Stopping power of ions in a strongly magnetized plasma
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The energy loss of heavy ions in a strongly magnetized plasma is studied by means of Vlasov and
Particle-in-Cell(PIC) simulations. The topic is of importance for many practical applications, as for
example in the electron cooling of heavy ion beams. Measurements of the longitudinal cooling force
show strong deviations from the well known linear theories. Moreover, the possibility of heavy ions
to reach high charge staté, increases the interest in understanding the plasma regime with
coupling parameteZ,/Np>1 (Np is the number of electrons in a Debye sphevehen nonlinear
phenomena are important. In this regime a linearization of the drift kinetic Vlasov—Poisson system
is not possible, so that a fully nonlinear numerical approach is unavoidable. Comparisons between
the two numerical schemes are made for the stopping power and the potential created in the plasma
by a moving ion, together with the dielectric theory of ion stopping. Our results show strong
deviations from the dielectric theory, and our investigations show the importance of the role played
by the electrons trapped in the potential troughs excited by the ion in the stopping proces3960©
American Institute of Physic§S1070-664X96)02003-9

I. INTRODUCTION and collisionless plasmaNp>1). We shall assumg <A\ in
the following, wherer_ is the electron Larmor radius and

The stopping power of ions in a magnetized plasmais an=y,/wp the dynamical screening length, with
important quantity for the electron cooling of ion beahis w3=4mnye?/m, the plasma frequency, in order to apply the
technique used in accelerator physics to reduce the phasg@proximation of an infinite magnetic field. The electron dy-
space volume of ion beams. The cooling process is based gfamics in the transverse direction is effectively frozen in the
the energy loss due to Coulomb interaction of the ions in a&trong magnetic field, and the motion reduces to one dimen-
superimposed cold electron beam moving with the same awion. In this case the drift kinetic Vlasov equation coupled
erage velocity and guided by a longitudinal magnetic figld  with the Poisson equation can be used to study the collective
Typical parameters for an electron cooling device areelectron responseWithin the framework of the linearized
T=10"'-10"* eV and n=10°-10° cm 3, which means drift kinetic Vlasov—Poisson system a similar problem has
that Np=10"2-10", i.e., the plasma regime covers a wide been already addressed in Refs. 4 and 5, where the stopping
region of parameters, running from strongly coupledpower and wake field are calculated for superthermal elec-
(Np<1) to ideal plasmas. Furthermore, the longitudinaltrons in a magnetized plasma. Following O'NRilf is
magnetic field is quite strongB~1 kG). The process is claimed that the usual dielectric theory is not valid for the
characterized by a cooling time and a final ion-beam temproblem considered in the present work. The argumentation
perature, and these quantities may be obtained when frictioig based on O’Neil’s one-dimensional solution for the steady-
(drag and diffusion in ion-velocity space are determined.state amplitude of an initial periodic perturbation. He showed
Recent experimental resultof the longitudinal cooling that the usual Landau damping is correct only for short
force for fully stripped medium and heavy ions show devia-times, so that the steady-state solution cannot be described
tions from the well known linearized theories, the dielectrichy the usual dielectric theory. The electrons trapped in the
and binary collision theories. The reason is addressed to noRvave are essential to determine the asymptdtic ¢) wake
linear plasma phenomena, the interaction being quite strongield. It must be noted that this argumentation is valid only if
(Zp/Np>1). Interest arises in understanding these phenomthe velocity phase space is one-dimensional. In more dimen-
ena. Another point of interest is the question of whether thesjons wave-electron energy transfer is possible via small
stopping power reaches a stationary state during the coolingngle deflections and the usual dielectric approach can be
process. The interaction time between the incoming ion andsed to describe also the asymptotic behavior in time. The
the electron beam in the cooling section is of the order of aonlinear stopping power of a negative ion in a one-
few plasma periods. This means that the time evolution is oflimensional plasma has been treated in Ref. 7, where a non-
great importance in determining the cooling process of théinear analytic solution is obtained for the stopping power in
ion beam. In this paper we study the interaction of a heavythe limit of small velocitiesp g<uvy, . This solution is differ-
ion moving in a strongly magnetized plasma, with particularent from the dielectric result. Also the problem of the exist-
interest for the nonlinear regime of interaction in a classicaknce of a steady-state stopping power in a collisionless
plasma has been considered there. For the determination of
9Also Dipartimento di Ingegneria Nucleare, Politecnico di Milano, via the longitudinal cooling force, and also for a general under-
Ponzio 34/3, 20133, Milano, Italy. standing of nonlinear plasma effects connected with ion stop-
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ping, the drift kinetic Vlasov—Poisson system must be solvedtandard binary collision theofBCT) for a bare Coulomb
numerically. The results of the numerical solution will be potential with an upper cut-ofb,,,=r_ (see Ref. 9 for a
presented, together with the results obtained by Particle-indetailed description of the BQT

Cell (PIC) simulations. With the help of the full time depen-

2 © [
dent solution, analytical models can be checked. In Sec. Il — d_E :Z NDJ f do,dv,
the drift kinetic Vlasov—Poisson system is introduced and a dz gy  4m J-=Jo
short review of some standard analytical approadises. A (U)
ll1), together with some global considerations and scaling Xf(v,,v)—35 (vg—v,) (5)

laws (Sec. V), is presented. To describe the process of ion u®
stopping in a classical thermal plasma it is useful to intro-with

duce the following dimensionless variablesi—r/\p, 2
v=velvy, t—wpt, fov3fing, ¢—ed/kT, n=n./ngy, )\(U):Elr'I(bn;aX‘f‘l
Z=Z,/Np, wheren, is the initial electron density\d 2\ b?
=k'|.'/47rn.oe2 the Debye IengtthD:no)\% the number of  perey = 7/(47u?) is the impact parameter for 90° deflec-
particles in the Debye spherey, = kT/m, the electron ther-  1ion in the Coulomb potential,l2=(vo—vz)2+vr2 the rela-

mal velocity, T the electron plasma temperatukethe Bolt- yiye velocity andf (v, ,v,) the Maxwell distribution of the
zmann constang and m, the electron charge and mass re- 5j35ma electrons. The stopping power can be calculated as
spectively,Z, the charge state of the ioh=f(r,v;,t) isthe  the sum of both contributions, E@) for b=r, and Eq.(5)
electron distribution function, and= qb(F,t) the electro- for b<r . The separation in these two contributions is pos-
static potential. Finally we want to stress that in this papesible as long as; <\ holds.

we neglect all atomic physics processes as ionization and

recombination, being not directly of concern with the subjectill. REVIEW OF SOME ANALYTICAL APPROACHES

of this work.

: (6)

Before starting to present our numerical results, we want
to review the well known theories and point out some pecu-
II. DRIFT KINETIC VLASOV-POISSON SYSTEM liarities of the ion stopping in a strongly magnetized plasma.
A classical and collisionless electron plasma with a ho-'g‘S far as we klnow, these %e.cu:!?m'?s do not appear to have
mogeneous ion background and immersed in a strong Iong|-een previously recoghized in fiterature.
tudinal magnetic field=Be,) can be treated in the frame- A. Binary collision theory

work of the Vlasov—Poisson equations.rlf<x holds, one An alternative approach to E¢4) for the calculation of
can thln_k qf ele_ctron guiding centc_ars moving only along t_hethe stopping power is to look at the energy trangf& along
magnetic field lines, and the motion of the electrons beingphe characteristics of a test electron. Since velocity space is
one-dimensional. Theedrn‘t kinetic Vlasov equation for the one-dimensional, energy can be transferred only if an elec-
distribution functionf(r,v,,t),® coupled with the Poisson tron is reflected by the potential. This holds as long as the ion
equation for the electrostatic potentia(r,t) thus becomes is moving along theB-field. The energy transferred by a

(see also Ref.)1 reflected electron with impact parameteand initial veloc-
- ity v, is:
of af  ap(r,t) of 2
AT T e, O (@ AE(D)=2v0(vo=v,), (v~ 00)* < —2¢min(b).  (7)
24 The stopping power is
— = =1-n(r,) +Z&(r —vEyt), ) dE . u [
or - —=277NDJ dv,f(v,)— f bdbAE(b), (8)
dZ — o0 vO 0
where

where u=|vy—v,| is the relative velocity and(v,) is a
n(F,t)=f dv,f(r,v,,1) (3)  Maxwell distribution. We notice that Eq8) is exact, as far
as the exact expression for the potentg},,(b) is known. In
is the electron density. In Eq1) the 8-function represents conclusion, contrary to the three-dimensional case, stopping
the point like projectile. Once the solution for the potential isis due only to collective effects. Since potential energy
known, the stopping power is defined as humps ¥ max= — émin) can be induced only by clumps of free
.. plasma electrons, it i&;in(0) = Pmin ind(b) -
dE IPind(r =vot) 4
dz “° 9z ' @ B Dielectric theory

The magnetic field cannot be regarded as infinite for those The stopping power can be calculated via the induced
electron guiding centers passing the ion with impact paramelectric field at the position of the iom¢;,q/dz, as ex-
etersb=<r <\. The exact inclusion of effects due to the pressed in Eq4). This approach is the starting point for any
finite size of the Larmor radius is quite complicated, never-mean-field theory, including the dielectric theory that will be
theless the stopping power due to these electrons can be dpriefly discussed here. In the dielectric theory the Vlasov—
proximated by neglecting the magnetic field and using thePoisson systenl),(2) is linearized by assuming<1, and
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solved by using the Fourier and Laplace transform techelectric theory predicts a scaling of the stopping power as

nigues in space and time, respectively. The potential is

exp(ikr)

k?e(k,kvo)

- z
¢urzawffd%

where e(IZ,w) is the dielectric function for a strongly mag-
netized plasma:

9)

1 Uok kaZ
e(K,vok,) = 1+ ( k] +iY |k|)) (10
X(s)=1-s exr{%) f:dy ex;{y?), (11
T s?
Y(s)= \/;s ex;{ - E)' (12

In passing we remember that the solutions of the equatioif
e(k w)=0 are plasma modes. Plasma waves are excited fq

k,<1 and forvy>1. The evaluation of Eq(9) along the
z-axis (p=0) leads to

d(z2)= fd
(K?+X(vg))sin(kz)+ Y(vo)(1—cogkz)) 13
(K X(wo) 7+ Yi(vg) 3
The stopping power is
dE  Z°Np [ kmax 1 ( 1 )
_E__Z(Zw) . dkkf_lduulm —e(k,kUUo)’

14

where a cut-off,,,,x has been introduced to avoid the diver-
gence of thek-integral due to close collisions. This expres-
sion can be evaluated exactly in the one-dimensional case;

dE  Z°Np

- d 4_2_G(UO Kmax)» (15

where
G(W,Kmay) = Y(W)( In (Kmax)

(14 X(W)/K2 02+ Y (W) 2K o

4 XZ(W)+ Y2(w)

X(w)

max+ X(w)
T 2Y(w)

Y(w)

arctan

(16)

—arctan

X(W))
Y(w)

Since the stopping power in the strong magnetic field ap-

Z?Np, for a given ion velocity . In the limit of v o>1 Eq.
(14) can be calculated without the need of any cutoff. We
obtain:

dE  Z°Np
P
For the energy loss of a negative ion in a strong magnetic

field k,,.x=1/b, must be set in order to treat the reflected
electrons.

(17)

2-
87TUO

C. An oscillator model for the stopping power

Whenv > 1, one can think that stopping power is due to
the excitation of undamped linear waves. The electrons,
moving in a strong magnetic field, react as one-dimensional
oscillators driven by the moving ion. The eigenfrequency of
e oscillators is the plasma frequeney=1. If & is the
isplacement along thB-field andF the projection of the
bree (see also Ref. )Qthe equation of motion is

&+&=F (18)
where
vot+ g”
Fi(t,b)=— .
I(t.0) 47 ((vot+&)2+b2)%2
The solution is
t
§H(t'b):j dt'F(t’',b)sin(t—t"). (19
The total energy gained by one single oscillator is
1 22 2 1 * i ’
AE(b)=3 (¢ +§\\)|Hm=§ f_xthH(t,b)eXF('t)
(20)

Equatlon (20) can be calculated for small displacements
§<

AE(b)=2—2K2 b (22)
4y \vg)

Forvo>1 the internal motion of the plasma electrons can be
neglected and Ed8) can be simplified in order to obtain the
stopping power:

2

9E LN jwbdbAE b ——ZZ No 22
_E_ T 0 ( )_8’7TUO ( )

Equation(22) coincides with Eq(17), and gives the collec-
tive energy loss. For a negative ion the energy loss due to the
reflected electrons must be added.

IV. SCALING LAWS

Since no analytical solution can be given for the stop-

proximation is due only to the excitation of collective modes,ping power whenZ=1, in this section we want to make
kmax=1 can be chosen for a positive ion. Electron plasmasome simple estimates to obtain approximate scaling laws
modes withk>1 are strongly damped and can be neglectedor the stopping power in the form of dE/dz~Z*, in the

in the dielectric approach. This is the opposite to the iontwo limiting cases oby>1 andvy<<1. As discussed in Sec.
stopping without an external magnetic field, where the largédll B, plasma waves are excited by fast ions. In this case the
angle deflections in the Coulomb potential produce densitglielectric theory could be used, which predictZascaling

perturbations on scales smaller theg. Notice that the di-
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scaling can be modified by nonlinear wave excitation. Since

the stationary state of the excited wave is determined only by 0.0040 T . . . '
the trapped electrorfsstrong modifications of the dielectric ;
theory results are expected even 01, contrary to the o. 00305
three-dimensional case. A linearized theory cannot account = !
for trapped electron effects. In order to obtain the scaling law & :
for low velocitiesvy<1 we write Eq.(4) in terms of the & 0.0020F
solution of the Poisson equation in the rest frame of the E : ]
projectile ion: ' o0iob 225, vimt 3
dE r'v r' :
_E:ZNDJ d3r’v—o?s—,)3)-, (23 0.0000F . , . . .
0 20 40 60 80 100
time

where q(r)=1—n(r) is the total charge density of the
plasma. For small velocities the electron screening cloud
around the ion is ellipsoidal, shortened in the direction of ionFIG. 1. The stopping power as a function of time @5, vo=4 from
motion by A =v,<1.112This polarization effect causes the Viasov simulations.

stopping force on the slowly moving ion. On the other hand,

trapped electrons cause no polarization effect if the ion is

moving. If we assume for the plasma free electrons a Max&n initial transient which depends in general on bztand

wellian distribution, f(r,v,)=(1\27)exp(vZ2+ ¢) for  Vo- The oscillating structure of the stopping power is found
v2=2¢, we get for the electron density to be a global characteristic for the problem under consider-

ation, due to electrons trapped in the potential troughs ex-
N(¢)=exp(¢)(1— erf(Ve)). (24 cited by the projectile. The PIC simulations cannot resolve

Near the core{<1) the potential can be approximated by these detail4Fig. 2). The frequency of these oscillations is
the pure Coulomb potential, p~Z/(4mr)>1, and directly related to the bounce frequency of the electrons

r1(r)~1/\/77—qS holds. That is, in the stationary case the Ve_f[rapped in the pqten_tial energy minima behind the ion. This
locity of the free electrons increases near the deeergy is dem.on_stra_ted in F|g. 3, _vvhere the contour plot (_)f the elec-
conservationand the density decreases. This means that thn distribution function is shown for=0.2 at different
plasma free electrons antishield the projectdediscussion M€ Steps. Her&=>5 andv,=4. The time step is equal to
of screening in a strongly magnetized plasma can be found ngIf of the oscillation period of the stopping power seen in

Ref. 13. Finally, in Eq. (23) g~1, and we get simply Fig. 1. The closed loops at~—40 and_z~—70 a_round
—dE/dz~Z, the stopping power scales linearly with the vo=v,=4 represent electrons trapped in the excited wave
perturbation for g<1. field. (We remind that since the distribution function is not

stationary in time, the contour lines cannot be directly related

to the electron trajectories in thee-v, phase spaceNotice

V. NUMERICAL RESULTS that the rotation frequency of the centers of the closed loops
In this section we present results obtained by solvingabOUt each other is the same as half the oscillation frequency

numerically the coupled drift kinetic Vlasov—Poisson system@f the stopping power shown in Fig. 1. A=90 the centers
(1),(2) using a splitting schem@Appendix A), and compare of the closed loops are r_learly on a ver_tlcal line, whlle_ at
them with PIC simulationgAppendix B. It is worth notic- t_~ 105 they are on a horizontal line. Th|§ leads to oscilla-
ing at this point that the results that will be presented in thdons of the density in the frame of the ion and so of the
following concerning the PIC simulations refer to the very StOPPINg power. The PIC code is unable to resolve these
strong nonlinear regimeZ(>10), since for loweZ the level

of numerical noise increases and becomes comparable with
the intensity of the perturbation. The reason is addressed to

the poor statistics in the phase space, which causes the loss 0'00705 P 7230, vnt 3
of some microscopic details, but neverthelessZor10 the °'°°6°§ e E
obtained stopping power shows good agreement with the - 0.0050F 3
Vlasov simulations. This will be pointed out below. Vlasov :5/ 0.0040k 3
simulations, on the other hand, show very high resolution for E :
everyZ, the price to pay being a very high memory alloca- o 0:0050¢
tion and computer time. Since no particle transport exists ¥ 0.0020F
between differenB-field lines, the problem is ideal for par-
allel computing. Initially a Maxwell distribution is chosen Z'SES)Z? E

for the electrons. The projectile ion velocity, is held con- v 0 . alo
stant during the interaction. Figures 1 and 2 show the stop- time
ping power versus time fary=4 respectively from the Vla-

sov (Z:5_) and from PIC Z=30) SimL_Jlati_OﬂS. In both cases rig. 2, The stopping power as a function of time @30, vo=4 from
the stopping power reaches an oscillating steady-state afterc simulation.
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FIG. 5. The scaling of the normalized stopping powedE/dz~Z* for
differentvy.

tric theory and the oscillator model. Results for
Z=0.1, 1, 5 are obtained with the Vlasov simulations, while
Z=30 are PIC results. Here we have defined the stopping
power as the mean value in time. Within the dielectric theory
the normalized stopping force is independenZdbér a given
velocity vy, as shown in Sec. Il B. The simulations show
that this is not the case. F@r=0.1 andvy<4 the stopping

2 power can be approximated by E@L5) if we choose
Kmax=2. For increasin@ and forvy<4 the normalized stop-
ping power is considerably lower than the result predicted by
the dielectric theory. In this regime it is not possible to fit the
stopping power by using 2 dependenk ., in the dielectric
theory. On the other hand, fop>4 the normalized stopping

details due the poor statistics in the phase-space regiorl@'ce lies slightly higher than predicted by the dielectric

where particle trapping occurs. In these regions, which ard€0ry or oscillator model. This is due to the excitation of
crucial for the problem considered in this work, PIC simula-Nonlinear plasma waves. Figure 5 shows the resulting scaling

tions lack an adequate number of simulation particles to disOf € Stopping power i. Notice that forv,=1 we obtain

play the distribution functionsee, for example, Ref. 14, the !inearZ scaling, as descrit_)ed in detalil _in the previous
where, however, no explicit comparison between the two nuSection, even foZ<1. Increasing the velocity we recover

merical approaches have been madégure 4 shows results the Z? scaling. To improve our understanding on the nonlin-
from our simulations for the normalized stopping powerear stopping power it is worth performing a detailed study of

(dE/dX)/(Z2Np) versusu,, compared with both the dielec- the nonlinear electr.ostat.ic. potential excit.ed by the projectile.
In Fig. 6 the wake fielddivided byZ) obtained from Vlasov

FIG. 3. Contour plots of the electron distribution functibfr =0.2,z,v,)
for Z=5 andvy=4 at different times.

e . . y r
0.015}f 7 0.010F
= dielectric E
pd F
g [ N 0.000f
X 0.010 ° :
N r -~
2 & —0.010
% b E
I E
0.005} -0.020F
[ _ ~0.030f
0.000 9 XZ=30 | . \ X E . . , . .
0 1 2 3 4 5 6 -20 -15 —-10 -5 ] 5 10
Vo z

FIG. 4. Comparison of the normalized stopping poviee. divided by FIG. 6. The total potential divided h¥ along thez-axis as calculated from
Z?Np) for Z=0.1, 1, 5, 30 with the oscillator model and the dielectric the Vlasov simulation fov,=3 andZ=0.1, 1, 5 in comparison with the
theory[kma=2 is set in(15)]. dielectric theory.
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FIG. 9. The total potential divided h¥ along thez-axis as calculated from
the Vlasov simulation foZ=5 andv,="5 in comparison with the dielectric
theory.

FIG. 7. The total potential divided by along thez-axis as calculated from
the Vlasov simulation foZ=5 andv,=3 in comparison with the dielectric
theory.

ing through the plasma. The PIC code is not able to repro-
simulations forw o= 3 is shown along the-axis for different  qyce these featurdg&ig. 10, but the lower damping of the
values ofZ. We see that the higher the perturbation, thewake field can be clearly seen. It is worth reminding that all
lower the scaling of the induced potentialZrin comparison  these results are not stationary solutions, since a strongly
with the dielectric theory. Only foZ=0.1 the first wave magnetized plasma cannot reach an asymptotic stationary
hump agrees with the dielectric calculation. Figure 7 showsonfiguration because of the one-dimensional phase space.
the wake field forZ=5, vy=3 compared with the dielectric
theory Eq.(13), always from Vlasov simulations. The ion v|. SUMMARY AND CONCLUSIONS
excites behind itself aperiodic modes in this velocity region. ) o .
This is due to the absence of a linear damping mechanism. The energy loss of heavy ions moving in a classical,

The waves are ‘damped’ because of the electrons trapped gpllisionless and strongly magnetized plasma has been stud-
the excited waves, leading to a steady-state Bernsteini€d numerically both within the framework of the drift ki-

Green—KruskalBGK) like wake field® Increasing the ion netic Vlasov—Poisson system and Particle-in-Cell simula-
velocity (vg=4), the wake field amplitudes become much tion- We find that for velocities ;<4 the dependence of the

higher than predicted by the dielectric theory. Figures 8 ang!CPPINg power witlZ is always weaker than predicted by

9 show the ion wake field fop,=4 andv,=5, where we the l_JsuaI dle|(15(1:£rlc theory, even farc 1. Ou2r resu_lts show a
notice that the absence of an effective damping mechanisiicling as~Z"for vo=1 instead of theZ* scaling of the

due to trapped electrons, which decrease for increasing vdlielectric theory. The lower scaling @ IS due to nonllnear
locity, leads to a slightly higher stopping power as comparecplas'ﬁna phenomena and can be explained using simple argu-
to the linear theory. The potential obtained by the ViasoyMents- FOrZ<1 the stopping power can be fitted by the
simulations shows also a potential energy hump in front offi€lectric theory if aZ-dependenkpay is used. In the veloc-

the ion. This is due to the reflection of electrons by the firsty r€gionvo=>4, on the other hand, the wake field and the

wave maximum. The wave field acts like a small piston moy-St0PPIng power are slightly higher than in the dielectric

0.04 L simulation

g
\
v

W
\\ -

0.02}

0.00}

electric field/Z

potential/Z

-0.02}

-0.04f

1 L 1 1

-200 -150 -100 -50 0 50 z
z

FIG. 8. The total potential divided by along thez-axis as calculated from FIG. 10. The electric field divided b¥ along thez-axis as calculated from
the Vlasov simulation foZ=5 andv,=4 in comparison with the dielectric ~ the PIC simulation foiZ=30 andv,=4 in comparison with the dielectric
theory. theory (dashed ling
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theory or the oscillator model, but the scaling wi# is  time step the calculation of the distribution function
recovered. For alZ we find that the stopping power reaches f(r,z,v,,t) is performed through two main steps:

a steady-state due to the electrons trapped in the excitegtep 1:

wake field. This steady-state is oscillating in time with a
period which is the bouncing period of the trapped electrons,
and is found to increase with the ion velocity. For ion veloci-
ties which correspond to an efficient trapping process;StGIO 2
(vo=3), BGK like modes are excited by the ion, while for '
higher velocities ¢¢>4), when trapping of electrons is less fo(r,z,v,,thi 19 =T1(r,Z,v,+ Ex(th1 1) At ths 1)
efficient, ions excite large amplitude plasma waves. The

strongly enhanced wake field as compared to the dieIeCtriﬁerforming Stp 1 a second time leads to the complete time

th(laory 'S |_mportan|t for the delterm\;\r/]atlon of thi on-ion Co.r;]step. The interpolation is done using an off-center three point
relations in an electron cooler. We expect that lons withj,ienolation® The Poisson equation is solved at time

Z§§d4wcgll;n;?;agrsgongly since the amplitudes of the ex'tnﬂ,z using a Fast Fourier TransfornfFFT) in the

z-direction, solving the resulting tridiagonal systems and
then performing the inverse FFT. Periodic boundary condi-
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APPENDIX A: VLASOV SIMULATIONS
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