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ABSTRACT

Engineering and packaging improvements to a prototype X-band nanosecond
pulsed~-ferrite generator are described. Project effort has included:

o Investigations for increasing power output through the use
of multiple ferrite sphere-resonator configuratioas.

¢ Improved charged-line spark~gap pulsers for providing pulsed
magnetic fields for multiple-sphere configurations.

e Investigation of solid-state switch capabilities for replacing
the spark~gap switches now required for switching the
charged~line pulsers.

¢ Construction and testing of the final, triggered, X-band

e b dessmres at
Y

generator with a suitably compact form factor.

The final ¥-band pulsed ferrite generator uses a single YIG resonator and has
the following features.

¢ Triggering of the spe k-gap pulser with PRF's in the range
to 600 pps is provided.

¢ The size of the charged-line pulser has been decreased by
using a folded microstrip line construction.

e The generator is housed in a 16 x 21 x24~-inch cabinet.

o The generator is capable of delivering two-nanosecond RF
pulses with less than one nanosecond risetime, and peak RF
powers on the order of 150 watts in the X-band frequency
range of 8 to 10 GHz.
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The objective of this program is an engineering and patkaging improvemert of

a prototype model, X-band, pulsed ferrite gcnerator, based on the results
achieved at Stanford University under Contract DA 28-043-AMC-00397(E).

The basic theory, final experimental model, and experimental results are
described in a recent publication by Stanford persormell and will not be re~
peated in this report.

The general purpose of the work was to determine the feasibility of a micro-
wave generator in which a ferrite material is used to convert energy from a
pulsed magnetic fieid into a coherent, X-band, pulsed RF energy.

/
The investigation includes studies of generator performarice features and
limitations, and the fabrication of an exploratory developmental model to dem-
onstrate microwave generation of X-band power at nanosecond pulse widths by
the use of a ferromagnetic material emersed in.a pulsed magnetic field. The
design objectives are as follows:

RF Pulse Width 1 to 3 nanoseconds
Center Frequency 9.6 GHz
Frequency Tuning Range 9.2to0 10.0 GHz
Peak Power 2 kW

Pulse Repetition Rate 1l to 10 KHz

The unit is to be self-contained, including triggered pulsing circuitry with
only applied dc voltages required. Maximum over-all efficiency, reliability,
life, and simplicity of operation are desired characteristics. -

The principal efforts required were:

o determining methods of increasing power output,




| i mcimmend
i " %

e providing triggered puise opereiion of the hign cuiren

charged-line pulser, anu

e constructing the deliverable developmental model in a

suitably packaged {orm.

R s Sy

The principal methods considered for increasing powe: output were various
configurations employing multiple-ferrite spheres. The multiple-sphere work
was done chiefly on a subcontract basis with Stanford Research Institute (SRI)

personnel* and was additionally supported by the consultant services of Or.
H.]. Shaw of Stanford University, who was responsible for the Stanford proto-
type model. The multiple~-sphere work is descri*2d in Part IL.

The final form of the recommended multiple-sphere configuration requires a 60 to
70 kV, 1.3 kA, 2ns pulser. Work on a Darlington charged-line pulser, which
employs stepped characteristic impedance strip lines to obtain high pulse volt-
ages for relatively low applied dc voltages, is described in Part III.

Other pulser considerarions included a survey of solid~state switches to deter-
mine the future feasibility of replacing the spark-gap switches now employed in
the pulser. This work was perforined by D. Chambers of SRI and is described
in Part IV.

A description of the construction and the RF test data of the X-band generator
delivered on this contract is described in Part V. The generator uses a single
YIG sphere since imiplementation of the multiple~sphere approach in the de-~
liverable model proved to be beyond the scope of the program.

Conclusions are preseuted in Part VI.

*],. Young, A. Karp and 3. Chambers.
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The object is to augment the RF power output of the pulsed ferrite generator

by increasing the number of YIG spheres in the system. Neglecting any iater-
action betweer spheres, the total power output would be proportional to the
number of spheres, provided: (1) the same pulsad magnetic field is applied to
all the spheres, and (2) the RF outputs from all the spheres can be coherently
combined. Since each output pulse is brief in terms of the number of RF cycles
contained, the tolerance on equality of the several output frequencies -ould be
liberal--provided the starting pnase was crrrect. Finding siructures that can
satisfy both provisions (1) and (2) has been difficult. Three of the various
configurations considered are described below.

A. Vane Structure

The slotted '.op, pulsed-field coil shown in Fig. 1 worked well in the single-
sphere prototype generatorl . It was therefore originally proposed to increase
the number of loops in pa-allel, from two upwi " and form a vane periodic
structure as indicated in Fig. 2. The properti.. of this structure are well
understood, and m-mode operation, with a YIG sphere in every other slot, ap-
pears the simplest. The reason this idea was dropped is the extreme difficulty
of providing tne very high pulse current needed to drive all the loops in paraliel
(typically 15004 per loop).

B. Loops in Cascade
Another method of using the original slotted loop pulsed-field coils that first

appeared promising was to 'space them in series with the ungrounded conductor
of the pulsed current strip line as shown in Fig. 3*. Individual waveguides

*In this report, the term "strip line"” always refers to a two-conductor
transmission line. The grounded conductor is o>ften wider and thicker
than the ungrounded conductor.
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Fig. 3. Slotted pulsed-field coils in series with ungrounded
conductor of pulsed-curmrent strip line.
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would take off the RF energy generated by the sphere in each loop, and an RF

combining circuit would provide individual phase delays for coherently adding
the individual contributions.
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Instead of having the individual waveguides and the combining circuit of
Fig. 3, one could have a single waveguide propagating parallel to the strip :
line as iliustrated in Fig. 4. This guide then requires some kind of loading i

so the velocity of RF waves in the guoide aquals the velocity of propagation of
the current pulse in the strip line.

provgeey

The main reason for deciding against these series lcop schemes is the effect
of the series inductance of each loop, L, on the leading edge of the current
pulse traveling down the strip line. As conceived, the leading edge of the
current pulse would continuously lose steepness afte. passing each loop.
However, it appears to be possible to add a small shunt capacitance on either
] side of each loop such that the effective surge impedance of the strip line ap-~
pears to have no discontinuities. Unfortunately, although the steep wavefront
of the total current would thus Lz preserved, the currents in the individual
loops would not have a steep leading edge. Quantitatively, C = L/ZQ2 is the
total shunt capacitance to be added per loop and fc =12Z o/ 2wl is the frequency
above which the capacitor current exceeds that in the loop; i.e., the capaci-
tors "bypass"” the inductors. For 2 o 7 ohms and L= 10-9 henry, f%r example,
the bypassed high-fregquency current components are those above {0~ Hertz.

: It should also be mentioned that the magniiude of the pulsed current in a loop
that is in series with the line is only half that of a loop which short-circuit-
terminates the line.

oba h ¢ BE ATy

C. Use of Strip Line Without Loops
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The next schemes considered, following a suggestion by H.]. Shaw of Stanford,
are ones in which the strip line carrying the pulsed current has no discontinu- :
ities. Ferrite spheres are spaced periodically in the interior of the uniform ;
video line embedded in a high-dielectric strength material. !
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if the cross-sectional dimensions of the transmission line are the same as the
cross~sectional dimensicns of the pulsed-field coil used for single~sphere op-
eration, the pulsed magnetic field seen by a ferrite sample located at the center
point of the cross section of the uniform video transmission line will be nearly

the same as that for the same current in the pulsed-field ccil.

Since the transmission line constitutes essentially a uniform propagating struc~
ture for the pulsed-field current, the pulsed-field wave-shape will remain
constant as the current pulse propagates along the transmission line, so that
all ferrite samples will see substantially the sample pulsed-field rate of rise,
as well as other pulsed-field characteristics.

Since the pulsed-field coils have now been eliminated, with the integral slot-
resonator for coupling to the ferrite, new coupling methods must be developed.
In addition, methods for combining the outputs of the several spheres must be
incorporated in the RF structure. Coupling, E=tween a waveguide and one
sphere embedded in a strip line, was the first measure of usefulness of a con-
figuration. This provided a reference degree of coupling against which other
configurations could be compared. The original slotted loop was attached to

a rectangular waveguide short (Fig. 5, lower right). Adding a YIG sphere
(0.023 inch diameter) and suitable magnetic field, the relative height of the
magnetic-resonance line was observed on the scope in a reflectometer setup
at X-band. When, with some other structure one observes a mich weaker
resonance line, that structure is less desirable. Any advantage due to a
plurality of spheres is lost when the coupling to the individual spheres is
weak.

The RF magnetic field generated by a YIG sphere in this strip line arrangement
is mainly longitudinal. Thus the strip line does not strongly shield this field.
A TEO “-mode circular guide resonator would therefore be expected to couple
well to a sphere in a symmetrical strip line inserted along the resonator axis.
The disadvantage is that these resonators would need to be long axially (over
Ao/ 2) and the total length of strip line would be excessive. A shorter cavity
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experiments. Top: Waveguide with tilted half-wave resonator
slots in the narrow wall. Lower Left: Resonator cavity with
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Original structure used as reference structure.
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with axial magnetic fields is shown in Fig. 6. If successful, combining
circuitry for the several loop outputs would still be needed. Sample cavities

o S o ¥

of this type were made (Fig. 5, lower left) and one showed a resonance near

Pt

i the expected frequency. However, difficulty in coupling to it suggested an
y inadequate loop or a very low Qo’ or both. Inserting the YIG sphere (without

5 strip-line conductors) did result in a coupling between its magnetic resonance
; i and the RF resonator, but this coupling was extremely weak in comparison with
1

. coupling in other structures.

An advantage of the periodic structure of Fig. 7 (also Fig. 5, top) is the short
axial length. This structure consists of diagonal {(45°) half-wave slots in the
: thinned~down narrow wall of an X~-band waveguide. At frequencies near slot

4 resonance, electric and magnetic fields build up near the slots and provide

coupling to YIG spheres located near each slot. In addition, the waveguide

SN

Lecomes dispersive at these frequencies and it may be predicted that for some

R R § oS M Bk

frequency near resonance the guide phase velocity for RF would match the

PR

strip-line velocity for the current pulse.

b 4 asnmn aviab b & meswbtd
LTIV S S

3 Unfortunately, this structure had to be abandoned because the coupling to a
YIG sphere placed opposite a slot was extremely weak. (To move the sphere
into the slot would be to ignore the strip line's presence.)

There finally evolved the structure of Fig. 8 (also Fig. 9) which more definitely

i derc e 8 futeni

incorporaies a strip line into the RF structure. A length of waveguide, with a
shorting plunger at one end and a composite iris at the other, is half-wave

s Brewe edin”

resonant. (Although the resonance was set near 9.5 GHz when tésting, this

structure also has the advantage of being easily tuned to other X-band frequen-
cies. The iris size, however, might have to be changed for bands other than

b 9.2 to 10.0 GHz.) The YIG sphere is located in the composite iris, and it was

3 1 discovered that its magnetic resonance, as indicated by Fig. 10, is coupled

s more strongly than in any of the structures tested, including the reference

3 . split-loop. This result may be due to the higher Qo of the backing cavity and

the concentration of magnetic fields near the iris.

-11-
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One way to utilize the new strugturs with miultiple spheres is 10 use a spacing

of 1 inch between spheres, irises, backing cavities, etc. If there a.e indi-
vidual output waveguides, a combining network would be needed. If the outputs
can be combined in one waveguide as shown in the phofos cf Fig, 11, this
waveguide would require dielectric loading so that the phase vzlocity in the

guide would equal the velocity of the current pulse on the strip line, How-

ever, the common output guide is already loaded by irises backed up by )

resonators, and it is difficult to establish what other loading is needad.

Another difficulty in this multi-sphere scheme is that the backing cavities take
up needed room, so far as applying the dc biasing magnetic field is concemed,
since this dc field must be applied at 90° to the RF mggnetic field.

The final design of the RF portion of the multisphere depends upon the feasi-
bility and final dimensions of the uniform strip line that provides the pulsed
magnetic field to the YIG spheres. Work on Darlington charged-line pulsers to
be used for this uniform strip lins approach is described in the next section.

-17~

13 ottt it

LTS -«wmmwgwmwmwpgéﬂ,

PRI

ot o ] AR Tt i bt Sei b A e 1 E b
' .

LTS

i AT, £

U INETS O TR S

g Oy

ATE gl

[




Sy,
2y
:

I A ) S tatbomrtmer 20 o 1« 23 e £ 5 s 2k Fea SN PECE s s e -

i ' T - ¢
P ¢ :
% -
PR
N -
P
- :
i o
- ! , : }
T "Fiq. 11. "Cold-test hardware” with strip line, irises and back-up
-2 o cavities. Development of structure of Figs. 8 and 9 with
- - five irises feeding common output waveguide.,
| , ‘ 2
o Tea :}f'
18- |
AR 3
I b
A R e = - - — -
AN - B
b, f‘ - - - - R ~
d - - 3
. 2 - - - - ) -
P F oLw = R
] - RS - ) o




-lwaW

b

PAT i

w e apotnsnt W

T e PR B S - = - v

ey e I TARAATYCRIETS

III. DARLINGTON PULSER

The multipla-sphere generator technique employing a uniform line to generate
the pulsed-magnetic field as described in Part II, imposes severe requirements
on the pulser. These arise since (1) the puiser qutput line i{s now terminated
so that current doubling does not occur as in the single-sphere case where
the coil effectivaly shorts the line, and {z) the characteristic impedance Z X of
the video line is now approximately a factor of ten larger than for the single~
sphere case. ZO is high since the uniform line must be the same width as the
pulsed-field coil to obtain the same magnetic field-to-current ratio, H/I =
2.75 Oe/A, as the coil.

GRS P e et «-',w:-m.»wxmznmmsuw;ﬂﬁz .

For a strip-iine width equal to the coil width of 112 mils, and a strip-~line
spacing equal to the YIG sphere diameter of 48 mnils, Z0 is 90 ohms for 3 dielec-
tric constant of about 3. Assuming that the YIG sphere can be partially placed
in indentations in the stnp line, a strip-line spacing of 24 mils and an im-
pedance on the order of 45 ulims will be obtained. For operation up tc 10 GHz,
a pulse current of 1300 amperes is required for terminated video line operation.
The pulse voltage required to supply this current in a3 45-chm line is then on i
the order of 60 kV. :

SRR W

The strip-line dielectric must therefore withstand E-fields of 2.5 kV/mil. High , ‘
dielectric strength materials have been investigated. Although it appears that
Mylar immersed in Freon C-138 may be satisfactory (see DuFont Bulletin M=4C) i
the effects of nonlinearities on pulse shape must be evaluated. Other methods 3
such as quartz-clad molybdenum may also be feasible. The fact that pulse
widths are c.nly 2 ns is expected to help the breakdown problem gince the
breakdown mechanism has insufficient time to cause sparkingz.

PR TRy ORI
[y

Due to the high pulse voltage requirements for the multiple-sphere technique
described eabove, multiple-line types of charged-~line pulsers in which the
pulse output voltage can be larger than the dc¢ charging voltage vrere investi-
gated. Two experimental models of the Dariington pulser3’4, which uses a
stepped impedance pulse-forming line, were constructed and tested. The
ratio of pulsed to dc.voltages is thecretically N/2, where N is the number

of steps.
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The first model was a sirip line consiructed with sixx steps ©: 2,58, 7.5, 15,

25, 37.5, and 2.5 ohms for a load impedance of 45 ohms. This load impedance
is the required Zo of the uniform line of the multiple~sphere circuit.

The lengths of the line between steps was 6.25 inch, which theoretically should
result in a 2 ns pulse width. The measured pulse width at 50 percent pulse
amplitude was 8 ns with a rise time of 2.5ns. The ratio of pulse to de charg-
ing voltage, Vp/V o was 0.75 rather than the expected value of N/2=3.

The second Darlington pulser built had line lengths of 12.5 inches between
steﬁs. This increased line length was tried because it was suspected that the
low pulse voltages were due to the slowness of the closing of the spark-gap
switch relative to the pulse width; i.e., the switch was not completely closed
before the first reflection from the first stepped~impedance junction arrived at
the switch. The measured ratio of pulsed to dc voltage for the second pulser
was 1.0. If there were no line losses, and if optimum line impadances were
used, a ratio of 1.75 could be expected. Since this is 60 percent of the theo~
retical value expected for a perfect switch, the rest of the pulse reduction can
be attributed to losses in the switch resistance. The spark-gap resistance is 2
decreasing function of time due to gas ionization time. A switch resistance of
1.8 ohms, at times comparabie to pulse lengths of 4ns, can account for the
40 percent reduction in pulse voltage.

Assuming that a 60 kV pulse voltage is wanted, a dc charging voltage \Io on the
order of 60 kV is required for V p/‘I o= 1 0. This is a reasonable improvement
over the normal charged-i 1e pulsers with spark-gap switches, which have
messured Vp/VO valuas of 0.35 as compared with the theoretical value of 0.5,
and which would ther: require a dc charging voltage of 170 kV.

An axponentially tapered line pulser with a separate 12.5~inch pulse-forming
line was also constructed. The impedance taper was the same as the stepped
Darlington line. Pulse~to~d¢ voltage ratios were much the same as for the
Darlington pulser..
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IV. FEASIBILITY QF SOLID~STATE SWITCHES
A. Introduction

A high-amplitude pulsed magnetic field with a steeply rising leading edge is
necessary it significant output powers and reasonable efficiencies from pulsed
ferrite microwave sources are to be realized. The present approach is to use a
system of transmission lines and spark gaps to generate a steeply rising cur-
rent pulse. Because of the difficulties in obtaining stable operation from a
charged-line pulser with spark~gap switches, and because of the gradual de~
gradation of the gaps due to erosion, other techniques for obtaining a fast,
large-current switch have been considered.

The switch for the pulsed ferrite microwave system must be capable of
switching large currents in very short times. Realization of the specific switch
specifications (Section B~1) with a solid-state device would represent a signi--
ficant advance in the present state of the art. The aim of this study is to de~
termine the feasibility of using known solid~state phenomena to accomplish the
desired switching function.

B. Technical Cens:derations

In the following sections, the pertinent technical aspects of the dynamic
switching characteristics of the PIN diode, the "glass" switch, and the thy-
ristor, are considered with respect to the requirements of the pulsed ferrite
microwave system. Each of the devices considered is substantially homog-
eneous in the plane perpendicular to the flow of current. Therefore, the current-
carrying capacity can be increased by increasing the lateral area of the device.
In this survey, only the switching speed and the voltage-blocking capability of
the respective devices has been considered as criucial to the application. In
general, ultimate switching speeds have not been achieved in practice for
these devices. The purpose here, then, is to make a best estimate of ultimats
switching speeds using existing theoretical models.
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1. Switch Specifications

The specification for the switch are derived from the present concept of the
system, using spark gaps. Because the primary requirement for a steeply rising
current pulse dictates the over-all system design to a large extent, any candi-
date for a switch will have to operate under similar conditions.

The switch specifications are most conveniently described in terms of the
required current pulse as depicted in Fig. 12. The leading edge is the most im-
portant part of the pulse with respect to the operation of the ferrite microwave
generator and must satisfy the following conditions:

‘rl<l nse.:

< L)
72 1.5 nsec
It >1500 amy .es

200 pps repetition rate minimum

The over-all pulse duration is important only in determining the dissipation of

the switch and the minimum repetition rate.

Because circuit inductance is expected to be of the order of one nanohenry,
switch resistance should be of the order of 10 ochms or less to limit dissipation
in the switch and to minimize the voltage required to obtain the necessary
current level,

2. ZThyristors

Thyristor is a generic term referring to a family of multilayer semaconductor
switching devices. Thyristors include such classes of solid-state switchas
known 1s four-layer diodes, semiceonductor controlled rectifiers (SCR’s), and
the triac. They are often iferred to as p-n-p-n switches. The latter name is
appropriate because it serves to describe the major constructional feature that
is common to all thyristor devices.
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Fig. 12. Leading edge of typical current pulse required by the
, pulsed ferrite microwave system.
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At the present time, thyristor devices {(mainly SCRe} are available with current
ratings up to 1000 amperes. Blocking voltage ratings extend to above 1000
volts and power-handling capabilities of over 200 KW can be obtained. It ap-
pears that the current and voltage specifications of presently available thyristor
devices nearly satisfy the system requirements for the pulsed ferrite microwave
source. However, most thyristor devices in use today are in the SCR class and
as such are seriously limited in switching speed--as discussed in subsequent
paragraphs in this section.

The present limitations on the switching speed of SCRs are related to the
triggering method and to the physical construction of the devices; it is not an
intrinsic limit applicable to all thyristor devices. Therefore, major emphasis
in this portion of this study has been put on estimating the ultimate switching
speeds to be expected for thyristor devices. Because the ultimate switching
speed depends on the technique used to trigger the thyristor into the low-
impedance state, each trigger technique will be considered separately.

L3
There are four methods whereby thyristors may be triggered from the high-
impedance state into the low-impedance state. These are:

¢ gate triggering,

9 dv/dt triggering,
e avalanche breakdown of the center junction or simply
voltage triggering, and

e triggering by punchthrough.

Estimates of the ultimate switching speed for each of the triggering modes can
be made by using the one-dimensional model and analysis introduced by Moll,
et al and elaborated by Gentry, et a16 To point out the important mechanism
on which the swiiching speed depends, a brief summary of only the necessary

aspects of the theory follows.
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Figure 13 shows the thyristor structure schematically and the two-transistor
analog normally used to explain the basic switching actio... When the thyrister
is in .the high-impedance state, junctions ]1 and 13 are forward biased. Junction
]‘2 is reversed biased so that most of the terminal voltage appears across it. The
two-transistor analog in Fig. 13 indicates the presence of a positive feedback

loop. If the current transfer ratios, a 1 and a , are large enough, then an in-

crease in the emitter current of either transistgr causes an increase in the base
current of the other and subsequent regeneration of the increase in the first
transistor. Analysis of the two-transistor analog shows that the regeneration
effect occurs when a 1 +a 2= 1. Because the current transfer ratin depends on
the magnitude of the emitter current, the thyristor can be triggered from the high-
impedance state to the low-impedance state by any mechanism wnich causes
sufficient current to flow through either ]l or ]3 such that the condition a 1927 )
occurs. For example, current flowing into Gate Z and out of the cathode also
flows across ]3 and may cause the thyristor to switch. A similar condition can
occur if current flows into the anode, through Il and out of Gate 1. These are

examples of gate triggering and are explained in more detail in the next section.

a. Gate Triggering

Because most thyrister applications now involve gate triggering, the theoretical
and practical aspects of this triggering mode are understood best. With gate
triggering, the switching speed can be affected in two distinct ways. One limi-
tation on the switching speed is the time required for a small initial “turned-on"
region to spread iiterally across all of the intended active area of the device. A
second, more fundamental limitation, is the time required to redistribute the
charge in the various layers of the device.

(1) Lateral Spread of Active Region

In present thyristors (SCRs), desigred to switch large currents, the "turned-on"
region spreads laterally away from the point where the gate connection is made;
this is illustrated schematically in Fig. 14. The primary cause of the laternal
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Fig. 13. Schematic of the thyristor and the equivalent
two~transistor analog.
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spread is the transverse resistance of the base, P,- In situations where the
gate connection is attached to one point off to the side, the closest part of
the cathode (nz) will conduct the largest portion of the gate current. Conse-
quently, the conditions for initiating the regeneration effect that lcads to
switching will occur first in the region closest to the gate connection and
then spread by diffusion over the rest of the device. Reduction in the tum-on
time due to lateral spread can be obtained by improving device geometry
through the use of multiple base connections or an interdigitated structure
such as described by Davies a.d Petmze11a7.

wcealized turn-on and the accompanving slow switching can also be caused by
lateral inhomogeneities in the semiconductor material from which he thyristor
is made. If the inhomogeneities are severe enough, the "turn-on" regioh may
not propagate over the entire area ot the device.

Because the lateral spread of the active region depends only on the geometry
and homogeneity of the material from which the thyristor is made, it is not an
intrinsic limit on the switching speed. Therefore, no attempt has been made
to estimate switching speeds due to lateral spread. 7t can be expected that
future improvements in device fabrication techniques will elia.inate the present
importance of lateral spread for the case of gate triggering. In addition, there
is stro1ng evidence that local tum-on and lateral spread do not occur when
other triggering methods are used (provided that the material is relatively
homogeneous in the plane transverse to current flow).

(2) Charge Redistribution

Analysis of a one-dimensicnal, gate-triggered thyristor has been recently

made by Davies and Petruzella7. They described the dynamic conditions during
switching in terms of changes in the charge distribution in the four layers of
the device. The portion of their analysis that pertains to application of the
thyristor as a switch for the pulsed ferrite miciowave generator is summarized

as foliows.
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Durlng switching from the high~impecdance state to the low-~
impedance state, the current increase can be characterized by
two regions--n delav time and a current rise as depicteqd in
Fig. 15. The delay timza is identified as the time reguired to-
reach a charge distribution such that the cester junction (IZ) U

UL A KTt PN PEPRAN, L WOIER,

ie just reaching a condition of zero bias and the currant in~

crease is nearirg tha maximum rate. It appears that, far rqoét
thyristors, the current level at the end of the delay time {point
“a' in Fig. 15) will be less than 10 percent of the final iralue.‘ L S

' i}
UREMRTL o lp SADNYARy DA wamiai e Y MRS

For this condition, the rise cime of the cuirent. will be nearly )
that vccurring during the rapidly changing portion of the X . \
characteristic. o ;

The analysis of Davies and Petruzelis indicates that oniy circuit inductanre
limits the maximum attainable rate of current. rise in circuits using thyristors.

The L{di/dt) product is then the supply voltage minus the high-field voltage drop
across tne thyristor. Apparently, the thyristor can be cesigned so that the high-

e

field voitage drop is only a small parcentage of the blocking voltage. There-
fore, the L(di/dt) product can be increased by designing thyristors with increased
blocking voltsge capabhilities.

0 sk (ared M

(3_) Surupary

w8 4

Cominercial thyristors, with cusrent and blocking voltage ratings nearly adequate
for the pulsed ferrits microwave gonerator system, are presently available. The

[RVIRYT R

switching speeds are rlow, however, because of the delay associated with the

lateral cpread of the active 1egion, The analysis of Dzaviaes and Petrusella in-
dicates that the intrinsic limit or the switching speed depends upon the circuit
more than upon the thyristor. Therefore, improved geometry and device quality
should make high-speed thyristor switches possible.
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b. dv/dt Triggering

Thyristors may be triggered from the high-impedance state to the low-impedance
state by the application of a rapidly rising voltage at the device terminals. (A
gate connection is not used for this triggering mode.) When the device is in
the high~-impedance state, I1 and I3 are forward biased and ]2 is reverse biased
(Fig. 13). A rapidly rising voliage pulse at the thyristor terminals will cause a
displacement current to flow through the capacitance of }2 and consequently
through the junctions ]1 and ]3. If the magnitude of the current through ]land 13
is sufficient tc cause the sum of the alphas to increase to unity, the thyristor
will switch to the low-impedance state. Once this point has been reached, the
switching dynamics are substantially the same as during the current rise portion
of the switching cycle under gate triggering. The current during the delay and
the delay time (Fig. 15) depend primarily on the rate of voltage rise.

nean

Two disadvantages occur because of triggering by dv/dt: (1) transients in the
system can cause false triggering, ard (2) the triggering current must flow
through the load. Typically, the thyristor would be biased to a large percent-
age of its blocking voltage and a fast triggering pulse would be superimposed

to promote switching. For application in the pulsed ferrite system, the thyristor
must have a large current amplification ratic when triggered by dv/dt. Because
the triggering current flows throuth the load circuit, the trigger current level

1 should not exceed 10 percent of the final load current if the rise time is to
depend only on circuit parameters as in the gate-triggerec case.

The greatest advantage of using dAv/dt triggering with present thyristors is the
elimination of problems due to lateral spread of the active region. Experimental
8 have shown that if the rate of voltage rise is great enough, the thyristor
will turn on uniformly and full advantage of the total device area is obtained for
current-carrying capacity.

e

results
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: c. Avalanche Breakdown

The thyristor can be triggered to the low-impedance state by avalanche break-
down, which represents a potentially useful means for obtaining large di/dt
values during switching. The center junction of the thyristor is reverse biased
when in the high-impedance state and, by slowly increasing the total voltage
across the thyristor terminals, the center junction can be brought to the condi-
tion where avalanche breakdown occurs (provided 'the device is designed to
avalanche before punch-throvgh occurs). Under these conditions, the thyristor
and the p-i-n diode (discussed in ¥-C) can be analyzed by the same techniques,
and estimates of the di/dt rates can be made for both, using the simplified
model as follows.

(Tl o i Ly LD L iy e MG R I UL R N Clb ]

f The process that initiates the avalanche breakdown is shown
E , schematically in Fig. 16. An electron that diffuses from the p-
¢ . region and enters the space-charge region is accelerated by the

electric field until it reaches an energy sufficient to cause a
secondary emission of an electron when a collision with the
crystal lattice occurs.* The initial and the secondary electrons

are then accelerated by the electric field and the process re-
peats, creating a growing number of electrons until the current
is limited by the external circuit.

The rate of rise of current in the external'circuit can be estimated from ionization
rates for silicon which are expressed in terms of a, the ionization probability
per centimeter per electron. (For example, see J.L. Moll, "Physics of Semi~
conductors”, McGraw-Hill, 1964, p. 222.) '

SEL ity T ik o D i
v ) 7 3
>
amre vt P sttt 4 orrntantes w4 d -

*Holes and electrens both take part in the evalanche process. When an
jonizing collison takes place, hole-electron pairs are created. In silicon,
the ionization rates for electrons is roughly an crder of magnitude greater
than for holes; therefore, the rate of current increase depends primarily on
the electron processes.
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Schematic representation of the avalanche multiplication

process in a reverse biased p-n junction.

Fig. 16.
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@ <v> (1)

where <¥> is the average v::locity of the electron. The current dansity is pro-
portional to the demnsity of ¢arriers crossing the depletion region and the carrier
velocity, viz

i = qn<v> (2)

where q is the electronic charge and n is the number of electrons/cc in flight.
During the onset of avalanche, n doubles each time a collision occurs; there-
fore, the time dependence of n may be expressed as

n@) = n(O) 27 (3)
where n(O) is the density of electrons entering into the avalanche process at
t=0. Equations (1) and (3) combine to yield

it) = qn{0) <»> Zt/ T {4)

if 12 and tZ rei)r‘esent the current and time respectively for the condition when
the current is 90 percert of the final value, and 4 and t, represent the current
and time respectively for the condition when the current is 10 percent of the

final valu~. . .
i t,-t, ) /T
i2 = g=2 2 177, (5)
1
The rise time is then
t. -t, = r{log 9)/(log 2) = 3.21 (6)

2 1

It is assumed that the incident and secondary electrons are at zerc drift velocity
immediately after an ionlzing collision; i.e., the collision al sorbs all of the
field-derived energy of the incident electron. It is also assumed that no non-
ionizing collisions occur between ionizing collisions. The average drift veloc-
ity, then, is one-half the velocity of the electron just before it suffers an ioni-
zing collision. Published data relating a and the electric field in the depletion
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region indicate that the field strengths required for avalanche breakdown insure
that the electron is traveling at or near the saturated drift velocity for the
material. For silicon, the saturated drift velocity is about 107 cm/sec and a
varies from 2. 102 to 2- loscm"1 so that T varies from 5 10"10 to 5- 10-12

seconds.

Rise time due to avalanche breakdown in silicon p~n junctions can be expected
to runge from | to 2 nanoseconds to as low as 3 picoseconds.

d. Punch-through

The external characteristic of the thyristor triggered by punch-through is similar
to that obtained with avalanche breakdown. If the terminal voltage is increased
slowly, either punch-through or avalanche breakdown will occur, depending on
the width of the n, region in Fig. 13. (The n, region is usually the higher re-

- sistivity region.)} As the terminal voltage across the thyristor is increased, the

reverse voltage across the center junction increases, causing the space-charge
layer to widen, If the space-charge layer widens to the extent that it crosses
the emitter junction, Tl , punch-through occurs and the thyristor then switches
te the low-impedance state,

No quantitative estimate of the switching speed due to punch-through has been
made although it is generally thought to be on the order of that obtained for
avalanche breakdown.

3. p-i-n Diode

The p-i-n diode is not suitable for a fast, high-current switch for the pulsed
ferrite microwave generator system. The primary deficiency lies in the shape of
the I-V characteristic (Fig. 17). A suitable switch should have an "S*" shaped
I-V characteristic, double-valued in current; i.e., a negative resistance region
so that the switch will "latch" once triggered on. The p-i-n diode operating in
the avalanche mode will have a constant voltage drop in order to sustain the
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avalanche mechanism. Therefcre, a low impedance cannot be sustained below
the trigger voltage. To apply such a characteristic requires a perfect voltage
source with zero internal resistance. Clearly, any practical application is not
possibie.

4, Glass Switch

In September 1966, Energy Conversion Devices Company announced a switching
device made from a homogeneous layer of speclally prepared glass. This device
(the glass switch) was reported to have switching speeds ranging irom several
microseconds to le.s than one nanosecondg’ 10. Current-handling capabilities
were reported to depend only on the device area1 O. Since that time, however,
very little has been presented on the theoretical operation of the glass switch
and almost no test data on working models have been published. Apparently,
the physical basis of operation of the switch is not well understood at this time.
Because of this, and in the absence of actual test data, very little can be said

about the potential applications of the glass switch.

Some laborstory development of the glass switch is in process at the present
time1 1 , but it appears that additional development will be required before the
glass switch can be considered a usable component suitable for application by
system designers. At the present stage of development, the glass switch does
not appear to be a suitable candidate for switching service associated with
pulsed ferrite microwave sources.

C. Summary and Conclusions

The three solid-state devices that hate been considered for possible application
as fast, large-current switches are:

¢ p-i-n diode
¢ ‘“glass" switch
e thyristor {(p-n-p-n switch}.
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The p-i-n diode operating in th.. avalanche mode is ruled out because its I-V
characteristic does not have a negative resistance region. Therefore, it will
rot “latch” in the low-impedance condition when used with practical voltage
sources having non-zero internal impedances.

The “glass"” switch has been reported to be potentially very fast but it is ruled
out for application in the near future because too little is known about the phys-
ical basis of its operation and only a small number of low-current laboratory
devices have been reported on.

Of the three candidates, only the thyristor appears to have promise for appli-
cation in the pulsed ferrite microwave system. The thyristor is presently in a
state of rapid development for power control applications. Although commercial
thyristors (SCRs) that nearly fulfill the voltage and current requirements of the
pulsed ferrite microwave system are available, these devices, as presently
used, lack the necessary switching speed. The slow switching speeds appee~
to be related to the triggering method and the physical structure of present
thyristor devices and is not due to intrinsic limitations. Consideration of the
fundamental aspects of the switching process indicates that switching speeds
adequate for the pulsed ferrite microwave system are possible with thyristor
devices.

The p-i~n diode should not be considered further. The "glass" switch should
not be considered unless future davelopments indicate a significant advantage
for rapid switching of large currents.

The potential of thyristors as fast, high-current swiiches should be investigated
further. The results of this study indicate that the required fast switching speeds
and large current-handling capabilities can be realized through prop=r device
design and application. Furthermore, such a high-speed, large-current switch
would be useful in other high-power pulse circuits and in applications such as
high-power converters. The next step in the development of fast, high-pow=ar
thyristor switches should be an experimental program to determine the ultimate
switching speeds of present thyristor devices.
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Much of the experimental and thaoratizcal work dong on thytistors to date has
been concerned with the limitations attributed to the spreading of the active
region when gate triggering is used. Apparently, the region of maximum current
rise has not received a great deal of attention and lttle information regarding
the ultimate switching rates of practical devices is available. It is possibie;
however, to eliminate eftects due to active reqi~n spreading, and to determine
ultimate switching speeds for presently availabls devices, by using dv/dt

triggering or by forcing the device into the avalanche or punch~through condi-
tion.

An experimental program should b» considered in which selected thyristors are
tested to determine what ultimate switching speeds are presently available.

Both large- and small-area devices should be i{ncluded in this program to sub-
stantiate the independence of ultimate switching speed on ‘device area. In ad-
dition, the design parameters that affect the switching speed should, where
possible, be identified experimentally and compared with the present theoretical

model. Based on these results, a thyri'stor switch for the puised ferrite micro--
wave system should be aesigned.
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V. X-BAND PULSED-FERRITE GENERATOR

A. Generator Construction

The delivered pulsed-~ferrite generator was housed in a cabinet 16 inches high,
21 inches wide and 24~-1/2 inches deep as shown in Figs. 18, 19 and 20. This
cabinet houses two separately enclosed éhassis , each with 3 standard 7 x 19~
inch front panel. These two chassis contain the pulsed-ferrite X-band generator
with its associated high current pulser and the triggering circuitry for the high
current pulser. These two chassis have top and bottom covers held in place
wich quarter-turn fasteners for rapid access to components.

l. X-Band Generator Chassis

The X~-band generator chassis contains the ferrite-pulsed-field-coil RF assembly

and the 2 ns wide, 1 ns rise tims, 1500A charged-iine pulser required to drive
*he pulsed-field coil.

a. RF Assembl

The RF assembly is similar to the prototype developed by Sta'nford1 9 but has
been modified thusly:

¢ The size of the X-band waveguide flange has been reduced to

accomodate a 660-gauss horseshoe pémanenf magnet having
a l.1 inch gap.

¢ The lengt’: ¢f the resonant slot in the pulsed-field coil, of
the type shown in Fig. 1, has been increased by 75 mils so
that Stycast dielectric loading in the slot is not required.

e The tuning mechanism has been changed.

A photo of the RF assembly and magnet is shown in Fig. 21. External tuning of

the X-band output frequency is provided by dielectric tuning of the resonant slot
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Fig. 18. Front view of the RF generator cabinet housing the pulsed
ferrite X-band generatcr chassis (bottom) and the spark gap
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Fig. 19. Back view of the RF generator cabinet.
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shown in Fig. 1€. The resonant=-slot tuning push md indicated in Fig, 21 ic nar
of the lever arm mechanism linking the tuning dial to the rutile dielectric slab
placed at the end of the pulsed-field coil resonant slot. Separate tracking of

the pulse generator dc voltage for maximum RF cutput is required as frequency
is funed.

b. Charged-Line High-Current Pulser

The 2 ns charged~line pulser is similar to the Stanford prototype in that it con-
sists of a pulse~forming line, a spark-gap main switch, an isolated line, a
sharpening gap, and ar output line. However, it differs principally in two
respects:

e It has been modified to fit a standard 19-inch~wide chagsis by
utilizing an S-shaped microstrip line construction as shown in
Fig. 22.

¢ It has been provided with triggering via the main spark-gap
switch.

The characteristic impedance of the line is 7 ohms, with @ microstrip line-width

of 2 inches. Separation from the ground plane is 69 mils and consists of six
sheets of 10-mil mylar insulation.

Construction of both the main spark gap and the sharpening gap also differ from
the prototype. The main gap is of kovar-ceramic construction in a cylindrical
configuration as shcwn in Fig. 22. The main gap is pressurized to 100 psig with
nitrogen gas to decrease switching time of the pulse-forming line into the isolat-
ing line. Pulse rise time is decreased further through the nonlinear action of a
second gap which operates at atmospheric pressure.

External adjustment of the sharpening gap in Fig. 22 is provided to optimize RF
power output. The position cf the sharpening gap control on the front panel is
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shown in Fig. 18. The correct gap adjustment is found by maximizing average
RF power output as measured with a power meter connected directiy to the output
of the pulsed-ferrite generator.

External adjustment of the main spark gap is not provided since variatior. in the
gap breakdown voltage (voltage to which pulse-forming line charges) required for
frequency tuning is well within the dynamic range provided by the triggering de~
scribed below. That is, the voltage on the pulse-forming line can be varied over
a range of several kilovolts while maintaining triggered operation. The pulse
current delivered to the pulsed-field coil thus varies sufficiently to operate over

the frequency range of the generator without changing the main spark-gap spacing.

The bettom view of the RF generator chassis of Fig. 23 shows the placement of
the 4-megohm, pulse-forming, line-charging resistor; the high voltage (18 to
25 kV) dc input connector; the nitrogen gas inlet and filter; and a high voltage
connector between the charging resistor and the pulse-forming line.

c. Main Spark-Gap Triggering

Triggering of the nitfogen-pressurized main spark-gap switch is provided by
rmeans of a 50-mil diameter czpper rod trigger electrode placed concentrically
inside a 67-mil hole in one of the gap hemispheres. The triggering circuit is
capable of PRF's in the range of 1000 to 2000 Hz. The deionigation time of the
main gap, however, which is pressurized to 100 psig nitrogen gas for fast pulse
rise time, limits the RF generator operation tc about 600 to 800 PPS. Isolation
between the trigger circuit and the pulser circuit is provided by:

e placing the trigger electrode inside the main gap electrode
which is connected to the isclating line between the main
gap and the sharpening gap, and

e connecting a 4. 9-megohm resistor to the trigger electrode
in series with the trigger transformer as shown in the photo
of Fig. 22 and the circuit diagram in Fig. 26.
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r was determined sxperimentally to provide maximum isola-
tion between the trigger and pulse-forming line circuit and, at the same time,

to provide efficient triggering. In this connection, it should be noted that the
triggering mechanism appears to be a combination of electric field distortion and
UV triggering since firing (current flow) of the trigger gap i3 not required to

trigger the main spark gap.

The top and bottom views of the trigger generator chassis are shown in Figs. 24

and 25. They show the location of the 0 to 100V dc power supply, the charging
choke, the SCR switch, tie G, 5 uF charging capacitor, the helipot to -+ ntrol the
power supply, and the cooling fan.

The schematic circuit diagram of the over-all X-band pulsed-ferrite generator is
shown in Fig. 26. The charged-line pulser must be provided with an external
18 to 25 kV dc power supply, but sufficient space has been left in the trigger

generator chassis for a 25 kV, 5 mA power supply. The trigger circuit is basically

a 0.5 uF charged-capacitor pulser, switched with an “CR switch through an igni-
tion auto~-transformer. A 0 to 100V dc power supply with front panel control is
provided for the trigger pulser. Operation at 100V dc supplies a 15 kV trigger
pulse. A standard 50-ohm pulse generator, providing a 1 to 3 us, 40 to 50 volt
pulse, can be used to drive the SCR switch and is connected to the rear panel

by a BNC connector as indicated in Fig. 19.

B. RF Test Data

[
Final RF test data for the X-band pulsed-ferrite generator described in the pre-
ceding section is presented in this section. This generator uses one 48-mil
diameter YIG sphere. It is similar in operating principles to the Stanford proto-
type generator but differs in construction details. In particular, the following
changes that affect the RF performance were made in the ferrite-resonant slot RF
assembly.
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i e The length of the resonant-siot in the pulsed-field coil was

i AL Ui

increased by 75 mils so that dielzctric loading of the slot
with Stycast dielectric loading is not required.

® The tuning mechanism has been changed mechanically so
that polyfoam support material is not required inside the

waveguide.
l. Q-Measuremernts

Because of the above changes, Q-measurements of the resonant~slot were made
with a Hewlett~Packard 8410A Network Analyzer to determine Qo’ QL’ and Qext
(the unloade., loaded and external Q's respectively). These Q values can be
used to determine the energy transfer efficiency paramet‘er, FZ, 3 between the
slot resonator and the waveguide, from the relationship® ’.

F = 1 -—Q-l-‘- (7)

2,3 Q,

or alternatively, since Qo and QL are related by

Q, = 1+pQ (8)
where B is the usual cavity coupling coefficient, PZ 3 can be written as
2
= B8 __
FZ, 3 T+6 . (9)

Note that B snould be as large as possible since RF power output is proportional
to P?. :

3 That is, the optimum situation is to have an overcoupled cavity (slot)
H
where B is much greater than unity.

The relationship of Egn. {9} was found to be especially convenient for use with

the network analyzer since R can be read directly from the Q-circle display.

For the overcoupled czse, that is, B is equal to the VSWR at resonance. The
- measured values of the energy transfer efficiency parameter, FZ, 3, are plotted
in Fig. 27 and compare favorably with the expected values over the frequency
range of interest of 9 to 10 GHz.
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The tuning curve of the resonant slot versus the micrometer dial setting is
shov/n in Fig. 28. This curve is measured by observing power absorption at
resonance with a reflectometer. The frequency at maximum power absorption
provides an indication of the output frequency of the generator.

3. RF Pulse Spectrum

Tne output frequency with the pulsed-ferrite RF generator in operation has also
been obso -ved with an H-P 8410B Spectrum Analyzer connected to the RF output
through a 30-db attenuator. Two phcirs of the spectrum, with center frequency
at 5.2 GHz, are shown in Fig. 29a and 29b. In Fig. 29a, the variable attenuator
is set at 30 db while in Fig. 29b the setting is 20 db. The horizontal scale is
0.2 GHz/cm, so the total spectrum width is on the order of 1.8 GHz.

4, Detected RF Pulse

The cotresponding detected RF pulse is shown in Fig. 30. The horizontal scale
is 1 ns/cm, so the minimum pulse width is on the orc;ler of 2 ns. The equipment
used for the RF pulse measurement was a Model DX164F Aertech tunnel diode
having a 0.1 ns rise time, and a Tektronix Model 661 sampling scope with a
0.35 ns rise time. Note that the rise time of the detected RF is then less than
1.0 ns.

5. Charged~Line Pulser Pulse Measurement

A photo of the charged-line pulser voltage as measured on the output side of

the sharpening gap is shown in Fig. 31. The pulse-forming line is charged to

20 xV. The nitrogen gas pressure is 95 psi. The horizontal scale is 1.0 ns/cm.
Note that the rise ti{ ne of the pulse is again on the order of 1 ns, which agrees
with the rise-time measurement of the detected RF pulse. These rise~-time meas-
urements also confirm that the S-shaped microstrip charged-line pulser is per-
forming adequately.
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Fig. 28.

Photos of the spectrum of the 2 ns pulse RF output. The
horizontal scale is 0.2 GHz/cm. The center frequency
is 9.2 GHz. *




Fig. 30. Photo of the detected RF pulse as measured with 2.2 db
attenuation, The horizental scale is | ns/cm. The
vertical scale is 50 mV/cm.
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. Fig. 31. Photo of the charged line pulser voltage as measured on the
output side of the sharpening gap. The horizortal scale is
1.0 ns/cm. The vertical scale is 100 mV/cm after a voltage
reduction factor of 11,800. The V?_ gas pressure in the main
gap is 95 psiqg.
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6. RF Power Qutput

The average pcwer output o. the RF generator during the measureinents described
above was 30 uW at a PRF of 400 pps. The peak RF power is given by

avg_
PRF (pulse width) (10)

Peak Power = Pavg/Duty Cycle =

For a 2.0 ns pulsewidth, thirefore, and an avelage power of 30 uW measured at
a PRF of 400, the peak power is 37.5 watts.

The measured power is approximately 6 db below the 150~watt peak power capa-
bility of the generator as indicated by previous measurements on the protoiype
generator. Since the Q and pulser rise-time measurements described above
indicate that the RF assembly and pulser function properly, this decrease of
power output is attributed to the YIG ferrite sphere and its alignment in the
rcsonant~siot pulsed-field coil. Optimization of power output was not com-
pleted because of failure of the 21 kV dc power supply at the end of the project
shortly before the scheduled delivery of ‘“e generator. However, the optimiza-
tion will be performed by the contractc equired.
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L VI. CONCLUSIONS

;

Consideration of methods 1or increasing power output of the pulsed-ferrite
generator with variouvs multiple-sphere configurations indicates:

; ¢ Parallel arrangements of ferrites with discrete slotted-coil

1 o7 vane-type coupling structures result in excessive current

requirements in the pulser supplying the puiced magnetic
field. '
) o GSeries anangements of discrete, slotted pulsed-field coils,

t such as used {n the single~sphere generator, are subject to

excessive pulse distortion which results in decreased output
per sphere.
¢ The most feasible approach to an increase in power by an
E order of magnitude is to generate the required pulsed field
in a uniform strip line with ferrite spheres embedded period-
ically in the interior of the strip line.
Coupling to the YIG spheres in the third case above is accomplished by incorpo-

A rating the strip line into a waveguide-resonator-iris coupling structure. This

i type of multiple-sphere generator imposes severe requirements (60 kV, 1.3 kA)

3 on the high-current nanosecond pulser supplying the required pulsed magnetic
field. Work on a Darlington type of charged-line pulser for this application was
performed. Pulse~-to-dc charging ratios of 1.0 were achieved as compared with

E 0. 35 for normal charged-line pulsers using spark~gap switches.

The combination of problem areas in the multiple-sphere configuration and the

associated pulser requirerrients made incorperaticn of these concepts into de-
liverable hardware impossible within the time scale of the project.

The final X-band pulsed ferrite jenerator uses a single YIG resonator and has

the following features:

-1~




Triggering of the spark-gap pulser with PRFs in the range
of 600 to 800 pps is provided.

¢ The size of the charged-line pulser has been decreased by
using a folded microstrip-line construction.

¢ The yenerator is capable of delivering two-nanosecond RF
pulsas with one-nanosecond .ise time and peak RI' powers

on the order of 150 watts in the X~band frequency range of
8 to 10 GHz.

A survey of the state of the art of solid-state switches to replace the spark-gap
switches currently used in the charged-line pulser has been conducted. The
survey indicates that althovgh commercial thyristors (SCRs) have insufficient
switching speéd, this lack of speed is not due to intrinsic lir..ations.
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