Drift compression of an intense neutralized ion beam
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Longitudinal compression of a tailored-velocity, intense neutralized ion beam hns been demon-
strated. The compression takes place in a 1-2 m drift section Alled with plasma to provide space-
charge neutrelization. An induction cell produces a head-to-tail velority ramp that longitudinally
compresses the nentralized beam, enhaneing the benm peek current by a factor of 50 and producing
a pulse duration of about 3 na. This measurement bes been confirmed judependantly with two

diiferent dingnostic systems.
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The simultapeous {ransverse and longitudinal com-
pression of an ion beam is required io achieve the high
intensities necessary fo create high energy density metter
and fusion conditions. A recent driver study for inertial
fusion, for example, requires that 120 Bi+ beams, each of
~50 kJ, be focused anto the target with small focal spot
slzes of radins < 2 mm, and pulse lengths of ~ 10 ns [1, 2.
Simulations showed that these amall spot gizes could be
achieved with plasma neutralizetion [3, 4]. A scaled ex-
periment, the Neufralized Transport Experiment (NTX)
{5-8}, subsequently demonstrated that an un-neatralized
beam of several contimeter radivs can be. compressed
transversely to ~1 mm rading when charge neutralizetion
by backgronnd plasma electrons is provided, in quantita-
tive agreement with the simulation [8, 10]. )

Longitudinal eompression of space-charge-dominatad
beams has been studied extensively in theory and simula-
tions [11-16). The compression is initiated by imposing a
linear head-to-tail veloctty tilt to & drifting beam. Longi-
tudinal space-charge forces limit the beam compression
ratio, the ratio of the initial to Bnal cusrent, to about
ten in most applications. An experiment with fve fold
compression hes been reported {17,

Recent theoreticel models and simuletions predict that
much higher compression ratios {<100) cowld be achieved
if beam compression takes place in 2 neufralized drifh
region [1B, 19]. To experimentally study the effects of
plasma nentralization on beam eompression, the Neutral-
ized Drift Compression Experiment (NDCX) was con-
structed at the Lawrence Berkelsy National Laboratory.
Figure 1 shows a schematic of the NDCX beam line. The
NDCX experiment, uses the same front end as the earlier
NTX experiment. It conkists of a 300 keV, 25-milliamp
K+ beam From an alumino silicate source powered by a
Marx generator. Four pulsed quadrupoles magnets used
in NTX to control the benm envelope {beam radius and
convergence angle) are retained for the present exper-

FIG. 1: Schematic of the NDOX experimental setuop.,

iments on NDCX. To provide the head-to-tail velocity
t#lt, an induction module with variable voltage waveform
is placed immediately downstream of the last quadrupole
magnet. This is followed by a nentralized drift section
which consists of a one -meter-long plasma column pro-
duced by an Al cathodic arc [20]. A disgnostic box is
logated et the downstream end of the plasma column.

‘The beam praduced from the source has & 6 ps Aat-top.
The induction tilt voltage ‘carves’ out a ~300 ns segment
of the Ast-top which compresses longitudinally as it driflts
through the plasma column. The final compressed beam
is measured in the downstream diagnestic box

The induction cell consists of 14 independently-driven
magnetic cores in a pressurized gas {EF;) region that is
separated from the vacuum by a conventional high volt-
age insulator. Tha wavelorms applied to the 14 cores
inductively add at the acceleration gap. Each core is
driven by a thyratron-switched modulator. Because the
modulator for each core can be designed to produce dif-
ferent waveforms and can be triggered independently, a
variety of waveforms can ba produced at the acceleration
gap using the 14 diserete building blocks.

The plaama column is formed by two pulsed aluminum
cothodic arc sources loceted at the downstrenm end.
Each source is equipped with a 45% open-architecture
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TIG. 2: Axial alumimim plasme density in the plasma colimn
mersured with a movable probe.

macroparticle Slter providing 2 flow of fully ionized alu-
minum plasma [21]. The two plasma flows were pointed
at an angle of 459 towards the solepoidal column (~
1k@, 7.6 cm diameter, and 1 m long). A significant Fac-
tion (>10%) of the plasma enters the solenaid, and drifts
practically unattenunted through the entire colvmy (the
rest of the aluminum plasma condenges at the wall and
thereby removed from the system). Figure 2 shows the
plasma density measured with 2 biased probe within the
plasma column. In most of the oparating regimes, the
plasma density is at lesst a factor of 10 higher than the
beam density. At the upstream end of the columnn, we
have introduced a ‘plasma stopper’ consisting of fwo op-
posing dipoles of ~1kG each, which irhibit the motion of
plasma gpstream into the induetion gap and quadrupole
focusing sections. A second plasme eolumo consigting of
a meter-long ferro-electric plasma source thai does not
require solencidal confinement, has been constructed and
iz mdergoing experimental tests. .

A phototube diagnostic [22] is used to measurs beam
pulse compression with and withont nentrolization by
background plasma. The optical gystem is based on o
Hamamatsu phototube with Fast (sub-ns) response which
is coupled to a §00-MH= ozcilloscope. The beam pulse is
meaaured by using the phototube to collect the aptical
photon flux from an alumimim oxide scintillator placed in
the path of the beaw. The time response of the scintilla-
tor is fast enough to make measurements on a nanosecond
time scale. Small amommts of stray light emitted by the
plasma over long periods of time (100s of ps) cen drain
the bias charge in the phototube's internal power sup-
ply, end thus spoil $he grin of the phototube during the
beam pulse. Thie background plasma light is blacked
from entering the phoioinbe by an electro-optic geted
shutter (Displeytech) that opens just before the beam
pulse arrives at the scintillator. The scintillator itself is
not sensitiva to low-energy plasma electrons. As a result,
we heve been able to oblain beam pulse compression data
with minimel interferance from the neutralizing plasma.

A second diagnostic, a Faraday cup, is used for mea-
surements of the current. The Faraday cup is specially
designed [23] to function in a plasma envitonment and
to have good time resolution. It consists of hole plates
with hole sizes comparable to the Debye length, l.n prder
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FIG. 3: Induction module voltepe woveforms produced by
verying the timing of the modulators.
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FIG. 4: Nentralized drifi-compressed heam current with the
voliage wavelorms in Fig.3.

to prevent plasma from entering into the cop. The cup
geomebry and axternal circultry ere optimized to assure
fast time response (~3ns).

When the tilt voliage waveform is 4urned on, beam
bunching is observed in the downstream diagnostie b
The degree of bunching, as well as the pulse shape, shown
in Fig. 4, ig clearly correlated with the voltage wave-
form, shown in Fig. 3. Theory specifies the ideal voltage
waveform required to produce an exactly linear {versus
z) velocity ramp [1B, 19]. The tilt core waveform was
optimized to obtain a rather close approximation to the
ideal wavelorm as shown in Fig. 5. For & given volt-
age waveform, the posltion of mavims| compression is
changed as the beam energy is varied. A scan in beam
energy demonstrates this behavior and is ghown in Fig.
6.

Thus the maximum compression is observed by fne
tuning the beam energy fo match the voltage weveform
und precisely position the longitudinal focal point at the
disgnostic location. This is shown in Fig, 7. The ~
50 fold compression ratio, [see Fig. 7(b)], iz obtained by
taldng the ratio of the signal with it voltege on (with
compression) to the signal with tilt voltage off (without
compression) [see Fig. 7(2)]. A similar result is measuved
with the Faraday cup as shown in Fig. 8. The LSP
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FIG. 6: Experimentally optimized and idesl induction madule

vaoltage wavelfarms.
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FIG. 8: Compressed heam current pulses using a nominal tilt
care voltage waveform as the beam energy is veried, -

simulation under these experimental conditions is sh
in Fig. 9. . :

The strang efects of neutralization ave evident by com-
paring the compression ratio with the pleama turned on
and off. Figure 10 shows that the peak current is sig-
pificantly reduced when the plasma is turned off. LSP
simulations under similar conditions show' qualitatively
gimilar results, :

Optical imaging has also been deployed to measure the
transverse beam size us a function of time. We are able
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FIG. 7: {a) Measurements of beam slgne! using the phototube
disgnostic for neutralized non-compressed, and neutralized
compressed beams, and (b) compression ratio obtained fom
the measuraments, ' ’
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FIQ. B: Neutrzlized drifl. compression measurement vsing the
Tareday cup.
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FIG. 8: LSP simulation of newtralized drift compression of a
35 mA K* besm using an ideal velocity tilt core weveform.

to messure the images with & 1 ns time resolution. It
ig interesting to ohserve that the transverse spot size is
larger at the point of maximal compression, as shown in
the Figa. 11(e) and 11(h). Thia feature is due to time.
dependent defocusing affects occurting ak the induction
gap. The theory and simulations of this effect will be
reported alsewhsre. ‘

Theory predicts that the nature of berm compression
is strongly dependent on the drilt length [1B]. As the
length is increased, the compression is more sensitive to
the degree of neutralization. It is also more sensitive to
the intrinsic longitudinal temperature of the ion beam.
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FIG. 10: Experimental deta end LSP simulation of beam
compression with neutralization (plasma source on) and with-
out neutralization {plasma source off}.
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FIG. 11: Transverse images of neutralized compressed henm:
{z) apticel proBle, and (b) beam ragdius. Note that the beam
radius has increpsed ot the point of maximum compression.
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FIQ. 12: Comparison of beam compression bebween experi-
mept and LSP simulntion for the 2-m long plasma column.

Finally, if there ate any instabilities, e.p.. two-stream,
they mny become evident with longer drift lenpgths. Al-
though theory predicts two-strenm effects to be bénign,

an experimental confirmation would be desirable.

For the above reasons, we have performed additional
experiments with the drift length with plasma extended
1o two meters. We were able to recover the 5{-[nid com-
pression in the 2-m experiment as shown in Fig. 12. The
corresponding LSP gimulation is also shown. If the com-
pressed pulss length t; were dominated by the longitu-
dingl beam temperature Ty, t; would be approximately
given by

_ L [
tp_'ﬂil .M’ (1)

which yield roughly 3 ns for T} < 1eV, where v, L,
M and k are the meen longitudinal beam velocity, drift
length, mass efion and Boltzmann constant, respectively.

Qn the besis of this two-meter experiment we conclude
that: 1) the degree of charge neutralization is sufficient to
achieve 50 fold longitudinal compression while avoiding
spree-charge blow-up of the beam for the experimentsal
configuration investigated; 2) the intrinsic longitudinal
temperature is < 1eV; and 3) no eollective instabilifies
have been observed.
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