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Successful Betatron Acceleration of Kiloampere Electron Rings in RECE-Christa
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This paper reports on betatron acceleration experiments using the space-charge-neutralized
electron rings in the RECE-Christa device. Magnetic-probe and x-ray-absorption measure-
ments indicate that electron ring currents of up to 2 kA were accelerated to 3.3 £0.3 MeV
without indication of instabilities. A similar neutralization and acceleration method also ap-
pears applicable to electron rings generated in Bg-free configurations.

PACS numbers: 29.20.Fj, 52.75.Di

Since Kerst’s original success,* betatron accelera-
tors have been used for the production of
megaelectronvolt electrons. Various modifications
were conceived and investigated with the goal of in-
creasing the maximum ring current. In the conven-
tional betatron, the ring current is limited to below
ampere strength? because of space-charge problems
during injection. In later designs® this limit was
raised to about 90 A by use of higher injection en-
ergies Ey of up to several hundred kiloelectronvolts.
Following the original proposal of Sprangle and
Kapetanakos,* increasing interest presently focuses
on ‘‘modified betatron’’ arrangements in which the
space-charge effects are reduced by adding a strong
toroidal field; in this area, the experiment® at the
University of California at Irvine so far has ob-
tained an energy-integrated current of about 150 A,
and the larger experiment at the Naval Research La-
boratory,® presently under construction, expects to
obtain 5 kA of 50-MeV electrons. As a separate
path, Budker’ proposed to avoid the space-charge
problem altogether in a ‘‘plasma betatron’’ by ac-
celeration of runaway electrons from a preformed
plasma. Corresponding experiments, however,
seemed to be limited by plasma instabilities, with
ring currents and energies claimed? for such devices
ranging up to 100 A and 2 MeV, respectively. A
similar runaway-electron situation also has occurred
in various tokamak experiments: In some of
these,’ fast-electron currents of up to ~200 A
(i.e., a small fraction of the total discharge current)
have been reported for energies ~— 10 MeV; in oth-
er high-current ‘‘beam’ discharges, runaway-
electron currents of about 65 kA with a very broad
energy spectrum (due to beam-plasma instabilities
and continuous runaway-electron generation) were
obtained by adding high-Z gases,!? or the electron
energies were limited to around 100 keV.!!

The present paper describes experiments in
which strong space-charge-neutralized electron
rings trapped in the RECE-Christa device (RECE

denotes relativistic electron coil experiment) are ac-
celerated in a betatron arrangement. As in the ear-
lier Astron!? experiment, the rings are generated
through tangential injection of fast electrons in
combined axial and toroidal fields with, however,
the toroidal fields quite small compared with those
to be used in the modified betatron scheme or in
runaway-electron tokamak discharges. In contrast
to the normal plasma-betatron experiments, our
electron rings (initially about 1 MeV) exist in a cold
and only partially ionized hydrogen plasma which is
less prone to instabilities. The arrangement is also
similar to the Astron-type experiment at Irvine!3 in
which injected lower-energy electrons are trapped
and accelerated, with a total ring current of up to 10
A so far being accelerated to energies of about 1.
MeV.

In our experiments, so far, electron rings with fi-
nal ring current of 2 kA were accelerated to ener-
gies of 3.3 MeV without indications of instability.

The RECE-Christa device, used in our experi-
ments, is described in more detail elsewhere.!* In
brief, an intense electron beam pulse (typically 2
MeV peak, 40 kA, 80 nsec) is azimuthally injected
into a magnetic field consisting of an axial mirror
field B,=400-500 G, a toroidal field By generated
by an axial current ,=50-110 kA, and the fields
due to various pulsed coils. The rings initially are
trapped upstream in a puffed-in gas cloud and then
moved axially into the low-density magnetic-well
region downstream. In the present experiments the
arrangement shown in Fig. 1 is used downstream.
The magnetic well is positioned within the compres-
sion coil used earlier.!> When energized from
another capacitor bank (71/4=260 usec), this coil
raises the axial field by B, < 2 kG. In addition, an
accelerator coil (10 cm in diameter, 1.5 m long, 180
windings) is placed along the tank axis. When en-
ergized from another capacitor bank (7y,4=270
usec, Vmax=6 kV) this coil will induce a toroidal
field Ey that accelerates the electrons in the ring.
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FIG. 1. The accelerator arrangement.

The relative strength of the compression and ac-
celeration fields can be adjusted for control of the
ring radius during the acceleration. In addition to
the normal gas puff upstream, a steady-state gas fill
of 50-100 mTorr is used in the tank, producing a
highly collisional background plasma in the ring
with n, =~ 1011-102cm~3and 7, < 1-2 V.1

The magnetic ring parameters are diagnosed with
use of a set of B probes positioned along the tank
axis and the wall. All probe responses are integrat-
ed passively (RC=2-10 msec), and digitally
recorded and -analyzed. The relevant ring param-
eters (ring current and geometry) are derived from
the probe signals after subtraction of all baseline
fields by use of our normal procedures.!®

The energy of the accelerated electrons is deter-
mined through x-ray absorption spectroscopy. A Ta
wire (1 mm diameter) is stretched vertically
between the center conductor and the compression
coil 20 cm downstream from the magnetic well.
After acceleration, the rings are brought into con-
tact with the wire by activating a set of push-pull
coils that move the ring downstream. The for-
ward-directed x rays generated by the fast electrons
in the wire are observed by two well-shielded Nal
detectors (5-in.x 5-in. and 2-in.Xx 2-in., respective-
ly). The collimated viewing area of the larger
detector ‘‘sees’’ the wire from the center conductor
to a radius of 23 cm, i.e., within 4 cm of the
compression coil. The viewing area of the 2-
in. X 2-in. detector is somewhat wider, including the
full wire length. The detector signals are RC in-
tegrated with RC =150 usec. Normally, the en-
trance channels of both detectors are covered with 5
cm of lead, absorbing essentially all x rays below
about 500 keV. Absorption measurements then are
performed by alternately placing and removing a
10-cm Fe absorber into and out of the entrance
channel of the 5-in.x5-in. detector while using
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FIG. 2. Energy dependence of the predicted absorp-
tion ratio, and measured (circles) absorption ratios.

identical acceleration conditions. In this, the signal
of the smaller detector is used as an x-ray monitor
for normalization in order to reduce shot-to-shot
fluctuations resulting from variations in ring param-
eters (ring current and radius, final energy, etc.).
The absolute intensity of the larger detector has
been calibrated with use of the line radiation of a
22Na source.

The average beam energy is obtained by compar-
ing the measured Fe absorption ratios with Monte
Carlo-calculated ratios. In deriving the latter, the
forward-directed bremsstrahlung spectrum for a
monoenergetic (energy E;) and parallel electron
beam hitting the wire has been approximated by us-
ing the thick-target data of Dickinson and Lent!’
and Halbleib.!” Using this spectrum, we calculated
the response of the larger detector with and without
the Fe absorber for Ey=2, 3, and 4 MeV using the
Los Alamos Scientific Laboratory Monte Carlo
code!® MNCP with the full existing tank and ab-
sorber geometry. The resulting energy dependence
of the predicted absorption ratio is shown in Fig. 2.
In this, the interpolation between the calculated
points was done by comparison with curves calculat-
ed from total interaction cross sections, with the ab-
solute differences between the latter and the Monte
Carlo points being of order 10%.

Obviously, some uncertainties exist in this calcu-
lation even for monoenergetic electrons. Consider-
ing the multiple scattering and the slowdown of the
fast electrons in the wire, it is clear that the ac-
celerated electrons will not be stopped in the wire in
all cases. However, the related changes in the x-ray
spectrum will occur mainly in the low-energy range
which is essentially cut off by the lead absorbers.
Remaining changes at the high-energy end would



VOLUME 52, NUMBER 18

PHYSICAL REVIEW LETTERS

30 APRIL 1984

appear mainly in a reduction (estimated as
10%-20%) of the overall intensity. Deviations of
the impact angle of the fast electrons on the wire
(from the exact @ direction) may occur from the an-
gular spread of the fast electrons in the ring as well
as from inhomogeneities in the external field.
Looking at the data of Ref. 17 and related details,
we estimate that such angular deviations would in-
fluence the absorption ratios only by a few percent
(upward, i.e., towards larger apparent beam ener-
gies) even for an average spread of 20-30 deg; the
absolute signal intensities, however, may be de-
creased in this case already quite significantly (up to
a factor 2-3). However, these uncertanties are siz-
ably larger for the initial ring parameters so that the
method cannot be used for that case.

Figure 3 shows a typical set of recordings. Part
(a) shows the ring-generated field as recorded by a
set of axial probes downstream (after correction for
base fields and integrator errors). The ring (field
reversal ~ 50%) is seen initially entering the ac-
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FIG. 3. Typical shot recordings: (a) ring-generated
fields at various probes, (b),(c) derived ring radius and
current, and (d) x-ray detector signals. (Dot-dashed line
indicates 15-usec delay between firing of compression
and acceleration coils.)

celerator region and settling between probes 19 and
20. At the start of the acceleration phase, the ring
recenters and the ring-generated fields increase
somewhat. Thereafter, the ring fields decay
smoothly and without indication of gross instability.
At completion of the acceleration phase, the ring
moves further downstream into the Ta target. Part
(b) shows the derived ring radius after a small ini-
tial increase (due to a small timing difference
between the acceleration and compression fields);
this radius remains constant within an overall un-
certainty of about 5%. Part (c) shows the derived
total ring current. Its initial increase appears to be
due to a toroidal acceleration and alignment of the
fast electrons and also some cross-field plasma
currents (probably 200-300 A) as well as some sig-
nal perturbation resulting from changes of the coil
currents due to the ring. Finally, the x-ray detector
signals [Fig. 3(d)] indicate some fast-electron losses
(at lower energies) already during acceleration and
then a large burst when the ring is moved into the
target.

With use of identical machine conditions, record-
ings were taken for eleven shots with and without
the Fe absorber. From these data, an absorption ra-
tio of 29 +3 was derived for the Fe absorber (the
error limit is derived from a 10% rms fluctuation of
the normalized response of the 2-in. X 2-in. detector
and the rms fluctuation of the signal ratios of the
two detectors of 10% and 15% without and with the
Fe absorber, respectively). With use of a smaller
acceleration, V,..=4 kV, an absorption ratio of
38 +4 was observed. Both of these results are com-
pared with the calculated ratios in Fig. 2, yielding fi-
nal beam energies of 3.3 +0.3 MeV and 2.6 +0.3
MeV for V, =6 and 4 kV, respectively.

Considering overall experimental uncertainties of
about 10%, the inferred final energy of 3.3 MeV for
Vae=06 kV is quite consistent with the measured
ring radius of 10.5 cm and the final axial field of
1180 G. Assuming an initial beam energy of 1.1
MeV (as indicated by initial ring radius and axial
field) and an electron velocity purely in the  direc-
tion, we calculate an expected final energy of 4.1
MeV using the existing field changes and the col-
lisional energy losses in the 50-mTorr gas fill.
While somewhat higher, this value becomes quite
consistent with the observed value when considera-
tion is given to the effects of the initial angular
spread of the beam, making V, < ¢, and of the siz-
able pressure increase due to the precursor of the
expanding gas cloud.

A similar situation exists regarding the observed
absolute x-ray intensity. Although the measured
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intensity is low by about 50% relative to the simple
forward-directed thick-target value for 3.3 MeV,
the intensity loss expected for a wire target together
with an average angular deviation of the impinging
electrons of only 15°-20° are sufficient for reconcil-
ing the two intensities. A similar situation also ap-
plies to the case with V,..=4 kV.

In summary, the observed final energies and in-
tensities are in good agreement with those expected
for the experiment. Interesting, and not fully ex-
plained yet, is the 50% loss in beam strength during
acceleration. At least in part, it may be due to a
reduction of the external mirror ratio by the return
flux of the acceleration coil. However, it may be
related also to the energy homogenization and radi-
al thinning of the ring to be expected from the near
1/r dependence of E,; a partial &, conservation will
then tend to make the ring spread in axial direction.
Either explanation may explain x-ray emission from
the wire observed during acceleration. More de-
tailed investigations on this point will be needed.

Obviously, the employed beam neutralization and
acceleration also may be applied to rings without By
as were generated in some of our earlier experi-
ments.!®2 Related experiments are in progress.

Finally, we would like to express our sincere ap-
preciation to C. E. Swannack and R. G. Schrandt
for providing us with the Monte Carlo program and
for help in its execution, and to J. Milks for his un-
ceasing and valuable technical assistance during the
experiments.
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