate dies and then sim-
ply joined together with a not-too-hot soldering
iron. The stipulation that the pattern must be
detachable (from the die) now applies only to each
part, and by a suitable subdivision of the wax die,
this last restriction on the shape of the object can
be eliminated. (Figs. 8 and 9 serve to illustrate this.)

A die, consisting usually of two halves (for
intricate wax patterns, it may consist of several
parts), can be made of steel or brass by the normal
manufacturing methods. Another method is to
start from a so-called master pattern, a hand-made
metal pattern of the object to be cast. This is
embedded in a metal of low melting-point (prefer-
ably an alloy of bismuth and tin, which undergoes
practically no change in dimensions when solidi-
fying). This is carried out in two parts, first the
lower half and then the top half, so that the die can
be opened (fig. 8). The two halves are then pegged
and an inlet is drilled for the wax. This method is
especially attractive for irregular patterns such as
gas turbine blades, but the bismuth-tin alloy is
rather britile, so that damage ofien occurs znd the
sharp edges of the die soon crumble. For this
reason the dies are often made according to the
former method, that is of brass or steel (fig. 9).
The first is easily machined but rather soft, while
steel has the disadvantage of rusting and is more
difficult to machine. The better the finish of the die
the better the wax pattern will be and hence the
better the subsequent casting. It is therefore better
to pay greater attention to the making of the dies
if quality products are required.

One of the difficulties that does not arise in
casting art objects but is at once obvious in the case of
industrial castings, lies in the fact that the ultimate
product does not possess the exact dimensions of the
wax die. There is a certain shrinkage. The wax
pattern must therefore be about 1 1o 29, larger than
the finished product. Unfortunately the shrinkage is
not equal in all directions and must therefore often
be determined empirically, which entails corrections
to the die or to the master pattern. If the dimensions
have to be very accurate, as in the case of turbine




139

MODERN CASTING TECHNIQUES

NOVEMBEFR 1953

oot S . 75974

75975

Fig. 7. @) and b) A seleetion from the series ol tools and parts cast in the precision casting department of the Philips laboratories
at Eindhoven. None of the pieces shown has been machined. Note the wide variety of shapes and the smooth surfaces. These

articles are cast from a number of different alloys.
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Fig. 8. Wax die of bismuth-tin alloy. Above: the hand-made master pattern, composed
of two individual patterns. Below: bottom and top half of each of the two dies made by
embedding the Lwo master patterns in the molten bismuth-tin alloy. Further helow are
the wax patterns made with these two dies, and a complete wax pattern obtained by
“soldering” two of these patterns together. At the bottom right is an aluminium casting
made with such & wax pattern.

blades, the following procedure is followed: a third trial is made, until all requirements are
master pattern is made, from this a wax die and fulfilled and production can begin.
from this latter a trial series of wax patterns which The press which extrudes the wax from a reservoir

Fig. 9. Wax die of several parts made of brass (“exploded view”). In the foreground is a
wax pattern (with gate) made from the wax die, and a casting (chromium steel).

are finished normally into blades. From the results into the dies (fig.10) usually has electric heating
obtained, it can be decided whether the master elements, automatically controlled to ensure uniform
pattern can be corrected or whether a new pattern temperature. It is often operated by a compressed
must be made. Then a second and, if necessary, a  air supply at a pressure of 4 to 5 atmospheres.
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The wax used is usually a mixture of various
species of wax and paraffins. The exact composition
is chosen with some care so as to obtain a repro-
ducible product. The wax, when solidifying and
cooling, must not undergo much shrinkage and must
be hard when cold, otherwise the patterns would sag

Fig. 10. Wax press. The wax die, its two halves clamped
firmly together, is placed on the hydraulically moved table;
the die is about to be raised and pressed with its opening
against the head of the nozzle, atter which it will be filled with
wax from a heated reservoir under a pressure of several atino-
spheres,

even before casting. Instead of wax other materials
are also used. Certain plastics (chiefly polystyrene)
are often used if a large number of castings is to
be made 7). This material is much stronger, so that
the patterns made of it do not easily break, but it
has to be pressed in a die under very high pressure.
Instead of the simple wax dies that withstand a
pressure of five to fifty atmospheres, dies of hardened
steel and pressure die machines capable of handling
some thousands of atmospheres have to be used.
After investing, the plastic patterns are removed
from the mould by burning them out.

Frozen mercury is sometimes used instead of wax
or plastic. This requires temperatures of —40 °C

7) W. H. Sulzer, Das Priizisionsgussverfahren, Neue Giesserei
37, 557-565, 1950
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(below the melting-point of mercury), the technical
problems concerning which have apparently been
solved. The advantage of this method, according to
the inventor, is a very fine sharp impression of the
(steel) die, because the mercury remains liquid
when poured in and fills the die well, and has a low
shrinkage when solidifying ®).

Making the mould

The “treeing”
o

of the wax patterns is done fairly
simply with the aid of a soldering iron (fig. 11).
In many cases the wax die can be so constructed
that the gate of the mould is already formed, and for
small, simple articles, the wax die can be provided
with a number of cavities, so that with one injection
of wax a number of wax patterns can be made.
Generally the same requirements obtain here as in
the moulds for sand castings: the metal must flow
into the mould as uniformly as possible without
sudden strictures or changes of direction that
might hinder the steadv filling of the mould with
metal.

After the tree has been stuck on to the waxed
plate and enclosed by the lidless box, the latter is
filled (fig. 12) with the moulding mass. This is a
slurry poured round the wax patterns, which after
some time solidifies or “petrifies”’. When the mould
is petrified, the loose bottom is removed and the
mould warmed. The purpo