Laser and Particle Beam@002), 20, 621-625. Printed in the USA.
Copyright © 2002 Cambridge University Press 0263-0316$16.00
DOI: 10.1017S0263034602204279

Effects of preneutralization on heavy ion fusion
chamber transport

D.R. WELCH! DV. ROSE! W.M. SHARP? C.L. OLSON? aND S.S. YU

IMission Research Corporation, Albuquerque, New Mexico 87110, USA
2Lawrence Livermore National Laboratory, L440, Livermore, California 94550, USA
3Sandia National Laboratories, Albuquerque, New Mexico 87110, USA

4Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

(RECEIVED 29 May 2002;AccepTED 24 June 200R

Abstract

Beams for heavy ion fusion are likely to require at least partial neutralization in the reactor chamber. Present target
designs call for higher beam currents and smaller focal spots than most earlier designs, leading to high space-charge
fields. Focusing is complicated by beam stripping in the low-pressure background gas expected in chambers. One
method proposed for neutralization is passing an ion beam through a plasma before the beam enters the chamber. In this
article, the electromagnetic particle-in-cell code LSP is used to study the effectiveness of this form of preneutralization
for a range of plasma and beam parameters. For target chamber pressures below a few milliTorr of flibe gas, pre-
neutralization is found to significantly reduce the beam emittance growth and spot size in the chamber.
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1. INTRODUCTION A recent experimentMacLarenet al, 2002 examined
the charge neutralization of a heavy ion beam, with per-

Neutralized ballistic transpofNBT; Barboza & Callahan, veance relevant to driver-scale beafisl0—%), by elec-

1996; Logan & Callahan, 1998; Vay, 1997, 1998; SharlOtrons drawn from a localized source as the beam was focused.

et al, 1999; Roseet al.,, 2001; Kaganovictet al,, 200 is . !
. ) L . The electron source was a glowing tungsten filament placed
presently being studied for propagating intense heavy ion . o
2 ; ; : in the beam path, enabling the supply of thermionically
beams inside a reactor chamber to an inertial confinemen

fusion(ICF) target(Bangerter, 1996 Other beam transport em|§ted electrons inside of the beam. The expenme_nt Qra-
) T . matically demonstrated the effect of charge neutralization
schemes under consideration include self-pinched transport

(Hahn & Lee, 1996; Olsomt al, 1996: Welch & Olson on a heavy ion beam, and these results were confirmed in a

1996; Roset al, 1999; Ottingeet al, 2000 and discharge series of electrostatlt_: particle-in _céFPIC) S|mulat|o_ns._
) i . One method considered for aiding the neutralization of
channel(Tauschwitzet al., 1996; Peterson & Olson, 1997; . . .
-~ driver-scale beams as they enter the target chamber is to in-
Yu et al, 1998 transport. Some form of neutralization is

. . troduce one or more finite-thickness plasma “layers” near the
required to overcome the formidable space charge and mag-

L . ) : eam port, through which the beam passes. Chamber trans-
netic fields of the high perveance and high-currention beams ! . . L
port using annular and solid plasma regions inside the trans-

currently under consideration. In the NBT scheme, the indi- ortchamber has been examined by anumber of investigators

vidual beams focus outside of the target chamber and ent f\/la clssen. 1988 Callahan 1996 Loaan & Callahan. 1998:
through ports in the chamber walls. These beams are fcvv g ; ! ' =09 ' '

; . . Welchetal, 2002. The general concept studied in this arti-
cused and directed such that they intersect before StrII(mgle consists of aninitially unneutralized beam passing through

the target and then strike the target as they are expanding,. _. . :
. . . finite thickness of plasma and dragging along plasma elec-
into an annular configuratiofCallahan & Tabak, 1999 : Lok

trons for partial charge and current neutralization. Plasma

The target chamber is filled at low pressure with a gas such .
as flibe. electrons provide some degree of charge and current neutral-

ization to the converging beams, presumably reducing emit-

tance growth prior to the build-up of plasma by ion impact
Address correspondence and reprint requests to: D.R. Welch, Mission 9 P porp y P

Research Corporation, 5001 Indian School Road NE, Albuquerque, vafa'nd photoionization of th(_"" background Chamber gas. Typi-
87110, USA. E-mail: drwelch@mrcabg.com cally,n,/Zn, > 1, wheren, is the plasma density amg and
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Z are the beam density and charge state. The plasma is 8imulations are carried out to quantify the neutralization of
electrical contact with a conducting boundary at large radiushe beam space-charge potential by the entrained electron
enabling a continuous supply of electrons. population with respect to them.v? limit.

A stationary plasma can only provide electron neutraliza- Using LSP, we simulate the neutralization process of a
tion down to some minimum space-charge potential of arparaxial beam passing through a plasma and follow the
ion beam. Defined as the ratio of the beam space charge tueam 25 cm beyond. The parameters for thé Péam are
kinetic energy, the perveance of a beam of curtgnteloc-  varied from 30 to 1000 A and 1 to 9 GeV. The beam number
ity 8;c and relativistic factow; is given byK = 21,/1,87  density varies from 1 to 3 X 10 cm™3 The 1.67-ns
wherel, = B;yim;c3/eZis the Alfven current. Provided duration uniform-density beam is injected through the left-
Km; /Zm, > 1, electrons from this plasma can accelerate upghand wave-transmitting boundaryzat 0 (see Fig. 1. The
in the beam space-charge potential to the beam velocityplasma, extending out to the outer wall and fros5-15 cm,
This limit on neutralization is them.v? potential limit first  also has uniform density chosen to kegpn, fixed at 10.
proposed by OlsofiL986. Neutralization experiment®©Il-  The initial plasma electron temperature is 5 eV. The simula-
sonet al,, 1996b; MacLarert al, 2002 have provided, to tion boxis 3 cminradius and 40 cm long. Where the plasma
some degree, confirmation of this limit. Further confirma-is in contact with the outer wall, electron space-charge-
tion of the plasma neutralization is planned for the upcomdimited emission is permitted. This boundary enables the
ing neutralized transport experimeITX) at Lawrence supply of low-energy electrons to maintain quasi-neutrality
Berkeley National Laboratory. of the plasma during the simulation. These PIC simula-

In this article, the LSPHugheset al,, 1999; Welchetal,  tions are collisionless with no beam stripping or ionization
2001 PIC code is used to simulate NBT transport and evalprocesses.
uate the preneutralization concept. We will first discuss the As expected, the beam, as it leaves the plasma, carries
idealized behavior of the neutralization in Section 2. Inwithita supply of neutralizing electrons. For a 310-A, 4-GeV
Section 3, detailed two-dimensional simulations of the beanion beam, the particle positions and electron density after
transport with realistic geometry and interactions with the6 ns are shown in Figure 2. By this time, the 10-cm-long
ambient flibe gas are presented. Conclusions are given iheam has passed entirely through the plasma. The density of
Section 4. plasma electrons that have been accelerated up to the beam
velocity is roughly that of the beam over much of the beam
length, indicating good neutralization. Note that the elec-
trons have not yet thermalized, as indicated by their strong
radial oscillation.

We first examine the neutralization process of a localized As seen in Figure 2, the charge neutralization for many
plasma with two-dimensional PIC simulations of a “weak” simulations does indeed approach that of the Olson limit. In
beam passing through a finite length of plasma. We expedhe figure, the beam space-charge potential and the residual
the plasma in this regime to provide a “space-charge-limitedunneutralized beam charge are normalizedsbyv?. We
supply of electrons. In this section, electromagnetic PlCsee that asthe normalized beam potelihg) exceeds unity,

2. IDEALIZED SIMULATIONS OF
PRENEUTRALIZATION
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Fig. 1. Electron and beam particléa) and electron densitgb) from the 310-A, 4-GeV beam simulation are plotted after 6 ns. The
beam density is 18 cm™3 The contours of the electron densitgg n,) are shown in the legend.
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simulations, ranges from 18 to 1.6 10~ “ corresponding

|+ Lsp— 1-exp(x)| . ; es
to normalized beam potentials of 4—60. The injected beam

g 1: . radius is 3 cm for the 3-m focal length and 6 cm for the 6-m
9 _ * . focal length. The beam normalized emittance is held fixed at
i ,g 08 S 1.17-mm-mrad. As in the previous section, the simulation
'§ 2 06 1 fee setup includes a preformed>310'* cm 2 density plasma
= g 0.4 / extending 10-30 cm from the beam injection plane. The
£ 0.2 ? 13-cm radius outer wall is permitted to emit electrons where
2 0 , : : the plasma is in contact.

0 5 10 15 20 First, we examine vacuum NBT transport without colli-

sions. The results are summarized in Figure 3 for the 3- and
6-m focal length simulations. The root-mean-squdreth)
Fig. 2. The residual(unneutral?zeﬁi beam space-c'harge potentie}l is radii at focus ranged from 6 to 8 mm for the 3-m focal
Fl)lottezd versus the beam potential. Here, the potentials are normalized bPéngth, and 1 to 1.3 mm for the 6-m focal Iength. All these
sMevf. . .. - . A
spot sizes are sufficient to efficiently couple into the distrib-
uted radiator targefCallahan & Tabak, 1999 This target
actually calls for an elliptical spot, not modeled in these
the residual charge limits to roughly unity. At small normal- two-dimensional simulations, with 1.8< 4-mm dimen-
ized beam potentialé<1), the residual potentidlp,) ap-  sions. The overall charge neutralization scales similarly as
proaches the beam potentiaero neutralization limjt A calculated in Section 2. Using an envelope solution of the
decentfit$, =1— &7, to the simulation data is also plotted. final spot size(Olson, 1982, which assumes an initially
These calculations are useful in understanding the initialinearly focusing beam and ignores both chromatic and geo-
neutralization near the plasma. However, for a focusing beaninetric, we can approximate an effective residual potential.
the problem is more complicated in that, as the ion beanThe normalized residual potential ranges from 1 for the
compresses, the electron population heats, degrading ti#®0-A current beam to 2 for the 4-kA beam case. This po-
neutralization somewhat as the plasma Debye length intential does not degrade significantly as the focal length
creases. In addition, the beam ions will ionize and be strippethcreases. We see that the compression and heating of the

to higherZ by the ambient flibe neutrals. In the next section, neutralizing electrons, as the beam focuses, reduces the ef-
we address these issues. fective neutralization from the ideal value of unity seen in

the idealized calculations in the previous section, but by no
more than a factor of two. The beam and plasma electron
3. SIMULATION OF NEUTRALIZED densities for the 4-kA, 6-m focal length beam simulation are
BALLISTIC TRANSPORT shown in Figure 4 several times into the simulation. The
In this section, we increase the complexity of the simula-envelope of the neutralizing electron cloud does expand
tions and study neutralization far from the plasma. The firstrelative to the beam as the beam focuses, but the central core
step is to follow a focusing driver-scale beam to a targetdensity remains roughly that of the beam, indicating good
3-6 m downstream of the preformed plasma. We again uskulk neutralization.
a Pb™® ion beam with 4 GeV energy and currents ranging Collisions of the beam with the background flibe vapor
from 250 to 4000 Alonly 1- and 4-kA currents were simu- deleteriously affect the beam focal spot. Above 1-mTorr
lated at a 6-m focal lengjhThe beam perveance, used in theflibe pressure, beam stripping becomes significant, increas-
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Fig. 3. The time-integrated beam energy, normalized to the total injected energy, enclosed within a given radius is plotted for the
(a) 3-m and(b) 6-m focal length.

https://doi.org/10.1017/50263034602204279 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034602204279

D.R. Welch et al.

Legend
0.3000 2,345 5,148 F.S543 12,24
1.0B7 3.435 5,783 d.130 12,83
1.674 4,022 6,570 aA.m17 13.41
EhoM2 at Th=0.0000; time 20.00 Rhaoiz ot Th=0.0000; time 60.00 RhoMz at Th=0.0000:; time 100.0
B (i1 [
5 13 is
'Fll +
4 | | Pb 4 4
53 ) 3E 0 3
oo | B 1 E
2 target\ z [l z
1 1 1
2o
o I l | o ‘l | 0 (i
0 100 20D 300 400 500 GOD FOD O 100 200 300 400 500 SO0 YOO O 100 200 300 400 SO0 GO0 70O
7 jem) 2 femd Z fem)
FhaMi at Th=0.0000; time 20.00 RhaoM1 ot Th=0.0000; time 8000 RhoM1 at Th=0.0003: tirme 100.0
& . & T S
5 5 ] | 4 5 ]
. Plasma . } 44
53 electrons : s ' I IE1 0
("3 ~ ] R
Z Z { s
1 initial plasma .. ' |
o l ] 1 ol b

el

Z [em)

oo 300 400 500 600 7OO O

100

Z [em)

200 300 400 S00 &S00 700 O

100 200 300 <400 500

Z [cm

600 700

Fig. 4. Forthe 4-kA, 6-m focal length LSP simulation, the log of the beam and plasma electron densities is plotted at 20, 60, and 100 ns.
The legend at the top assigns contour values for all six plots.

ing the mearZ of a Pb ion to+5 in 3 m. Sources of plasma serve a significantly smaller beam spot at fod@smm
can help improve the neutralization. The beam ionizes theersus>1 cm without neutralizationwith the plasma
gas and the heated fusion target emits radiation that alspresent.
ionizes the gas in the vicinity of the targ&harpet al,

2001). For this case, we consider a 30-ns, 3-GeV, 1-kAPb

beam with 6 10~ ° perveance. The beam emittance is again

4. CONCLUSI

ONS

1.1 7-mm-mrad. These parameters are characteristic of &imulations of beam transport using neutralization from a

lower-current foot pulse required to heat the hohlraum up tpreformed plasma near the entrance to the target chamber
roughly 70 eV before the main pulse arriveSallahan & have been carried out to quantify the degree of neutraliza-
Tabak, 1999 The foot pulse, unlike the main pulse, doestion and assess the impact on focal spot size. The simula-
not have the benefit of the neutralizing photoionizationtions show that in vacuum, the residual unneutralized beam
plasma and is thus expected to be more difficult to focus tepace-charge potential is close to the theoretfalv?

a small spo(Welchet al, 2002. To demonstrate this, we limit. Radial compression of the comoving electrons as the
ran two foot-pulse simulations with 1-mTorr and 3-mTorr beam focuses increases the residual potential by as much as
flibe pressure1.7 x 10*® and 5x 10 cm® number den-  a factor of two above this limit. With the preformed plasma,
sity). The time-integrated radial beam profiles at the target

are shown in Figure 5. We see that the spot size is quite

sensitive to the flibe pressure, with 90% of the beam ions

contained within a 2-mm spot for the 1-mTorr ca%el-mm Foot Beam

(1 kA, 3 GeV, 30 ng)

rms radiu$ and 3 mm for the 3-mTorr cagd.7-mm rms = 70801 ' ' __'__ ]
radiug. The 1-mTorr simulation predicts an adequate spot f,’ 6.0e+01 - ”’::;- —
size for the distributed radiator target. g ' //”

The upcoming NTX experiment will attempt to quantify 2  gge,01 | p / i
the effects of preneutralization. Here a 400-keV, 75-mA, & !
0.1-7-mm-mrad emittance Kion beam(Henestrozat al., € Loes0t L [/ — 3mTor 1
2003 will be injected into a meter-long transport cell. As in 5 / 1 mTorr
the driver scenario, a plasma of density #@.0'* cm~ and & 30es01 | ! x"; 1
10-cm width is initialized after the focusing magnets to 2 /
provide neutralization to the beam with perveanet0 2. o oes01 . . .
LSP electrostatic simulations of the preneutralization show 0.00 0.10 %23 {03? 0.40 050

agus (cm

a similar scaling for the neutralizatigr90%) of this beam
asin the abOYe high-current S|mU|at|9nS- T.h? simulationgig. 5. The time-integrated energy enclosed within a given radius is plot-
predict an emittance<0.3 w-mm-mrad is sufficient to ob-  ted for the 3-GeV, 1-kA foot-pulse beam in 1-mTorr and 3-mTorr flibe.
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simulations including the adverse effects of beam strippind.ocan, B.G. & CALLAHAN, D.A. (1998. Nucl. Instrum. Methods
show that flibe pressure near or below 1 mTorr does not Phys. Res. 415 468.

significantly degrade transport efficiency. These calcula-MACLAREN, S.A., FALTENs, A., SEIDL, PA. & Rosk, DV. (2002.
tions suggest that NBT over 3—6 m can yield a spot size Phys. Plasma$, 1712-1720.

sufficiently small to couple to the heavy ion fusi¢HIF)- gAGELSZEE, ((}1'532()1?2. NucI.EFusio);nggG?.
. . . . . . LSON, C.L. . J. Fusion Energy, .
baseline distributed radiator target. This concept will beOLSOM C.L. (1986. Heavy ion inertial fusionAIP Conf. Proc.

e>.(a|.’n|ned in the upco_mlng_NTX gxperlment. Future Work 152(Reiser, Met al, Eds) p. 215. New York: American Insti-
will include more detailed simulations of the foot and main tute of Physics.

pulses including transport in the beam port and a timeq, son, C.L. et al. (1996). Self-pinched transport for ion beam
dependent photoionization of neutrals and photostripping of - griven inertial confinement fusiofroc. Sixteenth Int. Atomic
the beam. Energy Agency Fusion Energy Conferengel95. Vienna: Int.
Atomic Energy Agency.

OLson, C.L. et al. (1996b). Fusion Eng. Des32—-33 485-491.
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