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Summary

Ferrites are frequently employed as an aux-
iliary component in high voltege pulse circuits.
The ferrite has a twofold purpose. One is to im-
prove the pulse rise time in a low inductance
circuit where the rise time is limited by the re-

sistive fall time of the switch, typically a
thyratron or an SCR. The other purpose is to
reduce dissipation in the switech. The ferrite

accanplishes these goals by behaving as a nonli-
near inductor, or "saturable reactor". At about
the same time that the switch becomes fully con~
dueting, the ferrite inductance rapidly
saturates, i.e., the pulse permeability quickly
changes from a large value to a relatively small
one.

In this paper the available design curves for
the ferrite have been extended to include two ad-
ditional effects: circuit inductance and the
resistive fall time of the thyratron. Exper imen-
tal results using magnesium manganese ferrite and
an ITT F199 thyratron were obtained and compared
with the complete model. The experimental re-
sults are in accord with the computer model.

Introduction
Ferrite materials have been used in high
voltage pulse circuits for many years. The fer~
rite exhibits a saturation of the pulse

permeability, which allows for the design of non-
linear induectors, or "saturable reactors". Such
inductors, when used as an auxiliary element in a
pulse circuit, are beneficial in two ways. First
the pulse rise time is sharpened, and secondly,
the dissipation in the main switeh (typically a
thyratron or SCR) is reduced. These desirable
properties are achieved by virtue of the fact
that, during the rise time portion of the pulse,
when the main switch is undergoing ionization,
the ferrite has a large effective inductance.
During this time the bulk of the voltage Iis
across the ferrite. The ferrite is designed so
that when the main switeh is fully ionized the
ferrite permeability saturates, rapidly falling
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from a large value to a relatively small one. At
this point in time the voltage is transferred from
the ferrite to the load, and since the ferrite is
able to switeh rapidly, the rise time of the pulse
is sharpened. The switeh dissipation is reduced
by virtue of the fact that the ferrite inductor
delays the passage of current during the commut-
ation time.

There are two types of ferrite sharpeners.
In the first t}e?) ferrite is distributed in a
transmission line'~’. In the second type, the fer-
rite is more concentrated and is considered a
lumped circuit element. Generally the distributed
type will offer a greater degree of sharpening,
compared to the lumped ferrite. The lumped type,
however, is notable for its simpler design and
ease of interpretation. The theory f?zé) this type
sharpener has been given previously , and com-
puter results were generated for the case of zero
inductance. In this paper the computer model has
been extended to include several additional ef-
fects. Computer results were obtained which take
into aceount the circuit inductance as well as the
carmmutation characteristics of a thyratron switch.
Further, the transition of the ferrite from a non-
linear inductor to a linear one (after the ferrite
saturates) is incorporated, thus strengthening the
model. The extended model was compared with ex-
perimental results using magnesium manganese
ferrite and a modified ITT F199 thyratron. In
general the predictions of the model agree with
the experimental observations.

Summary of Theory

The pulse circuit to be analyzed is shown
symbolically in Fig. (1). The key element is the
ferrite sharpener, which is assumed to be in the
form of a toroid (or series of toroids) which sur-
rounds the current carrying conductor of the pulse
circuit. The nonlinear inductance of the ferrite
arises from the motion of the magnetization under
the influence of the magnetic field, produced by
the pulse current. For a toroid the ferrite
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(3)

magnetization satisfies

d(MZ/Mo) 2h

2 12
= — (1-M2/ME) (1)
dt S zo
where
4TTM1= Component of magnetization in
direetion of the field (gauss)
4TTM = Saturation magnetization (gauss)
h = Magnetic field (ocersteds)
S =  Switching coefficient (oersted-sec)
t = Time (sec)

From Eq. (1), one calculates the voltage induced
in the ferrite, caused by the change in magnetic
flux which occeurs as the magnetization reverses
direction. Initially the magnetization will be
biased opposite to the direction of the pulse
magnetic field. When the pulse is applied the
reversal process is initiated, giving rise to the
large effective inductance of the ferrite.

The ferrite is just one element in the pulse
eircuit shown in Fig. (1). The other elements
are the main switeh, the load (assumed to be a
resistor for this analysis), the circuit indue-
tance (including that in the main switeh), and
the pulse forming line. In this paper the main
switeh is assumed to be a thyratron, and during
the coammutation time, the (myratron possesses a
source voltage Vt given by

= v (2-e"Ti)i0¢ t <1

Vt 0

(2)

where Vo is the charge voltage, T.is the effec-
tive ionization time of the tube, and T=T.In2.
Beyond T the voltage across the thyratron is as-
sumed to vanish, except for normal conduction
loss and a possible inductive voltage drop.
Another important time constant, aside from T, is
t = T,, the time at which the ferrite saturates,
i.e., transitions from a nonlinear inductor to a
linear type. 1In this model the transition is de-
termined by matching solutions at T,, assuming a
constant, saturated permeability for the ferrite.
T, and T determine various intervals, with dif-
ferent solutions for each interval. For example,
if T, €T, the three intervals are o4 ¢ £ T
, T.¢t&T,and ¢+ 2 T. Similar solutions r£
found when Tf > T.

Fig (2) shows typical theoretical waveforms
of the load voltage and the voltage across the
ferrite. Without ferrite the rise time is con~
trolled by the resistive fall time of the
thyratron, as modified by the cireuit inductance.
When ferrite is added the current is first de-
layed. When the ferrite saturates, at
approximately 8 ns, the thyratron has already
become fully conducting, and consequently the
risetime is steeper. Obviously a steeper rise-
time will result only if the circuit is not
overwhelmed by inductance. As noted in Fig (2),
the ferrite voltage daminates during the commut-
ation time of the switch.

Use of Computer Program

The input to the program consists of both the
ferrite and circuit parameters (Table I). The
pertinent equations are then solved and the vol-
tage waveforms for the load resistance and ferrite
plotted for the given set of parameters. The pro-
gram also has the option of ecaleculating an
"optimum ferrite length", defined by T, = T.
Lengths which are longer often give steeper rise-
times, however, and should be considered as well,
provided the saturated ferrite inductance is not
too large. The program also matches the voltage
across the ferrite as it transitions from a nonli-
near to a linear induetor. This procedure fixes
the final M_/M_value. In cases where the linear
ferrite inductance is negligible the computer pro-
gram may be simplified by specifying the final
M _/M_as an input. A value of 0.99 is usually

sGffcient.

Several important program inputs are not
readily apparent or must be measured. One mater-
ial property of the ferrite, the switching
coeffic_i_gnt, is believed to be on the order of
0.10x10 ~ oe-sec for large pulse fields. The sa-
turated permeability is estimated from the slope
of the hysteresis curve after saturation occurs at
large fields. The initial ratio of MZ/M is de-
termined by the reverse bias. For Zsufficient
reverse bias MZ/MOQ: -1.

Besides the ferrite properties the input cir-
cuit parameters must be estimated, particularly
the circuit inductance and the resistive fall time
of the thyratron. These two parameters may be ob-
tained by auxiliary measurements. In the case of
the fall time this means measurement of the tube
or load voltege, while suppressing inductive ef-
fects by use of a large load resistance. In the
case of the circuit inductance, the load waveform
should be measured while using a small load resis-
tance, in order to emphasize the inductive
effects.

The experimenta{ﬁet—up was similar to that
described previously""’. Voltages across the F199
thyratron and the load resistance were measured
with a Tektronix P-6015 or with other fast rise-
time voltage probes. Current was measured with
Tektronix CT-1, When measuring the ferrite vol-
tage the ferrite was placed next to ground in the
pulse ecirecuit. No differences in the load wave-
forms were observed when the ferrite was above
ground. Resistive fall time of the thyratron was
controlled by variation of the reservoir voltage.

The dimensions of the magnesium manganese
beads were: ID=0.25cm, OD=0.50cm, and
length=1.25cm. No bias circuit was employed, but
instead the load was negatively mismatched to a
slight degree ( & 5%) so that the reverse pulse
was used to bias the ferrite. The initial value
of Mz/Mowas assumed to be the ratio of the rema-
nancé (252000 gauss) to the saturation value
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(2 3000 gauss), or ~0.67.

Preliminary comparisons of  theoretical
waveforms and the experiment are shown in Figs.
(3)-(6). The ionization time of the thyratron
was estimated from the tube voltage, ignoring in-
ductive effects. No separate measurement for
estimatingthe circuit inductance was lll%de at this
time. A circuit inductance of 0.2x10 "h was as-~
sumed, plus a smaller ferrite inductance, after
saturation. The ionization times (T;) are ap-
proximately 15 ns and 28 ns for Figs (3) and (4)
respectively. The load resistance was 5041 .
Because of experimental uncertainties in the zero
time reference, the experimental and theoretical
curves were arbitrarily matehed at the points
where the voltages were 25% of the final ampli-
tude. In the experimental curves, the presence
of current at t=0 indicates that  the thyratron
source voltage, eq. (2), should be modified to
include a term describing the early stage of ion-
ization in the tube. The observed current
plateaus, which occur at about 75% of the maximum
current, are believed to be caused by insuffi-
cient cathode emission. No such plateaus
occurred when higher impedance loads ( 150.)
were used. At the higher impedance levels, howev-
er, the degree of pulse sharpening observed was
considerably lessened, in agreement with the
theoretical predictions.

Fig (5) shows the camparison of the observed
and theoretical ferrite voltage, taken at the
higher reservoir setting. The agreement is rea-
sonably good, given the conplexity of the
problem. Fig (6) compares the dissipation in the
tube, with and without ferrite. The dissipation
is obtained by obtaining the product of the vol-
tage and current waveforms across the tube. The
reduction in tube dissipation is evident in both
the experimental and theoretical curves. The
large dissipation observed near t=0, when no fer-
rite is used, is artificial. It relates to the
aforementioned presence of current at t=0, and
the need to modify the source voltage of the thy-
ratron.

Conclusions

An improved camputer model of the lumped
circuit ferrite pulse sharpener has been develo-
ped. Comparison of the model and the
experimental results indicates broad agreement.
The initial design of the ferrite device may be
accomplished using the present program. In order
to make effective use of the program, however,
the switeh characteristics and the eircuit indue-
tance should be properly accounted for in the
program, and this will require auxiliary measure-
ments. The program itself is flexible in that
adaptations of the program are routinely acecom-
plished, such as changes in the switeh
characteristics or the use of a reactive load,
instead of a resistive one.

The computer program also is adaptable to
variations of the present ferrite device. For
example, the sharpener may be improved by
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interposing a long transmission line (transit time
of line long compared to unsharpened rise time)
between the switch and the remainder of the cir-
cuit, This has the effect of isolating the switch
induetance, and its contribution to the risetime
is rendered susceptible to being sharpened by the
ferrite. Other types of sharpeners also may be
described by the program.
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Figure 1: Ferrite Sharpener Circuit.
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Figure 2: Computed voltage waveforms delivered
to 504 load with and without
ferrite. Also shown is ferrite
voltage.

INPUT PARAMETERS OF FERRITE
PULSE SHARPENER PROGRAM

CIRCUIT FERRITE

Initial Voltage Inner Diameter of Ferrite
Circuit Inductance Outer Diameter of Ferrite
Ionization Time of Tube Total Length of Ferrite
Load Resistance Saturation Magnetization
Characteristic Impedance of PFL Saturated Permeability
Switching Coefficient
Initial Mz/M,

Final Mz/Mg

TABLE 1
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Figure 5: Comparison of theory and exper iment
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Figure 6: Comparison of theory and experiment

for tube dissipation.
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