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Abstract

The second axis of the Dual Axis Radiography of
Hydrodynamic Testing (DARHT) facility produces up to
four radiographs within an interval of 1.6 microseconds. It
accomplishes this by slicing four micro-pulses out of a
long 1.8-kA, 16.5-MeV electron beam pulse and focusing
them onto a bremsstrahlung converter target. The long
beam pulse is created by a dispenser cathode diode and
accelerated by the unique DARHT Axis-II linear
induction accelerator (LIA).

Beam motion in the accelerator would be a problem for
radiography. High frequency motion, such as from beam
breakup instability, would blur the individual spots. Low
frequency motion, such as produced by pulsed power
variation, would produce spot to spot differences. In this
article, we describe these sources of beam motion, and the
measures we have taken to minimize it.

INTRODUCTION

The Dual-Axis Radiography for Hydrodynamic Testing
(DARHT) facility produces flash radiographs of explosive
hydrodynamic experiments. Two linear induction
accelerators (LIAs) make the bremsstrahlung radiographic
source spots for orthogonal views of each test. The 2-kA,
20-MeV Axis-I LIA creates a single 60-ns radiography
pulse. The 1.8-kA, 16.5-MeV Axis-Il LIA creates up to
four radiography pulses by kicking them out of a longer
pulse that has a 1.6-us flattop.

The Axis-II LIA, the beam it produces and accelerates,
and the design of its magnetic focusing are described in
Ref. [1, 2, 3]. The kicker and downstream transport (DST)
to the bremsstrahlung converter are described in Ref. [4].
The beam simulation codes used for design of the
magnetic focusing tunes are described in Ref. [5, 6, 7, &,
9]. Figure 1 shows the long pulse accelerated by the Axis-
IT LIA and the shorter kicked pulses for one of many
possible kicker formats.
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Figure 1: Overlay of current at accelerator exit (black) and

after the kicker (red) showing the long accelerated-current

pulse and four kicked-current pulses.

EXPERIMENTAL RESULTS

Non-invasive DARHT-II beam diagnostics, such as
beam position monitors (BPMs), were used on every shot
[2, 3]. BPMs were located throughout the injector,
accelerator, and DST. BPMs separated by ~5 m
throughout the accelerator measure current and position,
while the BPMs after the exit had the eight detectors
required to also provide unequivocal ellipticity
measurements [2,10]. Most of the 12 BPMs in the
downstream transport had eight detectors for ellipticity
measurements because of the quadrupole magnets used
for DST transport. Invasive diagnostics were only
occasionally used. These included a magnetic
spectrometer to measure beam-electron kinetic energy,
and time-resolved imaging of the beam current profile
using Cerenkov emitters [1, 2, 4, 11]. Once the tune of the
magnetic focusing and steering has been set, the beam is
very reproducible. The day-to-day variation of beam
position at the exit is less than 0.5 mm, which is about
10% of the beam radius of ~5 mm predicted by our
envelope codes.




High-Frequency Motion — BBU

High-frequency beam motion, with period less than the
FWHM of the kicked pulse, would increase the
radiographic source spot size, which is integrated over the
FWHM. Since the Axis-II cclls have TM mode
resonances higher than 100 MHz, large-amplitude beam
breakup instability (BBU) would be a problem. Therefore,
we have taken precautions to suppress this instability both
through the design of the cells and through the tuning of
the accelerator focusing fields.

For the high-current, strongly-focused DARHT-II LIA
the BBU amplitude saturates at E(z)=(yy/y)"*Eoexp(Ty),
where subscript zero denotes initial conditions, and v is
the relativistic mass factor [3, 14]. The maximum growth

exponent is I', = [,N,Z<1/B>/ 3x10* [14]. Here I, is the
beam current in kA, N, is the number of gaps (cells), the

cell transverse impedance Z; is in /m, and the average

<1/B>is in kG, where B is the solenoidal focusing field.
Based on this theory, BBU can be suppressed by reducing
the transverse impedance and increasing the focusing
fields.

The Axis-1I LIA accelerating cells incorporate ferrite

tiles to reduce Z, by damping the TM modes responsible

for the BBU. The other step we have taken to suppress
BBU is to use very strong solenoidal focusing fields. This
theoretical prediction was confirmed in earlier
experiments[3], and was used to design a tune with
magnetic fields strong enough to suppress the BBU to an
amplitude < 10% of beam radius (Fig. 2).
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Figure 2: Beam envelope simulation for our tune. Also
shown is the saturated growth of the three principal modes
of BBU for a 50-micron initial perturbation. Growth is
shown as a percentage of beam radius (left scale). The
locations of BPMs are shown as vertical green dotted
lines.

We recorded the BPM data at the accelerator exit at 5
Gs/s to have enough bandwidth to detect even the highest
frequency BBU mode at ~600 MHz. Figure 3 shows the
BBU measured with the BPM at the accelerator exit
during a 200-ns window near the end of the beam pulse.
The BBU is clearly present, but the amplitude is less than
60 microns, which is < 2% of the beam radius predicted

by envelope code simulations (~ 5 mm). In addition to
the activity at the 120-MHz to 150-MHz frequencies seen
in Fig. 3, spectral analysis exhibited BBU activity at ~600
MHz, although this mode was highly attenuated by the
bandwidth limit of our cables.

As described in Ref. [3], we performed extensive BBU
experiments with an early configuration of the Axis-II
LIA to confirm the theoretical predictions of saturated
growth for the high-current, strongly-focused regime. The
observed BBU in the present 68-cell configuration agrees
with those measurements, and with the theory, as shown
in Fig. 4.
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Figure 3: High frequency BBU at accelerator exit. The
predicted beam radius at this position is ~5 mm.
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Figure 4: BBU growth. Open circles: data obtained in 1.3-
kA experiments with an early 50-cell configuration of the
LIA [3]. Filled oval: range of data obtained during 1.8-kA
experiments with the present 68-cell configuration.




Low-Frequency Motion — Beam Sweep

Low frequency beam motion, with a period greater than
the kicked pulse FWHM, would result in displacement of
the centers of successive radiographic source spots.
Uncorrected beam motion at the exit of the Axis-1I LIA
was dominated by an energy dependent sweep, with > 5
mm amplitude over the 1.6-pus flattop. Since this would
result in displacement of the radiographic source spots by
more than their size, it must be corrected.

The source of this sweep is the interaction of the beam
with accidental dipoles caused by small cell
misalignments (~ 25-um rms offset, ~0.3-mr rms tilt).
Any tilt of the beam trajectory resulting from interaction
with a dipole field will cause the beam to follow a helical
trajectory through the remaining solenoids, with a gyro-
radius and phase that depends on the beam energy. Since
there is a dipole in the injector diode because of the
asymmetric current paths, this helix is initially large, but
can be corrected (unwound) using steering dipoles in the
injector cells (Fig. 6). However, even after correcting this
initial offset, the beam is deflected into a helical trajectory
by the dipoles resulting from measured cell
misalignments.
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Figure 6: Beam centroid position in x (Cx in red) and y
(Cy in green). For this simulation the initial offset and
resulting large helical motion has been corrected and the
beam centered using dipoles in the six injector cells. The
residual helical motion is the result of cell misalignments.

For constant beam energy, this helix is stationary, but if
the energy varies, the phase at the LIA exit varies, causing
the position to sweep in time. Indeed, the observed sweep
amplitude can be fit to a model of dipole deflection
resulting from the kinetic energy variation, which we
measure on every shot using diode and cell voltage
monitors that are cross calibrated to a magnetic
spectrometer, which is calibrated to better than 0.5%.
Figure 7 shows the kinetic energy variation at the LIA
exit. The time variation is Jargely due to the pulsed-power
driving the accelerating cells, so this sort of variation
occurs throughout the LIA. With no corrections applied
for misalignment, this beam energy variation causes the
beam at the exit to sweep around the ~3.5-mm radius
helix, as shown in Fig. 8. The correlation of this motion
with beam energy variation is clearly seen in Fig. 9,

which compares the measured phase angle of the beam
position with a model of dipole deflection using the
measured energy variation. This correlation suggests that
appropriately applied corrector dipole could cancel the
sweep. Suppression of energy-dependent motion by using
steering dipoles in a procedure known as a “tuning V”
has been demonstrated on other LIAs [13]. Using only a
few of the available steering dipoles, we were able to
significantly reduce the sweep amplitude (Fig. 10). This
initial attempt reduced the sweep amplitude by >50%
from >5 mm to >2.5 mm. Accurate centering of the beam
out of the injector as shown in Fig. 6, along with
additional applications of the tuning V procedure, has
further reduced the sweep to ~1.6 mm at the times of the
four radiographs. Since this is ~32% of the ~5-mm
predicted radius at that location, the first-to-last
displacement of the source spots is expected to be less
than 25% of the radiographic source spot FWHM.
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Figure 7: Beam kinetic energy at exit of the LIA.
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Figure 8: Motion of beam caused by the energy
variation shown in Fig. 7.
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Figure 9: Uncorrected beam position on the helical
surface at LIA exit. (Black): Measured phase angle.
(Red): Phase angle model as if deflected by a single
dipole at a kinetic energy proportional to the measured
exit energy.
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Figure 10: Reduction of sweep by through the use of
corrector dipoles following the “tuning V” procedure
[13]. (Compare with Fig. 8.)

CONCLUSIONS

In conclusion, we have suppressed beam motion in
the Axis-I[ LIA to amplitudes small enough to have little
effect on radiographic performance. The solenoidal
magnetic focusing field was strong enough to suppress the
BBU to less ~2% of the beam radius, so it will have little
effect on source spot size. Low-frequency beam sweep
was reduced to less than 1/3 of the beam radius, so the
resulting displacement of source spots should be less than
50% of the spot FWHM. Future efforts to further reduce
the sweep include varying the timing of the cell pulsed

power to minimize the kinetic energy variation, which is
the source of the problem.
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