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Chamber transport of “foot” pulses for heavy-ion fusion
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Indirect-drive targets for heavy-ion fusion must initially be heated by “foot” pulses that precede the
main heating pulses by tens of nanoseconds. These pulses typically have a lower energy and
perveance than the main pulses, and the fusion-chamber environment is different from that seen by
later pulses. The preliminary particle-in-cell simulations of foot pulses here examine the sensitivity
of the beam focusing to ion—beam perveance, background-gas density, and pre-neutralization by a
plasma near the chamber entry port. 2003 American Institute of Physics.
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I. INTRODUCTION eling of a single foot pulse in a fusion chamber. The approxi-
mations made in the model are described in Sec. Il, and

In a typical indirect-drive inertial-fusion target, the fuel results are presented in Sec. Il for three plausible sets of

capsule is heated and compressed by x rays inside a metséam parameters, focusing on the effects of beam current

shell, or “hohlraum.”* Hohlraum heating is done in two and species, background-gas density, and a pre-neutralizing

stages in order to produce correctly timed shock waves in thplasma. Some tentative conclusions are offered in a final

capsule. The hohlraum is first heated by a “foot” pulse tosection.

about 100 eV and maintained at that temperature for around

25 ns, then a second influx of energy raises the hohlraum

temperature above 200 eV. For targets heated by heavy—idh METHOD

beams, current desigh$require foot pulses to deliver 15%— A. Numerical model

30% of the 3.3—6 MJ total energy.

. . . An upgraded version of the two-dimensional electro-
Numerical simulations of chamber transport have to date : L ~10 :
. 6 . . magnetic particle-in-cel(PIC) code BICr2~1%is used here
modeled only the main pulde® However, simulations of

. . to assess transport of foot pulses in a target chamber. The
foot pulses are also needed, due to differences both in beam . )
arameters and in the chamber environment. Foot beams Cr?de was written in 1991 by Langdbto model chamber
present desians. have about 25% lower ion eﬁer than méfrr]ansport, and Callahan added simple models of stripping and
P gns, 0 ay ackground-gas ionization in 199%\n unconventional fea-

pulses to compensate for range shorte_ning in heatgd mateE—re of BICrz is its use of a spatially converging mesh to
als. The average current of foot pulses is about a third that o aintain adequate resolution as the beam compresses radi-

main pulses, and their generalized perveance, loosely defm% ly. In addition, the code has a relativistic particle advance,

as the ratio of the edge potential of a beam to its k'net'callows the use of multiple species, and operates under a Ba-

energy, is about half. At this reduced energy, the cross S€Csis interpretet! For the present work, BICrz has been retro-

tions for collisional stripping of the beam and ionization of fitted with an improved Monte Carlo collisional-ionization

tEe backgr;]round_gaslare pred|ctedhto bhe att;out 25% hlgh%odel that allows multiple-electron beam-stripping evéfts.
than at tfe malnl-pu se'ﬁener?y. T f] ¢ afm her eny|ronn|1ent For the preliminary foot-pulse simulations presented
seen by foot pulses differs from that of the main pu S€here, we make several simplifications. Only a single beam is

mainly in the absence of a photoionized plasma around thfreated, ignoring possible inter-beam effects near the target,
target. As the hohlraum temperature approaches 100 eV, lf,j the initial beam distribution function is highly idealized.

i ) ' ' cannot be studied. The initial beam density and temperature
while the hohlraum is being heated by the first 1015 ns of & niform, and the current is constant except in rise and fall

foot pulse, so this beam section must reach the target withoWs tions near the beam ends. Since BICrz allows only a four-
added neutralization. o _ sided computational domain, with uniform boundary condi-
The present paper presents preliminary numerical modgons on each edge, we inject the betimougha conducting
boundary where the chamber wall would be. No electron
dElectronic mail: wmsharp@Ibl.gov emission from conducting boundaries is permitted. The back-
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ground gas in the chamber, resulting from the molten-salby the foot pulses, followed by 4.5-5 MJ from the main
jets planned for wall protection, is assumed to be initially pulses. To compensate for range-shortening as the target is
uniform and neutral. The version of BICrz used here allowsheated, the energy of foot-pulse ions is 75% of the main-
the gas to be only singly ionized by collisions with beampulse ion energy. We note in passing that the foot current
ions, but this is a very good approximation because the beamequired by close-coupled targéis about half of the value

is short compared with the mean free path for backgroundused here for each layout, but the hohlraum size is reduced
gas ionization. lon recombination processes and collisionaby 27% and the required focal-spot dimensions are corre-
scattering are also ignored here, approximations that are juspondingly reduced. This lower-current option should be in-
tified by the low background-gas density. Except for runsvestigated, but the tighter spot-size requirement make it more
discussed in Sec. Il E, the molten-salt jets themselves arehallenging.

neglected, and to save computation time, gas ions are immo- The indirect-drive target described in Ref. 2 will work
bile. Also, there is no metal boundary where the target wouldvith ions having a wide range of masses, provided that the
be, so any problems with target-charge build-up would noions have approximately the same axial velocity and deliver
appear. Instead, we model the mirror symmetry of the targethe required total energy. However, for the same velocity, the
plane by placing a boundary at the nominal target locationkinetic energyV of an ion is proportional to its madd. If

This boundary is a symmetry plane for fields, and it absorbsve write the total energ¥] of a cluster ofN beams as

ions while reflecting electrons. Finally, photoionization by

soft x rays from the heated target is ignored, although this E~NVIAL, 2

assumption is fully justified only during the first part of the \yhere| is the average beam current aad is the beam

pulse. duration, we see that the current scales lke* when the

The collisional-ionization cross sections used here were, mher of beams and their duration are held constant. Also
calculated by Olsotf using a Monte Carlo technique. Elec- the generalized perveance, given in SI units by

trons liberated by collisions are assigned a Maxwellian

thermal-energy distribution with an average energy of 20 eV, 1 2Zel
approximating the distribution calculated by Olson, and their ~ “— Amey Y2 BEMC )

angular distribution in the rest frame of the parent atom or

ion is strongly peaked in the transverse direction. Specifiwill vary like M~ under these conditions, whegeis the
cally, the thermal component of the electron velocity is cho-average beam-ion charge stafeis the average ion velocity
sen to give a Lorentzian angular distribution with a probabil-Scaled by the speed of light, and y=(1-p% "2 is the

ity corresponding relativistic factor. From this scaling, it is clear
h-t that the choice of ion species involves a tradeoff. The cost of
P(&)= 7 _arctan : ) , (1)  the accelerator is reduced if a lighter ion is used, due to the
b (% “1) 4 lower ion energy, but space-charge effects, which are roughly

T proportional tox, complicate transport in the accelerator and

h is th | | lative to the b directi din the fusion chamber.
whereg s the polar angle relative to the beam direction, an In most of the foot-pulse simulations here, we usé Pb

tThr? vaI:Jept= 83t35b gtl_ves_ a ngOd f't. tothOIsons ctzrz]altlzulatmns. ions with a 3 GeV energy, although runs with other species
€ velocily distribution 1S uniform In the azimutha an@g are discussed in Sec. IlI B. The initial beam density is as-
The Olson cross sections have not been verified experimen:

tallv due to the ab fh . th "Yumed to be uniform, with a 30 ns pulse duration and 6 ns
a yt due o the a dseuce 0 te?vy;on sourc?ﬁ nealr ehe yarabolically varying rise and fall sections at the ends. The
pected energy and charge state. However, the values hayeg o niggle section Isaa 3 cmradius as it enters the fusion
been compared with results from a phenomenological mode

develoned by Armel Thi . h q hamber, and the beam is focused at a point 3 m inside the
cveloped by ArmeL- 1NIS comparison Shows good agree- o, per wall. The unnormalized edge emittance, defined
ment for beam ions with a charge state less than four, b

o i . . ere as
widening discrepancies are seen for higher charge states.

These differences are under investigation, although we ex- &, =2[(r2)((r'2)+(r26'2))—(rr"y2—(r2¢"y21¥2, (4)

pect that they do not seriously compromise the results, due to o

the small size of these higher-state cross sections. The tw§ t@ken to be initially 9 mm mrad, where the angle brackets
models also predict strikingly different beam-stripping crossdenote density-weighted radial averages, and the primes in-
sections for events producing two or more electrons. Nonedicate derivatives of the particle transverse coordinatsd
theless, simulations made with the two sets of cross sectiorfsWith respect to the axial coordinaze Results are not sen-

give virtually the same focal spot, despite major differencesitive to this emittance value, however, due the sizable emit-
in the final charge-state distribution of the beam. tance growth during chamber transport. A molten salt com-

posed of fluorine, lithium, and beryllium, referred to as
“flibe,” is frequently chosen to protect the walls in concep-
tual driver designs? and at the working temperature of
The foot-pulse parameters used here are based on ti&®0 °C, this salt produces a vapor consisting of about 90%
requirements of the two-sided distributed-radiator targeBeF, and 10% LiF. This composition is used in the simula-
design? developed at Lawrence Livermore National Labora-tions here. We specify a nominal vapor density of 5
tory. This kind of target requires about 1.5 MJ to be deliveredx 10** cm™2, corresponding to about 3.1 mTorr, although

B. Parameters
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(a) accelerator (b)  chamber which gives a ratio of 0.44 for the values BfandV con-
sidered here. The same assumption also gives simple rela-
tions for the average current and perveance of foot pulses

Ifoot _ Atmain

~0.33, 6
Imain Atfoot ( )

00000 0OVOQOQ

VQOVOVOVOQROTO

Kfoot Atmain( Vmain
Voot

These scaling relations are, of course, somewhat flexible,
@ muin pulse since foot pulses could have less total charge than main
O foot pulse . -
to left side : to right side O unused pulses at a modest penalty in transport efficiency.
' Geometric considerations further constrain the number
FIG. 1. Sketches of beam layouts for 112-beam casén the accelerator  of foot pulses. In the accelerator, the beams should be clus-
and (b) entering one side of the fusion chamber. tered in an approximately circular array to minimize the size
of the induction cores, and the spacing between beams
(a) accelerator (b) chamber should be equal in the two transverse directions, since focus-
' ing is provided by quadrupoles. The best choice is, therefore,
a square array with beams absent from corner positions to
give the bundle an approximately circular shape. The array
should be arevennumber of beams on a side so that it can
be split down the middle to send equal numbers of beams to
the two sides of the target. Also, the foot pulses should oc-
cupy outer columns in the accelerator, so they can be split off
) at a lower energy than the main pulses. Each beam array
8 P pulse entering the fusion chamber should also be square with cor-
pulse .
O unused ner beams absent, but it should have @id number of
beams per side to allow an opening at the center for target
injection. To give a high degree of symmetry, the number of
main pulses and foot pulses entering each side of the cham-
ber should both be divisible by four, allowing four identical
(a) accelerator (b)  chamber quadrants. Finally, a lower limit to the number of beams is
' imposed by the maximum perveance that can be transported
in the chamber, while an upper limit is set by practical com-
ponent sizes and by the overall complexity, although both
limits may be relaxed by improved understanding and tech-
nology. The 112-beam layout in Fig. 1 satisfies all of these
constraints. Each half of the beams in the accelerator array in
Fig. 1(a) can be rearranged to give the chamber grouping
seen in Fig. tb). For the 30 ns current profile described
above, each of the 32 foot beams has a peak current of 651
A, giving a generalized perveance of 3.60 °. We shall

3/2
) ~0.51. 7

Kmain  Atioot

=)

to left side . to right side

FIG. 2. Sketches of beam layouts for 72-beam ¢asi the accelerator and
(b) entering one side of the fusion chamber.
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@ main pulse ) ’ .
o foot pulse take this as the nominal case. Decreasing the number of rows

toleft side  to right side © unused and columns by one in the chamber layout gives a 72-beam

case sketched in Fig. 2. Each of the 24 foot pulses in this
case has a maximum current of 868 A, corresponding to a
perveance of 4810 °. Similarly, adding another row and

column to the nominal layout leads to the 208-beam case

recent work® suggests that the density may be as low as 7€€n in Fig. 3. Here, there are 64 foot beams, each with a 325

X 10'2 cm™3. The effects of this possible lower density are A Peak current and a 1:810 ° perveance. Although cases

discussed in Sec. llI C. with more or fewer beams might be worked out, these three
The number of foot beants;,q, is constrained by simple CaSes span what seems currently practical.

scaling considerations. If all beams are assumed to have the

same chargéAt in the accelerator, as is desirable for effi- [ll. RESULTS

cient transport, then from E@2), the number of foot pulses

is

FIG. 3. Sketches of beam layouts for 204-beam dapén the accelerator
and (b) entering one side of the fusion chamber.

A. Effects of foot-pulse perveance

The three cases presented above differ only in their ini-
Noot _ Efoot Vimain (5) tial beam current, so they illustrate the effects of varying
Nimain  Emain Voot perveance in a particularly simple way. A useful measure of
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FIG. 4. Enclosed fraction of beam ions at the beam waist for background-gas densie$ 103 cm 2 and (b) 7x 102 cm™3, shown as a function of

radius for the three beam layouts treated here. Also, the enclosed-current fraction is shown for the same initial conditions but no space charge.

chamber-transport effectiveness is the fraction of enclosedre only slightly less than those seen in vacuum for the same
beam ions as a function of radius at soraposition, usually  parameters.

the point of best focus, called the beam “waist.” This diag- The poor focus evident in Fig(d) is exaggerated by the
nostic measure is a time integral over the beam duration andead-to-tail variation in radius and emittance that develops
is proportional to the energy that would be deposited by thejuring transport. The plots of the effective edge radiis
beam if the target were placed at tlzdbcation. Figure 4a) =212(r2)12 at the 3 m location in Fig. @) show a pro-
shows the enclosed beam fraction at the beam waist for thgounced growth of the beam head over the first 20% of the
three beam layouts discussed above. Since the target radiusjgise for each case, which is reflected in the corresponding
typically about 5 mm, we see that between 8% and 23%ge-emittance values of Fig(th. These cases have effec-
misses the target end, with the amount decreasing with pefye|y the same average ionization state, and apart from sta-

veance, as expected. Also, the location of the waist shift§giica) fluctuations, this average at a fixed axial location

from about 2.75 m for the 72-beam case t0 3 m for thegy gy no head-to-tail variation. The radius growth near the

208-.beam case. The decr.(_agsmg slope of th‘? enclos_eﬂéad’ which develops mainly during the last meter of trans-
fraction curves for larger radi indicates a decreasing dens'typort, is a result of poorer neutralization in the first ionization

S\";‘.gsedt by the ?:OW'OﬁthOf lons V\gth a highelrdc;harget Statt)elength behind the beam head, corresponding to 13 ns in this
'thout space charge, the same beams woulid Tocus 1o a o(lilzl;tse. Photoionization by x rays from the heated target is

a 1 mm spot, as seen in Fig(a}, and would maintain a . . L )
uniform density during comoression. indicated by a ua_expe(:ted to increase head-to-tail variation, since the foot-
dratic variationyof the gnclosgd-beam, with radius yad pulse tail should be much better neutralized than then head.

Collisional ionization affects the calculated beam waist The fcl)cal spotthsf:owls “tﬂe Senlflt'wty to tge '.?r']tal e.;nt-
in a complicated way. lonization of the background gas give ance, so fong as that value 1s smafl compared with emittance

these beams an average neutralization fracti@xceeding groyvth during chamber transport. Figure 6 shows the change
80% after the first meter of propagation, as predicted by thgur!ng chamber transport O_f th? edge emittaaceand e_dge_
analytic work of Olsort® By itself, this effect would reduce 'adiusR near the beam midpoint for three beams differing
the radial electric field in the beam and improve the focal®Y In their initial emittance. The beams respectively have
spot. However, this neutralization is largely offset by the€mittances of 2.25, 9, and 36 mm mrad. Otherwise, the nomi-
increased beam charge due to stripping, which increases tﬁ@' parameters. for the 112—be§1m case are used. Values on the
average beam charge statén these cases to about five after figure are obtained by averaging the emittance from (Ep.
three meters of transport, with a maximum charge state ofVer 20% of the beam length near the midpoint, and they are
eleven. Since stripped electron are co-moving with the beanPlotted against thez position of the midpoint. The slice
they are stable and increase the charge neutralization fractidhickness accounts for the inflections seen in the curves at
f, but the simultaneous increaseZnmakes the beam more Z=30 cm, the point at which the entire slice has entered the
sensitive to the residual radial electric field. The combinatiorcomputational domain. The emittance growth seen in Fig.
of these effects is conveniently summarized by defining arf(b) during the first two meters of transport results from the
“effective perveance’k w=Z%(1—f)x,, wherex, is the ini-  nonlinear electric field inside the beam. During transport,
tial perveance from Eq3), assuming singly charged beam higher-energy electrons near the beam edge are lost, leaving
ions. We find that the effective perveance varies much lesgonuniform neutralization and therefore a nonlinear radial
during transport than itself, typically having an average electric field. This emittance increase is well predicted by the
value near,. Consequently, the focal spots seen in Fig) 4 analytic expression derived by Let all’
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FIG. 5. Time histories for three beam layouts of the béanedge radiufk and(b) edge emittance, after 3 m transport in background gas with the nominal
density.

SL(Z)Q[&(O)+)\2K§ﬁ22]1/2, (8) pattern varies self-similarly over an order of magnitude of
- ) ) current values, as indicated by the nearly straightlines.
where the coefficient depends on the beam radial profile. In To a good approximation, the emittance at the waist, shown

general,_ Eq(8) has a term that IS Ilqegr in, but we can g, Fig. 7(b), is proportional to the effective radiuR, as
neglect it here because the fields of initial beam distribution redicted by Ref. 17. Nonetheless. emittance values from the
vary linearly withr inside the beam, so thaks, (0)/dz is P y o ’

. : : 0 .
zero. The calculated emittance growth departs from (8. simulations are typically about 30% smaller than the analytic

near the waist because the expression was derived by assum-ed'cn_on' due to the nqnballlstlp orbits near the tgrget.
ing nearly ballistic ion trajectories, an assumption that fails ~ Yhile perveance is an important determinant of
near the minimum radius. The radius histories of the thre§hamber-transport effectiveness, beams with the same per-
cases are nearly identical until the final meter of transportY€@nce may show significant differences in their dynamics.
where they deviate to give minimum radii that are approxi-AS seen in the definition of E3), perveance is determined
mately proportional to the final emittance, as predicted byPY the beam—ion mass, velocity, and current, and these pa-
Ref. 8. rameters affect beam dynamics in differing ways. For ex-
The sensitivity of the focal spot to the initial beam per- ample, if the ion mass is decreased and the axial velocity is
veance can be summarized by the ragjienclosing speci- increased to give the the same perveance, the beam is more
fied percentages of beam ions at the beam waist, plotted &ensitive to nonlinearities in the radial electric field than the
functions of the initial perveance. Remarkably, the focal-spotorresponding case with the nominal ion mass and will show
data plotted in Fig. (& indicated that the energy deposition a larger emittance increase. Likewise, simultaneously in-

3 T T T T  } T T T T T T T T T | T T T T T T T T T T T T T T i
3 ] ]
L (a) ] 80 I (b) ]
r high emittance ]
L ] | ]
" = 60 [ high emittance ~_ ]
-~ f 18 |
: | i
N r ]
z 1 E
3 1 =
1E 1 4 F
b nominal emittance ] @
low emittance ] 201 nominal emittance 7
N ] low emittance ]
0o 1 2 3 0 1 2 3

z(m) z(m)

FIG. 6. Histories of théa) edge radiuRR and(b) edge emittance, of beam slices initially having the nominal emittance, one-quarter of that véme

emittance”), and four times that valug¢high emittance”). In each case, nominal parameters for the 112-beam case are used, and the background-gas density

is 5x 10 cm™3.
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FIG. 7. (@ Radii enclosing specified percentages of beam ions at the beam waist for the nowih@?Em~2 background-gas density ar®) the
corresponding edge-emittance values, both plotted as functions of the initial beam perxgarnidee dashed curve gives the effective edge radius
Arrowheads mark the perveance values corresponding to the three beam layouts.

creasing the beam current and velocity while keeping thejiscussed above, and we used the nomin&l18 cm3
perveance constant leads to larger space charge and henceyfzkground-gas density. The same collisional-ionization

greater emittance that the nominal case. cross sections were used in every case, in part because cal-
culations using the Armel model show less than 20% varia-
B. Effects of beam-ion species tion in cross sections over this mass range when the energy

per nucleon is held constant, but also because we want to

One method for reducing the cost of fusion driver is to . . .
compare the focal-spot variation with the results found in the

use a lighter ion, which according to the scaling in Sec. || B ' ) o
would require a proportionally reduced energy and wouldPT€Vious section for current variation.

increase the perveance in proportion with the inverse square Focal-spot data for the five ion species and for lead are
of the ion mass. The effects of using ions of different masdlotted in Fig. 8 versus perveance, which ranges from about
have been investigated in a series of simulations in which thé < 10 ° to 2.7x10"*. Qualitatively, the results resemble
deposited energy per beam and the ion velocity were helghose of Fig. 7. The beam focal spot increases self-similarly
constant and the ion energy and current were adjusted appr#ith perveance up to about>810~°, and at larger per-
priately. Six ion species with masses ranging from 88 amweance, the increase is less than linear. However, both the
(strontium to 238 amu(uranium were chosen, but the se- focal-spot size and the emittance vary more weakly with per-
lection was based on their masses being well spaced ratheeance than is seen when current is varied for a given spe-
than on the availability of ion sources. The total beam energgies, even though the charge-state distribution and the trans-
in each case was the same as the 112-beam case with Pbverse space-charge fields are quite similar for a given

P2 )
1 100} ]
80 : .

60 ]

re;, (cm)
€] (mm-mrad)

a0 f :

20 ]

Ko/ 10 Ko/10%

FIG. 8. (a) Radii enclosing specified percentages of beam ions at the beam waist for six ion spediesthactorresponding edge-emittance values, both
plotted as functions of the initial perveangg. The dashed curve gives the effective edge raiius
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FIG. 9. Time histories for the three beam layouts of the béanedge radiufk and (b) edge emittance, after 3 m transport in background-gas with a
7x10*2 cm™ 2 density.

perveance. This difference arises because heavier ions as@y range. Figure 9 shows final edge radius and emittance
less responsive to the radial electric field and, thereforevalues as functions of time for the three layouts studied here.

spread out less as the beam converges. Comparing with corresponding plots at nominal density in
Fig. 5, we see that the midpoint radius values for the two
C. Effects of background-gas density densities are very similar, and the emittance values there dif-

Recent experimental work measuring the vapor pressurfer by only about 15%. However, the poor head confinement
of molten flibé® indicates that the equilibrium density at the found at nominal density is not evident, and instead the larg-
expected 600 °C operating temperature may be substantialgst radius and emittance values are seen near the beam tail.
lower than previous estimates. Extrapolation from higher-This difference results from the migration of electrons to-
temperature data had suggested the nominal@3cm 3 ward the head when the beam is poorly neutralized. Due to
value used in these simulations. The new data indicate thqj'eam convergence, the beam head has a smaller radius and
the actual density may be as low as Z0'*cm™®, corre- higher charge density than the tail, and provided that free

sponding to a pressure of about 0.4 mTorr. electrons are effectively collisionless, as is the case over the

Simulations with beam parameters for the three standar[;lamge of densities studied here, they are attracted by the

cases have been run using this lower density, and the focal- ) . .
ST space-charge field. At the nominal density and above, the
spot data are plotted in Fig.(l8). In each case, these runs

give a slightly poorer enclosed-beam fraction as the Corregntire beam quickly reaches its asymptotic neutralization, so

sponding nominal-density case, even though the emittanciiS head-to-tail charge difference does not develop. The tail
growth during transport is substantially smaller. The caus®ulge seen in Fig. 9 disappears gradually with decreasing
of this counter-intuitive result is the poorer neutralization atPackground-gas density as the number of free electrons
the lower density. At a gas density ofx8l0'*cm 3,  drops.

the mean-free path for background-gas ionization is about The series of runs plotted in Fig. () shows that, in the

65 cm, so after the beam has traveled about 1.3 m, thabsence of pre-neutralization, the minimum waist occurs
neutralization fraction approaches a fairly steady value ohear the density at which the mean free path for collisional
about 95%, with a small decrease due to electron heatingnization approximately equals the fusion-chamber radius.
as the beam compresses. At the lower density, howevefror the parameters used here, this density is about
the mean-free path exceeds 4.5 m, and the neutralizatiofy3 cm;~3, Although the edge radius, shown as a dashed
fraction only reaches about 55%. The final beam charggne s quite insensitive to pressure over the range studied, it
IS much less at the lower density because collisional SUPys clear from the spacing of contours that the density profile
ping gives an average charge_ state Of.1'8 at the targle\5\’/ithin the beam is changing substantially. At higher gas den-
compared with 5.2 at the nominal density, but the lower

neutralization leads to greater radial electric fields and emitSeS: the core of the beam remains reasonably well-pinched

tance growth. The finak for the lower density is slightly while the outer 20% spreads to progressively larger radii.

_3 .
greater than for the nominal density, which is consistent witH€low about 18 cm™?, however, the spacing of beam-
the poorer focus. fraction lines becomes nearly quadratic, reflecting a flatter

Although the calculated focal spot shows very little interior density profile. As the density is further reduced, the
variation over the expected range of background-gas densiines asymptote to their vacuum values, a few percent higher
ties, both the final beam emittance and the head-to-tail beanthan the values shown. In this zero-pressure limit, the trans-
radius variation show much more sensitivity over this den-verse density profile remains flat all the way to the target.
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FIG. 10. (a) Radii enclosing specified percentages of beam ions at the beam wai&) dnel corresponding edge-emittance values, shown as functions of the
background-gas density. The dashed curve gives the effective edge Radius

D. Effects of pre-neutralization of the plasma layer, so an exiting beam pulls away relatively

One suggestion for improving chamber transport is tol‘ew plasma el_ectroqs. Conseguent!y, after th_e plasma, Fig.
shows little difference inf with and without pre-

pre-neutralize the beam by passing it through a fully ionizedlz(a) e
plasmat® The plasma would likely be introduced upstream neut_rallzatlon. Ha_lfwa_ly to the target,_ both beams are near the
from the chamber in a beam pipe, where image forces ang'@Ximum neutralization value predicted by Ols6n.

wall emission would help maintain plasma quasineutrality as ~Fre-neutralization is found to Wgrk r@%‘:h better at lower
electrons are extracted by a beam. However, limitations i1§2S density. At a gas density ok7.0" cm*, the enclosed-
BICrz make realistic simulations of this configuration diffi- fraction plots in Fig. 14b) show dramatically better focus for
cult. Since BICrz presently has nonemitting boundaries an§ach of the three layouts considered here, compared with the
allows only a topologically cylindrical computational do- corresponding plots in Fig.(d) without pre-neutralization.
main, we ignore the beam pipe and place the neutralizin he fraction of current falling withi a 5 mmradius increases
plasma 25 cm inside the chamber wall. Also, to minimizefrom 62% to 86% for the 72-beam case, while the 208-beam
beam Stripping, the best pre_neutra"zing plasma would b@ase shows an increase from 92% to 98%. In addition, the
fully ionized hydrogen. However, the mass of hydrogen isPre-neutralized cases show less sensitivity to beam per-
about one amu, compared with 47 amu for Befaking the ~ veance than those without pre-neutralization, and the time-
assumption in BICrz of fixed background ions questionable@veraged emittance at the target location for each case is
For the cases described here, the plasma is cylindrical, with @duced by more than 40%. The cause of this improvement is

radius of 4.5 cm and a length of 25 cm, and it has a uniforneen in Fig. 1), showing the mid-pulse neutralization frac-
density of 182 cm™3. tion for a 651 A beam in gas with a density of 7
For the nominal 5 10*3 cm™3 background-gas density, X10'*cm™2. With pre-neutralization, the beam emerges
this pre-neutralizing plasma is found to make only a smalfrom the plasma with 60% neutralization, compared with
improvement in the minimum beam radius. Plots of35% without. Provided that the mean-free path for gas ion-
enclosed-beam fraction versus radius at the beam waist afzation exceeds the distance between the plasma and the tar-
shown in Fig. 11 for pre-neutralized beams at the nomina@eét, as it does here, the additional neutralization from the
density. Comparing these with data in Figajfor beams plasma persists until the ion beam reaches the target location,
without pre-neutralization, we see that the current fallingleading to a smaller net electric field within the beam and
within the 0.5 cm target radius increases by at most 5% fotess emittance growth. We have made a series of runs using
the three standard beam layouts. This difference is due tthe same range of gas densities used in Fig. 10 but adding an
improved neutralization inside and just following the plasma,electrically isolated 1% cm™2 pre-neutralizing plasma. As
but at the nominal background-gas density, the change isefore, a current of 651 A is used, although analogous results
small. Without a plasma, the beam neutralization fracfion are found for the other currents used here. The enclosed-
approaches a steady value after a transport distance approfiaction radii are plotted in Fig. 13, with smooth lines again
mating twice the characteristic length for background-gagirawn through the data points. Comparing the enclosed-
ionization, a total distance of 1.3 m in flibe with a 5 fraction radii in the two figures, we see that pre-
x 10' cm~2 density. This pattern is seen in the Fig.(d2 neutralization reduces the minimum waist radius by about
plot showingf near the midpoint of a 651 A beam without 30% and effectively eliminates the density dependence of the
pre-neutralization. At this density, collisional ionization focal spot for densities below about X80 cm™ 3.
alone neutralizes about 75% of the beam charge by the end The results here are insensitive to the density of the
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FIG. 11. Enclosed fraction of beam ions with an electrically isolated plasma placed near the beam entrance in a background-gas (@grisity of
X 10 cm™2 and(b) 7x 10* cm™ 3, shown as a function of radius for the three beam layouts treated here. Also, the enclosed-current fraction is shown for the
same initial conditions but no space charge.
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FIG. 12. Mid-pulse neutralization fraction of a 651 A beam with and without a pre-neutralizing plasma, shown as a function of axial pdsition
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FIG. 13. Radii enclosing specified percentages of beam ions at the beam waist with a pre-neutralizing plasma, shown as functions of the background-gas
density. The dashed curve gives the effective edge ralius

Downloaded 30 Jul 2003 to 128.3.129.101. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



2466 Phys. Plasmas, Vol. 10, No. 6, June 2003 Sharp et al.

1 T T T T T T e ——r——— 1
L (a) : 4
! idealized jets ] idealized jets )
c [ i c
o no jets 1 © no jets .
£ - £
13) o
< : © .
= =
£ E i
g | 1 E i
Q ]
2 0.57 y o 05 .
% ] % ]
o ™\ target radius 3 ™ target radius 1
g | 1 ¢ : i
(7} 1 ] qc, [ i
I ! ]
0 Ll L L Il Il L L 1 1 1 1 La 0 Ll 1 1 1 L L 1 1 1 1 1 1
0 1 2 3 0 1 2 3
r (cm) r (cm)

FIG. 14. Enclosed fraction of beam ions with and without idealized flibe jets around the beam forttBerfic§ chamber transport through a background-gas
density of(a) 5x 10" cm2 and(b) 7x10*2 cm™2, shown as a function of radius. Also, the enclosed-current fraction is shown for the same initial conditions
but no space charge. Nominal parameters for the 112-beam layout are used for all cases here.

plasma and to its radial extent, so long as the number oéxtremely crude computational model of the jets. Because
plasma electrons within the beam radius substantially exBICrz is an axisymmetric code, the rectangular lattice of jets
ceeds the initial beam charge. Virtually no difference is seeiis replaced in the model by rings. For the first 2 m of cham-
between cases with densities of'1@nd 132 cm™3, butre-  ber transport, the beam is circled by rings representing the
ducing the density to £8 cm™3, which is slightly below the jets, placed 5 mm outside the nominal beam radius and
beam density at the same axial location, results in reducesbaced 10 cm apart longitudinally. Due to the relatively
neutralization and a 20% larger focal spot. coarse axial gridding, however, the rings are fewer in number
The main limitation of this work is the electrical isola- than the p|anned jets' |arger in cross-sectional area, and rect-
tion of the pre-neutralizing plasma. In the calculation, anyangular rather than circular in cross section, with a 10 cm
electron pulled from the plasma by a passing beam leaves|angth anl a 1 cmthickness. Perhaps the crudest aspect of
fixed positive charge at its original position that retards thgnhe model is its representation of the molten salt by a plasma
escape of other electrons. In practice, however, preyith anchored ions. Although this model is arguably ad-

neutralization would be done in the beam ports just upstreamqate after the flibe surface has become ionized, it misrep-

from the fusion chamber, so the plasma would be in electriyggents the electrical properties of the flibe and ignores the
cal contact with a grounded metal wall. In this case, electrong, , .k function that binds electrons to the salt.
would be drawn off the wall to maintain the quasineutrality

. . The principal effect of the plasma rings is to contribute
of the plasma. We expect that this additional electron sourc

il substantially i th ber of elect ; lectrons to the passing beam. Some electrons are pulled
will substantially increase the number or electrons capture ransversely into the beam by the unneutralized space-charge

by lon beam. Initial work by Rosetlal. supports “;'OS. ex field, but they have a larger transverse temperature than elec-
pectation, and more recent simulations by Wedthal~" in- .
trons from a pre-neutralizing plasma, so they are more

dicate that the focal radius can be a factor of two smaller : .
. . . . readily lost during transport, being replaced by electrons
than similar cases with an electrically isolated plasma.

from other rings. The net effect is seen in Fig. 14, which
_ shows results for a 651 A beam of 3 GeV'Plons. At the
E. Effects of molten-salt jets nominal 5< 10" cm 3 background-gas density, shown in

The principal omission from the foot-pulse simulations Fig. 14a), the rings slightly reduce the radius of ions in the
here is the absence of the molten-salt jets planned for waffé@m halo but have a negligible effect on the beam core.
protection. As presently conceived, a crisscrossed lattice ofhis limited effect is due in part to the effective neutraliza-
these jets would fill the outer two meters of the chambettion provided by collisional ionization. In addition, a com-
ends, with aligned holes between jets for the beams. Each j@@rison of beam neutralization for the cases with and without
is expected to be a few centimeters in diameter, probablplasma rings shows that the small additional neutralization
with millimeter-scale ripples. Such jets have several featurepicked up from the rings is lost during the final meter of
that complicate realistic modeling: their low but non- transport. The rings are much more effective at neutralizing
negligible conductivity, their intrinsically three-dimensional the beam for a background density ok10'2 cm™3, as seen
geometry, and the likelihood that their surface will be ionizedin Fig. 14b). Due to the slow rate of collisional ionization,
by ions from the beam halo and, after initial target heatingneutralizing electrons from the rings cause a substantial re-
by x rays from the hohlraum ends. duction in the net space charge, increasing the fraction of

To get a qualitative idea of how these jets might affectbeam ions hitting the target from 75% to over 95%. Even
chamber transport of a foot pulse, we have studied amhough electrons from the rings are lost more readily than
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those from a plasma, the focal spot for this case is smallewith a realistic target model, flibe jets, and photoionization
than the corresponding 112-beam case in Figb)lhecause before we can feel confident that foot pulses can be success-
the electrons only have to remain in the beam for the finafully transported to an HIF target.
meter, compared with 2.5 m for the case with a plasma.
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