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I. INTRODUCTION

In recent years many applications that require the acceleration of in-
tense currents (> 1 kA) of relativistic electron beams (IREB) to energies well
into the MeV range have emerged. Among these applications two, weapons re-
search and the radiography of transient phenomena wherein an IREB is used to
produce a pulsed source of x-rays, are of special interest to the Ballistic
Research Laboratory. The high currents and high particle energies required
for these applications are difficult to achieve with pulsed diodes, electro-
static generators, RF linacs, or any of the various types of circular accel-
erators.

Single-stage IREB accelerators have been limited typically to energies
of about 10 MeV. To achieve higher particle energies it is necessary to add
energy in stages to the beam by having it pass through a succession of accel-
erating gaps (interspersed with drift or field-free regions) where the beam
is subjected to a properly phased accelerating field. This multi-gap process
is used, for example, in two well-known general types of accelerators, the 'iF
linear accelerator and the linear induction accelerator (LIA).

In these machines the accelerating field is distributed along the entire
length of the device, i.e., there is no single gap to which a voltage corre-
sponding to the total acceleration voltage is applied. This feature provides

an enormous practical advantage over single-stage accelerators: The final
beam energy is raised simply by increasing the number of accelerating elements.

For currents in the kA range and larger an accelerator of the LIA class
seems particularly appropriate. In these machines particles are accelerated
across a gap on which a voltage is induced by a change in the magnetic flux

contained within a circuit of which the beam is part. Leiss 1 has recently
reviewed the state of development of accelerators based on the linear induc-
tion principle. He identifies two classes of linear induction accelerators
as follows: (1) Core-type induction accelerators characterized by a constant
cross sectional area and a time varying magnetic induction, and (2) line-type
induction accelerators characterized by a constant magnetic induction and a
changing cross-sectional area.

1James E. Leiss, "Induction Linear Accelerators and Their Applications," IEEE

Trans. Nuci. Sci. NS-2-6 No. 3, 3870-76, 1979.
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The technology of the core-type LIA has been developed at the Lawrence

Livermore National Laboratory,2 -4 the Lawrence Berkeley Laboratory, the Na-

tional Bureau of Standards,6 and at the Dubna Laboratory in the USSR. 7 The
technology of the line-type induction accelerator, where the flux change re-
sults from moving electromagnetic waves in pulse lines or cavities, has re-

ceived considerable attention in the USSR 8 and recently in the LISA, at Sandia

National Laboratory,
9 ,10 and at BRL. 1, 1 2

2
H. Christofilos, R.E. Hester, W.A.S. Lamb, D.D. Reagan, W.A. Sherwood, and
R.E. Wright, "High Current Linear Induction Accelerator for Flectrons," Rev.
Sci. Instr. 3. 886-890, 1964.

3Ross E. Hester, Donald G. Bubp, John C. Clark, Alfred W. Chesterman, Edward
G. Cook, Warren L. Dexter, Thomas J. Fessenden, Louis L. Reginato, Ted T.
Yokota, and Andris A. Faltens, "The Experimental Test Accelerator (ETA),"
IEEE Trans. Nucl. Sci. ' No. 3, 4180-82, 1979.

4R.J. Briggs, D.L. Birx, G.J. Caporaso, T.J. Fessenden, R.E. Hester, R. Melen-
des, V.K. Neil, A.C. Paul, and K.W. Struve, "Beam Dynamics in the ETA and ATA
10 kA Linear Induction Accelerators: Observations and Issues," IEEE Trans.
on Nuc. Sci. NS-28, No. 3, 3360-64, 1981. See also Physics Today, Pebruary
1982, p. 20.

5R. Avery, G. Behrsing, W.W. Chupp, A. Faltens, E.C. Hartwig, H.P. Hernandez,
C. MacDonald, J.R. Meneghetti, R.J. Nemetz, W. Popen.ck, W. Salsig and Vanecek
"The ERA 4 MeV Injector," IEEE Trans. Nucl. Sci. N 479-483, 1971.

6J.E. Leias, 'N'odern Electron Linacs and New User Needs," Proc. 1972 Proton
Linac Conference, Los Alamos, LA-5115, UC-28 (1972).

7A.J. Anatskii, O.S. Boedanev, P.V. Bukaev, Yu P. Vakhrushin, I.F. Malyshev,
G.A. Nalivaika, A.I. Pavlov, V.A. Suslov, and F.P. Khalchitskii, "Linear In-
duction Accelerator," Soy. At. En. 2 1134-1140, 1966.

8A.I. Pavlovskii, V.S. Bosconykin, G.D. Kuleshov, A.I. Gerasimov, V.A. Tananakin,

and A.P. Kumentev, 'Sfttielement Accelerator Based on Radial Lines," Soy.
Phys. Dokl, 20, 441-443, 1975.

9Radlac Radial Line Accelerator Progress Report, October 1977 Through 1978,
Sandia National Laboratory Report, SAND-2129, Jan 1980.

1OR.B. Miller, J.W. Poukey, B.G. Epstein, S.C. Shope, T.C. Genoni, M. Franz,
B.B. Godrey, R.J. Adler and A. Mondelli, "Bean Transport Issues in High Cur-
rent Linear Accelerators," IEEE Trans. Nucl. Sci., 1.S-2, No. 3, 3343-3345,
1981.

1 1 D. Eccleshall and J.K. Temperley, "Transfer of Energy From Charged Transmis-
sion Lines With Application to Pulsed High-Current Accelerators," J. Appl.
Phys. 49(7), 3649-3655, 1978. See also J.K. Temperley and D. Eccleshall,
"Analysis of Tranemission-Line Accelerator Concepts," USA ARRADCOM Technical
Report, ARBRL-TR-02067, Aky 1978 (AD A056364), and J. K. Tempertey, "Analysis
of Coupling Region in Tranemission-Line Accelerators," USA ARRADCOM Technical
Report, ARBRL-TR-02120, Nov 1978 (AD A063463).

1 2 D. EccleshaZZ, J.K. Temperley, and C.E. Hollandsworth, "Charged, Internally
Switched Transmission Line Configurations for Electron Acceleration," IEEE
Tpans. Nuct. Sci., NS-26 No. 3, 4245 (1979).

8



Eccleshall and Temperley (E/T) have presented a general analysis1 1 of
charged, constant-impedance, transmission-line pairs for particle acceleration.
In the E/T schemes the required switches are located inside the charged cavi-

ties. Independently Smith 1 3 has analyzed pulse-line accelerator structures in
which the energy is stored (and switched) external to the cavity.

The main thrust of the E/T effort has been to identify cavity structures
which are highly efficient in transferring stored energy from the cavity struc-
ture to a pulsed electron beam and which also offer voltage gain and the poten-
tial for large acceleration gfadients. The properties of the induction volt-
age or acceleration waveform, e.g., pulse durations and pulse amplitudes, can
be parameterized in terms of the impedance ratio of the line pairs and the
charge voltage. For the general problem of arbitrary impedance ratios and
ideal lossless lines, Eccleshall and Temperley determined the conditions for
maximum efficiency and maximum transfer of stored energy from the cavity to a
resistive beam load.

Examples of the type of line-pairs appropriate to the F/T analysis are
given in Figs. l(a) and l(b). In Fig. 1(c) the equivalent circuit for these
asymmetric (unequal but uniform impedance) line pairs, or any pair of uniform
transmission lines, is given. The equivalent circuit generators set up the
initial condition, i.e., the generator in Line 1 generates a voltage step -V0 ,

the charge voltage, at T = 0, and the generator in Line 2 applies a voltage V0
across the (open circuit) output at T = 0.

The region of the junction between lines 1 and 2 is a region of discontinu-
ity, i.e., it is not possible to match fields on both sides of the discontinu-
ity, using waves in the principal, (transmission-line) mode only. Higher or-
der modes must be introduced in order to satisfy Maxwell's equation and the
appropriate boundary conditions.

Whinnery et. al.14-16 described the discontinuities of Fig. 1 by introduc-
ing an equivalent circuit located between the two lines and calculated equiva-

lent circuit parameters for several different geometries. Recently Sidel
17

has found inconsistencies in the method employed by Whinnery et. al. and pre-
sented an alternative solution to the problem. He finds that, while the dif-
ference between the two solutions may be negligible for slow risetime pulses,
they become increasingly significant for faster risetime pulses, large physi-
cal dimensions, or slow velocity in the line. These differences are not ex-
pected to be prominent in the present experiments.
3 Ian D. Smith, "Linear Induction Accelerators Made From Pulse-Line Cavities

With External Pulse Injection," Rev. Sci. Instrum. 50, 714, 1979.

14j. R Whinnery and H.W. Jamieson, "Equivalent Circuits for Discontinuities in

Transmission Lines," Proc. IRE 32, 98-115, 1944.
15 J.R. Whinnery, H.W. Jamieson and T. E. Robbins, "Coaxial-Line Discontinuities,"

Proc. IRE 3?,2 695-704, 1944.
16j.R. Whinnery and D.C. Stinson, "Radial Line Discontinuity," Proc. IRE 43,

46-51, (1955).
1 7David B. Sidel, "Discontinuity Effects on Radial Cavity Transmission Lines, "

Sandia Laboratories Report SAND-79-1056, April 1979.

9
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Experimental investigations are described in this report which were ini-
tiated in order to study, under ideal conditions, the effects of the line-
junction region on the 6pen circuit output of the cavities as well as to verify
the E/T analysis (Eccleshall and Temperley ignored the effects of the junctions
in their initial analysis). The simple low-voltage models adopted in the work
permit rapid parameter changes and may be more appropriate than computational
studies when it is desired to follow pulse propagation through many traversals
of the cavity structure.

During the course of these experimental studies on two-line systems the

analysis of three-line pulse-line cavities, originally reported by E/T1 1 and

Smith, 13 was continued. This analysis identified a class of three line systems
analogous to the two-line system and a preliminary summary of the three-line

analysis, and some related experimental work has already been given. 19 In the
following sections of this report we discuss, separately, experiments on models
of two- and three-line systems.

II. FXPERTIANTAI. ('h1O-1 IN! S)STI MS

The open-circuit waveform for arbitrary impedanc, "ro':, the line-pair
shown in Fig. 1 is a sequence of steps given by fccleshall nd Temperlev as

2m+l.
sin -- --1 x(m (-1)x n arccos (1)

x
sin -_l

where V( ml is the rth step of duration 27- , the double transit time of the

line. The quantity is the reflection coefficient for a wave traveling from
line I to line 2.

: - -_l /(V +7._ , (2)

where 1 - are the characteristic impedances of the lines.

One of the more interesting and important results of the F/T analysis is
the prediction that the open circuit (002 voltage for certain impedance ratios

is repetitive. In equation (1) if x = P -, p and q integers with no common
q

factors, the voltage is a repetitive pattern with period 2qT7 if n and q are
both odd and period 4 qT' if either p or q is even. This result facilitates
confirmation of the F/T analysis because the periods for the first few cases
of interest are short enough that i few cycles of the waveform may be observed
before appreciable attenuation of the signal in the test cavity complicates
the interpretation of the waveform.

:,:5,co~; Ac',c:Tr' . , " .a - '' .... . .... , '. , ,F (7981).
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A. Cable Experiments

The waveforms predicted by the Eccleshall-Temperley analysis are easily
demonstrated with a mercury switch and pairs of coaxial-cable arrays, each ar-
ray consisting of cables in parallel as required to achieve the desired imped-
ance ratios. In the present equipment equal lengths of RG-174/UJ 50 Q2 cable
were used with the center conductors connected to a low-voltage power supply
through a 35 K £2 charging resistor. A mercury switch operated at a few hun-
dred Hz shorted the center conductor to ground at one end of the array; the
open-circuit voltage was observed at the opposite end of the array with a high
input-impedance oscilloscope.

Figures 2 and 3 show the predicted and observed waveforms for three im-
pedance ratios which, according to Eq. (1), produce repetitive waveforms,
2 /Z1 = 1, 3 and 1/3, respectively. Further confirmation of the repetitive

nature of the waveform is shown in Fig. 4. Pulse deterioration due to losses
in the line are evident on this compressed time scale but that the pattern is
a recurring one is obvious. The Z2/Z1 = 1, p 

= 0, case was identified by

Pavlovskii and, in the biconic line configuration of Fig. 1(a), was used in
the basic acceleration cell of the first pulse-line accelerator, which was
built by Pavlovskii and collaborators.

The packaging of the mercury switch includes a short section of 50 P line
which is always interposed between the switched end of the coaxial arrays and
the switch element itself. This results in an L/R time constant which produces
a noticeable effect on the waveform when a low impedance line is switched:
e.g., Fig. 3(b) where Z = 16.7 2 and Z, 5= S .

Figure 5 shows oscilloscope traces obtained for Z2/Z1 = 1/4. This ratio

does not satisfy the requirements for periodicity but is rather close to a
ratio which does (Z2/Z1  1/4.30 produces a recurring waveform). The waveforms

are very similar for the two cases. If one imagines a line pair with this im-
pedance ratio in a practical solution, i.e., where a coupling region which nro-
duces risetime deterioration exists, the abrupt changes of Fig. 5 would be
smoothed out after a few transversals of the line and the overall appearance
would approximate a decaying sine wave. Such a wave is potentially attractive
in terms of a recirculating-beam concept which has the potential for achieving
high acceleration gradients. However, such ratios are difficult to achieve in
most practical geometries.

Because Eccleshall and Temperley assumed ideal switches and ignored the
line junctions, the cable experiments provide an appropriate simulation for
verification of their analysis. Although discontinuities exist at the point
where the cable arrays are joined together, the important parameters, trans-
verse dimension, wavelength, etc., are such that the e-folding length for at-
tenuation of the higher order modes should be very short, and the effect of
the discontinuity insignificant.

B. Parallel-Plate Transmission Line Experiments

The cable experiments described in the preceding sectlc-, while they
verify analysis, are not totally representative of real devices which are

12
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likely to be closed cavity structures (similar to those depicted in Fig. 1)
filled with a liquid dielectric. Voltage standoff requirements may lead to
rather large discontinuity regions in some geometries. To obtain some indica-
tion of the problems to be encountered in a real device, experiments were ini-
tiated in a parallel-plate geometry which offers the particular advantages of
simple and inexpensive fabrication and considerable flexibility.

In the course of these experiments two different line pairs were used:
(1) a 3.05 M long assembly made of circuit-board material and (2) a 1.83 M
long line fabricated from sheet metal. Figure 6 shows the geometries. Be-
cause the fields extend beyond the conductor boundaries in this geometry the
middle, or ground plane, conductors in Fig. 6 were made double the width of
the outer conductors in order to minimize crosstalk between the two lines.
The outer conductor widths were 15.2 cm for the circuit-board unit and 30.5
cm for the sheet-metal model. Uniformity of plate spacings was maintained by
lucite spacers in conjunction with nylon rods.

Switching was accomplished by avalanche transistor circuits with switch-
ing times of less than one nanosecond. The switches were operated at a repeti-
tion rate of approximately one kHz. Output signals were derived from a sensor
capacitor (C in Fig. 6). This capacitor had dimensions of 10.16 cm by 2.54 cm
(in the direction of wave propagation) and a plate separation of approximately

S x 10- cm with a mylar dielectric. A sampling oscilloscope was used to re-
cord the open-circuit voltage waveforms in a storage mode.

A major difficulty in the experiments with parallel-plate systems is that
the ratio of the sensor signal V sto the actual voltage between the plates is

(V /V 0) - 10 -4. Since the transmission-line field is not enclosed by conduct-

ing surfaces its strength outside the plates can be orders of magnitude larger
than the sensor signal. Thus coaxial cables with solid outer conductors, semi-
rigid 50 S1 cable, were used to transmit the sensor signal to an oscilloscope.

Figure 7(a) shows the output for a Z2= Z1= 47 n, 3.05 M line and for

two extreme examples of discontinuity length, d in Fig. 1(a), which are much
larger and much smaller than the parallel plate spacing, h. The longer rise-
times and more rapid deterioration in overall quality of the pulse in the
large discontinuity configuration are evident. In practice the discontinuity,
d, need only be large enough to satisfy voltage standoff requirements, i.e.,
d - h, the smallest line spacings. The output signals were derived from the
capacitive pickoff and the associated RC time constant at the output is re-
sponsible for the decaying exponential component of the pulse train envelope.

More detail on risetime deterioration is provided in Fig. 7(b). The su-
perimposed traces are the same as in Fig. 7(a). The upper and lower traces
show the regions around T = MT9 and T = MT, respectively. This figure shows
that the basic character of the waveform is not appreciably changed by many
transversals of the discontinuity between the line pairs.

A particularly promising line pair for electron acceleration, hereafter
referred to as E/T-l, is that pair defined by Z*2 /71 -3. For a matched load

and charging voltage Vol this configuration gives an accelerating voltage of

17



S I

Figure 6. Line Drawings of Parallel-Plate Transmission Lines. (a) Circuit-
Board Array. (b) Sheet Metal Array. S denotes location at switch
array (one to five used), C is the Sensor Capacitor (not to scale)
and V0 and Rc represent the charge voltage and charging resistance

respectively.
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Figure 7. Open-Circuit Voltage for 479 (Z1  Z2) Parallel-Plate Line (2Tt =

20 ns). (a) Time/div uncalibrated. (b) Time/div = 1 ns. Top
waveform in (a) has d/h 6 while for bottom photo the ratio d/h
- 0.38.
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Figure 8. Output Waveform for Z 2 =3K1 with Sheet-Metal Line-Pair.

(a) 5 ns/div. (b) 20 ns/div.
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Figure 9. Output Waveform for Z2 (1/4.30) Z I Line-Pair. (a) 5 ns/div; 200
mv/div. (b) S0 ns/div; 200 mv/div.

21



V 0 with transfer of 100% of the energy stored in the transmission line to the

load. Figure 8(a) shows the sensor output for a line pair with Z ' 3Z, i.e.,

with the switch located in the low impedance line. Again it is seen that the
basic nature of the waveform is preserved through several transits of the line
pair. Figure 8(b) shows the same waveform on a compressed time scale. The
exponential decaying envelope is again a consequence of the sort time constant
in the sensor circuit. The signals were generally too small to permit passive
integration at either the sensor locations or at the oscilloscope.

Figure 9 shows the output for the 1.83 M line pair with Z ZI=4.30. As

suggested earlier one sees that the repetitive transits of the line smooth out
somewhat the voltage steps providing a sine-like repeating waveform which may
offer some advantage for operation in a recirculating mode.

The strip-line experiments described in this section were conducted while
a full-scale model in a folded coaxial-cavity geometry was being built. In
the following section, measurements with the coaxial cavity are described.

C. Folded Coaxial-Cavity Experiments

A line drawing of the cavity is shown in Fig. 10. The intermediate and
outer tubes were fabricated from rolled aluminum plate 4.8 mm thick. T7he di-
mensions of the cylinders are as follows: outer cylinder, I.P. =97 cm; in-
termediate cylinder, I.D.-54 cm; drift tube, I.D. = 10 cm. The length of the
cavity was chosen to give a double transit time, 2TZ, of approximately 20 nsec.
The intermediate tube was supported in position by either polyethylene legs
(2-line cavity) or styrofoam panels (3-line system).

The cavity was normally switched with five avalanche transistors in one of
two arrangements, axial or radial, as indicated in Fig. 16. Switching was con-
trolled by a fast pulser which triggered a pulse generator with five outputs,
each with an independently adjustable delay. Current probes in the base of
the avalanche transistor permitted synchronization of the switch firings to
approximately 0.25 nsec.

The switching circuit was sometimes as simple as "hook-up wire" or metal
ribbons connecting the intermediate cylinder to the high voltage supply and to
the transistor switches mounted on the end plate external to the cavity. More
often the switches were laid out on circuit board material in an attempt to re-
duce circuit (switch) inductance.

Normally the sensor was an annular capacitive pickup located in the out-
put transmission line approximately 10-12 cm from the acceleration gap. The
capacitor was formed by the outer surface of the drift tube (Fig. 10) and a
2.54 cm wide metal ring (or clamp) insulated from the drift tube by a 127 vim
thick mylar foil. Initial results obtained with small gap spacings, cf 5 cm,
are shown in Fig. 11. The RC time constant for the sensor capacitance and the
50 ohm transmission line is short relative to the pulse duration of interest
which results in a modification of the output waveforms switch. This figure
also Illustrates the effect of limited changes in inductance; thus, changing
the number of switches bound to 5 can have a marked effect in the risetime and
duration of the "top" of the pulse at the gap.
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Figure 11. Output Waveform for Z2  3Z , Folded-Coax Cavity. (a) 20 ns/div;

100 mv/div (one-switch and five-switch configurations). (b) Top

trace calibration: So ns/div; bottom trace calibration 100 ns/div.
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Two other methods of looking at the output voltage waveform were used.
A disc-shaped capacitor (with 255 pim plate spacing and mylar dielectric) was
used by removing the drift-tube extension and terminating the accelerator gap
at the end plate of the tube. Results are given in Fig. 12 for accelerator
gap and line junction spacings of 10.2 cm each. Additionally, signals were
taken from a resistive divider connected across the acceleration gap. In this
arrangement one end of a copper sulfate resistor is connected to ground at the
end plate of the cavity (see Fig. 10) while the other end is positioned just
inside the drift tube by a spacer which insulates it from the drift tube.
This end of the resistor is connected to a 50 S1 carbon resistor which is in
turn connected to the drift tube wall. Observations were made for copper sul-
fate resistance values of approximately 280 Q~ and 3150 ! , the latter open cir-
cuit conditions for our 100 9? line. Simultaneous observation of the sensor
signal in line 2 (Fig. 10) and signals from either the disc capacitor or the
resistive divider established that the open circuit waveformn at the gap was
well represented by the capacitor pickoff in line 2. Because this e-field (or
E) sensor perturbs the cavity waveform less than any of the other devices,
most of the studies were conducted using this method of recording the data.

When an axial switch array is used, in effect reducing the gap at A to
zero, the lines Z.1 and k 2 are most readily equalized by reducing the accelera-

tion gap to effectively zero. With these artifically small spacings one gets
an upper limit to waveform integrity for operation in a potential recircula-
tion mode. In Fig. 13 are shown four waveforms for an axial switch assembly
with the gap at C equal to 10.2 cm and a 0.3 cm gap at B. The deterioration
in waveform is due largely to the discontinuity at the junction between lines
1 and 2 because the other spacings are effectively zero. In Fig. 14 the out-
put for a more realistic discontinuity spacing is shown. For r~ig. 14, the
gaps at B and C were 25.4 cm (gap A was approximately zero) . Although consid-
erable "ringing" is evident, the basic characteristics of the 7 Z2= 1:3 con-

figuration are evident for several cycles. Figure 14(c) illustrates the ef-
fects, over a limited range, of switch inductance on the output voltage. Fig-
ures 14(a) and (b) were obtained with five symmetrically placed avalanche
transistor switches at two different oscilloscope time-base settings, 20 ns/div
and 50 ns/div, respectively. Figure 14(c) shows five traces corresponding to
1. 2, 3, 4, and 5 switches. The longer risetimes and shifted "crossover tines"
on the voltage axis correspond to the fewest switches. Waveforms comparable
to those of Figs. 13 and 14 are obtained for a reasonable range of parameters.
Numerous kinds of field shapers, e.g., conical inserts to eliminate the corner
at C and other locations were tried for this and other configurations without
any apparent large effects.

III. EXPERIMENTAL (nhRF.E-LINE SYSTEMS)

Closed foi - ytical solutions for the accelerating waveform have been
obtained for ide i, lossless, three-line arrangements switched by ideal
switches. Figure 15 shows the schematic representation of the three-line sys-
tem with equal line lengths. One advantage of such an arrangement is that it
permits the switches to be placed in a region of lower electric field than is
the case for the two-line systems.
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Figure 12. Output Waveform Taken With Disc Capacitor at End Plate of Folded-
Coax Cavity. (a) 20 ns/div. (b) SO ns/div.
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