Nonlinear stopping power of ions in plasmas

O. Boine-Frankenheim?
Theoretical Quantum Electronics (TQE), TH Darmstadt, Hochschulstr. 4a, 64289 Darmstadt, Germany

(Received 16 October 1995; accepted 13 February )1996

The study of the nonlinear stopping power of ions in plasmas is of fundamental importance for
various applications. One example is the energy loss of heavy ions passing through a plasma. Due
to the high non-equilibrium charge states specific to heavy ions, the plasma regime with coupling
parameters Np<1 andZ,/Np=1 (Np~ number of electrons in a Debye sphefg,charge of the

ion) is of interest. In this regime, the Vlasov-Poisson system cannot be linearized, rather a fully
nonlinear treatment is required. In the present paper, the Vlasov-Poisson system is solved
numerically by using the capability of the new generation of massively parallel supercomputers. The
results are compared with the standard dielectric theory and a recent binary collision approach. It is
demonstrated that nonlinear effects lead to a strongly reduced Bragg-pedk/fép=1. In the
nonlinear regime, the scaling of the stopping power is close Z@’%Iaw, which is found to be
characteristic for the nonlinear stopping power, if the influence of close collisions on the induced
potential is treated properly. @996 American Institute of Physids$1070-664X96)03405-1

I. INTRODUCTION the high density of the compressed pellet
(0.1sZ,/Np=<10)."®

The stopping power of charged particles in plasmas is an  Usually the stopping power is calculated in the frame-
important quantity used in a variety of disciplines. One ex-work of the dielectric theory. Characteristic for the obtained
ample is the heating of matter with heavy ion bedrieavy  stopping power in hot plasmas is the maximum approximate
ion beams are potential candidates to serve as drivers f@rojectile velocities compared to the electron thermal speed
inertial confinement fusion(ICF)?> and to generate dense (Bragg-peak The aim of the analysis presented here is to
plasmas in parameter regions not accessible before. The alculate the exact stopping power for a given charge state
tainable target temperature is determined by the specific ey solving the Vlasov-Poisson system numerically. The exact
ergy (dE/dz)(N/wrS), with (dE/dz) the stopping power, solution of the Vlasov-Poisson system is of fundamental in-
N the number of particles ang, the focal spot radius on the terest, because the standard DT is limited to cases with
target. At Gesellschaft fuSchwerionenforschun¢GSl) in ~ Zp/Np<<1. Due to the high non-equilibrium charge states
Darmstadt, the key parameters of matter heated by heavy-ictPecific to heavy ions and high plasma densities, this condi-
beams are evaluated experimentally. Recent results concerion is violated in the applications.
ing the energy loss enhancement, relative to a cold target, of Firstthe DT will be described briefly. Then the failure of
heavy ions passing through a fully ionized hydrogen plasméhis theory for slow ions is demonstrated'an('j a.binary colli-
(ne=<7x 10 cm3) were reported in Ref. 3. The energy SioN approach for a Debye-shielded projectile is pres_ented.
loss in denser plasmag>10?° cm™3, relevant for the ICF The DT and Fhe new a_lpproach are then com_pared with the
scenarios, will be measured in future experiments. exact numerical solution of the Vlasov-Poisson system,

Another point of interest for the experimental work at which _is the basis of the ar_1alysis presented here, since only
GSI, and elsewhere, is the electron cooling of ion behms, collective plasma effects will be treateti§>1). The stan-

technique used in accelerator physics to reduce the pha rd tool for the simulation of collective processes in plas-

space volume of these beams. The cooling process is bas&if> are part|cle-|n.-ce(PIC) codes. nge Viasov S|mulat|ons
are performed, which are more laborious, but provide a much

on the energy loss due to Coulomb interaction of the ions irb .
. : . etter phase-space resolution. In order to also, study the stop-
a superimposed cold electron beam moving with the same.

average velocity and guided by a longitudinal magnetic field.plng power PIC simulations were performed at GSihe

: L . resul re difficul nalyz he inherent stron
Recent experimental resultf the longitudinal cooling esults are difficult to analyze due to the erent strong

force for medium and heavy ions show deviations from th noise, absent in Vlasov simulations. Owing to the noise in
orce Tor medium a eavy 1ons show geviations 1o She PIC results, it was not possible to obtain results for

;/;/]ell known Imtea”EEd theor|(=,|§. Fofr tlrcl)wlrela.ttlvgl VGIIOC'“?_S’ Z,/Np <5, for example. The comparison of PIC results with
€ experiments show a scaling of the fongitudinal CooliNga g 1t5 optained by using a Vlasov simulation was performed

force in the'charg.e state close td%( I'aw, in contrast to thg in Ref. 10, in the case of ion stopping along a strong mag-
standard dielectric theoryDT) described, for example, in o+ field.

Ref. 6. Understanding the origin of the modified scaling in 15 gescribe the process of ion stopping in a classical

Zy is of interest. _ , _ thermal plasma, it is useful to introduce the following dimen-
A last example is the internat-particle heating of fu-  gjgnless variables: r—r/\p, v=velvg, t— wpt

sion pellets. Here the interaction becomes quite strong due tP"v'?hf/nO ¢—ed/kT, n=ng/ny,Z=Z,/Np, wheren

is the initial electron density)x%sz/47rnoe2 the Debye
dElectronic mail: O.Boine-Frankenheim@gsi.de length, ND=nO)\% the number of particles in the Debye
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tron plasma temperaturke the Boltzmann constant armdand

m, the electron charge and mass, respectivEl.Z,/Np

characterizes the coupling strength between the projectile iofihe scaling of the DT irZ is approximately~Z?2 In(Kyz0).?
and the plasma. A handy formula is In the framework of the DT close collisions with<b, can-
Z~10*82p\/n—e[ cm 3]/(4T%q eV]). Of importance is the hot be treated® In order to exclude these collisions, one
impact parameter for Sadegree deflection in the bare Cou- Usually setqa,=1/b, with b, ~Z/(4(v;+2)). This pro-
lomb potentialb, =Z/(4wu?), with the relative velocity cedure is only appropriate if the total energy transfer in close
u?~v;+2. Note that for the mean quadratic electron speedcollisions is negligible.

(v2)=2v3 =2 holds in the chosen units. Often the Coulomb

logarithm A =In(\p/b,), which can easily be related to the

coupling paramete?, is used as measure of small angle B- Nonlinear screening of an ion at rest

collisions relative to large angle scattering of the electrons  For anion withv ,<1 one can get the approximate stop-
passing the projectile. In this work, the coupling parametehing power by using the definitiofEq. (4)] of the stopping

regionZ<10 (A=0.92), relevant for the applications, will power together with the static induced electric field
be treated based on the Vlasov equation for the distributiof. — — 9. /9z near the core ¢4 is the static induced

spherevtzh= kT/m, the electron thermal velocity, the elec- Yo \/; ‘{ 52)
s)=1\/=sexg —=|.
2 2

function f(r,v,t) of the plasma electrons potentia),
ot ot ag(r) of E
aVa T W @ — 45 =~ ZNoFindr=\e,). ©)
The Poisson equation is used to describe the electrostatigjs assumed that the electron cloud around the ion is shifted,
field independent orZ, by the characteristic length=v,=<1.
P This polarization effect causes the stopping force. It is worth
oz = 1on(N)+Za(r—vpeqt), (2)  noticing thatA~v, is a crude estimate. Using the Debye

potential in Eq.(6) results in az? scaling of the stopping

3 power. In order to obtain the exact static potential of an ion

n(r)=f d°vf(r,v). (3 at rest, the distribution function of the free electrons
f(r,v)=1/(2m)%? exp(—v?2+ ¢) for v>=2¢ is used. The

The stopping power is defined as trapped electrons cause no polarization effect if the ion is

dE I Pind(r =v,€,t) moving. For the resulting free electron dengi) follows:
Ta TN @
2
whereuv, is the velocity of the iong,q= ¢—Z/(4mr), the n($)=exp(b)(1— erf(V4))+ \/_;\/E @

potential induced by the ion. The plasma ions are treated as a ) ) ) _ )
homogeneous background, because it is assumed ghiat The Poisson equation describes the nonlinear coupling be-
much larger than the thermal speed of the plasma ions.  tween the bare ion potential and the electron der(3ity
9 bing Z
— oz 1Nl o=dinat 1] 8

II. ANALYTICAL APPROACHES

A. Dielectric theory This can also be formulated as an integral equation for

Pind>
In the standard dielectric theoffpT), it is assumed that . (r')2
the ion can be treated as a small perturbatidre(). The ¢md(r):f dr'gq(e(r')) ——, (9)
stopping power resulting from the linearization of the 0 r-
Vlasov-Poisson-system'is with r-=max¢’,r) and the total charge density

dE  Z°Np (vp q(r)=1-n(r). Equation(8) can be solved numerically by
T4z —Zﬂzvzfo dwwG(W,Kmay), (5  using a successive-over-relaxati¢BOR schemé? In the
P numerical scheme, a smoothed Coulomb potential is used

ZI(4mr)—2ZI(47r) erf(r/€), with a sufficiently lowe<1.
G(Wikmax):Y(W)( IN(Kmax) The results for differen? are shown in Fig. 1. It is seen that
even forZ<1 the static induced potential, which causes the
1 (1+X(W)IKZ 0%+ Y(W)2KE stopping force on slow ions, is different from the well-known
2" XZ(W) + YZ(w) ) Debye result. In the following, an exact analytical result will

) be obtained for the induced electric field near the core. For
X(w) ( Khaxt X(W) X(W)) r<l the pure Coulomb potential dominates

T ovow) | ATy Aty B(r)—2Z/(4r). From(7) we get in the limités1,

_52 s y2 B 2 B l\/z
X(s)=1—s ex;{T) fody exp(f), q(r)——\/—;\/g——; = (10)
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In conclusion, it was demonstrated that 6= 0.1 the
3 standard dielectric or Debye theory is inadequate to calculate
7 the exact potential of an ion at rest on distancesl from
the core. Only the full nonlinear theory can treat the influ-
ence of the close collisions on the shielding sufficiently and
reproduce the correc%‘/Z—p scaling of the induced electric
field near the core, responsible for the stopping power. Due
to this fact, it could be expected that fA= 0.1 the stopping
power of slow ions cannot be treated accurately in the frame-
work of the dielectric theory.
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r ) ' ' C. Binary collision theory

‘ S _ _ In principle, the exact stopping power can be calculated
FIG. 1. The |nduc§d potential divided kz/cal_cula_ted numeru_:all)(sohd in the framework of the binary collision the&f&/if the en-
lines). The dashed lines represent the approximative expression presented in . . .
the text and the Debye result. ergy transfer cross section for the dynamically shielded po-

tential is known,

dE u
) R el
in contrast to the Debye result for small assumingp<1, dz f dvt(v) vpf doAE, 13
o where AE=2v ,(v,—v))SIF(02) —v v, sin O, is the en-
ar=—¢=-7- (1D ergy transfer due to a single electron with the initial velocity

_ , _ , v=(v, ,v)).!® O is the scattering angle in the frame of the
This lowering of the electron density for smallr, relative 5" For a'slow ion ¢,=1), it can be assumed that the total

to the Debye result, is caused by the strong deflection and thﬁotential is nearly spherical. Then E4.3) can be evaluated
high velocity of the electrons near the core. Electrons passy;iher

ing the ion with impact parametels<b, ~Z/(8) cannot

be treated correctly in the linear dielectric description, which dE  Z°Np (> (=
is valid only for nearly straight line trajectories. Using the  ~ 4z 4x f_ocfo duydo,
exact charge density near the c6t6) together with Gauss’s
law, it is possible to obtain the static induced electric field: A(u)
Xf(vL,v”)—uy(vp—v”), (14)
1 ' ’ 2 ’ 2
Fing(r)= r_zfoq(r )(r)7dri=- E\/E 12 yith the generalized Coulomb logarithm,

Again, in contrast to the Debye resuk;,4(r)=—2/(8)
for smallr. In Fig. 1, it can be seen that the induced potential
bing(r) = 4/(157)\Zr¥2+ const resulting from Eq(12) is
valid for approximatelyr <b, ~Z/(8). The approximate andb, =Z/(4mu?). For a Debye potential a numerical fit for
stopping power for slow ions can now be obtained by using\(U) is given by the authors of Ref. 153 1.17h,),
Eq. (6) together with Eq(12). This leads to &2 scaling of (1+5)2 In(1+5)
the stopping power. ANS)=—F——

The direct relation to th&3? scaling of the longitudinal (2+s)
cooling force for slow ions, measured in recent experiments, s
is difficult, because a strong magnetic field is present in the - m+0-1$ exp(—0.58), (16)
electron cooler and should be considered in the calculations.
This is quite a complicated task. Nevertheless, for low ionwhich can be used in Eq14) to obtain the stopping power
velocities and high charge states, it can be assumed that tlire the framework of the binary collision theory for a Debye
magnetic field plays only a minor role for the determinationshielded potentialBCTD).
of the scaling law. Note th&;,q(\) resulting from Eq(12) In Ref. 15, the authors used E@.3) without theu/v,,
only depends on the electrons in the regiea\. The scat- term in order to calculate the stopping powésee the
tering angle of the electrons passing the ion viitiA<b, comment® on Ref. 15. Here the correct binary collision
will be unaffected by the magnetic field, because the electheory* is used together with Eq16). Note that in contrast
trons are strongly accelerated near the core and so the intdp the standard DT, the BCTD treats the energy transfer in
action time is short in comparison to the cyclotron period. close collisions exactly.

For relative velocities <v, (r is the Larmor radius For the determination of Eq16) it is assumed that the
it becomes more appropriate to calculate the longitudinalon is Debye-shielded. This assumption fails if dynamical
cooling force in the infinitely strong magnetic field shielding becomes important at higher projectile velocities.
approximationt® For practical purposes, a stopping power formula covering

AMu)= %f:bdbsinz(@(:(b)/Z), (15
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lll. VLASOV SIMULATIONS

all projectile velocities is necessary. This can be done by . . .
simply combining the BCTD with the DTcombined for- Th_e t|me-dep.endent \/Igsov—Pmsson system s solved
mula (CP)], _nu.merlcally by using a splitting scher_ne along the character-
istics (see the Appendjx The code is implemented on mas-
sively parallel supercomputers in order to handle the large

:l—s = (Umvax—vp) z—s vvp Z—s four-dimensional4D) phase space.
max BCTD ~Max DT Figure 2 shows the stopping power dividedy in the
weak nonlinear caseZ(=1) as a function ob,. In Figs. 3
dE _dE and 4 the stopping power in the nonlinear cage=6 and

» Up=Umax 10) is plotted. It is seen that the standard [B) strongly

overestimates the stopping power around the Bragg-peak for
Here the BCTD is used fow,<vma and the DT for Z=1. As an approximation of the nonlinear stopping power,
U p> U max, With v 54 to be determined by the exact numerical the presented combined formul€F) (17) can be used if
solution of the Vlasov-Poisson systdisee Sec. Il Umax=D5 IS set.

For highZ, the linear Debye screening is lowered due to  In Figs. 5 and 6, the scaling of the stopping power in
the strong acceleration of plasma electrons near the(seee  Z is shown. In Fig. 5 it is seen that f@=0.1, the stopping
Sec. 11 B. In this case, the BCTD will underestimate the power atv p=1 is different from the DT result. Fa£>1 the
stopping power and the generalized Coulomb logarithm fosscaling becomes close to t#&’? law obtained analytically

the exact potential8) should be used instead of E{.6). above, in contrast to the DT. In Fig. 6, it is shown that for
Z>1, the scaling of the Bragg-peak {~2) is also close to
a 7% law— —again in contrast to the DT result.

Up=Umax 77§z
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FIG. 3. Comparison of the numerical resulésarg with the CF, the DT and  FIG. 5. Comparison of the DT, the BCTD, the numerical res(gtarg and
the BCTD forZ=5 as a function ob,. az% scaling law forv,=1.
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fied by the numerically obtained exact electron trajectories,
which show strong deflections by the induced wake field.

IV. SUMMARY AND CONCLUSIONS

Based on the numerical solution of the Vlasov-Poisson
system and a binary collision approach the nonlinear modi-
fications of the dielectric theory are analyzed. It was demon-
strated that foZ=1, due to nonlinear effects, the dielectric
theory strongly overestimates the stopping power for slow
ions. In the nonlinear regime, the Bragg-peak obeys a scaling
law close toZ3?. ForZ,/Np=0.1, the induced static poten-

0.1 1.0 10.0 tial near the ion core, which is responsible for the stopping
Z power of slow ions, is different from the linear Debye result.
The induced electric field near the core obey@ scaling
FIG. 6. Comparison of the DT, the numerical resulssars and az%2  law, in contrast to the well-known Debye result, which leads
scaling law forv,=2. to the approximatéf;’2 scaling of the stopping power for low
velocities. TheZ}? scaling law is characteristic for the non-
linear stopping power due to the influence of close collisions

Using the numerically obtained exact stopping power to-on the induced potential. The presented binary collision
gether with the BCTD, which is valid for low ion velocities theory for a Debye potentieﬂBCTD) can be used for ion
and moderate higlz, it is possible to determine the ion velocitiesv ,<vy, and Z,/Np<10. This theory is also rel-
velocity at which dynamical screening becomes importantevant for the internal heating of high density fusion pellets,
At this velocity, the BCTD starts to underestimate the stophecause for the typical velocity of charged-fusion products
ping power, because the ion is no longer Debye-shielded.,'s, etc), Vp=Uth holds! An expression combining the DT
This is the case fop,=1, as can be seen in Figs. 2 and 3. wijth the BCTD is able to fit the numerically obtained stop-

For Z=10, the BCTD slightly underestimates the stop- ping power and should be used for the determination of the
ping power, even fov,= 0.5 (see Fig. 4 At this highZ, the  gpecific energy deposition of heavy ions in plasmas. Using
lowering of Debye-shielding, as described in Section Il B,the BCTD together with the exact numerical results, the on-
becomes important for the determination of the energy transset of dynamical screening for,= vy, can be located. It is
fer. demonstrated that, in the nonlinear case, the wake field in-

In Fig. 7, the potential divided by is plotted on the duced behind the ion is weaker than predicted by the dielec-

z-axis for Z=1, 5 and 10 and,=3. It is seen that the tric theory. The structure of the wake field is important for
scaling of excited wake field amplitudes ihis lower than  the determination of the correlation in ion-clustéfts.

predicted by the dielectric theory). This lowering is due

to the fact that electrons are strongly deflected by the selfaAcCKNOWLEDGMENTS

consistent potential humps excited behind the ion. The wake ,

field in the linear case is excited by the coherent oscillations The author would like t,o thank Profess_or P. I\_/Iul_s«_ar from
of the electrons passing the ibhThese oscillations are de- | Darmstadtand Dr. J. D’Avanzo from Istituto di Fisica del
stroyed if these self-generated potential humps can no |Ongé3rlasma, Milano for valuable discussions. The author would

be treated as small perturbations with< 1. This was veri- also like to thank the Paderborn Center for Parallel Comput-
' ing (PC), the Forschungszentrumliblh and the GSI Com-

puting Center for computer time allocation.
The author is supported by Bundesministerium Bil-
dung und Forschun@MBF), Bonn, Germany.

—dE/dz/(ZNy)

0.06 | APPENDIX: NUMERICAL SCHEME

0.04} The time-dependent Vlasov-Poisson system is solved
until a stationary stopping power is reached. The ion is lo-
cated in the middle=L/2,r =0 of a cylindrical box with a
total lengthL and radiusR. In order to resolve the excited
wake field,L>v, andR>1 must hold. The energy transfer
in close collisions determinasr,dz. Typical values chosen
in the simulation areL=100, R=20, dr,dz=0.15. They
, , ] strongly depend oZ andv, and have been found in exten-
_25 —20 -15 -10 <=5 0 5 10 sive test runs. Initially, a Maxwellian distribution is chosen
‘ z for the electrons. The Vlasov-Poisson system is advanced
using the well-known method of fractional steps first de-
FIG. 7. Comparison of the total potentials divided Byon thez-axis for ~ SCfibed in Ref. 19. This method has been used successfully
vp,=3 andz=1, 5 and 10. for the simulation of nonlinear plasma phenomena in two
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and three phase-space dimensidgese for example Refs. sent to the master process, which solves the Poisson equa-
20-22 and can easily be implemented on parallel computtion. The master sends the calculated potential back to each
ers. Here this scheme is used for the first time in four phasslave. Before the shift in the-direction is performedStep
space dimensions. Let us defing=nAt and t,, 1»=(n 4), every slave gets a phase space strip of the thickness
+3)At. v,At+1Az from his neighbors, wheré is the number of
Step 1: points used for the interpolation. The scheme presented here
is only applicable if the interpolation is done locally. The
public domain software PVMParallel Virtual Maching is

At
fa(r,zvr ,vz,tn+1,2)=f(r—vr7,z,v, 'Uz’t“)' used as a message passing library.

Step 2:

At IR. C. Arnold and J. Meyer-ter-Vehn, Z. Phys.9D65 (1988.
fo(r,z,0, 0z, th10) = fl( [Z—U,— ,U;,U; ,tn+1,2> . 2R. Bock, I. Hofmann, and R. Arnold, Nucl. Sci. Apg, 97 (1984.
2 3J. Jacoby, D.H.H. Hoffmann, W. Laux, R.W. \er, H. Wahl, K. Weyrich,
Step 3: E. Boggasch, B. Heimrich, C. Stkl, H. Wetzler, and S. Miyamoto, Phys.
' Rev. Lett.74, 1550(1995.
fa(r,2,0, 05 ths1s) :¢\|/-|v Strensen and E. Bonderup, Nucl. Instrum. Methad$, 27 (1983.
. Winkler, K. Beckert, F. Bosch, H. Eickhoff, B. Franzke, O. Klepper, F.
— Nolden, H. Reich, B. Schlitt, P. Sgtke, and M. Steck, “Electron cooling
Fo(r, 2,00+ Er(tn+ 12 ALz b 172). force measurements for highly charged ions in the ESR”, to appear in
Step 4: Hyperfine Interact.
5Th. Peter and J. Meyer-ter-Vehn, Phys. Revi3\ 1998(1997).
fa(r,z,v,,0,,th112) ’C. K. Li and R. D. Petrasso, Phys. Rev. L&tf, 3059(1993.
8J. D. Lindl, R. L. McCrory, and E. M. Champbell, Phys. Tod4§, 32
:f3(rizrvr1UZ+EZ(tn+l/2)Atrtn+l/2)' (1992.

. . 9J. D’Avanzo(private communication, 1995
Performing Step 2 ahl a second time leads to the complete°o, Boine-Frankenheim and J. D'Avanzo, Phys. PlasB)£92 (1996.

time step. The interpolation is done using an off-center thre€'A. 1. Akhiezer, I. A. Akhiezer, R. V. Polovin, A. G. Sitenko, and K. N.
point interpolation following Ref. 23. The Poisson equation StépanovPlasma Electrodynamicg>ergamon, Oxford, 1975V0l. 2, p.
is solved att,,, 1, using a Fast Fourier Transfor(®FT) in 127, .peter‘ J. Plasma Phy&4, 269 (1990).

the z-direction, solving the resulting tridiagonal systems and3r. L. Spencer, S. N. Rasband, and R. R. Vanfleet, Phys. FIuBls4B67
performing the inverse FFT. Periodic boundary condition514(1993-

are used az=0L. At r=0R, reflecting boundary condi- - Sigmund, Phys. Rev. 26, 2497 (1982).

. . . 15C. A. Ordonez and M. I. Molina, Phys. Rev. Lef2, 2407 (1994.
tions are used for the Vlasov equation and for the Poissoms; Dufty, R. Stamm, and B. Talin, Phys. Rev. L&, 3195(1995.

equation,#(R)=0 is set. The total number of grid points ’pP. Mulser, K. Niu, and R.C. Arnold, Nucl. Instrum. Methods Phys. Res. A

used isN, X N,X N, XN, =100x500x 70X 70(~1 GB). 278 89 (1989.

L . 183, D’Avanzo, M. Lontano, and P. F. Bortignon, Phys. Rev43 6126
The code is implemented on massively parallel super- 1995,

computers(96 Node Parsytec GC/PP, 140 Node Intel Para°s. G. Cheng and G. Knorr, J. Comput. Phg8, 330 (1976.

gon)_ This is done by using a master-slave scheme. ThéOA. Ghizzo, P. Bertrand, M. Shoucri, E. Fijalkow, and M. Feix, Phys. Fluids
L . - B 5, 4312(1993.

pha;e space is divided into equal partitions along ' j[heglA. Bergmann and P. Mulser, Phys. RevAE 3585(1993.

z-axis. Every slave process handles only one such partitionzy ryni and P. Mulser, Phys. Lett. 205, 388 (1995.

Before Step 3 the charge density is calculated locally an@w. S. Lawson, J. Comput. Phy81, 51 (1985.
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