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" Long Plasma Source for Heavy Ion Beam Charge Neutralization
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“Ahbstract -
Plasmiis are o source of unbound electrons for chiarge neutrolizing intense heavy jon beams to focus them to = smal] spot size and compruss
-{heir mtial Jenpth. The plasma source should operate at low neatral pressuses end without strong externally-npplied fields, Te produce tong
' plasma columns, sources based upen ferroelectrle ceramics with large dielestric coefficients have been developed, The source utilizes the
ferrpelectric ceramic BaTiO; to form metal plasma, The drift tube inner surface of the Neutralized Drift Compression Experiment (NDCX)
is covered with ceramic muoterial. High voltage (~ & kV) is applied between the drifi tube and the front surface of the ceramics. A BaTiO;
" source comprised of five 20-cm-long sources has been tested and characterized, producing relatively uniform plasma in the 5x10' em™
- density range. The source was integrated into the NDCX device for charge neutralization and beam compression experiments, and yiclded

“surrent eompression rotios ~ 120, Present research is developing multi-meter-long and higher density sources to support beam compression
+ gxperiments for high energy density physics applications.
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1. Introduction

Heavy fon fusion and high energy density physics nppliﬁaticms utilize space-charge-daminated beams that need to be
longitudinally and radially compressed to achieve the high beam intensities required at the target [1,2]. Longitudinal
compression increases the beam current and reduces the size and cost of heavy on drivers needed for these appiications.
Previously, the Neutralized Transport Experiment (NTX) demonstrated transverse focusing beyond the space-charge
" limit by spoce-charge neutralizing the jon beam with background plasma [3]. IRecenﬂy, the Neutralized Drifi

Compression Experiment

(NDCX) demonstrated that an ion beam with axial velocity tilt could achieve longitudinal current compression ratios of
approximalely 30 when the beam passed through background plasma [4]. In this longitudinal compression experiment,
plasma was transported from a cathodic arc source to a meter distance upstream using a soleno idal magnetic field, Here
we present the development and characterization of e one-meter-long Ferroelectric Plasma Source (FEPS) and also the
fabrication of & multi-meter-long FEPS. The one-meter-long FEPS hes been incorporated in the jongitudinal
compression experiments on NDCX. This source is 2 linear scaling of the FEPS that achieved charge neutralization and

transverse focusing of ion beams on the NTX device.

2. Ferroelectric Plasma Source

Ferroelectric materials have been intensively examined &s high current density electron emitters {5-7]. They have been
projected 1o serve as large-surface-area, high-cufrent—densily cathodes. A mesh-like electrode structure is mounted to
the emitting side of the ferroelectric material and the back surface has a metal plate electrode. A 3-15kV potential is
applied to the electrodes depending upon the thickness of the ferroelectric material. For ultra-thin-film ferroelectric
matesinls, the applied voltage results in spontaneous polarization reversal oo 2 nanosecond timescale, and a high eleciric
field. Spontaneous polarization reversal yields a noncompensated charge at the surface and a high eléctron emission

across the entire thin film.

For millimeter-thick ferroelecirics, the electric fields are too small to produce polarization reversal. However, plasme
emission is observed and iy produced by electron emisslon from the vacuum micro-gaps between the dielectric surface

and the edge of the metal electrode surface [8]. For this configuration, the value of the dieleatric consiant is the key
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factor. Commonly used ferroelectric materials have extremely Iarge dielectrié constants: BaTi(y has a dieleciric
constant in the range of 1000-3000, and Ph(Zr, Ti)O; (PZT) has a dielectric constant in the range of 3000-6000, Once the
thresho[d voltage is reached, plasma is formed over the entire surface of the dielectric. Typical current density yields
are 0.5 Afem®. Plasma emission from these dielectrics has been characterized [8], Typically, 8 - 16 kV, (.25 ps pulses
are applied to the electrodes at operating pressures near 10°° Torr. The fact that thé plasma is essentially all metal means

that nentrals adhera to the walls of the vacuum system and do not result in a pressure rise,

The characteristics of this plasma source are exectly what are réqﬁircd for the charge neutralization experiments on
NTX und the beam compression experiments on NDCX. Furthermore, the ability to make the plasma-emitting layer
arbiirarily long is important. The source is mounted on the walls of the drift tube just past the last focusing magnet.
The drift tube is approximately 3 inches in diameter. This small tube dismeter allows the density to be in the 10'° - 10"
cm”? range on axis. The approach taken is to build a source with cylindrical farroslectric pisces stacked together to form
a one-meter-long ferroelectric cylinder, A cylindrical fercoeleciric segment used as the building biock of the long

plasma sources is shown in Fig. 1.

The power supply for this pulsed source is a slandard capacitor bank with & pulse-forming netwark to match the
impedance of the source and mairitain the microsecond pulsélshapﬂ. As presently configured the pulse-forming network
is matched to 4 ohms and has a maximum output 0£ 8 kV and 2 kA. Thyratrons control the discharge of the charging
capacitors. The output of the power supply is two 1-micrusec0ng pulses with an adjustable time deloy between the
pulses. The plesma conditions caﬁ be controlled hy adj.usting either the applled high voltage or the delsy whenAthe ion
beam pesses through the plasma. With the fon beam pulse only 1 ps long, it is ensy to control the plasma conditions by

adjusting the time when the beam pulse passes through the plasma.

Fabriestion and Clmrz-lcterizntion of the one-meter-long FEPS

Results from the Vprotntype PZT pmtntybe FEPS were sufficient {o proceed with the design and building of the one-
meter-long FEPS for NDCX. It was fabricated with BaTiO; ceramic instead of the PZT ceramic becausé the PZT
ceramic ablated into a fine powder, and there was 2 concern for the hazard of the lead-based powder. A prototype 20-
cm-long source did not work well with the thin wire electrodes used in the PZT source, qnd they were replaced by a
steel mesh. The photograph in Fig. 1 of the cylindriv;ai ferroelectric sepment also shows the steel mesh on the inner

surface of the segment. The mesh worked pariicularly well in producing plasma. The one-meter-long FEPS was
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fabricated as five 20-cm sources separated by De]rm msu]atmg rings with 1 inch holes to provide diagnostic ports n[ong
the pinsma. Figure 2 shows a photograph of the entire FEPS mssembled, including the diagnostic ports. During the

fabrication and testing, a number of rings were damaged and the source length was reduced from 1 m to 85 cm.

Simply connecting the five sources in parallel to a single pulse-forming network power supply yielded non-uniform
source performznce due to the time-dependent nature of the load that each of the five plasma sources experienced,

Furthermore, the first two sources fabricated were extensively tested compared to the remaining three.

Cansequently, the first two sources required higher valtage ihan the remaining three to achieve the ssme numinal‘
den;sity of mid-10'" em™, The power supply used for the earlier testing and described nbove provides two voltage
pulses by two capacitor banks and pulse-forming networks charged with one voltage supply. With the variablilty in the
five sources, the two banks and networks were electrically separated to independently charge the two groups of plasma
sources. Each group of sources was connected in parallel across the outputs of each pulse-forming network. High- -
power resistors were added to the 3 newer sotrces to optimize the voltages applied to the sources to achjeve densities in
the mid-10" em™> ringe. The resistors were necessary since ench group of sources was supplied with the same voltage.

The density alcmg the entire source in Fxg is reasonably uniform. Further resistor npnmlzatlon can improve the

uniformity if necessary.

Neutralization Experinients on NDCX
The FEPS was shipped to LBNL and rﬁaunted into NDCX (Neutralized Drift Compression Experiment). NDCX has
the ability to apply a veloeity tilt to the beam pulse so the baek afthe beam pulse catches up to the front of the pulse to
achieve longitudinal compression, Transverse compression is achieved with focusing magnets. Both compression

schemes are applied simultaneously but will not succeed without beam charge neutralization.

Initial experiments were on transverse compression. The last focusing magnets direct the beam on a trajectory that
focuses it to a spot size smaller than permitted by the space-charge limit. Before the beam approaches the space-charge
Yimit, it enters the plasma created by the FEPS, where it accumulates electrons and charge-neutralizes. The neutralized
bezm continues on its focusing trajectory, does not diverge, and achieves an extremely small spot size. The spot size is
on the order of 4 mm diameter and is smaller than achievable without charge neutralization. The messured current was

twice that achieved when compression was applied with no plosma source (Fig. 3).
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In the next experiments the velocity tilt wes optimized for the FEPS., With both longitudinal and transverse

compression applied the farroelectric plasma source achieved a factar of 120-fold increase in pesk current- somewhat

better than previously achieved (Fig.4). There was also & reduction in the transverse spot size. However, when the

FEPS was dperated along with the MEVA plasma source, the longitudinal compression was nat as gaod but the

transverse spot size was smaller (Figs. 3 & 4).

New Source Development

Recently additional lengths of the FEPS have been fabricated for new compression experiments. A new 30 cm section

will be added to the existing 85 cm source, Tt will be energized by the existing power supply. Furthermore, a new 35

section FEPS has been build with the diameter and the same ferroclectric material, 1t is 107 cm in length and hes a

power supply and distribution of enaray to the five sections similar to the previous source. This brings the total length
of piasma sources to 223 cm. They will be installed together in NDCX for & new series of compression experiments.
The new capability will allow the veloeity tilt to be more gmduul and with the longer neutralizing plasmu column the
heavy ion beam ean focus to a smaller diameter and Tess temporal and transverse berrations than created in the previous
experiments w1th str_‘ongcrvtllt and a shorter plasma column. All of ihe FEPS source sections are s}mwrhl in a schematic of
NDCX in Fig. 5. |

Next generation sources will have to operate at dgnsitEEs an order of magnitude higher than the existing FEPS for future
warm density matier experiments, Higher voliage and double-pulse operation wilt be examined o extend the density
operating range of the source. Another tachnique is to reduce lhe diameter of the ferroelectric source by using
ferroelectric cylindrical sections that are only 1,135" in diameter rather than the present 3.00" diamater cylindrical.
Previous studies show_that the fall off of density from the ferroelectric surface is exponentinl and iz an order of
magnitude over 1 om. A single small diameter source made with a single segment has been pulsed, but its density will
be shortly measured. Eventually an additional source operating at four orders of magnitude higher density over a few
mm will be needed for the warm dense matter e'cpenments Cancepts for that source are being developed including

ionizing a small diameter gas jet with a powerful pulsed excimer {aser, .
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Figure 1: Photograph of the 1.67-long
BaTiQ; ferroelectric source segment.

as5r Longitudinal Foecus
3 E 140 r T
2.5 f
o 120 [« FEPs fatio 15T
z 2 i E E [wBoth Ratie] | 3ee offT
PR E e 100 FrY) s
5 i ] |—EEPS| = o b . .
1 a
é‘: D: [ l T“'l 60 £ *
. . u :
o 2 - ! h.\u jLu ttsabd, " 3 C IE== E
e S 3 iy
-05 F g
£ 20
‘1 L. " L i 2 L 1 1 1
s 5.05 5.1 5,15 5 g = - :
280 200 300 310

Time (us)

Figure 3: Time trace of the longitudinally compressed

Figure 2 The one-mgter-long BaTiO; FEPS consists of 5
individuat sources with diagnostic ports between the sources.
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Figure 4: Longitudinal compression vsing the FEPS

ion beam with charge neatralization with the FEPS and for charge neutralization yields s 120 compression.
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Fig. 5 Schematic of NDCX with all of the FEPS sections, totalling 223 om, mounted in the drift tube. The longer
plasma column along with a more gradual velocity (ilt is expected to reduce temporal end spatial aberrations in

compression experiments.
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