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Abstract

The propagation of a high-current finite-length ion charge bunch through a background plasma is of interest for many
applications, including heavy ion fusion, plasma lenses, cosmic ray propagation, and so forth. Charge neutralization has
been studied both analytically and numerically during ion beam entry, propagation, and exit from the plasma. A suite of
codes has been developed for calculating the degree of charge and current neutralization of the ion beam pulse by the
background plasma. The code suite consists of two different codes: a fully electromagnetic, relativistic particle-in-cell
code, and a relativistic Darwin model for long beams. As a result of a number of simplifications, the second code is
hundreds of times faster than the first one and can be used for most cases of practical interest, while the first code
provides important benchmarking for the second. An analytical theory has been developed using the assumption of long
charge bunches and conservation of generalized vorticity. The model predicts nearly complete charge neutralization
during quasi-steady-state propagation provided the beam pulse durgi®much longer than the inverse electron
plasma frequency, *, wherew, = (4n,e%/me)Y/? andn, is the background plasma density. In the opposite limit, the
beam head excites large-amplitude plasma waves. Similarly, the beam current is well neutralized pigrjded and

the beam radius is much larger than plasma skin d&pthc/w,. Equivalently, the condition for current neutralization

can be expressed in terms of the beam currey as 4.257,, 8,,(n,/n,) KA, wheren,, is the beam density,, is the ion

charge, and/, = B¢ is the beam velocity; and the condition for charge neutralization can be expressgdas
4.2583(ny/n,) (1, /1) ?kA, wherel, andry, are the beam length and radius, respectively. For long charge bunches, the
analytical results agree well with the results of numerical simulations. The visualization of the data obtained in the
numerical simulations shows complex collective phenomena during beam entry into and exit from the plasma.
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1. INTRODUCTION approximately 1.7 MV. Due to the stripping of electrons

. - . ._from the beam ions, the space-charge potential increases
Heavy ion beams are envisioned as one of the prInCIpaévenfurther Such high space-charge potentials inhibit beam
drivers for inertial confinement fusiaiBangerter, 2001 In ) gnsp gep

. . . : focusing, and therefore ballistic focusing relies on various
heavy ion fusion design schemes, the ion beams are focuse 2 .
- ; .. “heutralization schemes to reduce the space-charge potential
onto an indirect-drive target, to produce X-ray radiation,

which compresses the deuterium-tritium pellet and initiatesgO acceptable levels. During ion beam propagation in the

the fusion proceséMeier, 2001. To protect the chamber chamber, electrons are drawn into the beam by the positive

walls and focusing magnets from neutron radiation, quuidIon charge, andthe electrons provide some degree of charge

o o . . neutralization. For effective neutralization, there should be
Flibe jets create aregion into which the heavy ion targets are

injected (Peterson, 2001 These jets evaporate gas with a enoggh electron production mechanisms to_assure the gen-
- eration of total electron charge equal to the ion beam pulse
saturated vapor pressure of few milliTorr. As a result of

R - harge. Sources of electrons include: emission of electrons
electron stripping in ion—atom collisions, the charge state o

the beam ions increases up to 5-8 during propagation overy the chamber walléBugaevet al, 1973, extraction of

abou 3 m in thechambefOlson, 200b). The space-charge e_Iectrons from a preform_ed_pla_sma pligithimion & Da-
otential of a typical beam with parameters at the chambe\r”dson’ 2001, ‘".md photoionization of the chamber gas by
P soft X rays emitted by the targéBharpet al,, 2001).

entrance corresponding to 4 kA current, 10 ns pulse dura- o :
. . . . . Neutralization of the beam charge and currentin a plasma
tion, and 0.28 velocity, wherec is the speed of light, is . . . o

is also an important issue for many other applications. For

example, high ener hysics applications involve the trans-
Address correspondence and reprint requests to: Igor D. Kaganovich P 9 gy phy PP

Plasma Physics Laboratory, Princeton University, Princeton, NJ 08543[*1)Ort of positive gharges m_ plasmg, for example, positrons
USA. E-mail: ikaganov@pppl.gov for electron—positrons collide(skajagopalaret al., 1999,
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and high-density laser-produced proton beams for the fastode is hundreds of times faster than the f{iiBIC) code.
ignition of inertial confinement fusion targetRothet al,, The second code can be used for most cases, while the first
200)). The recent resurgence of interest in charged particleode provides benchmarking for the second.
beam transport in background plasma is brought about by The electron response frequency is of order of the elec-
the recognition that plasmas can be used as magnetic lensén plasma frequencyy, = (47n,e%me)"?, wheren, is
Applications of the plasma lens concept, ranging from heavyhe background plasma density. For heavy ion fusion appli-
ion fusion to high-energy lepton colliders are discussed bycations, the ion pulse propagation time through the chamber
Rajagopalaret al. (19995 and Tauschwitzt al. (1996. is much longer than the inverse electron plasma frequency
There have been a number of numerical simulationso,*. Therefore, a beam-plasma quasi-steady state forms
schemes that study chamber transport of a heavy ion beaduring beam propagation. The initial step of the study is to
pulse. These simulations employ electromagnetic particledescribe the steady-state propagatiarihe beam framjeof
in-cell codes. For example, the BPIC code has been used &n ion beam pulse through a background plasma.
the studies reported by Shagp al. (2001) and Vay and The case where the beam propagates through a cold
Deutsch(2001), while Roseet al. (2001), Ottingeret al.  plasma, with plasma density large compared with the beam
(2002, and Welchet al. (2002 have utilized the LSP code. density, can be studied by use of linear perturbation theory
These simulations are typically numerically intensive and(Chenet al,, 1985. Here, we focus on the nonlinear case
require up to several days of computational time. In addiwhere the plasma density has an arbitrary value compared
tion, particle-in-cell codes have a considerable numericalith the beam density, and, correspondingly, the degrees of
noise in the electron density and the electric field, whichcurrent and charge neutralization are arbitrary. The trans-
may result in an artificial electron heating. port of stripped, pinched ion beams has also been discussed
There are many critical parameters for ion beam transporby Hahn and Le€1996), where the assumptions of current
in the chamber, including beam current, type of ion speciesand charge neutrality were made to determine self-consistent
radial and longitudinal profiles of the beam density, cham-solutions for the electric and magnetic fields. M. Rosen-
ber gas density, stripping and ionization cross sections, anbluth, E.P. Lee, and R. Briggpers. comm), have consid-
so forth. This necessitates an extensive study for a widered the equilibrium of an isolated, charge-neutralized, self-
range of parameters to determine conditions for optimunpinched ion beam pulse in the absence of background plasma.
beam propagation. To complement comprehensive numerln contrast, we consider here the case where “fresh” plasma
cal simulations, a number of reduced models have beeis always available in front of the beam, and there are no
developed. Based on well-verified assumptions, reduceélectrons comoving with the beaidaganovictetal,, 200J).
models can yield robust analytical and numerical descrip-

o and mde mporat el s for e edcs o, susic equations For pescrprioN
g ' 9 OF ION BEAM PULSE PROPAGATION

qlso have relevance for other applications, which use posi- | A BACKGROUND PLASMA

tively charged beams, for example, plasma lenses in high

energy physics, and the propagation of cosmic rays in astrdn most applications, the background plasma electrons are

physics. Depending on the assumptions and simplifications;old—the electron thermal velocity is small compared with

a suite of numerical codes has been developed and the codé® beam velocity. Particle-in-cell simulations show that in

benchmarked against one another. This suite is the subject afost cases, the electron flow is laminar and does not form

this article. multistreaming. Thus, the electron fluid equations can be
The code suite consists of two different codes: a fullyused for the electron description, and thermal effects are

electromagnetic, relativistic, particle-in-céRIC) code,and  neglected in the present study. The electron fluid equations

a nonrelativistic Darwin model for long beam pulses. Thetogether with Maxwell’s equations comprise a complete sys-

two-dimensional electromagnetic PIC code uses a leaptem of equations describing the electron response to a prop-

frog, finite-difference scheme to solve Maxwell’s equationsagating ion beam pulse. The electron cold-fluid equations

on a two-dimensional rectangular grid in the frame movingconsist of the continuity equation,

with the beam. The current deposition scheme is designed to

conserve charge exactly, so there is no need to solve Pois-

son’s equation. The other code uses the approximation of a

very long charge bunch, that is, the beam length is much

longer than the beam radius, and therefore the beam can laad the force balance equation,

described by a number of weakly interacting slices. The

gleqron motlon_ is descrlbeq in the qua5|—stat|onary approx- 9pe - (VoV)pe— —e(E x B),

imation, assuming that the ion beam evolves on atime scale ot c

much longer than the electron plasma period. The electric

field is determined from Poisson’s equation, separately fowhere —e is the electron charge/. is the electron flow

each beam slice. As a result of the simplification, the secondelocity, pe = yem.V, is the average electron momentum,

aNe
E + V'(neve) =0, (l)
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me is the electron rest mass, apgdis the relativistic mass from Eq. (5) for cylindrically symmetric beams that the
factor. Maxwell’'s equations for the self-generated electricazimuthal self-magnetic field is determined in terms of the

and magnetic field€ andB, are given by longitudinal flow velocity, which gives
VB = 278 (ZynpVe - noVe) + 2 3) g &P ®
- c b'b Vb eVe c ata = e or .
VXE = 2 B 4y ~ The displacement current, the last term on the right-hand
c at’ side of Eq.(3), can be neglected under the condition in

] ] ) Eq. (7). Thus, Eq(3) simplifies to become
whereV, is the ion beam flow velocityn, andn, are the

number densities of the plasma electrons and beam ions, 1
respectivelyfar away from the beam, — n,,), andz, is the r
ion beam charge state. The plasma ions are assumed to

remain stationary with; = 0. The assumption of immobile - £q,ati0n(9) has been also derived by Welehal. (2002.
plasma ions is valid for sufficiently short ion pulses with £q,ation(9) describes the degree of current neutralization
2l <rpyM/m, (Kaganovichet al, 2003. Here,r,and 2, 4t the heam. Under the condition in E(), the degree of
are the ion beam radius and length, respectively,Mne - 5rqe neutralization is very close to unii¢aganovich

the plasma ion mass. _ _ etal, 2009, and the quasi-neutrality condition holds with
Considerable simplification can be achieved by applying

the conservation of generalized vorticify (Kaganovich Ne = ZyMy + Ny, (10)
etal, 200)). If Qis initially equal to zero ahead of the beam,

and all streamlines inside of the beam originate from thewherenp is the background plasma ion density.

region ahead of the beam, thénremains equal to zero
everywhere, that is,

0 47

0 e
E r E Pez = T (ZuNp Vb — NeVey). 9

For a flat-top ion beam density profile with constant ve-
locity Vp, EQ.(9) has the solution in the nonrelativistic limit

0=V Xp,—-B=0. ®) LW 1o(1/8y) .
c Vulr) = Zp Vo, 1+ W lo(rp/Spp) ' 0
Substituting Eq(5) into Eq.(2) yields “ Zynp+n, | 1 Ko(r/5p) .
1+ W Ko(rp/8p)’ >
Pe | YK, = —eE (6)
ot eT % where
whereK, = (ye —1)mec? is the electron kinetic energy. Note Sopl0(Io /) Ku(rp/S,)
. . . L = . 12
that the inertia terms in E@6) are comparable in size to the 3312(fo/000) Ko(ro/3,) (12)

Lorentz force term and cannot be omitted. Estimating the

self-magnetic field from Eq5), we conclude that the elec- Here, I, (x) andK,(x) are the modified Bessel functions
tron gyroradius is of the order of the beam radius. This is :C’/(an e2/m ;1/2 ands,,=c/[4me2(n, + Zyny)/me] ¥2. '
consequence of the fact that the electrons originate from th\?phe fractio%al d;gre’e d»bcgl current neu‘zralizatiofb(er) i
region of zero magnetic field in front of the beam. If most defined by Davidson and Qi2001)

electrons are dragged along with the beam and originate

from the region of large magnetic field, the situation may be NVoy(r)
different(Kaganovichet al, 2001). fo(r) = o——=. (13
ZNp Vo,

3. APPROXIMATE SYSTEM OF EQUATIONS Substituting Eqs(10) and(11) into Eq. (13) gives the de-
FOR LONG DENSE CHARGE BUNCHES gree of current neutralization at the beam center and at the
(Vol@p, 1y < 1p) beam edge. We obtain

In this section, an approximate set of equations is derived

. o W 1
for a long (rp, < lp), cylindrically symmetric ion charge fO=1-— —— | (14)
bunch satisfying 1+ W lo(rp/8pb)
Vo /wp < . (7y and
For long bunchegr, < 1), radial derivatives are much f(ry) 15
c\'b/) —

larger than longitudinal derivatives. Therefore, it follows 1+W'
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Note that in the limitr, > &, f.(0) — 1, andf.(r,) —

8,/(8,+ 8pp), and the current flows at the edge of the beam

over distances of the order 8f,. Moreover, for more real- 17
isticion beam density profiles, the edge profile falls off over ]
a finite width ér,. Equation(15) is valid only if 6ry, <= &,

and in the opposite limit witlir, > 5, we obtairfc(r,) — 1.

The self-magnetic field can be calculated making use of

Eqg.(8) and Eq.(11). The degree of magnetic neutralization o

f(r) inside the beam is determined by the degree of current \g 01 E
neutralization defined by - ]

W) = =105 (16)

where 1.(r) is the electron current, I (r) = 0.01 2 T ' Y 5
—e [y NeVe 27 dr, andl,(r) is the ion beam currenty(r) = 10 10 n /1(% n) 10 10
ZpefoNpVy2rrdr, both within radiusr. Substituting b b

Egs.(8) and(11) into Eq.(16) gives

Fig. 1. Plotof normalized net currentin the beam versus normalized plasma

densityn,/Zyny, for different values ofy/la.
200, W 14(r/8pp)

r1+W lo(ry/8pn)

an

V-E
Note that forr = ry, the degree of magnetic neutralization (ZoMp + 15 = 1) = 7—. (21

me
also gives the ratio of the total net current to the total beam

current, thatislney/I =1 — fr(rp). Asimilar expressionwas - Here, n, denotes density of background ions. It is conve-
derived by Welclet al.(2001). The ratio of the beam radius pjent to introduce the average degree of charge neutraliza-

to the skin depth can be expressed as tion ( f) over the beam cross section defined by
' I, \V? | Ib vz b
6_p_ <Efp> and 8_p_2 E(1+fp) , zf (Zpny + Ny — Ne)rdr
(19 fy=1-—2 . 22
) o 22

wherel, = (m.c3/e) B, ~ 178,KA is the (nonrelativistig _ ' . .
Alfven current for electrons with velocity,c andf, = Making use of Poisson’s equaticf21), we obtain from
no/(ZuNy) is the normalized plasma density. Therefore, theEd- (22)

normalized net currenit,./l, is a function ofl, /I, andf,,

which can be expressed as (fy=1- E(ry) (23)
2meZyNyry
I net Ia Y2 W 1y(rp/8pp)
INEEEN 1+%) 1+ W lo(rp/Spp)° (19 Inthe nonrelativistic case, E(f) givesE = — (Me/€)Ve,0Vey/

dr, and making use of Eql1), the degree of charge neutral-
The degree of net current neutralization is illustrated inization is given by
Figure 1 as a function of the normalized plasma density for
different values ofl,/l. For f, > 0.5, Eq.(19) can be 282 S0 1 Ki(ry/8p)

approximated within 5% accuracy as (H=1- 1+f, E) (1+W)? Ko(rp/8p) " @4
Inet A(fy) 20 Note that in the limitr, > &,, Eq.(24) reduces to
lp  [Alp(fy+1)/1a+ A2(f,)]V2’ 20 ,
2B¢ Opp 0
Bb pb “p (25)

whereA( f,) = 24[f,/(\f, + \f, + 1). (h=1-77 f, rp(Spp2 + 82)°
If the ion beam density profile has a finite edge thickness

orp, then Eq(19) is valid only if 6r, < 8,5, Or equivalently, It can be readily showriKaganovichet al, 2001 that

fo > 0.5(r, /6rp)?y/1a/1p. the maximum deviation from quasi-neutrality occurs when
The electric field is obtained from E¢6). Small depar- r,~ c/wj, and the degree of nonquasi-neutrality is bounded

tures from charge neutrality can be estimated by making usky (Z,n, + n, — ne)/(Z,n,) < 0.2563. Therefore, for non-

of Poisson’s equation: relativistic, long ion pulses, there is almost complete charge
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neutralization. For heavy ion fusion parametghs< 0.25  The effective perveand@e«(1a/lp, f,) is illustrated in Fig-
and degree of charge neutralization is more than 98%. ure 2 as a function of the normalized plasma density for
In the nonrelativistic limit, the force acting on the beam different values of, /I ». Note that Eq(31) gives a different

ions is(Hahn & Lee, 1996; Kaganovicét al., 2000 sign for the perveance than Olson’s electrostatic result for a
plasma plugQe. = Zyme/M (Olson, 2004). Also, the per-
Ve, veance in Eq(31) is greatly reduced for the case of beam
Fr = mee(Vo, = Veo) — = 26 propagation in dense plasma with> Z,n,,.

In summary, Egs(6)—(21) describe the quasi-steady-

It follows from Eq.(9) thatV,, > V.,anddV,,/or < 0, and  State self-consistent electron motion induced by along, dense
therefore the force acting on the beam ions in the presence #n charge bunch. Examples of calculations and compari-
a dense plasma is alwafecusing(F, < 0). sons with the results of electromagnetic particle-in-cell sim-

The effective self-electric perveance in the presence oflations can be found in Kaganovigt al. (2001 and
plasma scales as-1( f ), where( f ) is the averaged charge Kaganovich(2002.
neutralization defined in E§24). Moreover, thaotal effec-
tive perveance including both self-electric and self-magneti¢  p1scussioN

effects scales adavidson & Qin, 2001
The propagation of a finite-length ion beam pulse through a

Qet 1—(f)—B2IL— fu(ry)] packground plasm_a has been stt_Jdi(_ad. The analytical solu-
N = 1-p2 , (27)  tions for the electric and magnetic fields generated by the
ion beam pulse have been determined in the nonlinear case
for arbitrary values of beam and plasma densities, under the
assumption of a long beam, where the beam length is much
longer than the beam radius. Under these conditions, a re-
duction in the dimensionality of the problem is possible.
Assuming an axisymmetric beam pulse, the longitudinal
o ] (28  electron flow velocity is determined for one-dimensional
YEMVS variations in the radial direction for each axial slice of the
beam[Eq. (9)]. The electric and magnetic fields are then
Substituting Eqs(17), (24), and(28) into Eq.(27) yields readily calculated from the longitudinal electron flow veloc-
ity using Egs.(6) and(8), respectively.
Qert - lnet V(1) The approach used here can be generalized to the case of
Q T YePo T [1 Vi } (29) nonuniform, nonstationary plasma density and beam den-
sity profiles, and forms the basis for a hybrid semianalytical
whereV,,/V,, is given by Eq.(11). Note that Eq.(29) is approach to be used for calculations of beam propagation in
similar to Eq.(26). The second term on the right-hand side
of Eq.(29) is small except fof, < 1 andl, > |,/4. There-
fore the self-electric perveance is dominated by the self- [ /]----- 0.1- - -1——10
magnetic perveance, and tin¢al effective perveance scales b _A
as normalized net current defined in EQO) except for
the case of very tenuous plasma. To within 5% accuracy,
K1(X)/Ko(X) =~ 1 + 1/(3x) for x > 0.1, andly(x)/11(X) ~
\1+ 4/x? for arbitrary x. ThereforeQes/Qo(l1a/1p, fy) in
Eqg. (30) can be readily calculated as a function gfl , and
the normalized plasma densflyby making use of the above
approximations and Eq¢12) and(18). The total effective
perveance can be expressed as

where the magnetic neutralizatig(r,) at the beam edge is
defined in Eq.(17). Here, the beam pervean€y in the
absence of plasma is defined by

_ 27e*ZEngr{

Iy

e

-Qefle

mee I’b [W+fp/(l+ fp)] Kl(rb/ap)

ot = — < = . (@0 |
Qerr YoM 8, (1+ ) (L + W)2 Ko(ry/8p) (30
In the nonrelativistic limit, and for, > &, andf, > 1, it 107 10” 10° 10’ 10°
follows thatW — 1 and Eq.(30) simplifies to give np/(anb)

Fig. 2. Plot of normalized total effective pervean€@y/Qe, WhereQ, =

% AL 1 . (31 Zyme/M, versus normalized plasma density/Zyn, for different values
M 26, (1+1,) of Iy/la.

Qerr = —
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the target chamber. This work is now underway. The analytHaun, K. & LEE, E.P. (1996. A study of stripped pinched-beam

ical formulas derived in this article can provide an impor-  transport for heavy ion fusiod. Fusion Eng. DesigB2-33

tant benchmark for numerical codes and provide scaling 417-424.

laws for different beam and plasma parameters. KAaGaNovicH, 1.D. (2002. In High Intensity Parti_cle Beams and
The charge neutralization depends crucially on the beam Nonneutral P_las”_"a_D'V'§'°”' Plasma Physics Laboratory,

length, and is determined by product of beam pulse duration Princeton University; online httg/w3.pppl.goy~nnp/.

AGANOVICH, I.D., SHVETS, G., STARTSEV, E. & DAVIDSON, R.C.
to plasmafrquenpybg)p/vb. It lpwp/Vy > 1, the degree of (2001). Nonlinear charge and current neutralization of an
charge neutralization is very close to unity. Current neutral-

THeYE e ion beam pulse in a pre-formed plasnizhys. Plasmas,
ization is usually weaker than charge neutralization. There- 41g9-4192.

fore, the magnetic pinching force dominates the electriovger, W.R. (2001). Overview of chamber and target technology
force, and total effective perveance is negative during quasi- R&D for heavy ion fusionNucl. Instrum. and Meth. Phys. Res.
steady-state beam propagation through the background A 464, 103-108.

plasma. The degree of current neutralization is determine@vson, C.L. (2001a). Chamber transporiucl. Instrum. and Meth.
by the ratio of the beam radius to the skin deptif(c/w,). A Phys. Rest64, 118-125.

The effective perveance of the beam including the effects ofLsoN, R.E. (2001b). Stripping cross-sections for fast, low
background plasma is given by EGO). charge state iondNucl. Instrum. and Meth. Phys. Res484,

. . 93-96.
In summary, the an.alytlcal reSU|tS. agree well with the TTINGER, P.F., WEBER, BV., HINSHELWoOD, D.D., NERI, JM.,
results of numerical simulations for ion beam charge an

i . h . i . f the d b STEPHANAKIS, S.J., YouNng, F.C., WELCH, D.R. & Rosg, DV.
current neutralization. The visualization of the data ob- (2002)). Neutralization of an intense proton beam during trans-

tained in the numerical simulations shows complex col-  ort in vacuumNucl. Instrum. and Meth. Phys. Res 484,
lective phenomena during beam entry into and exit from 321-325.

the plasma, and will be described in future publicationsPererson, PF. (2001). HIF liquid hydraulics scaling and pocket
Further visualization is also available on the website design.Nucl. Instrum. and Meth. Phys. Res484, 159-164.
http://w3.pppl.goy~nnp. RAJAGOPALAN, S., CLINE, D.B. & CHEN, P. (1995. Application
of a plasma lens to gamma collideltcl. Instrum. Meth. Phys.
Res. A355 169-170.
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