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The Editor's Corner   

A NEW INVENTION? 

/
N THE EDITOR'S CORNER in the May-June, 1959, issue, Edward Logan, Jr. re-
ported the delight of a boy on discovering the acoustical phonograph —a remarkable 
instrument which had neither tubes nor power cord. We began to wonder what it 

would really be like if electrical phonographs were commonplace, but no one had thought 
of trying to make one with a wind-up motor and without electrical amplification until the 
present day.  . 
An article in one of the technical news magazines might read something like this: 

RECORD PLAYER HAS NEITHER TUBES NOR TRANSISTORS 

The XYZ Company has announced the development of a mechanically powered port-
able phonograph. Handwound by a crank, the player has neither power cord nor batteries. 
Motor power is furnished by a spring .capable of storing the required energy indefinitely. 
An ingenious system of negative mechanical feedback maintains constant speed regardless 
of spring torque or stylus friction. 
The most ingenious feature of the device, however, is the fact that this same spring 

power produces the sound output—not by running a generator and amplifier, but through 
direct coupling of the minute stylus vibrations to a diaphragm, which radiates the sound 
into the air through a built-in horn. Although one might expect the output to register as a 
faint squeak, volume and fidelity actually are superior to that produced by the typical 
small transistor portable radio, according to XYZ President James Fisbee. 
Mr. Fisbee stated that the phonograph is expected to be a boon to fathers, who have 

trouble keeping their teenagers supplied with batteries, since the youngsters would provide 

their own power. 
The company also is considering a stereo model, which would have a second horn in a 

detachable lid connected by eight feet of plastic tubing. However, the monophonic version 

will be introduced first. 
The player will be priced slightly higher than battery-powered, transistorized units. 

PETER W. TAPPAN, Editor 
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Dec. 3-4  Fifteenth Annual Vehicular Communica-
tions Symposium, Cleveland, Ohio. 

1965 

Feb. 3-5 Sixth Winter Convention on Military Elec-
tronics, Los Angeles, Calif. 

Feb. 17-19 International Solid State Circuits Confer-
ence, Philadelphia, Pa. 
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IEEE International Convention, March 22-25, 1965. 
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James S. Aagaard 
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Charge Transfer Processes in Electrostatic Recording 

H. SEI WATZ AND D. E. RICHARDSON, FELLOW, IEEE 

Summary—The physical mechanisms responsible for charge 
transfer between the electrodes and the dielectric tape material of a 

dc biased electrostatic recording system are discussed. The domi-
nant mechanism for charge transfer is found to be spark discharge in 
the ambient air. On this basis, a semiquantitative description of the 
charging process is developed which is in good agreement with the 
experimental current-voltage characteristics. 

I. INTRODUCTION 

j
r I 11-IE OPERATING characteristics of a new system 
' for electrostatic recording have recently been re-
ported.' In this system, a pattern of electrical 

charges corresponding to the signal is produced in a 
thin insulating tape material by superimposing an ac or 
dc bias potential on the signal voltage which is applied 
to the recording electrodes. This paper is concerned 
with the physical mechanisms responsible for electrode-
tape charge transfer in the case of dc bias operation 
only. Although two pairs of electrodes are normally 
used in dc bias operation, the basic operating character-
istics of the electrostatic recording system ate de-
termined by the current-voltage curve for a single pair of 
electrodes. The purpose of this paper is to discuss the 
various charge transfer processes which occur when an 
excellent insulator, such as Nlylar,2 is used as the tape 
material in a relatively simple system consisting of a 
single pair of electrodes. The dominant mechanism for 
charge transfer is found to be spark discharge in the 
ambient air. On the basis of this mechanism, it is 
possible to explain semiquantitatively the shape of the 
current-voltage curve, the magnitude of the minimum 
bias or threshold voltage, the variation of the threshold 
voltage with tape thickness, and other experimental 
observations. 

II. EXPERIMENTAL (URRENT-VOLTAGE 
CHARACTERISTICS 

The basic electrode structure is shown in Fig. 1. A 
knife edge is in contact with one side of a highly in-
sulating tape and a closely wound helix of fine wire 
presses against the other side of the tape. When a 
voltage V is applied to the electrodes and the tape is 
moving at constant speed, a motional current is ob-
served which is approximately proportional to the 

Manuscript received April 24, 1964. 
The authors are with the 'IT Research Institute, Chicago, 
I). E. Richardson, J. J. Brophy, 11. Seiwatz, J. E. Dickens and 

R. J. Kerr, "A system of electrostatic recording," IRE TRANS. ON 
Atinti, vol. AU-10, pp. 95-98; July-August, 1962. 

2 Trademark of E. I. du Pont de Nemours and Co., Inc., Wilming-
ton, Del. 

capacitance per unit area of the tape, the speed of the 
tape, and the quantity ( V— V,), where Vt is an empir-
ically determined constant called the threshold voltage. 
A time variation in V causes a variation in charge 
density along the length of the tape. The charge density 
on opposite sides is opposite in polarity and approxi-
mately equal in magnitude. The charge distribution in 
the tape creates an external electric field whose mag-
nitude can be measured by inductive playback. 
Current-voltage curves obtained with the same 

electrode geometry for three thicknesses of type A 

Fig. 1—Basic electrode geometry for electrostatic recording. 
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Fig. 2— Motional current multiplied by tape thickness as a function 
of electrode potential for three thicknesses of Mylar film. 
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Mylar film are shown in Fig. 2. The threshold voltage in 
each case is taken to be the intercept on the voltage 
axis of the straight line which fits the data best at 
currents within 80 per cent of the current observed at 
1150 v. For film thicknesses of  mil,  mil, and 1 mil, 
the corresponding threshold voltages from Fig. 2 are 
674 v, 748 v, and 855 v with a probable error of +5 per 
cent in each case. 
In the vicinity of the threshold voltage, the current-

voltage data does not exhibit a linear relationship. The 
extent of the deviation from linearity in this voltage 
range depends on the shape of the electrodes and the 
location of the tape with respect to the electrodes. 
Small but easily measurable currents are observed at 
voltages well below the threshold voltage and down to 
zero volts. 

III. PHYSICAL MECHANISMS OF CHARGE TRANSFER 

The basic fact that charge is transferred between the 
electrodes and the tape follows directly from the ob-
servation of a constant average current between the 
opposing electrodes when a constant voltage is applied 
and a tape of uniform thickness moves at constant speed 
between the electrodes. This observation cannot be ex-
plained by any hypothesis which deals only with the 
internal polarization, of the tape material. A workable 
hypothesis must provide for electrode-tape transfer. 
The more prominent possible mechanisms of elec-

trode-tape charge transfer can be placed into four 
categories; 1) dc conduction, 2) triboelectric effects, 3) 
high electric field effects, and 4) gas discharge effects. 
The first category, dc conduction, refers to the steady-
state current which is observed when a voltage is ap-
plied to the electrodes with the tape stationary. For 
practical tape materials exhibiting long record life, the 
dc conduction current is many orders of magnitude 
smaller than the currea observed during electrostatic 
recording and can be neglected. A triboelectric charg-
ing current is observed when the tape is drawn between 
the electrodes with zero volts applied. The charging 
current produced by triboelectric effects is small com-
pared to the electrostatic recording current and can be 
neglected for the purposes of this discussion. However, 
triboelectric charging is of importance as a source of 
noise in electrostatic recording and provision must be 
made for neutralizing such charges in any practical 
system.' 
An electric field strength considerably greater than 

107 v/cm would be expected at the electrode-tape con-
tacts for the geometry shown in Fig. 1 if the tape re-
mained uncharged. Since it is certain that field emission 
will occur at the negative electrode at such high electric 
field strengths, charge transfer by this mechanism is 
definitely a possibility. This hypothesis can be tested by 
operating the electrostatic recording apparatus in a 
vacuum. Under these conditions, a charging current is 

observed but it is smaller than the comparable charging 
current in air by a factor of about twenty. Evidently, 
even under the most favorable conditions field emission 
cannot be of major importance in producing electrode-
tape charge transfer. 

As the initially uncharged tape approaches the elec-
trodes, favorable conditions for gas discharge must 
occur in each of the two air gaps between the tape 
surfaces and the electrodes adjacent to them. Letting 
p be the air pressure and d the air gap distance along a 
line of force, all values of pd are possible in each air 
gap. If the voltage across the air gap exceeds the mini-
mum sparking potential, spark discharges will occur. 
The quantity of charge which can be transferred by 
each spark is self-limited since the charge which accumu- - 
lates at the surface of the tape rapidly reduces the 
voltage across the air gap to the extinction potential of 
the spark. 

Under these conditions, spark discharge is the domi-
nant mechanism for electrode-tape charge transfer in 
electrostatic recording. As the discussion in Section IV 
will show, the tape becomes charged at a distance of 
about one mil from the points of electrode-tape contact. 
Thus the electric field strength at the contact points is 
lower than it would be in a vacuum and the importance 
of field emission as a mechanism for charge transfer is 
correspondingly reduced. 

IV. CALCULATION OF THE THRESHOLD VOLTAGE 
FOR AN IDEALIZED SYSTEM 

A semiquantitative description of the charging proc-
ess can readily be developed for the case in which it is 
assumed that the only mechanism by which a perfectly 
insulating tape becomes charged is spark discharge in 
the ambient air. As in Fig. 1, consider a volume element 
fixed in the tape having dimensions D, W, and dZ, 
where D is the thickness of the tape, IV is the effective 
width of the tape, and Z is the distance ir the direction 
of tape motion. Since localized sparks occur at irregular 
intervals along the width of the tape element, the 
potential at both the top surface and the bottom 
surface of the tape element varies from point-to-point 
along the tape width. Neglecting edge effects produced 
by the finite width of the electrodes, the average po-
tential for the top surface of the tape element is de-
fined as the average of the potential over the area WdZ. 
Let x be the distance along a line of force from the 
knife-edge electrode to a point of average potential on 
the top surface of the tape element. Let y be the cor-
responding distance between the backing electrode and 
the bottom surface of the tape element. As the tape 
element moves toward the electrodes, both x and y de-
crease monotonically toward zero. 
For the case in which x>y, sparks will occur first 

across the gap x, since the dielectric strength of an air 
gap is smaller for larger gap distances. The charge which 
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is deposited on the top surface of the tape intensifies 
the field on the opposite side of the tape and thus pro-
duces sparks across the gap y. Opposite polarities of 
charge are deposited on the two surfaces of the tape by 
this process and the tape dipole moment increases as x 
decreases. For the case in which x=y, the charge density 
on opposite sides of the tape will be equal in magnitude 
and opposite in polarity. 
For a tape element at a given value of x, the maxi-

mum charge density on the top surface of the tape ele-
ment will occur at a spot where a spark has just been ex-
tinguished. The potential difference between that spot 
and the knife edge electrode will be V., the extinction 
potential of the spark. Under the same conditions, the 
minimum charge density on the top surface of the tape 
element will occur at a spot where a spark is about to 
occur. The potential difference between this spot and 
the knife-edge electrode will be V„ the sparking po-
tential of the air. The average charge density on the tape 
element surface is taken to be that value for which the 
potential difference V. between the tape element surface 
and the electrode is given by 

V. = i(V, + V.) (1) 

The threshold voltage V, can be calculated easily 
for the case in which x=y if the approximation is made 
that, over the range of x in which spark discharge is 
possible, the electric field in each air gap is uniform 
along a line of force. At the bottom surface of the tape, 
Gauss's law then requires that 

Kolia 
(2) 

where a is the average charge per unit area deposited on 
the bottom surface of the tape, K is the dielectric con-
stant of the tape material, Ko is the permittivity of 
free space, and V., is the average difference of potential 
across the tape. Since the voltage V across the electrodes 
is 2 V.+ V., it follows from (2) that 

V = V.(  K2+ —ED + up  
K Ko 

(3) 

The minimum voltage for sparking V, for a given 
value of x is obtained from (3) by extrapolation of the 
linear relationship between cr and V to cr = 0, with V. 
held constant at the value given by (1). Then 

D \ 
V = i(V,  V,) (2 +   (4) 

Kx) 

Since a tape element encounters all values of x as it 
moves toward the electrodes, the threshold voltage V, 
is the minimum value of Vi, with respect to x. Accord-
ing to this calculation, the threshold voltage depends 
only on the sparking characteristics of the ambient 
air and the ratio D/K of the tape material. 

In order to compute the threshold voltage as a func-
tion of tape thickness for a given tape material, it is 
necessary to determine both V. and V, for an air gap 
between a metal electrode and a dielectric. It has been 
shown experimentally that the discharge characteristics 
of air in dielectric voids and metal-to-dielectric gaps 
are about the same as in metal-to-metal breakdown. " 
Accordingly, values for V, are derived from the Paschen 
curve data of Meyer' for an air gap between metallic 
electrodes. The determination of V, by measurements 
with metallic electrodes is less straightforward because 
V, decreases greatly with increasing spark energy. In the 
present case, values for V„ are derived from measure-
ments made with metallic electrodes in which the 
spark current is limited by a large series resistance and 
the electrode capacitance is held to a minimum. Under 
these conditions, a constant spark extinction voltage of 
294 v +5 per cent is observed for the gap distances of 
interest at atmospheric pressure. The variation of V, 
with tape thickness can then be evaluated numerically 
for NIylar (K=3.2) by finding, from (4), the minimum 
value of 17,, with respect to x, holding D constant. The 
result is presented in Fig. 3 for comparison with the 
experimental values of V, taken from Fig. 2. The agree-
ment is good. 

900 

fLr! socl-
z 
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CALCULATED THRESHOLD POTENTIAL 

25  50  75 
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I 00 

Fig. 3—Comparison of calculated threshold voltages with values 
from the experimental curves of Fig. 2. 

A qualitative extension of the above calculation to the 
case in which the air gaps are not equal, x  is helpful 
in explaining how spark discharge can contribute to 
the recording current at voltages below the calculated 
threshold voltage shown in Fig. 3. For a given tape 
element, spark discharge will begin first in the longest 

2 11. C. Hall and R. M. Russek, "Discharge inception and extinc-
tion in dielectric voids," Proc. IEE, II, vol. 101, pp. 47-54; February, 
1954. 

4 M. C. I Ialleck, "Calculation of corona-starting voltage in air-
solid dielectric systems," Trans. Am. IEE., Ill, vol. 75, pp. 211-216; 
April, 1956. 

6 B. Gross, "Static charges on dielectrics," Brit. J. App!. Phys., 
vol. I. pp. 259-267; October, 1950. 
° E. Meyer, "Ober (lie I3eeinflussung (les Funkenpotentials (lurch 

em n transversales Magnetfeld," Ann. d. Physik, vol. 58, pp. 297-332; 
March, 1919. 



66 IEEE TRANSACTIONS ON AUDIO  July—August 

air gap at an electrode voltage which may be almost as 
low as the minimum sparking potential for a single air 
gap. The current-voltage characteristic derived for this 
case is similar to the one derived for equal air gaps in 

that a linear relationship is predicted at high electrode 
currents. I lowever, at low electrode currents, it is ex-
pected that the curve will be concave upwards and that 
the electrode voltage at wh.ich the spark discharge cur-
rent begins will be reduced. These qualitative predic-
tions for the low current region of the curve are con-
sistent with the experimental results shown in Fig. 2. 

V. DISCUSSION 

As the preceding calculation indicates, the basic fea-
tures of the electrostatic recording current-voltage 
curve can be explained satisfactorily on the basis that 
the mechanism for electrode-tape charge transfer is 
spark discharge in the ambient air. Since the minimum 
sparking potential in air at atmospheric pressure occurs 
at a gap spacing of 0.3 mil, the minimum wavelength 

which can be recorded on the tape must be at least as 
large. Furthermore, each spark produces a charged spot 
on the tape whose finite size is a source of noise and an 
increase in the minimum wavelength. 

In order to reduce recording noise, it is desirable to 
reduce the size of the discrete sparks or to eliminate the 
sparks altogether in favor of a more uniform gas dis-
charge process. The spark size can be reduced by using 
a high resistivity electrode to limit the effective capacity 
which can be discharged by each spark. The use of high 
frequency bias eliminates the problem of discrete 
sparks by creating a plasma near the electrodes. The 
provision of sufficient initial ionization to establish a 
Townsend discharge will also eliminate sparking. 

ACKNOWLEDGMENT 

The support of E. I. du Pont de Nemours and Co. is 
gratefully acknowledged. The authors would like to 
thank Dr. J. J. Brophy for his encouragement and in-
terest in this work. 

The RC Amplifier-Type Active Filter: A Design 
Method for Optimum Stability 

W. R. KUNDERT, MEMBER, IEEE 

Summary—The RC amplifier filter has many advantages over its 
passive RLC counterpart for low-audio frequency or narrow-band 
applications. The major disadvantage to an active filter has been its 
sensitivity to component tolerance and drift, particularly where high 
Q's are involved. 

A design method is presented which optimizes transmission stabil-
ity when the probable "drift" (tolerances, temperature and aging 
effects, tracking errors) in each circuit parameter is known. Design 
equations are derived for a group of two-pole networks with external 
zeros. 

Two experimental high-Q filters are discussed including a con-
tinuously tunable four-pole filter which has attenuation of 80 db at 
twice and at one-half center frequency. 

INTRODUCTION 

IT HAS BEEN recognized that the RC amplifier filter has an advantage in size, weight and cost over 
its passive RLC counterpart for high Q or low-

frequency applications. An additional advantage exists 
when a tunable filter is required since only one element 

Manuscript presented at the 1964 International Convention; re-
vised manuscript received October 8, 1964. 
The author is with the General Radio Company, %Vest Concord, 

Mass. 

kind, usually the resistors, need be variable. The main 
disadvantage to the active filter has beensits sensitivity 
to component tolerance and drift. Especially where 
high Q's are involved, transmission may be extremely 
sensitive to changes in circuit parameters and the use of 
such filters is sometimes avoided for this reason. 
The RC amplifier filter is usually synthesized as an 

isolated cascade of two-pole networks. Networks have 
been contrived' to give either internal or external zeros of 
transmission. The configurations that give transmis-
sions having external zeros are of greatest practical 
importance since they are used to realize the common 
transmission forms (Butterworth, Chebyshev, linear 
phase, etc.). Also, such networks allow some freedom in 
the selection of circuit constants to achieve a specified 
transmission. This freedom has been used somewhat 
arbitrarily' ,2 to simplify design procedure or to mini-
mize the number of different component values needed. 

' R. P. Sallen and E. I.. Key, "A practical method of designing 
RC active filters," IRE TRANS. ON CIRCUIT THEORY, vol. CT-2, pp. 
74-85; March, 1955. 

2 A. N. Thiele, "The design of filters using only RC sections and 
gain stages," Electronic Engrg., pp. 31-36; January, 1956. 
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This practice may have an adverse affect on the stability 
of the filter. 
The design freedom that exists can be used to mini-

mize errors in the filter if the probable errors in each 
circuit parameter are known. These errors may be due 
to temperature drift, component tolerance, aging, and, 
in a tunable filter, tracking. Depending on the design 
requirements, one or possibly all sources of error should 
be taken into account. In any case, there is only one 
solution of circuit parameters for a given set of parame-
ter error conditions given the restrictions of a specific 
transmission and minimum error in that transmission. 
This fact is extremely useful in minimizing cost within 
the bounds of given performance requirements or in 
maximizing performance given a restriction on cost. 
When only maximum performance is of concern, one 
can have some measure of confidence that it has been 
achieved. 

THE FILTERS 

The Isolated Filter 

The two-pole filter section of Fig. 1(a) has the trans-
mission 

E2(S) 

KIK2 

E1(S)  72 ± (1 — K11(2)r1 
  + —  
7172  7172 

S2 + 

where TI=RICI and 72= R2C2. K1 and K 2 are considered 
as ideal voltage amplifiers. Zeros of transmission are 
fixed by the configuration, at infinity. The poles are 
defined by the resonant frequency wo and damping ratio 
6 of the denominator. From (1) 

Wo — 
1 

1/7172 

6 = 72 + (1 — Kilc2) V — 
T; 

7 1  7 2 

(2) 

(3) 

Inspection of (2) and (3) shows the possible infinite 
number of values for the circuit constants that can be 
used. Consider the various sensitivity factors for wo 
and b. 
For 

Wo 

0,00 

07.2 

Ti  7 2 

1 
= —  

2 

There is no possibility of controlling these but they are 
quite low. For 6, it is convenient to first define 

V 72 
= — and KiK2 = K 

Ti 

R, 

E,  C, 

—i(   

ISOLATED TWO-POLE  NETWORKS 

c'T 

\F T, 
S • •  -  WHERE 

(a) 

8. • V -•wmERE /31 r_ f 

(b) 

G.). • 

&•\/-11 — 

C. 

Fig. I—(a) Two zeros at oo. (b) Two zeros at 0. (c) One zero 
each at 0 and co. 

Then (3) becomes 

1 — K 
= 13 ±   

Differentiating (4) to find the sensitivity factors yields 

as 
—  

/3 
So =   

013 6 

713-

SK = 

as 

(4) 

(5) 

(6) 

Apparently it is possible to exert some control over 
drift in 6. The best choice of parameters will depend on 
the relative magnitudes of the maximum expected drift 
in K and #. The total expected drift in 6 for the worst 
case when the effects of drift in K and # are added is 
given by 

do 

6 

If a drift ratio 

dr3 
SB — 

r = 

is defined, (7) becomes 

do 

which reduces to 

db 

d$ 
SB — 
fj 

dK 

d$ 

dK 
SK — 

K 

dfl 
rSK —fi 

=Elsa' +rlsKIJ 

substituting (5) and (6) in (9) gives 

dli 

(7) 

(8) 

(9) 
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ild 
# — (1 — 

r --
#6 

Eliminat fig K in (10) by substitution of (4) 

so 
a 

' 

# 

[20 —  I — (54 + 1  ,14 
ir 

a  64 4 

For the case when d<2 and 4i>(5 2 

I Ai  [20 — d  #.' — SO + 11 da 

i 6,  a  64 -I 4 

1116/61‘‘'ill be a minimum for 

d [20 _ a  02 — 511 + 11 
I . + r 0=  

dilL  d  50 

which is the case when 

0 = 
1/2  r 

(10) 

(11) 

(12) 

This is a condition for optimum stability. When S <2 
and  <6/2 the same procedure gives no useful solution. 
Fig. 2 is a plot of (12) over the range of practical 

importance while Fig. 3 shows the amplifier gain that is 
required for various choices of ft. Two arbitrary parame-
ter chokes have been widely used in similar circuits. One 
is to set # = 1 as this allows the use of both equal resis-
tors and equal capacitors; a convenient arrangement. 
Fig. 2 shows that this solution should be used only 
when the amplifier gain is much less stable than the 
time constant ratio (02). A second common approach is 
to set amplifier gain equal to unity, the reasoning here 
being to allow the simplest amplifier. For small values 
of 6, the curves show that this choice is best only when 
the time constant ratio is much less stable than the 
gain K. 

To illustrate the importance of selecting the optimum 
0, suppose a given filter design requires a section with a 
damping ratio of 0.1. Suppose furthermore that long 

term drift in the filter is critical. 'Within given space and 
cost limits, it seems possible to use passive components 
that are likely to age such that I d#/#1 = 0.005. An 
amplifier can be constructed with expected long-term 
drift I dK/K1 = 0.001. Then 

0.001 / 0.2 
=    = 0.2  and = ,   = 0.302 
0.005 T 2 + 0.2 

The expected total drift in versus # is shown in Fig. 4. 
The expected drift at f3„„t is about half that at #=1. One 
may wonder if, in the usual rase, it is practical to 
determine long-term drift in components accurately. 
Indeed, it is not, but often other more predictable cir-
cuit errors will overshadow long-term component drift. 

In any case, an educated guess is better than selecting 
components arbitrarily. 

$0 

Of 

00 , 

OM  008  00%  4$  Of  oil $0 t0  60  .0 

fig. 2. 

0$ 
0$  o•  011 

Fig. 3. 

Of  0 as 

fig. 4. 

0.4 of 0 , $0 

The Nonisohzled Filler 

The circuits shown in Fig. 5 use only a single amplifier. 
For each circuit 

-  -  - 
-VRIR2C1C2 

1 p 
6 = (1 — K)P7 (13) 

where p and -y are either resistance or capacitance ratios 
as shown. Sensitivit y factors are found by differentiating 
(13) 

S 

at; 

—pyK 

(M. (14) 
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(a) 

(b) (c) 

FA A All Id TI MMS  (J. • --I-- =  • f=  • ',NI 
PY 

Fig. 5—Three two-pole networks. (a) Two zeros at x. 
(b) Two zeros at 0. (c) One zero each at 0 and ce . 

06 

a  2(1 + p2) 
S, =   = 1   

S„ = 

aa 
a 
ap 

(15) 

(16) 

Attempts to analyze this type of filter in the. same 
manner as the isolated filter have led to difficulty 
though study of the sensitivity equations shows that the 
same general conditions exist. .5„ and Sp can be made 
small but only at the expense of a large SK. When passive 
component errors are large compared to amplifier errors, 
a design should be carried out such that SK is large and 
S, and S„ are small. For the circuit of 5(a), this requires 
that 

R2C2 

R I C), 

be small just as for the isolated filter. However, to 
achieve the same stability for the nonisolated filter as 
for the isolated filter, given equal quality components, 
requires that the resistance ratio R2/RI be made large. 
This may lead to an extreme spread in component 
values and the need for an amplifier with higher power 
gain. For this reason, there appears to be no advantage 
to the nonisolated filter when a low value of 6 is desired. 

Stability of R, C, and K 

It is interesting, at this point, to speculate as to what 
limitations might be imposed on the stability of a two-
pole filter by available commerical grade components. 
An amplifier having sufficiently high open-loop gain 
will have closed-loop gain stability approaching that of 
the resistive divider that comprises the feedback net-
work. Wire-wound or film resistors are available with 
temperature coefficient tolerance of + 20 ppm/°C or 
better. Long-term drift, also of this order, is realizable. 
Closed-loop gain drift considerably less than this can be 

achieved in a series-voltage-feedback amplifier for gain 
near unity since, under this condition, sensitivity of the 
feedback factor to changes in the resistors becomes 
small. Furthermore, a unity-gain amplifier, constructed 
such that no feedback divider is used, can be made 
stable without limit. 
For the isolated filter, when K=1 

61K-1 = 
1 

501K-1= 1,  SKIK 1 =  — 

03 

For the nonisolated filter, when K=1, 

1  p 
61K-1= —  — 

PO  7 

Sic 1K 

P7 
= 1K=1 

0 

p 2 1 

p 2 1 

1 

For 0<p <  , —1<S„<1. 

Setting p= 1 imposes no restriction on the range of S. 

Then 

Sp' K-1 = 0 

For each type of filter, an infinitely stable unity-gain 
amplifier allows remarkable performance. Drift in 6 is 
of the same order as drift in the passive components, 
independent of the value of 6. 

Residuals 

In practice, it soon becomes evident that component 
residuals limit the & stability which can be achieved. 
To discuss each possible residual in detail would be a 
difficult if not impossible task which will not be at-
tempted. Some residuals can be reduced to the point 
where their effect is insignificant. Amplifier-driving-
point impedances fall into this category. Others are 
fixed and must be tolerated. Capacitor loss is of this 
type. In fact, capacitor dissipation factor is by far the 
most troublesome residual when a low value of 6 is 
desired. 
Fig. 6 shows an isolated filter that includes equiv-

alent shunt conductance for the capacitors CI and G2. 

It can he shown that the use of unity-gain amplifiers 
here will limit the minimum value of 6, preventing the 
extraordinary performance predicted in the preceding 
section. For this circuit 

0(1 + RiGi) 1 — K  R2G2   (17) a 
= -V1  RiGi R2G2 + I3V1  RIGI  R2G2 

The effect of G2 is to reduce both R2 and the gain from 
the input of K1 to the input of K2. An equivalent gain 
and resistance can be defined to include G27 
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Fig. 6. 

Then (17) becomes 

PIYCH  WITH  NISIOUALI I, AND 

K' = K 

— 

1 

1 ±  R2 G2 

R2 

1 +  R2 G2 

V1 + RiGi 1 — K' 
= #    

V1 + R2G2 +  V1 + RiGi 

V1 + R2G2 

From (19), an equivalent f3 can be defined as 

— 0 
V1 ± R2G2 

VI 

(18) 

(19) 

(20) 

To minimize drift in K' due to drift in the dissipation 
factor of C2, R2G2 should be as small as possible. How-
ever, for a given capacitor type, the product RiR2GIG2 is 
fixed. 

RiR2GIG2 = D2 

where D is the dissipation factor of the capacitors. A 
small R2G2 is possible only at the expense of a large 
RIGI and inspection of (20) shows that this combina-
tion is undesirable from the standpoint of minimizing 
drift in 13'. It should be noted that 

(3 i/R2C2 = i/R2O2 

RiGi 

so when a value is selected for (3, the drift contributed to 
K' and /3' by drift in Gland G2 is fixed. 

Though no straightforward method of handling 
capacitor loss has been found, several observations can 
be made based on the preceding equations and experi-
mental evidence. 
1) Dissipation factor and drift in dissipation factor 

becomes critical only for low values of 8 (a <0.01). In 
these cases, low-loss mica or polystyrene capacitors are 
desirable. For higher values of 8, paper or mylar dielec-
trics may be adequate. 
2) There is little to be gained in making K more 

stable than the quantity (1 -FR2G2)• 

3) The extremely low values for /3, suggested when K 

is at or very near unity should be avoided. Generally, # 
should be no less than 0.1. 

Two 111611 QFILTEns 

A Tunable Filler 

A tunable narrow-band audio analyzer presents one 
of the best applications for an RC active filter. The filter 
circuit for such an analyzer is shown in Fig. 7. Resistors 
have been chosen as the variable element to keep im-

pedance-level compatible with transistor circuitry and 
to minimize size. The filter covers the entire audio range 
in several bands selected by switching capacitors (not 

shown). A bandwidth of one per cent is obtained with a 
synchronously tuned cascade of two sections. One sec-
tion has a Q of 80 (8= 1/80) and the other a Q of 40 
(8=1/40). This spreading of Q's reduces the problem 
of frequency tracking between the sections though 
there is some sacrifice in flatness of the filter response 
curve near the peak. The interchanged placement of 

R's and C's for the two sections results in a symmetrical 
over-all response with an ultimate attenuation rate of 12 
db/per octave at low and high frequencies (see Fig. 8). 
Tracking errors that cause variation in damping ratio 

as the filter is tuned account for the largest circuit error. 
Potentiometer tolerance allows a peak-to-peak, variation 
in R2/R1 of 0.5 per cent. Another error associated with 
tuning is a slight change in apparent gain due to the 
loading effect of the input impedance of the amplifiers 
on the RC networks. Three-transistor amplifiers pro-
vide a ratio of input-to-output impedance of the order 
of 108 and gain drift versus temperature better than 
10 ppm/°C. 

A value for # of approximately 0.3 has been found to 
give the best results for tracking over the entire audio 
range. Equations (5) and (6) show, for the section that 
has Q=80, 

= 49 

= 280. 

Measured variation in peak response and bandwidth 

due to tracking errors is, for the over-all filter, +0.6 db. 
Over-all temperature coefficient for gain and bandwith 
is less than 0.01 db/°C. 

Two-Pole Filter With Q= 1000 

A filter with a Q of 1000 has been constructed using a 
circuit similar to that in the high Q section of the 
tunable filter. The amplifiers, each constructed with 
three high-gain  transistors,  have temperature co-
efficients less than 1 ppm /°C. The capacitors are poly-
styrene units with dissipation factor less than 10-4 and 
nominal temperature coefficient of capacitance of +140 
ppm/°C. The resistors have a possible range in tem-
perature coefficient of + 20 ppm/°C. Since the amplifiers 
appeared to be ten-to-twenty times more stable than /3, 
a value for # of 0.2 was chosen and from (5) and (6) gives 

= 399 SK =  5150 
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IN 

Fig. 7—Tunable narrow-band filter. 
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Fig. 8—Tunable narrow-band filter. 

The measured temperature coefficient for Q is —0.08 
db/°C which is near what would be predicted from 
component drift. 

CONCLUSION 

The following important conclusions have been 
drawn from the results of this investigation: 
1) For many audio applications, the RC amplifier 

filter can be made more stable than its RLC counter-
part, with equal expenditure. 
2) In the circuits shown, and most likely in all such 

circuits, a trade-off exists between sensitivity factors for 
gain (SK) and passive components (Se). 
3) An amplifier with gain near unity can easily be 

constructed with much greater stability than that of 
readily available passive components. For this reason, 
a high sensitivity factor for gain usually can be tolerated 
and allows a low sensitivity factor for passive com-

ponents. 
4) The dissipation factor and drift in dissipation fac-

tor of the capacitors used place an upper limit on Q 
stability. It is probably impossible for circuit Q to 
exceed the Q of the capacitors without also exceeding 
the drift in Q of the capacitors. 
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below that required to produce irreversible magnetiza-
tion in the region near the gap edge where the field, 
seen by an element of tape, is changing at a maximum 
rate. It is in this region, at the trailing edge, that record-
ing effectively takes place. High-sensitivity and high-
resolution recording require that a maximum mag-
netization be achieved in the rapidly diminishing 
trailing-edge field. In considering the recording resolu-
tion, it would seem that the best results would be ob-
tained by minimizing the effect of the perpendicular 
component of the applied field. The resolution will also 
be improved when the dispersion of critical fields for 
irreversible magnetization is minimized in the magnetic 
layer. This condition is evidenced by a remanent mag-
netization characteristic which approaches a step func-
tion, and by a linear anhysteretic magnetization 
characteristic. (The anhysteretic magnetization process 
refers here to a simultaneously applied ac and dc field; 
the ac field, initially of sufficient amplitude to saturate 
the material, is reduced to zero while the dc field re-
mains constant.) 
When recording with ac bias, the magnetization 

process taking place is basically a modification of the 
anhysteretic magnetization process. There are a number 
of differences between anhysteretic magnetization and 
ac bias recording, which include the simultaneous reduc-
tion of ac and dc fields, rotation of the fields, and varia-
tion of maximum applied field in different parts of the 
coating. Despite these complications, however, the 
linearity of the anhysteretic magnetization curve is 
closely related to the recording characteristic. 
In pulse recording, the tape is magnetized to satura-

tion by the signal field from the recording head and in-
formation is imparted to the recording signal by re-
versing its direction. The reproducing-head voltage 
must be a maximum when the tape magnetization re-
versals are detected. The reproduced voltage is deter-
mined by the averaged product of the reproducing-head 
field function, the slope of the remanent magnetiza-
tion curve al," /(511„, and the slope of the recording-
head field function (511 /6x1. Optimum recording resolu-
tion will thus be obtained if the maxima of the rema-
nent magnetization curve slope and of the recording-
head field coincide, and if these curves are sharply 
peaked; these functions are plotted in Fig. 1(a) for a 
finite recording-head gap length [1]. Their product is 
the derivative of the tape magnetization with respect 
to distance along the tape 6/z"/oxi. However, as shown 
in Fig. 1(b), this function spreads considerably with 
increased depth in the coating, illustrating the increased 
average magnetization transition zone length for the 
whole coating. Furthermore, on taking account of the 
reproducing-head field function, the reproduced pulse 
width will be increased somewhat. Nevertheless, it is 
found that measured pulse widths are even wider than 
predicted by this analysis. To account for this, self-
demagnetization effects in the magnetization transition 
region must be considered. 

81; 

5  10  15 
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Fig. I—Nonreturn to zero step function recording. (a) Recording 
head trailing edge field (curve A) and magnetization curve slope 
(curve B), y=head to tape spacing (mils); gap length =7 mils. 
(b) Recorded magnetization slopes. 

Thin coatings are seen to be advantageous for pulse 
recording. If a high-remanent magnetization material is 
used to offset the reduction of coating thickness, it 
would be necessary to increase the coercivity and to 
maintain a rectangular demagnetization characteristic 
to minimize demagnetization losses. It has been shown 
that, even for the ratios of remanent magnetization to 
coercive force found in iron oxide tapes, the demagnet-
ization effects cause significant increases in the mag-
netization transition zone [2]. Improved pulse recording 
resolution may be expected, therefore, from higher coer-
civity and squarer loop tape material. 

Storage Problems 

From the time that a tape leaves the vicinity of the 
high-permeability pole pieces of the recording head, a 
variety of circumstances can arise which tend to destroy 
the magnetization acquired during recording. As the 
tape leaves the recording head, the magnetized particles 
in the tape no longer have their intrinsic demagnetizing 
fields shunted by the poles of the recording head. Conse-
quently, these fields increase inside the particles, caus-
ing reversible and irreversible demagnetization losses. 
When the recorded tape then is wound on the take-up 
reel and stored, the magnetization will readjust itself to 
the lowest energy condition for this environment. Read-
justment will consist of self-demagnetization and mag-
netization effects, caused by external fields and by fields 
from adjacent tape layers, respectively. 
The question of optimizing the magnetic field at the 

surface of the tape has been considered so far only from 
the point of view of obtaining a maximum surface field 
for reproduction. With respect to the printing of signals 
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between layers of a wound reel of recorded tape, a large 
field is undesirable. Alternatively, the magnetic ma-
terial of the tape should be insensitive to remagnetiza-
tion by small de fields, which may be accompanied by 
other energies such as temperature rise or external ac 
fields. The basic phenomenon involved is magnetic 
viscosity caused by thermal fluctuations. \\lien a mag-
netic field is applied to a material consisting of single-
domain particles, the resulting change in magnetization 
may take a finite time as a result of relaxation effects. 
For the same reason, when the field is removed, the 
magnetization may gradually decrease with time. The 
magnitude of this phenomenon depends critically on 
the particle volume and the temperature. In general, 
when the volume is small enough to be in the range 
where single-domain properties give way to superpara-
magnetic properties, applied fields smaller than those 
necessary to switch the single-domain particles can, in 
time, produce further magnetization in the field direc-
tion. Low susceptibility to unwanted printing effects 
during tape storage would then seem to be obtained, if 
the particle volume distribution can be restricted. The 
trend towards high-resolution tapes on which shorter 
wavelengths are recorded reduces the severity of the 
print-through problem, since the printing field from 
adjacent recorded layers in a tape is reduced when the 

ratio of recorded wavelength to layer separation is 
small. 

Reproduction Efficiency 

During the reproducing process, the recorded tape is 
transported in the vicinity of the high-permeability pole 
pieces of the reproducing head. Each magnetic particle 
in the tape has an associated external demagnetizing 
field. These fields produce the greatest magnetization of 
the soft magnetic core of the reproducing head when 
they are positioned in the region of the head gap. There 
is also a partial recovery of reversible demagnetization 
loss at this time. If the tape is demagnetized, the particle 
fields are 'randomly directed and give rise to random 
magnetization of the core and a consequent noise 
voltage across the core winding. On the other hand, if 
the tape is recorded, the particle fields become ordered 
in direction, producing a head core magnetization pro-
portional to the number of unidirectionally magnetized 
particles. 
Although the magnetization achieved in recording is 

not uniform with depth at short wavelengths because of 
the reduction of recording resolution with separation 
from the recording head, this is possibly not a major 
factor in determining the reproducing head flux. This 
viewpoint is based on the conjecture that the wave-
length-dependent thickness and separation losses in 
reproduction are more severe than the corresponding 
reduction of recorded magnetization with depth in the 
coating on recording. It is important to design a tape 
so that a maximum intensity of magnetization can be 
transported in close proximity with the reproducing-

head gap: this requires a very thin magnetic  with 
high-saturation magnetization and 
surface to allow good contact with the transducer. 
The reproduced noise of an unrei  Lain• 

attributed to the inhomogeneity of the magneti. laver 

In conventional pm% der tapes, the elle, live PA , i( 
determines the ha( kground noise level. I his size is influ-
enced by both the degree of spatial dispersion of the 
particles and the individual particle volume. The opti-
mum particle size is the smallest ti m p.iti bl e with mag-
netic stability. Another noise component, modulation 
noise, which occurs on reproducing a magnetized tape, 
is a function of the magnetization level and can be con-
siderably greater than the background noise. Experi-
mentally, the major source of moduLit ion noise appears 
to be spurious amplitude modulation of the recorded 
signal caused by variations in the ph sical and magnetic 

properties of the tape HI. Nonimiturmities in the tape 
surface appear to be a major cause of this type of noise 
[41. Physical and magnetic nonuniformities in the coat-
ing and unevenness in the backing material can also con-
tribute to the magnetization-dependent noise. 

PERMANENT NIAGNET MATERIALS FOR TAPE 

The specification of the desirable magnetic properies 
for a magnetic tape Material obtained from the analyses 
of the recording .11141 reproducing processes is 110W con-
sidered \%:ith respect to the theoretical mechanisms of 
magnetization in permanent magnet materials. A num-

ber of suitable materials may be considered competively. 
As has been described, a highly nonlinear magnetiza-

tion characteristic must be developed in a magnetic 
material for tape recording. This will yield a high sensi-
tivity to recording signals in the presence of a Stlitable 

bias, and low sensitivity to magnetization change by 
spurious fields after recording. An irreversible magneti-
zation process controlled by sonic critical euergy is, there-
fore, required. Such a process is obtained in materials 
exhibiting single-domain  behavior.  Hulk  materials 
achieve magnetization changes by domain-wall motion, 
essentially a linear process, which can be avoided by 
producing very small regions of the magnetic material 
in which the formation of domain boundaries is ener-
getically unfavorable.  Alagnetization reversal then 

takes place by some characteristic mode of rotation of 
the magnetization vector. The magnetization charac-

teristic is controlled by the internal anisotropies of the 
magnetic regions which oppose the rotation of the mag-
netization vector towards the field direction. The con-

trolling anisotropy should be so oriented that, after 
saturating the material, a minimUill magnetization 
change occurs on removing the field. Furthermore, on 
increasing the applied field in the opposite direction to 
the magnetization, minimum magnetization change 
should occur until a critical field is reachei I. where maxi-
mum irreversible magnetization in a small field range 
should take place. 

At first sight, there appear to lx' several magnetic 
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Fig. 2—Reduced remanent magnetization vs number of easy direc-
tions (n); 0- - -0 spatial distribution;   planar distribution. 

anisotropies which could be harnessed to yield the desir-
able form of hysteretic magnetic properties. The shape 
anisotropy in small needle-shaped particles produces the 
most satisfactory tape material, since it can be closely 
controlled to give good uniformity of properties and is 
reasonably stable with respect to temperature fluctua-
tions. However, if this anisotropy is unoriented, a 
theoretical ratio of remanence to saturation of only 
0.5 is obtained. Fig. 2 shows how the ratio of remanence 
to saturation increases with the number of easy direc-
tions of magnetization for both spatial and planar dis-
tributions [5]. An inherently higher ratio would, there-
fore, be obtained in materials with a dominant cubic 
crystal anisotropy having six or eight easy directions of 
magnetization. The disadvantage of such materials for 
tape is that crystal anisotropy is strongly temperature-
dependent, leading to instability of the recorded signal. 
Stress anisotropy is caused by the change of crystal 
anisotropy associated with an applied stress. The rela-
tionship between crystal and stress anisotropies leads to 
similar formulas for the energies with which they are 
associated. Apart from the question of the stability of 
such an induced anisotropy, it would appear to be diffi-
cult to achieve any high degree of uniformity in a 
product relying on this type of anisotropy. Another in-
duced anisotropy may be obtained by magnetic anneal-
ing of certain materials but, again, the thermal stability 
of such materials is inferior to those controlled by shape 
anisotropy alone. 
In any practical material it is impossible to produce 

only one form of anisotropy, and sometimes both shape 
and crystal anisotropy are significant. As will be shown, 
it is possible that the advantages of both types of aniso-
tropy might be combined. Another important constraint 
is on the distribution of particle sizes. The desirable 
single-domain behavior is obtained only in a certain 
particle size range. Smaller and larger particles outside 
this range exhibit superparamagnetic and multidomain 
behavior, respectively. If these are mixed with single-
domain particles, the remanent magnetization is re-
duced compared to that obtained from single-domain 

Fig. 3—Hysteresis loop for mixed magnetization modes. (A) Equal 
quantities of single-domain and multidomain particles. (B) Equal 
quantities of single-domain and paramagnetic particles. (C) 
Single-domain particles only. 

particles alone [6], as shown in Fig. 3. The particle size 
range for-single-domain behavior varies from one ma-
terial to another. The best results will be obtained in a 
material with a large single-domain range. 
The desirable property that all regions in the material 

have the same critical field for irreversible magnetiza-
tion imposes restrictions on the shape and homogeneity, 
as well as the size, of the single-domain regions. Further-
more, when these regions are placed close together, as 
in a practical tape, the effective critical field is deter-
mined by the local field, because of the presence of 
neighboring magnetized regions, as well as by the in-
trinsic critical field of the region. Uniformity of the local 
field will depend on that of the spatial distribution of 
the magnetized regions. 
The search for suitable magnetic tape materials thus 

seems to center around the requirement that an easy 
and stable direction of magnetization exist near the 
applied field direction for each single-domain region, 
and that the critical fields for irreversible magnetiza-
tion change be the same for all such regions. The 
properties of suitable magnetic materials are reviewed 
next in the light of these magnetic requirements. 
Additional selectivity is imposed by the physical re-

quirements of a tape recording system. A smooth-sur-
faced flexible thin magnetic layer is required in order to 
give good contact between the tape and the recording 
and reproducing transducers. Although magnetic alloys 
containing single-domain ferromagnetic precipitates 
have been produced in wire and strip form, it is not 
possible to optimize these physical requirements while 
retaining sufficient thickness for the over-all mechanical 
strength required in a tape. Thin films of permanent 
magnet alloys deposited onto a plastic base material 
appear to be much more promising in this respect. Some 
examples of recent developments will be described. By 
far the most successful method of producing single-
domain regions has been the development of techniques 
for making uniform acicular fine particles. Good mag-
netic properties can be combined with the required 



76 IEEE TRANSACTIONS ON AUDIO  July-August 

physical properties by preparing uniform dispersions of 
such powders in a plastic binder. It is in the formulation 
and application of such a coating that present-day tapes 
differ. Magnetic materials in the form of powders and 
thin films are therefore considered in this paper. Present-
day tapes utilize the ferrimagnetic oxide 7Fe203. Oxides, 
metals, and alloys will be discussed also. 

Permanent Magnetic Oxide Powders 

Typical values for the magnetic and physical proper-
ties of some magnetic oxide powders suitable for use in 
magnetic tape are listed in Table I, headed by the ferric 
oxide powder presently used. The acicular particles [7] 
have a typical length-to-width ratio of 5 to 1. In this 
case, the 'associated shape anisotropy considerably ex-
ceeds the crystal anisotropy of this material. Some idea 
of the theoretical limits of these anisotropies may be 
obtained by comparing the anisotropy fields H.= 27r1, 
=2500 oersteds and 11,,=21Cl/I,= 235 oersteds, which 
correspond to an infinite cylinder and a single crystal, 
respectively. Although these limits are not reached in 
practice, the dominance of shape anisotropy in these 
powders is confirmed. The intrinsic coercive force Hc, 
saturation magnetization I.", and remanent magnetiza-
tion /," refer, where possible, to values expected in 
tapes. /,."//," is assumed to be 0.75 for oriented acicular 
particles, and a volume packing density of 40 per cent is 
assumed for powders. By modifying the preparation 
techniques, it is possible to produce acicular particles 
an order of magnitude smaller than those listed. These 
have similar hysteresis properties to the larger particles. 
However, they have the possible advantage of lower 
background noise level in recording, and the possible 
hazard of increased instability with respect to external 
fields and temperature fluctuations. 
Nonacicular particles of 7Fe203 or magnetite (Fe304), 

with a diameter of about 0.2 micron, may be produced 
by precipitating the hydroxide from a ferrous salt solu-
tion followed by controlled oxidation. The properties of 

both oxides are listed in Table I, where it can be seen 
that Fe304 has a slightly larger specific saturation mag-
netization than •'Fe2O3 (a.= 92 and 80, respectively). 
For these, the shape anisotropy is reduced to the same 
order of magnitude as the crystal anisotropy, giving a 
low value of coercive force for both the 'Fe2O3.  and 
Fe304 particles, thereby entailing a large self-demag-
netization loss. The resulting remanent magnetization 
is only about one-third of the corresponding value for 
oriented acicular particles, which show little loss of this 
type. 
Thus, for iron oxide powders, it appears that the best 

properties are obtained in oriented acicular particles. 
Since magnetite has the higher saturation magnetiza-
tion, it is expected that it would be preferred. However, 
it is less stable than ferric oxide and exhibits magnetic 
accommodation effects which make it difficult to erase 
permanently a recording made on this material. Hence, 
oriented acicular particles of ferric oxide are preferred. 
The magnetic and physical properties of these particles 
will be compared with other oxides and metals which 
might be competitive for magnetic tape use. 
A possible alternative to acicular iron oxide powders 

exists in oxides with sufficiently high cubic crystal 
anisotropy to enable this to be the dominant anisotropy 
in a tape powder. In this case, the particles may be 
isotropic in shape, and very small particles, not requir-
ing orientation, can give the desired rectangular hystere-
sis loop with /,"//,",-, 0.7. This approach has been used 
commercially for magnetic tapes [16] by the addition of 
cobalt ions to cubic iron oxide particles about 0.1 jz in 
size. Cobalt-doped iron oxide may be prepared by a 
method similar to that used for nonacicular iron oxide 
with the addition of cobalt sulfate in the precipitating 
solution [17], [18]. Cobalt concentrations above 10 
per cent of the total metal ions would give coercivities in 
excess of 1000 oersteds because of the incre4se in crystal 
anisotropy. Problems in recording and erasing such 
magnetically hard material occur. 

TABLE I 

PHYSICAL AND MAGNETIC PROPERTIES OF SOME PERMANLNI MAGNET OXIDE POWDERS 

Material Composition 

Physical Properties Magnetic Properties 

Crystal  Density  Length  Width 
Structure  (p.)  a(Micron) b(Micron) H o (Gauss-

Cm'/Gm) 1k"(Gauss)  
4"  141* 

(Gauss) (Oersteds) (ErgiCm1) (Oersteds) 

Iron oxide''" 

cobalt-iron oxidel , yCFeiCh Ferth 
Col,e204 
orFe3-..04t 

Barium ferrite". " BaFei2011 
Barium-iron oxide+ 
titanium-cobalt"  BaCciaTio, 

Feir_tg:hot 
Lead ferrite"  1131.0Feii Olt 
Chromium oxide"  CrOti-Sb 
Manganese ferrite"  MnFe204 

Nickel ferrite"  NiFe20. 

}Inverse spinel 

hexagonal 
close 
packed 

Tetragonal 
Inverse 
spinel 

Inverse 
spine] 

{4.98 

5.21 
5.29 
5.0 

15.3 
5.34 
5.5 

5.0 

5.33 

11.0 
10.2 
0.2 

0.2 
0.2 
0.2 

0.08  0.08 

1.0 0.1 
1.0 0.1 

1.0  0.1 

0.06  0.06 

250 
90 
115 

4,200 
640 

4,000 
1,900 
500 

80 
80 
92 
80 
73 

72 
60 
49 

160 
160 
192 
170 
146 

148 
128 
110 

380  90 
80  160 

123  49  105 

1201 
441! 
521' 
120:: 
1001: 

1121 
961. 
821 

2,000 

245 
1,400 
1.300 

17,500 

0.047 
0.047 
0.11 
2.5 
1.0 

2,500**  675 
235tt  675 
460tt  585 

12.000tt  520 
5,500tt 

3.0  17,000tt 450 
1.3 8,20011 

130 
(100)ft 300 

412tt  585 

* 14, is the estimated anisotropy field at 150 C. 
t x =0.15. 
I 6=0.5. 
Estimated value for partially oriented particles I,", I," =0.75; assumed volume packing factor =0.4. 

II 4"//." =0.27. 

ft  21C1/1,. 
I,/I, =0.7. 
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The magnetic characteristics for particles of pure 
cobalt ferrite (CoFe204) and for iron oxide doped with 
5-atomic-per cent cobalt (Co:Fea_z04) are shown in 
Table I. CoFe204 is too hard magnetically to be consid-
ered for conventional magnetic tape use, but has been 
included in the table to illustrate the exceptionally high 
anisotropy it attains. For the lower cobalt-content 
powder, small particles of 800 A (Angstrom units) may 
be produced with a specific saturation magnetization 
some 10 per cent lower than 7Fe203 or CoFe204, but with 
adequate coercivity for tape with dominant control by 
crystal anisotropy. This produces a powder with a 
similar remanent magnetization to the acicular iron 
oxide sample, but with the advantages of isotropic 
properties (thus avoiding particle orientation problems), 
and also with a very small particle size which should 
lead to tapes with a low background noise. However, 
the temperature stability of coercivity is poor since the 
properties are controlled by crystal anisotropy. As can 
be seen from the table, the effective anisotropy field 
H.€ falls to 24 per cent of its initial value when the 
powder is heated to 150°C. Some stabilization may be 
achieved by magnetic annealing [19], but the hazard 
of the magnetization instability in these materials re-

stricts their application in magnetic recording. 
Although it is impossible to avoid the temperature 

variation of crystal anisotropy in ferrites, it is possible 
to achieve thermal stability of remanent magnetization 
in some hexagonal ferrites like barium ferrite (BaFei2019), 
where the temperature variations of 1C1 and I, are sim-
ilar and the anisotropy field 11.---2K1/ 1, varies little 
over the temperature range of interest. Small platelet-
shaped particles of BaFei2019 may be produced which 
exhibit single-domain behavior [20]. However, the very 
high crystal anisotropy results in coercive forces which 
are much too high to be practical. Even in the some-
what larger particles listed in Table I the high coercive 
force is prohibitive for tape use. The crystal anisotropy 
of uniaxially anisotropic hexagonal ferrites may be re-
duced by replacing some of the ferric ions by equal 
amounts of divalent cobalt and tetravalent titanium 
ions. For instance, the crystal anisotropy may be re-
duced to 40 per cent of the value for BaFe12019 while the 
saturation magnetization falls by only 17 per cent [21], 
as indicated in the table. Although this value is still very 
large by normal tape standards, such a material might 
find limited use for special applications requiring high 
permanence of recordings. 
Another very interesting set of hexagonal ferrite ma-

terials exhibits lower coercive force than 13aFe12019 
because of the development of easy directions of mag-
netization in the plane perpendicular to the hexagonal 
c axis; then the c axis itself becomes a difficult direction 
[22], [23]. These materials contain additional divalent 
ions, such as cobalt, and have six easy directions of 
magnetization in the basal plane. For small platelet-
shaped particles, with easy axes in the plane of the plate, 
it would be possible to produce a magnetic tape with 

the plates parallel to the tape plane, giving easy mag-
netization in the plane of the tape (/,."/./." = 0.75, in 
Fig. 2). It would then be difficult to magnetize such a 
tape perpendicular to the tape plane, a condition which 
leads to high-resolution recording. 
In addition to barium ferrite powders, somewhat 

similar results are obtained for hexagonal ferrites con-
taining strontium or lead [24], and the saturation 
magnetization may be increased further by adding a 
few per cent of SiO2 or Bi203. The magnetic properties 
expected of oriented lead ferrite particles are given in 

Table I. 
A few other ferrites also may be mentioned; in addi-

tion to the iron and cobalt ferrites already considered, 
manganese, nickel, copper, magnesium, and lithium fer-
rites have simple spinel structures. The first two, which 
have specific saturation magnetizations approaching 
those of iron and cobalt ferrites (a,= 80 and 50, respec-
tively), are listed in Table I. Manganese ferrite, which 
has the largest saturation magnetization at low tempera-
tures, has a low Curie point, which is not conducive to 
stable properties around room temperature. Although 
nickel ferrites are of some possible interest, the low 
values of I„ and even lower values for copper, mag-
nesium, and lithium ferrites, militate against competing 
them with iron oxides. Chromium dioxide, which has a 
specific saturation magnetization in the range 80-100 
gauss-cm3/gm (gauss-centimeters cubed per gram), may 
be prepared in fine powder form, and has been consid-
ered for use in magnetic tapes [25]. The magnetic prop-
erties of these powders are also listed in Table I. It has 
been shown that the acicular particles are single crys-
tals with the tetragonal axes parallel to the long axes of 
the particles. Magnetic properties somewhat superior to 
those of iron oxides are achieved at room temperature. 
A possible disadvantage of this material is its rather low 
Curie point. 

Permanent Magnet Metal and Alloy Powders 

From the preceding review of permanent magnet 
oxide powders, it appears that the possible improve-
ments over the existing iron oxide powders are con-
cerned both with particles having higher and multiaxial 
anisotropies and with smaller particle sizes. Metal and 
alloy powders, on the other hand, have higher intrinsic 
magnetization, and thus offer the advantage of high-
output tapes. Moreover, techniques have been de-
veloped for depositing metals directly onto plastic base 
materials, yielding the possibility of very thin film tapes. 
For the sake of completeness, the magnetic properties 
of some "homogeneous" metallic tapes will also be men-
tioned, although they have severe physical limitations 
which restrict their use to relatively long-wavelength 

recording applications. 
The physical and magnetic properties of metals and 

alloys in the form of powders and thin films are listed in 
Table II, where the alloy compositions are listed by 
per cent of weight. Here it is seen that saturation mag-
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netizations of iron and cobalt powders, diluted to 40 
per cent by volume for a tape coating, are 680 and 560 
gauss, respectively, whereas all the oxides listed in Table 
I have tape saturation magnetizations of less than 200. 
Nickel powder, on the other hand, has properties not 
unlike those obtained in 'Fe2O3- . Thus, the metals iron 
and cobalt, and their alloys with each other and with 
nickel and other elements, may theoretically yield 
remanent magnetizations up to four times greater than 
oxide powders. 

Table II shows that the crystal anisotropy is some 
ten times greater for iron than for •yl:e203 and the 
saturation magnetization rather more than four times 
greater. Thus, the anisotropy field will be about 500 
oersteds, leading to  1. This ratio is considered 
too high to avoid demagnetization losses. On the other 
hand, the theoretical anisotropy field, for anisotropy 
controlled iron particles, is 277-I, ( =10,000 oersteds), 

assuming coherent rotation processes. These do not 
occur in acicular iron particles, however, which change 
their magnetization by an incoherent mechanism, prob-
ably fanning. Consequently, maximum coercivities 
around 1000 oersteds are obtainable in practical shape 
anisotropy controlled iron particles. Single-domain 
metal particles generally are smaller than the oxide 
particles now used in tapes. This has been shown to 
result in a lower background noise level in comparison 
with similar, but larger, particles. 
There are numerous methods for preparing fine metal 

powders. One very successful method for producing 
acicular particles employs electrodeposition in mercury 
[34], in which particles about 150 A in diameter and 
length-to-width ratios of up to 10 to 1 are formed. The 
magnetic properties of typical particles are -listed in 
Table II for a length-to-width ratio of 3 to 1 and a 
moderate degree of orientation, /,"//," = 0.65.Iron-
cobalt alloy particles may be produced 13y the same 
method. These have the advantage of higher saturation 
magnetization than either iron or cobalt, and, since 
shape anisotropy is dominant, they have a correspond-
ingly higher coercivity. The magnetic characteristics of 
elongated particles of a 60-40 iron-cobalt alloy, listed in 
Table II, show the expected increase of H. and Ii". 
Metal oxalates have been used as the starting ma-

terial for the preparation of fine particles of metals, 
alloys, metal oxides, and ferrites [35]. Reduction of the 
oxalates to the corresponding metal or alloy may be 
carried out by heating in a hydrogen atmosphere to a 
temperature high enough to effect decomposition, but 
low enough to avoid sintering. Binary alloy powders of 
iron-cobalt have been produced successfully by this 
method, and also ternary alloys of the iron-cobalt-
nickel system [36], [37]. Typical magnetic properties 
for 55 per cent Fe-40 per cent Co-5 per cent Ni are 
shown in Table II for 0.1-micron-long acicular particles. 
It can be seen that, at the present stage of development, 
this method has not produced the maximum magnetiza-
tion expected from such alloys. This may result from 

od 
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the use of a lower packing density than the 40 per cent 
figure assumed for the other metal powders. Neverthe-
less, the magnetic properties of metal and alloy powders, 
given in Table I I, indicate that at least a threefold in-
crease in remanent magnetization may be obtained over 
that presently obtainable in oxides. Moreover, suitable 
coercivities may be developed to avoid self-demag-
netization effects. The advantages in a magnetic tape 
are probably best realized by producing very thin layers 
of metal powder tape, which considerably reduce the 
recording and reproducing losses associated with the 
coating thickness, and improve both the efficiency and 
resolution of the recording process. Finally, the tape 
noise associated with particle size effects is reduced. 

Metal Tapes 

The advantages of metal and alloy powder tapes may 
possibly be realized also in metal thin films in which a 
homogeneous ductile magnetic layer is produced directly 
rather than by mixing powders with a plastic binder. 
Of course, the inherent advantage of averaging out vari-
ations in magnetic properties is lost in any direct method 
of producing the magnetic layer. Nevertheless, the tech-
nology for production of uniform thin films has ad-
vanced in recent years. Unfortunately, little informa-
tion on the recording performance of thin film tapes 
has been published, although the magnetic properties 
achieved indicate that they represent serious potential 
competition for high-resolution tapes. 
All-metal wires and tapes preceded the modern metal-

plastic base combination. Since the requirements for 
magnetic tape are a combination of magnetic hardness 
and physical softness, it is not easy to produce satisfac-
tory results for all-metal tapes. However, some mag-
netic alloys of iron-cobalt, nickel-iron-cobalt, and 
nickel-cobalt form ductile products when alloyed with 
copper or vanadium (V), which may be rolled to thin 
tapes suitable for magnetic recording when very high 
resolution is not a major requirement. Some of these 
alloys with the trade names Vicalloy, Cunife, and 
Cunico are listed in Table It. Iron-nickel-chromium 
alloy, or magnetic stainless steel, also falls into this 
category and has been used for wire recording. However, 
all of these materials suffer from physical rigidity, even 
in the form of thin tapes or wires, leading to imperfect 
contact with the recording-reproducing transducers, 
and to consequent separation losses. 
In forming a magnetic thin film layer directly on a 

plastic base, it would seem that all of the techniques for 
producing soft thin films for memory elements have 
possible application to magnetic tapes. Electrodeposited 
cobalt-nickel has been used as the magnetic recording 
medium for metal tapes and disks. For these alloys, a 
hexagonal structure is obtained for more than 72 per 
cent by weight of cobalt, and large values of saturation 
magnetization can be achieved in the deposited layer 
(Table I It is found that a coercive force of approxi-
mately 250 oersteds is obtained in films a few microns 

thick. The ratio of remanent magnetization to coercive 
force is about three, which is rather high to avoid self-
demagnetization losses. Higher coercivities up to 500 
oersteds have been reported for cobalt-nickel electrode-
posits where high pH in the bath is maintained [38]. 
The coercivity of Co-Ni alloys may also be increased 

if the electrodeposition conditions are adjusted so that 
lamellated structured deposit is formed [39] introduc-
ing considerable shape anisotropy. The resulting coer-
cive force can exceed 1000 oersteds. However, this 
effect is achieved at the expense of reducing the satura-
tion magnetization of the layer, and there must be suffi-
cient porosity to achieve single-domain lamellae mag-
netically isolated from their neighbors; the method used 
is the combination of electroless and electrolytic deposi-
tion [30]. Typical magnetic properties for this alloy are 
listed in Table II under Co-Ni-P (phosphorus), and it is 
seen that the coercive force and saturation magnetiza-
tion are increased by factors of three and five, respec-
tively, when compared to oxide powder tapes. Thus, for 
the same tape flux (or long-wavelength output) the 
coating thickness may be reduced by a factor of five, 
say to 2 microns. As the short wavelength response 
depends on the intensity of magnetization rather than 
on the total tape flux, an increase of five times would 
then be obtained, compared to iron oxide tapes. 
Another interesting property of thin plated layers of 

Co-Ni-P is that the high value of coercivity and high 
ratio ./,."//,," are not dependent on the direction of meas-
urement [40]. The desirable magnetic properties for 
recording are thus obtained without introducing orien-
tation of the controlling anisotropy. Somewhat reduced 
magnetization and coercive force values are obtained on 
plating Co-P in the same manner [29]. The plating may 
be done on metal bases, as described, or on a plastic base 
previously coated with a conducting substrate. Cobalt 
has also been plated onto Mylar by an electroless proc-
ess in which reduction is achieved in the presence of 
hypophosphite ions [41]. Typical samples of the latter 
product have a saturation magnetization of 8000 gauss 
and a coercive force of 360 oersteds. Such tapes, with a 
coating about 1.0 micron thick, show similar nonreturn-
to-zero pulse packing and pulse width to that obtained 
with iron oxide computer tapes, together with a slightly 

lower output. 
Permanent magnet behavior has been obtained in 

very thin layers of electrolytically deposited iron with-
out the lamella structure [27]. However, it is necessary 
to reduce the iron thickness considerably to achieve 
high coercivity. Interleaving with a nonmagnetic con-
ductor would be a possible method to build a sufficiently 
thick layer for recording purposes. In this case the 100 
per cent volume packing factor assumed for the satura-
tion magnetization value in Table II is too high. Per-
haps 50 per cent of this value is nearer the practical 
value. Less success has been obtained in attempts to 
evaporate thin permanently magnetic metal layers, and 
the properties of the bulk material are obtained for 
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small thicknesses. Evaporated cobalt layers have been 
reported with a coercivity of 40 oersteds for a thickness 
less than 1 micron [42]. Elsewhere higher coercivities 
have been obtained and values up to 2810 oersteds at 
77° Kelvin have been reported in cobalt films evaporated 
in the presence of a magnetic field [43]. It can be ex-
pected that evaporation techniques will be developed 
further, leading to controllable permanent magnet 
behavior suitable for magnetic tape application. 
To summarize the present state of metal tape de-

velopment, it seems that the optimum magnetic and 
physical properties can be obtained in thin layers of 

alloys and metals deposited onto a plastic base; very 
smooth surfaces can be formed which promise high-
resolution recording. It remains to be seen if the physical 
and magnetic quality control of such tapes can be 
maintained at the level of powder tapes in production 
today. 

RECORDING PERFORMANCE OF TAPES 

The recording performance of the promising possible 
tape materials will depend on the physical as well as the 
magnetic properties of the manufactured tape. New 
powders have been described which may differ some-
what in their dispersibility in a plastic binder solution, 
but which otherwise might be expected to exhibit physi-
cal properties in tape form similar to the existing oxide 
tapes. Conventional acicular iron oxide particle tapes 
are compared next with the higher coercivity cobalt-
doped iron oxide and with an alloy powder tape. All 
three tapes have similar total magnetic fluxes and, as a 
result, the alloy powder has a thickness about one-third 
that of the oxide tapes. It was indicated in the discus-
sion of tape design criteria that a reduction of the mag-
netic coating thickness would lead to higher resolution 
for all practical forms of recording. 
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200  400  600 

Fig. 5—Relative anhysteretic remanent magnetization curves, //d. 
oersteds. (A) Cobalt-doped iron oxide powder. (B) Oriented 
gamma ferric oxide powder. (C) Iron-cobalt-nickel alloy powder. 

Static Magnetization Characteristics 

As described, some guide to the recording resolution, 
stability, and reproduced output capabilit  br ob-
tained by comparing the remanent magnetization char-
acteristics of tapes. In Fig. 4, the reduced remanent 
magnetization curves are plotted for two oriented 
acicular particle tapes,. curves (b) and (c), and one non-
oriented spherical particle tape, curve (a). It can be seen 
that the desirable steep and linear rise is best_obtained 
in the iron oxide tape. This is attributed to a higher 
degree of particle orientation and a reduced spread of 
particle switching fields compared to the alloy powder 
tape. Similarly, the uniformity of effective switching 
fields is also inferior in the crystal anisotropy controlled 
spherical particles. 

The ac bias recording performance is related to the 
anhysteretic  magnetization characteristic which  is 
plotted for the three powders in Fig. 5. The greater 
influence of internal fields in the spherical particle 
cobalt-doped iron oxide is responsible for its lower 
initial anhysteretic susceptibility. The oriented acicular 
particle tapes have inherently more linear anhysteretic 
characteristics. Again the superior orientation of the 
iron oxide tape results in the better characteristic. 

Frequency Response and Noise Level 

The most important characteristic distinguishing one 
tape from another is short wavelength response. flow-
ever, the wavelength dependence of the recorded flux is 
extremely difficult to measure accurately, because of 
uncertainty of the losses in the reproducing process. 
Reproducing heads have wavelength-dependent losses 
because of the finite length of the gap and imperfect 
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be produced with sufficient physical uniformity and 
stability, improved tapes using such materials would 
appear to be forthcoming. 
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Fig. 6—Comparison of magnetic powder tapes. 

contact between tape and head. Frequency-dependent 
losses also occur because of eddy currents in the head 
core, but these may be kept negligible by testing tapes 
at very slow speeds rather than at high frequencies. The 
technique for making ultrafine gap reproducing heads 
has so progressed that head sensitivity may be held 
within a few decibels for reproduction of wavelengths 
down to about 4 µ. Thus, comparison of frequency 
response and output capability is possible if high-preci-
sion recording and reproducing heads are used. . 
The recording performances of four different mag-

netic powder tapes are compared in Fig. 6 (upper set of 
curves) where the maximum reproducing-head output is 
shown as a function of frequency, using a slow tape 
speed of 11, inches per sec. Curves are drawn for a thin 
layer tape of alloy powder, and for thicker layers of 
oxide powder tapes having comparable remanent fluxes 
and, hence, comparable long-wavelength responses. 
These curves include two acicular particle tapes having 
different particle sizes, and a small-size nonacicular 
particle tape. The curves correspond to a harmonic dis-
tortion level of 5 per cent or less. Since the output curves 
depend in a complicated way on the bias amplitude, this 
is chosen as a compromise between overbiasing the 
short wavelengths and underbiasing the long ones and 
is a function of the field gradient through the thickness 
of the coating. A better compromise bias is achieved in 
thinner coatings. In the curves shown, the bias is opti-
mized for the mid-frequency range, and it is clearly seen 
that the thin layer of high-magnetization alloy powder 
is superior in over-all output. This is caused by varia-
tions of bias level through the coating minimizing the 
loss. 
The effect of particle size on the zero-modulation 

noise may also be seen in Fig. 6 (lower set of curves). 
Here the noise, measured in third-0( lave bands, is 
plotted for the four tapes. The superiority of the alloy 
powder, with its extremely small particle size, again is 
evident. Thus, in ac bias recording, the predicted im-
proved performance from a thin high-remanent mag-
netization material is demonstrated. If such layers can 

CONCLUSIONS 

Design criteria for improved magnetic tapes demand 
for the present techniques of recording and reproduction 
that the magnetic layer thickness be reduced as much 
as possible. At present, oxide powders offer a good com-
promise to the optimum magnetic properties required. 
When techniques for preparing physically satisfactory 
thin films become available, it is to be expected that 
metallic magnetic layers, either in powder form or 
directly deposited, will become the preferred material. 
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