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ABSTRACT .
The successful development of a new generation of high
current, high voltage, linear induction accelerators relies on {

the solution of a number of beam transport problems, including

Ak

radial oscillations, diocotron instabilities, transverse beam ;

break-up (BBU), etc.

PR

Most of the instabilities appear to onset either at the ]
injector region or at the accelerating gaps. Radial oscillations }
were first observed in RADLAC I, while transverse beam break-up 1
was first observed on the SLAC accelerator, and more recently .

on the ETA accelerator. ]

A low emittance, high current, high voltage injector

precisely aligned with the guiding magnetic field axis and beam

' 4 s oa

. ~vacuum pipe axis is of prime importance for successful beam

{.> acceleration and transport. Similarly, an accelerating gap -
ti~  design which maintains radial force balance and an accelerating

cavity with low Q and very small transverse shunt impedance 7]

should eliminate the most dangerous radial oscillations and

omie

beam break-up instabilities. o
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The design and experimental studies of a new 4 MeV, 40 kA
electron beam injector and accelerating gap will be presented.
Test bench measurements of 2; and Q on a typical radial trans-
mission line acceleratinyg cavity prove that BBU is not of
concern unless the number of accelerating gaps become excessively

large.

I. Introduction

In the last ten years, considerable work has been devoted
to the production and acceleration of intense relativistic elec-
tron beams using linear induction accelerators.l+4 Because of the
extremely high currents involved, 10-100 kA, and the relatively
large number of modules re:quired, these accelerating structures
are susceptible to a number of instabilities. Among the most
dangerous are radial4 oscillations and transverse beam break-up
(BBU).?> Radial oscillations can appear in the injector and the
accelerating gaps and are mainly due to the lack of radial force
balance in those regions. Transverse beam break-up is due to
the excitation by the beam pulse of transverse electromagnetic
modes in the accelerating cavities.

The analysis and means of avoiding these instabilities
were the objectives of extensive analytical and numerical studies
reported previously.6r7 In this paper, we report the experimental
work which also addressed the above instabilities. Section I de-
scribes the design and performance of a new 4 MeV, 40 kA foilless
diode injector with low emittance and no radial oscillations.
Section IT involves the radial oscillation measurements on a new

accelerating jap design with radial force balance. Finally, in
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Section II1I, the test bench measurements of Z; and Q of typical
pulsed transmission line cavity are presented and their significance

in exciting transverse beam break-up modes is discussed.

IT. 1IBEX Foilless Diode Injector

A new high voltage isolated Blumlein accelerator (IBEX) was
designed and constructed for these injector experiments.8 The
isolated Blumlein is a new pulse-forming-line configuration whose
greatest merit is the complete elimination of the familiar and
troublesome prepulse of the conventional Blumlein geometry. The
mechanism of pulse generation is inductive and at all times the
anode and cathode electrode are at ground electrostatic potential.
The IBEX accelerator fitted with a foilless diode source has become
one of the most reliable intense electron beam inject:ors.gr10 It
is ideally suited for high current linear accelerators and, in
particular, those utilizing solenocidal magnetic fields for beam
focusing and transport. With the anode and cathode immersed in
the same solenoidal field, the electron beam is directly created
inside the guiding field of the accelerator.

IBEX can provide a maximum pulse of 4 MV, 100 kA and 20 ns
FWHM when matched with a diode impedance equal to its char-
acteristic 40 ohm impedance. The design goals for these experi-
ments were 20-40 kA at 4 MV; hence, a higher impedance foilless
diode was adopted. A schematic diagram of the foilless diode
used with the relevant dimensions is shown in Fig. 1. Several
annular cathode tips were used with different radii (rc) and
thicknesses (a). The axial anode-cathode gap could be varied

in steps of 0.6 cm. The maygnetic field was provided by an array
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of "pancake" coils connected in series to a capacitor bank. The
peak magnetic field could be varied from 6 to 16 kG. Figure 2 is
a schematic diagram of the experimental set-up including the
foilless diode and vacuum transport line. Typical voltage and
current waveforms are shown in Fig. 3. The beam propagates a
distance of 10 cyclotron wavelengths in vacuum along a uniform
magnetic field. Rogowski current monitors are positioned along
the beam path to follow the beam current in a nondestructive way.

A systematic study of the diode performance and beam vacuum
propagation was undertaken. The free variables of the experiments
were anode-cathode voltage, axial magnetic field, cathode shank
radius and anode cathode spacing. 1In all cases, we produced an
excellent low emittance thin annular beam with practically no
radial oscillations. Our concern with precisely aligning the
diode axis with the magnetic field axis as well as the vacuum
pipe axis gave the anticipated results,

Figure 4 shows the beam damage pattern on a set of brass
witness plates for the radial oscillation measurements. The
targets scanned an entire cyclotron wavelength distance and were
positioned 1 cm apart for 9 consecutive shots. The magnetic
field strength was 7 kG. We intentionally chose the lowest field
because if there were radial oscillations they should appear most
pronounced here. Figure 5 shows the measured beam outer diameter
(2rp) at various distances from the cathode. The points lie on a
straight line indicating no radial oscillations. The vacuum beam
transmission to the end of the drift pipe was 100%. No diocotron

instabilities were observed.
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At higher magnetic field strengths (~ 14 kG), a very fine
structure composed of 30 to 40 filaments symmetrically located
inside the beam annulus was visible on the witness targets
(Fig. 4). This is mainly due to nonuniform cathode ignition and
not to diocotron instability.

Figure 6 summarizes the results of our diode parametric
study and shows that the most important variable for the range of
B; used is the anode-cathode spacing. 1In Fig. 7, the experi-
mentally measured larmor radii appear to decrease quadratically
with the field strength in agreement with the theory.ll During the
investigation, we fired the injector 200 times; the reproducibility

of the beam parameters and the beam quality was very good.

III. Radial Oscillation Measurements of a Radial Force Balanced

Accelerating Gap

One of the most important problems in the development of

high current electron linear accelerators is the suppression of

radial oscillations of the beam in the accelerating gaps. The
oscillations arise because of the lack of radial force balance in

the gap region and can cause deterioration of beam quality and

STV S Y X

severe beam losses. Several methods of suppressing radial

oscillations were proposed and theoretically studied, 7,12 including

imdundnd ondcldh

contouring the magnetic field in the gap region and increasing

ddend

the wall radius after each gap. These techniques are fairly easy 1
to implement and require minor hardware modifications of the
available RADLAC I accelerating gap structure. For these experi-
ments the accelerating assembly was composed of the injector and

one post accelerating gap. Figure 8 gives an outline of the A
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experimental set-up. Practically all the hardware used was from
RADLAC I, The novelty of this experiment was the balance of the
the radial forces at the gap region. Note the different diameter
beam pipes before and after the accelerating gap.

Two of the RADLAC Pulse Forming Lines were connected in such
a fashion as to provide twice the voltage of a single RPL. This
cavity is again an isolated radial Blumleinll and has all the
advantages of the cylindrical isolated Blumlein of the IBEX
accelerator. This configuration provided the accelerating voltage
for the injector (2-3 MV). The post accelerating gap used a
single RADLAC RPL structure.

The high current beam was Supplied by a cold cathode foilless
diode injector. An annular beam of outer radius of 1 cm and
thickness of 2 mm was emitted from a tubular cathode immersed in
the 11 kG guiding field. The beam cross section was measured
alory its path upstream and downstream of the accelerating gap
and in several locations. Brass witness plates were used for
these measurements. The experiments were divided into two sets.
In the first set, no accelerating voltage was applied to the post
accelerating jap, while in the second set both injector and
accelerating gap were energized. The Rogowski monitors upstream
and downstream of the gap gave practically identical current
readings. Because of a slight misalignment between vacuum pipe
axis and the guiding magnetic field, the beam envelope was somewhat
deformed to an elliptical shape rather than being circular.

Figure 9 gives the major (trace a) and minor (trace b) axis of

PR L L UL WP S S e 3
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- the beam ellipsoid. Trace c¢ is the beam current for every envelope
[
:¢, measurement. Figure 10 gives the same beam parameters for the
1
; second set of experiments. The error bars of 2¢ and 28 are due
: to statistical fluctuations in the geometric measurements of the
3
® beam imprint on the witness plate. No radial oscillations were

b observed in either of the sets of experimentation.

" IV. Measurements of the Resonant Frequencies w, Quality

Factors Q and Transverse Impedances Z; of Pulsed

Transmission Line Cavities.

The coupling of the pulse power system to the electron beam
in an induction machine does not involve resonant cavity
structuresl3 as it does in a conventional rf linear accelerator.
The pulse forming line outputs are fed directly to the diode and
accelerating gap via transmission lines. Hence, the accelerating
cavities should in principle be free of any rf resonances with
measurable quality factor Q. Although this may have been true
for RADLAC I, as our measurements suggest, it was not the case
for the cavities of ETA.

I1f there exist resonant modes of the accelerating cavities
with electromagnetic field patterns such that a transverse magnetic
field exists along the beam path, then the passage of the beam
pulse can excite those modes. Interaction of the beam pulse with
these fields can cause a transverse deflection of the beam. The

resulting beam displacements add from cavity to cavity and eventually

can lead to a large transverse oscillation and beam losses on the

walls of the drift tubes. This instability is called beam break-up
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instability, and it was observed first at SLAC.> The magnitude

TS Y e

"

of the beam displacement has been shown to be equal to a power
series of the beam accelerator parameters such as pulse width

wt, transverse impedance Z; and beam current, with the

hii order of the series equal to the number of accelerating gaps.14
[ The Z2; is defined by the following expression:

. 2

¢ [/zBle] c

( 0

G Z.L = Q (1)

! 2wu

with w being the cavity resonant frequency and u the stored
energy in the cavity. The integral extends over the accelerating

gap of length, . In order to find the importance of the beam

break-up instability for a given cavity design, one must identify
the critical eigenfunctions with B} # 0 on axis and measure
the associated Q and the 2;/0.

A typical cavity for a linear accelerator driven by pulse
forming lines is shown in Fig. 11. The outer cylindrical wall
is composed of metallic and plastic grading rings and serves a
double purpose. It acts as a high voltage standoff as well as an

interface between the outer dielectric and the vacuum. The inner

boundary is defined by the metallic wall of the field shapers.

The field shapers are necessary to shorten the accelerating gap

¢ and reduce the radial component (E,) of the accelerating field.
In the accelerator assembly, the cavity is surrounded by a liquid 1
dielectric which can be transformer oil, water, or ethylene 3
@ glycol. These complicated cavity boundaries present a formidable ]
microwave problem for the theoretical and numerical prediction of ]
L <
] 1
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the various resonant eigenmodes and the corresponding Q and 2;/0
values. Consequently, the direct approach of experimentally
identifying the cavity modes and measuring the Q and Z,/Q

values was undertaken. The resonant field patterns can be identi-

fied by comparison with the relatively simpler modes of a metallic
wall pill-box cavity. We are interested only in the TM modes
and, in particular, in the TMj, modes since they are the ones
that have B} # 0 alonyg the beam path and are apt to cause
beam break-up instabilities.

The mode measurements were made by exciting the cavity with
a 1.25 cm long probe. The probe was inserted through openings
(Fig. 11) inside the cavity and was rf driven with a sweep
oscillator. A similar probe was used to detect the cavity signal
which, afte. passing through a sensor crystal, was amplified and
displayed on an oscilloscope as an amplitude versus frequency
plot. The scope's horizontal sweep was synchronized with the
sweep of the oscillator, such that the horizontal scope scale was
directly proportional to the frequency range of the particular
frequency sweep of the oscillator, The amplitudes are roughly

proportional to the square of the electric fields E, of the

modes, and the peaks correspond to the resonant eigenfrequencies.
Figure 12 is a typical photograph of those plots with the resonant
modes identified. For the mode identification, only the E; was 1
measured. The E, was mapped as a function of the radial (r) and
axial (z) position inside the cavity. It is enough to measure
only E; since B; can be directly derived from the expression

B) = VjE;. This simple measuring technique completely
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identifies the modes of a pill-box cavity. In the case of the

"H" shaped cavities studied here, the mode symmetry becomes much

L Svgh amus Jeen Jmun o

more complicated. However, measurements of the E, in the acceler-

ating gap region should provide unambiguous information about the
existence of B} along the beam axis.

The Q of the mode, defined as w/Aw, where Aw is the
FWHM of the resonance, was directly obtained from the amplitude
versus frequency plots. For the measurements of the Z2,;/Q, the
method of Hansen and Postl5/16 was applied. A small metallic
cylinder of volume AV and radius r was inserted inside the
cavity and the frequency shift Aw for each eigenfrequency

was measured. Then from the expression:

2
Q (rw )2 \w av
1 -{—- w
2c

the 2,/0 ratio was estimated.

We first identified the resonant modes. To increase the
amplitude of the transmitted signal, we lined the inside wall of
the outer shell with a copper sheet. (The copper walls increase
the O of the cavity but do not affect appreciably the eigenmode
frequencies). Figure 13 gives the E; field pattern of the metal

walled cavity for one of the TM modes obtained with the E, probe.

Table I summarizes the results of those measurements. As expected,

the Q and 72;/Q are relatively high.
In the second stage of the experiment, the copper lining

was removed and the cavity was surrounded by water as outer




TABLE 1

F (MHZ) MODE Q 2,/0
TYPE (ohms)
180 ™01V 450 -
550 TM110 660 50
620 TMO 170 -
650 TM1 390 70
820 TM1 100 40
1100 ™2 290 -
1150 TMO 760 -
1170 TMO 460 -
1250 TMO 500 -
1380 ™1 1090 25
continuum
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dielectric. The plastic grading rings combined with the water made
such a lossy environment that we were unable to identify any reson-
ant mode. Increasing the sensitivity of the receiver by a factor
of one-hundred did not change the results. No peaks were present
at the frequencies of the eigenmodes. From the power output of
our swveep oscillator and the sensitivity of our antenna, we
believe that values of Q and Z;/Q of the order of 10 or less
could have been observed. Hence, because of the extremely lossy
siuter cavity walls it would b2 rather improbable for the beam to
excite any transverse resonant modes.
V. Summary

We have developed a very reliable 4 MeV, 40-100 kA electron
beam injector. It produces a high guality annular or solid beam of
low emittance with no radial oscillations. A new radial force bal-
anced accelerating gap design has been successfully tested and
proven to completely eliminate radial oscillations. Finally, an
accelerating cavity composed of plastic and metal voltage grading
rings immersed in deionized water constitutes such a low Q and
21/0Q resonator that B3 instabilities become insignificant.
The injector, accelerating gap, and cavity presented here can be
considered as very promising building blocks for a high-current,
high-voltage pulsed, transmission line linear accelerator,
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