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The second axis of the dual-axis radiography of hydrodynamic testing (DARHT) facility produces up to

four radiographs within an interval of 1:6 �s. It does this by slicing four micropulses out of a 2-�s long

electron beam pulse and focusing them onto a bremsstrahlung converter target. The 1.8-kA beam pulse is

created by a dispenser cathode diode and accelerated to more than 16 MeV by the unique DARHTAxis-II

linear induction accelerator (LIA). Beam motion in the accelerator would be a problem for multipulse

flash radiography. High-frequency motion, such as from beam-breakup (BBU) 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. Using the methods discussed, we have reduced beam motion at the accelerator

exit to less than 2% of the beam envelope radius for the high-frequency BBU, and less than 1=3 of the

envelope radius for the low-frequency sweep.
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I. INTRODUCTION

The dual-axis radiography for hydrodynamic testing
(DARHT) facility produces flash radiographs of high-
explosive driven hydrodynamic experiments. Two linear
induction electron accelerators (LIAs) make the brems-
strahlung radiographic source spots for orthogonal views
of each test. The 2-kA, 20-MeVAxis-I LIA creates a single
60-ns radiography pulse. The Axis-II LIA has a long
(1:6-�s) flattop with energy variation less than �1:5%.
For radiography, it has been operated at more than 16 MeV
with beam currents greater than 1.5 kA. It creates up to four
short radiography pulses by kicking them out of the long
flattop. Typical radiography source spots for both axes are
�1-mm or less FWHM.

The Axis-II LIA uses a hot dispenser cathode to produce
the beam, which is initially accelerated in a diode and then
by six injector induction cells followed by 68 induction
cells in the main accelerator. It uses solenoidal magnetic
fields to transport and focus the beam. Each induction cell
incorporates a solenoid (for focusing) and a pair of or-
thogonal dipole coils (for steering). The repetition rate is
limited by purging of pulse-power spark gaps to less than
one shot per 5 minutes. The Axis-II LIA, the beam it
produces, and its solenoidal focusing are further described

in Refs. [1–3]. After the long pulse exits the accelerator it
passes through a kicker, which slices out shorter pulses to
be transported to the bremsstrahlung converter target. The
remainder of the long pulse is diverted to a beam dump.
The kicker and downstream transport (DST) to the brems-
strahlung converter are described in detail in Ref. [4]. The
beam simulation codes used to clarify beam physics and
design the solenoidal focusing are described in Refs. [5–9].
We have made an effort to understand and reduce beam

motion in the Axis-II accelerator, because motion would be
a problem for multiple-time radiography. Integration of
fast (ns time scale) motion over the multi-ns radiographic
pulses would blur and enlarge the source spots. Slower
(�s time scale) motion would produce spot-to-spot
wander. Such wandering would also distort the spots of
the last pulses in the sequence due to asymmetric target
erosion by the preceding pulses.

II. THEORYAND EXPERIMENTAL
CONTROL OF BEAM MOTION

Noninvasive 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 accel-
erator 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. Figure 1 shows BPM
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measurements of the long current pulse accelerated by the
Axis-II LIA and a sequence of shorter kicked pulses in the
DST. 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 �5-mm beam radius
predicted by our envelope codes.

A. Suppression of high-frequency motion

High-frequency beam motion, with period less than the
FWHM of the kicked pulse, would increase the radio-
graphic source spot size, by integrating the position over
the FWHM. One source of high-frequency motion in our
accelerator is the beam-breakup (BBU) instability, which
plagues all high-current electron linear accelerators. BBU
results from beam coupling of accelerating-cell TM1n0

electromagnetic cavity modes. Since the Axis-II cells
have TM mode resonances higher than 100 MHz, large-
amplitude beam-breakup instability (BBU) would blur the
spots of our many-ns radiographic pulses. Therefore, we
have taken precautions to suppress this instability both
through the design and construction of the cells and
through the tuning of the accelerator focusing fields.

For the high-current, strongly focused DARHT-II LIA,
the BBU amplitude rapidly grows in time back from the
beam head and then saturates due to cavity losses.
The saturated amplitude of the beam displacement at a
particular location z is

�ðzÞ ¼ �0ð�0=�Þ1=2 expð�mÞ; (1)

where subscript zero denotes initial conditions, and � is the
relativistic mass factor [3,12]. The maximum growth
exponent at the location z is

�mðzÞ ¼
IbNgZ?
3� 104

�
1

Bz

�
: (2)

Here Ib is the beam current in kA, Ng is the number of

gaps (cells), the cell transverse impedance Z? is in �=m,
and the h1=Bzi is the average over z in kG�1, where Bz is
the solenoidal focusing field. At a particular location in
the accelerator, this maximum is reached in the time
� ¼ ð2Q=!Þ�m after the arrival of the beam head, where
Q is the cavity quality factor and ! is the mode frequency.
This time is less than 25 ns in the Axis-II LIA.
Based on this theory, BBU can be suppressed by reduc-

ing the transverse impedance and increasing the focusing
fields. The Axis-II LIA accelerating cells incorporate fer-
rite tiles to reduce Z? by damping the TM modes respon-
sible for the BBU. The other step we have taken to suppress
BBU is to use very strong solenoidal focusing fields. The
predicted scaling for �m was confirmed in earlier experi-
ments [3], so we used this scaling to design a tune with
magnetic field strong enough to suppress the BBU to an
amplitude<10% of beam radius. Figure 2 shows the beam
envelope calculated by our envelope code XTR [5] for one
of our magnetic field tunes, with the saturated BBU am-
plitude predicted by this theory overplotted. Calculations
of saturated growth for this plot used the maximum mea-
sured transverse impedances at the major BBU frequencies
bands [13,14] near 150, 250, and 600 MHz.
Figure 3 is an example of the beam motion during a

200-ns window near the end of the beam pulse as measured
with a BPM at the accelerator exit. The BBU at
�150 MHz is clearly present, but the amplitude is less
than 60 microns, which is<2% of the�5-mm beam radius
predicted by envelope code simulations. As described in
Ref. [3], we performed extensive BBU experiments with an
early 50-cell configuration of the Axis-II LIA to confirm
the theoretically predicted scaling of saturated growth of
an accelerated beam in the relevant high-current, strongly

FIG. 2. Beam envelope simulation for a representative tune.
On axis magnetic field is plotted in green, with scale at right.
Also shown is the saturated growth of the three principal modes
of BBU for a 50-micron initial perturbation. Saturated growth of
an initial 50-�m perturbation based on Eq. (1) is shown as a
percentage of beam radius (left scale). The locations of BPMs
are shown as vertical green dotted lines.

FIG. 1. Overlay of current at accelerator exit and after the
kicker, showing the long accelerated-current pulse (black) and
four kicked-current pulses (red).
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focused regime. The amplitudes of the lowest BBU mode
(� 150 MHz) were measured with BPMs distributed
throughout the accelerator (i.e., at various Ng and �), and

were normalized to the measured amplitude at the accel-
erator entrance (�0). During these experiments h1=Bzi was
varied by changing the magnetic tune, and we also varied
the current (Ib). Theoretically, a semilog plot of energy-
scaled amplitude against the various values of InNgh1=Bzi
should yield a straight line, with a slope of Z? [3]. The
observed BBU in the present 68-cell configuration agrees
with those earlier measurements, and with the theory, as
shown in Fig. 4.

At the accelerator exit we recorded the BPM data at
5 Gs=s in order to have enough bandwidth to detect even
the highest frequency BBU mode at �570 MHz. Figure 5
is the spectrum of beam motion recorded there, which
shows that there is BBU activity in all of the cavity mode
bands, including near 600 MHz, although the data at the
higher frequencies was highly attenuated by the bandwidth
limit of our BPM system. The measured system attenuation
at 570 MHz is 15.7 dB greater than the attenuation at

150 MHz (a factor of 6.1). Applying this factor to the
peak at �570 MHz in Fig. 5 gives an amplitude of
2:8 V=Hz, which is less than the peak at �150 MHz,
implying that the highest frequency BBU displacements
are no larger than the lower frequency displacements, and
is also less than 2% of the beam radius. Since the theoreti-
cal gain at 570 MHz is�7 times that at 150 MHz (Fig. 4),
this also implies that the initial seed amplitude at the
highest frequencies is much less than at low frequencies.
In addition to the observed BBU spectrum in Fig. 4,

there is beam motion at 100 MHz and below. We observe
this lower frequency motion on all BPMs, including at the

FIG. 4. Measured BBU growth. Open circles: saturated ampli-
tude data obtained in 1.3-kA experiments with an early 50-cell
configuration of the LIA [3]. Filled oval: range of saturated
amplitude data obtained during 1.8-kA experiments with the
present 68-cell configuration. Dashed line: best fit to data,
obtained with Z? ¼ 184 �, compared with 157-� average
measured over the frequency band.

FIG. 5. Spectrum of BBU activity at 120 MHz and above. The
three predicted resonance bands that were seen in measurements
of transverse impedance [13,14] are clearly evident in this
spectrum, as are the rf modes of the injector vacuum vessel,
which were also predicted [9].

FIG. 3. High-frequency BBU motion measured at accelerator
exit. The beam radius at this position predicted by our envelope
code is �5 mm.
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accelerator entrance. We attribute this motion to be the
result of rf modes predicted for the large injector vacuum
vessel, because the frequency peaks are in agreement with
the predictions [9].

B. Suppression of low-frequency 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. Each
pulse has enough energy density to erode the converter
target, so displacement of early pulses in a sequence could
lead to azimuthally asymmetric target material and dis-
torted spots for later pulses. Uncorrected beam motion at
the exit of the Axis-II LIA was dominated by an energy-
dependent sweep, with >5 mm amplitude over the 1:6-�s
flattop. Since this would result in wandering of the radio-
graphic source spots by more than their size, it had to be
corrected.

One major source of sweep is the folded current path in
the injector. As shown in Fig. 6 the diode beam source is at
right angles to the coaxial current feed from the Marx
generator [1–3]. This asymmetry, and the resulting current
path (Fig. 7), produces a weak transverse field in the diode
anode-cathode gap that deflects the beam upward [9]. The
beam deflection in the asymmetric diode and its conse-
quences are unique to the DARHT Axis-II accelerator; all
other LIAs have axisymmetric diode geometries. Because
of the diode asymmetry, the beam enters the solenoidal
magnetic focusing field with an upward tilt, which causes

the beam to follow a helical trajectory. This helix is ini-
tially large, and if uncorrected it remains large through the
accelerator, as shown by simulations of the beam-centroid
position in Figs. 8 and 9. These simulations use measured
beam-centroid positions for initial conditions, magnetic
field models fit to measurements for solenoidal and dipole
fields, and measured solenoid misalignments. The pre-
dicted helical trajectory is stationary only if the beam
initial energy and the cell accelerating potentials are con-
stant in time. If either of these vary in time, the helix phase
and gyroradius also vary at the LIA exit, causing the beam-
centroid position to sweep in time, as illustrated in Fig. 10,
which shows the sweep resulting from coherent variation
of the accelerating-cell potentials.
Obviously, the first step toward reducing beammotion at

the accelerator exit would be to minimize the size of the

FIG. 6. Injector diagram. The (negative) current path is twice
bent at right angles as it flows from the Marx generator, up the
column, across the diode gap, and into the injector cells.

FIG. 7. Side view of source dome and diode indicating the net
current path that leads to a transverse field in the diode and
upward deflection of the beam.

FIG. 8. Simulation of the beam-centroid position in x (Cx in
red) and y (Cy in green). For this simulation the initial offset was
uncorrected, and the resulting large helical trajectory extended
through the accelerator. In this simulation the helical trajectory is
stationary in time, because there is no time variation of the initial
energy or accelerating potentials.
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helical trajectory caused by offset injection. Therefore, we
now correct the offset injection by centering the beam
using dipoles in the six injector cells. Figures 11 and 12
illustrate how well this works in a simulation using only
two pairs of dipoles to correct the helical trajectory shown
in Figs. 8 and 9.

As seen in Fig. 11, the injector cell dipoles are very
effective at centering the beam and ‘‘unwinding’’ the hel-
ical trajectory. However, even after correcting this initial
offset effect, the trajectory again becomes helical further
downstream. The source of this residual helical motion is
the interaction of the beam with accidental dipoles caused

by small cell misalignments. This simulation modeled
these dipoles based on actual measurements of the small
cell misalignments;�0:1-mm rms offset, and�0:3-mr rms
tilt.
We measure the beam kinetic energy on every shot using

diode and cell voltage monitors that are cross calibrated to
a magnetic spectrometer that is calibrated to better than
0.5%. Figure 13 shows the measured kinetic energy varia-
tion during a 1:4-�s portion of the flattop of the pulse
during a single shot (� 2:5%). (All of the beam position
measurements reported here are over that same portion of
the flattop.) Figures 14 and 15 show the motion of the
beam-centroid position at the accelerator exit due to the
energy variation shown in Fig. 13. The strong correlation of
beam sweep with energy variation is clearly seen by com-
paring Fig. 15 with Fig. 13. The total range of motion

FIG. 10. Beam position at the accelerator exit for a number of
simulations in which the cell accelerating potentials were all
varied over a range of 15% in 1% increments (solid dots). This
simulates a plot of beam-centroid position motion caused by
accelerating potentials that coherently vary in time, as in the
DARHT Axis-II LIA.

FIG. 11. Simulation of the 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 using two
dipole pairs in the injector cells to center the beam. The residual
helical motion is the result of cell misalignments.

FIG. 9. End view of the helical trajectory of the simulation
shown in Fig. 8. This trajectory is stationary in time if the diode
and accelerating potentials are constant.

FIG. 12. End view of the helical trajectory of the simulation
shown in Fig. 11 for a beam that is initially centered and the
trajectory straightened at the exit of the injector cells. (Compare
with Fig. 9 for an uncentered beam.)
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encompasses �110� of a fitted arc, which is in agreement
with the range predicted by the simulations for a compa-
rable energy variation (Fig. 10), thereby substantially vali-
dating the simulations.

The beam kinetic energy variation shown in Fig. 13 is
characterized by a �1:5 MHz oscillation and a monotone
increase. This waveform is typical of the individual cell
pulsed-power drivers, and so the kinetic energy variation is

coherent throughout the LIA. That is, the fractional beam
energy variation at any point closely resembles Fig. 13. As
a consequence, the resulting helical phase advance due to
deflection by misalignment dipoles accumulates. Indeed,
the observed phase angle sweep at the exit can be roughly
fit with a model of deflection by a long transverse magnetic
field, as shown in Fig. 16. The model simply assumes
deflection inversely proportional to the beam momentum,
as if by a transverse (dipole) field.
The strong correlation of sweep with beam energy

strengthens the argument that the cause of the sweep is
the energy-dependent interaction with misalignment di-
poles. Moreover, this correlation argues against an insta-
bility causing the sweep, unless the instability has strong

FIG. 14. Motion of beam-centroid position measured with the
BPM at the LIA exit. This motion was caused by the energy
variation shown in Fig. 13 (measured on the same shot). The
angular motion is in the counterclockwise (ccw) direction.

FIG. 16. Uncorrected beam position on the helical surface at
LIA exit. (Red): The red curve is the phase angle of the position
measurements shown in Figs. 14 and 15. (Blue): The blue curve
is the phase angle modeled as if a beam with the measured
kinetic energy variation shown in Fig. 13 were deflected by a
single dipole.

FIG. 13. Beam kinetic energy at exit of the LIA measured by
summing voltage monitors that have been cross calibrated to
accurate magnetic spectrometer measurements of beam kinetic
energy. The fractional beam energy variation at any point in the
LIA closely resembles this, because the oscillation is a character-
istic of the pulsed-power accelerating-cell drivers.

FIG. 15. Angular motion of beam centroid shown in Fig. 14
plotted vs time to emphasize the correlation with the energy
variation shown in Fig. 13.
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energy dependence. For example, head-to-tail sweep is a
characteristic of the resistive wall instability [15]. In a
uniform strong solenoidal focusing field, the distance for
an initial perturbation to exponentiate due to the resistive

wall effect is approximately L ¼ 3:1Ba3=Ib=ð��Þ1=2:

L � 3:1
Bza

3

Ib
ffiffiffiffiffiffi
��

p ; (3)

where a is the pipe radius in cm, Bz is the solenoidal field
in kG, Ib is the beam current in kA, � is the pulse length in
�s, and � is the pipe resistivity in �� -cm [15,16]. The
inverse root scaling with pulse length, and the inverse
scaling with current, imply that this instability could be
problematic for long-pulse, high-current accelerators, like
the Axis-II LIA. However, the resistive wall growth is
independent of energy, in contradiction to our sweep
data. Moreover, we estimate that the growth of an initial
perturbation in DARHT-II is less than 60% over the length
of the LIA, largely because of the large bore (25-cm
diameter) beam pipe. Therefore, it is unlikely that the
sweep is caused by resistive wall instability.

Beam energy variations coupling with focusing magnet
misalignments is the source of the ‘‘corkscrew’’ motion
[17] observed in the ETA-II LIA [18–21]. Moreover, sup-
pression of this energy-dependent motion by using steering
dipoles throughout the LIA in a procedure known as a
‘‘tuning V’’ has been demonstrated [18–21]. However,
the procedures employed on ETA-II used between 12 and

60 dipole pairs, and required between one hour and one day
at the 1-pulse=s repetition rate of ETA-II [19–21]. Clearly,
that would be impractical on our accelerator, because we
seldom achieve more than 40 beam shots per day, so we
have developed a new tuning-V procedure requiring far
fewer dipoles and shots.
Only a few appropriately applied corrector dipole are

needed to correct the sweep, even though the corrector
fields cannot exactly cancel the misalignment fields be-
cause they are not colocated. Using only two of the 68
available pairs of dipoles in the main accelerator, we were
able to significantly reduce the sweep amplitude (Fig. 17)
with our new tuning-V procedure. This initial attempt
reduced the sweep amplitude by >50% from >5 to
<2:5 mm, with the amplitude defined as the diagonal of
the bounding rectangle. Since then, we have improved on
that by more accurate centering and unwinding the helical
trajectory of the beam out of the injector (like the simula-
tion shown in Figs. 11 and 12). Again using only two
dipole pairs for tuning Vs, the sweep was further reduced
by another factor of 2 to �1:2 mm (Fig. 18) in only 21
beam shots. This is <25% of the �5-mm envelope radius
predicted at the BPM location just outside of the accelera-
tor. The four radiograph pulses are spaced over a somewhat
longer time span (1:53 �s), so the sweep at these pulse
times is slightly larger (� 1:5 mm), but still less than 30%
of the predicted beam envelope radius. This suggests that
the spot-to-spot wander of the focused beam may be less
than 15% of the radiographic source spot FWHM.

FIG. 17. Reduction of sweep through the use of two pairs of
corrector dipoles following the ‘‘tuning-V’’ procedure [16,17].
(Compare with Fig. 14.)

FIG. 18. Further reduction of sweep obtained by first centering
the beam and unwinding the helical trajectory at the injector, and
then applying tuning Vs at two different locations. (Compare
with Fig. 17.)
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III. DISCUSSIONS AND REMARKS

We have suppressed beam motion in the Axis-II LIA to
amplitudes small enough to have little effect on radio-
graphic 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 20% of the spot FWHM.
The kinetic energy waveform is the cumulative sum of the
waveforms typical of the cell pulsed-power drivers, so it
can be flattened somewhat by randomizing the cell timing
within limits prescribed by beam transport considerations.
Future efforts to further reduce the sweep include this
approach to minimize the kinetic energy variation, which
is the source of the problem.
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