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Disclaimer

This document was prepared as an account of work sponsored by an

agency of the United States Government. Neither the United States

Government nor the University of California nor any of their
employees, makes any warranty, express or implled, or assumes any
legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial
products, process, or service by trade name, trademark,
manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United
States Government or the University of California, The views and
opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or the University of
California, and shall not be used for advertising or product
endorsement purposes.
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. line (PFL) in the pulse
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Abstract

The ETA-II linear induction accelerator (LIA) is
designed to drive a wicrowave free electron laser
(FEL). Beam energy sweep must be limited to % 1% for
50 ns to'limit beam corkscrew motion and ensure high
of the beam

flattop. To achieve this energy sweep, requirement, we

have implemented a pulse distribution system and are

planning  implementation of a tapered pulse forming
generators driving acceler-
ation gaps. The pulse distribution system assures
proper phasing of the high voltage pulse to the elec~
tron beam.,, Additionally, cell-to-cell coupling of
beam induced transients is reduced. The tapered FPFL
accelerator cell and loading hon-
linearities. Circuit simulations show good agreement
with preliminary data and predict the required energy
sweep requirement can be met.

Introduction,
Linear induction accelerators (LIAs) are used for

the production of high average power charge particle
beams.. These accelerators have been operated at high

current (greater tham 1 kA), moderate energy (order 10

MeV) and '‘at high repetition rates (order 5 kHz) (1-31}.
An LIA consists of an injector used to generate
the initial charge particle beam pulse, multiple
accelerator cells, and a pulse generator with a
distribution system [4]. The injector normally con-
sists of multiple accelerator cells with an internal
conductive structure, which in the case of ETA~II,
contains an electron source on a "cathode shank" and a
re-entrant anode structure. This injector geometry
sums the energy gain of individual «cells and allows
achievement of the required beam qualities.

Lnergy sweep is defined as the quantity dE/E, and
represents the variation of the beam energy about some
mean value, In the LIA, non-linear loading at the
accelerator cell is inherent. Consider a simplified
model of the pulse generator and accelerator cell
(Fig. 1). The energy gain at the accelerator cell,
proportional to Vp, is a function of the cell current,
i. e., current through C ape the ferrite current, and
the beam current. As ferrite current is a function of
the integral of the voltage at the cell, a non-linear
accelerator cell response results (5]

From the circuit equations, the effect of the
ferrite non-linerity takes the form:

dav VA dez
b, [ 0 £ ] (1)
v Zf ll Zf

As an example, ETA-II uses PE-11B NiZn ferrite and a
cell source impedance of Z,=40 ohm. From previous
data [5), AVy/Vp, which is proportional to the energy
sweep, 1s calculated to be 6% when 75% of the volt-
second product of the ferrite cores is used.

For the simplest case, compensation of the energy

sweep contribution at an accelerator cell, on the
s-plane, requires:
V{s) v .
= .0 (1 - ST ) (2)

H(s) s

where H(s) is the pulse distribution system and cell
response, V(s) 1s the applied pulse, T is the pulse
width, and V5 is the accelerator gap voltage.

To compensate the energy sweep contribution at an-

‘pulse .
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‘accelerator cell, i.
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accelerator cell, H(s) and Vis) may be adjusted. For

an ldeal Vv(s), i. e. V(8)x s™ and a non-perturbing
pulse distribution system, H(s) can be made to
approach a constant by modifying the total cell cur-
rent to eliminate non-linearities. This modification
of H(s) can be done by adjusting the beam current

profile or by introducing additional componerits at the
e, non-linear components [6), RLC
filters, etc, Modification of V(s) for a defined H(s)
requires modification of the pulse generator.

Minimum total acceléerator energy sweep requires
minimum energy sweep at the injector or the use of
compensating accelerator cells. The latter assumes
the energy sweep associated with the injector is fixed
and the initial accelerator cells are used for compen-

sation. That is, the sum of the injector and these
accelerator celle result in a minimum total energy
sweep, Although slightly less than ideal for minimum
corkscrew motion [7), this technigue 1is considered
here.
Zg
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Figure 1. Simplified Pulse Generator and Accelerator
Cell Model.

Energy Sweep Compensation on ETA~II

The predominant factors on ETA-II which influence
H(s) are: beam and applied high voltage pulse phasing,
accelerator cell feed structures, and the non-linear
effects of the cell ferrite. 1In the initial stages of
development on ETA-II, the accelerator cell feed
structures were dominant in the determination of H(s).

Previous ETA-Il system New multi-cable system

—
MAG 1.0 MAG 1.0
i 40 waler-lilled cables )
40 waler-filled cables
Distribution Distribution

10cells

Bus structure —/

10 cells

4002, solid-dielectric cables

Figure 2. ETA-II Modifications. Previous ETA-II bus
structure (left). Modified  ETA-II “two
cell" bus structure (right).

The high voltage pulse on ETA-II was previously

applied to the accelerator cell through two bus struc-
tures on each side of a module of 'ten accelerator
cells (Fig. 2). The pulse generator, 1. e, MAG1-D (8],
was connected to the 10 cell module through a single
cable. Two effects were associated with this struc-
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" form a s5low wave

.plished by adjustment of V(s).

ture. First, the
accelerator call

capacitance associated with cach,

combined with the bus structures to
structure. Second, the beam return
current introduced transients on this slow wave bus

structure w1Lh a polarity opposite to the applied high
voltage puls Improper phasing of the high voltage
pulse with the beam and severe distortion of the
MAG1-D pulse resulted. Compensation was much more
difficult since the total response. of the feeds,
cells, and their interaction needed to be considered.

accelerator cell
implemented. The slow wave bus structure was replaced
with a bus connecting two accelerator cells. This
“two-cell" feed structure placed the cell capacitance
across the bus termination. Slow wave transit time
effects were eliminated. Distribution to each two
cell structure was done with individual transmission
lines properly timed to the beam transit. Thus, this
new system only introduced a time delay and nearly
isolated the response of a single, cell.

A new

In this new system, compensgtlon can be accom-
This compensaticn may

be done in two ways. The first method relies on the

" output characterlstics of the MAGlL-D at various vol-

tages, i. e., the output pulse shape varies with out-
put voltage (9)]. By properly adjusting the output'
voltage pulse amplitude, a minimum energy swecp may be
obtained, This technique, however, confines the
accelerator to a single operating point in our ‘energy
range of interest. We present the modeling, sensiti-
vities and preliminary test results in the section
Single Operating Point Compensation.

The second method requires the use of a variable

taper PFL (10], i. e., a PFL with an adjustable impe-
dance varlatlon along its length. The impedance vari-
ation sults in an . output pulse shape required to

meet the cell impedance non-linearities with minimum

energy loss. This method allows energy sweep compen-
sation at ahy accelerator operating point. We present
our initial analysis and sensitivity calculations in
the section Multiple Operating Foint Compensation.

Single Operating Point Compensation

Cell response modeling using SCEPTRE (l1] and
prototype verification were performed to determine the
performance of the two cell structure. The model
included the non-linear effects of the ferrite and was
implemented by a function derived from experimental
data. Typical performance of the model compared with

measurement is shown in Figure 3.

The combined effect of the bus structure connect-
ing the two independent cells was taken into account
by directly measuring the voltage across a two cell
structure. Agreement between the measured and calcu-
lated two cell voltage pulse shape was within 1% in an
area surrounding the peak. Absolute amplitude was in
agreement within 10%.

Analysis of the accelerator performance was simi-
larly performed using MAGl-D output pulse and previous
beam current data (Fig. 4). Significant energy sweep,
however, associated with the injector is present in
the ETA-II system. Elimination of this energy sweep
required intentionally introducing additional sweep at
the accelerator cells which countered that of the
injector,
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Figure 3. Circuit Model and Prototype Measurement
The parameters of Injector Timing (injector pulse

to accelerator cell voltage pulse arrival timing) and
MAGL1-D input Charge Voltage, «V,, were varied to

feed was developed and

obtain a maximum pulse width (total accelerator encrgy
sweep) . of 38 ns, 4 1% enevyy sweep (Fig. %). 'The
optimization curve exhibits the property of
relatively insensitive to both parameters.

In our present experiment of 20 accelerator
cells, the minimum total energy sweep occurred at an
accelerator cell gap voltage of 80 kV. We are pres-
ently planning a 60 cell experiment. The sensitivity
of the energy sweep at individual cells to timing
jitter at this voltage, however, was found to bhe un-
acceptable. Further analysis showed that this sensi-~
tivity was significantly less at 9n kV without degra-
dation in the total energy sweep. Thus, consistent
with the objective of maximum pulse width at the cell
and minimum sensitivity, we plan to
remaining 40 accelerator cells at this gap voltage of
890 kV.

Simulations were also performed using the BREAKUP
code [12) to predict the resultant corkscrew ampli-
tude. Results from the calculation indicated an
amplltude on the order of it 250 microns. Compariso
with simulations developed for the previous ETA-II bus
structure (Fig. 6) indicate that the corkscrew ampli~-
tude will be reduced by at least an order of magni-

tude.
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Figure 4. Compensation of the ETA-II 20 cell exper-
iment.
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Figure 5. ETA-II1 20 Cell Experiment Pulse Width Opti~
mization Surface. Pulse width values are
for dE/E=% 1%, Ipeap=l.5 KA.

Multiple Operating Point Compensation

Additional calculations were performed to
evaluate the performance of a variable taper PFL in
the MAG1-D pulse generator. Physically, the device is
a tri-plate transmission 1line. This configuration
allows two objectives to be met. First a more uniform
constant impedance transition can be made from the PFL
to the coaxial output switch, and second, . mechanical
actuators necessary to control the impedance taper can
be easily implemented.

optimum impedance tapers were calculated for two
experimental beam currents (Fig. 7). A resultant
pulse for the matched cell case, i. e., Zceil=4o ohm
is shown in Figure B8, It was determined that
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Figure 6. BREAKUP Simulations. Corkscrew motion is
plotted for 40 ns as shown in each accompa-
nying plot. ETA-II simulations for previous
bus (top). Simulations of expected results
(bottom), dE/E= %1.3%,

2.5 ,
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Figure 7. oOptimum impedance tapers for specified beam
currents.
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Figure 8. ETA-II "Two-cell" Acceleration Gap Voltage
Pulse. Ipgan=2.13 KA.,

increased beam currents required less jmpedance taper,
Reduced pulse width resulted, however. We speculate
that the reduced impedance taper results from the self

~compensating effects of the bean current profile

toward the peak and trailing edge of the puise,

[N 1} Caw . i

Development

Further refinements in the modeling ‘effort are:
required. “In addition to refinements in modeling
magnetic materials, 1. e. accelerator cell furritq and
the MAGl-D output switch, investigation into design
centering of the PFL taper is required. We are pur-
suing each of these areas.

We are also considering the alternate implementa-
tion of the tapered PFL in the MAG1-D driving the
injector on ETA-II. This implementation would allow
compensation of the cell response by adjusting the
beam current profile.
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