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Electronic stopping power of plasma for heavy ions at low velocity
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The electronic stopping power of hot plasma for low-velocity heavy ions is studied using quantum scattering
theory. TheZ, oscillation of electronic stopping powers of plasma targets is more evident than that of cold
solids at relatively low temperature and it becomes weaker with increasing plasma electron temperature.
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The interactions between ion beams and plasmas are inte the ion scattered to a solid angl€) aroundé will obtain
portant for diagnosing cooling, and heating of plasmaa momentum transferdp,(W,,6) from the incident ion,
Heavy-ion beams have been considered as drivers for inertiak.,
confinement fusiofil]. A number of experimentdR—4] and

theoretical result§5—10] on the ion-beam interaction with —dpy(We, 0) = (We, 1) d*Wewedt o( 6,We)

plasma have been reported. The important conclusion drawn >

from these studies is that the energy losses of heavy ions X dQ(WL—We) - — Mg, (3)
v

penetrating hot plasmas are remarkably enhanced, as com-

ared to the energy losses in cold solids, and the effective S o . .
(F:)harges of the ion%yare substantially increased. wheref(W,,v) is the distribution function of electronsy, is

The Z, oscillation of the electronic stopping power in the mass of an electron, awnd 0,W,) is the differential scat-

cold solid matter for low-velocity heavy ions is well known [€fing Cross section. Sincé=w,, one has
both from experiment$§l1,12 and from theoretical predic- ~ -

tions [13,14], while in the case of hot plasmas the stopping W, —We=W,(COS 6) Ke+we(sin 0) ﬂ_we
behavior varying withZ, at low velocity has not yet been We W,
systematically studied. In this report we calculate the elec- W

tronic stopping powers of hot plasma targets for heavy ions =—(1—c0s 0)Ws+we(sin ) —L, 4
at low velocity within the framework of quantum scattering Wy

theory.

According to the scattering theory in an approximation OfwherevT/L /w, is a unit vector perpendicular @, . To main-
9 9 y bp tain symmetry around,, the sum of the contributions from

bmqry CO."'S'OU’ we ca[cujate the average energy loss for alJve(sin 0)(W, /w,)-(dv) must be zero. Therefore, the factor
arbitrary ion with velocityp moving through an electron gas. ¢

The energy loss-dW over the distanceR is given by \r,:/;r:g Sgé(i)f (I:Ea(\qrzélk;e_l_rre]slsa\(/:veedh?(/éhe first term on the right-

<2

L
2M,

—d pH(We ,0)=— mef(we !5)d3V_\7eWeO'( eawe)

_dW=_d( >=—5-dﬁ=v(—dp|), (1)

We- U
XdQ(1l—cosf) — dt. (5)
where—dp, is the momentum loss in the direction #fand v
M; is the mass of the ion. Then the electronic stoppingintegrating over all values o, one obtains
power of the electron gas for the ion is given by

dpy(We) g We
( dW) dR—dp, dp, at - Mel(We, )dWewe
e

4R/ "4t drR ~ at @

XJ (1—cos 0)a(6,We)27 sin 6d6. (6)
0

As observed from the rest system of the ion, an electron with

velocity 7, in the laboratory system approaches the scatter- The transport cross sectian,(W,) is defined as
ing center with a velocityW.= v,— v. Considering that the
mass of the ion is much greater than that of an electron, after
scattering through an anglé the electron moves with a
velocity W, , where|W,|=|W,|. In an electron gas, as many
asf(W,,0)dW, electrons with velocityv,~wW+ dW relative ~ We can rewrite Eq(6) in the form

oy (Vi) = fow(l—cos 0)o(0.31g) 2 sin 6do.  (7)
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dp, (W,
_ pi( e):_mef(we,{;)d3vT/eWeUtr(We)

We: v ( dw
dt v

(8) d_R) :meJ f(ve)(ve—v COS )

The transport cross sectian,(W,) is the central quantity

and is determined by the scattering potential. In general, the

scattering potential is complex and has no spherical symme-

try. Thus the transport cross section is difficult to solve. X (v—1v, COS¥)27 sin ¥ dd vgdue.

However, in some situations when the scattering potential

has spherical symmetry, the transport cross section could be

solved by standard phase shifts analyses. This is the case fﬂﬁer performing the integral of from O to , leaving the

the penetrating ions with slow velocifg3]. Therefore, when terms includingw up to first order, one gets '

a slow ion penetrates a hot plasma, we assume that the scat- '

tering potential between the slow ion and the scattered elec- ( dW) .
e

doy(v
oy(ve) — (;rl(} o) v COS Y
e

X

(16)

trons is spherically symmetric. As a result, the transport 4Rl =3 mevJ’ vgf(ve)
cross section does not depend on the directions of the elec- R 3

tron velocityw,, i.e.,
yWe doy(ve)

X | doy(ve) + ve T) dve. (17
e

Ty(We) = 0(We). 9

In general, when an ion penetrates a hot plasma at velocity ~ The remaining problem is the treatment of the transport
the ion experiences the velocity distribution of the electronsross section. First of all, one must get the scattering poten-

in the plasma as a shifted Maxwellian distributigj, i.e., tial. We do this in the framework of linear response theory.
a2 When an ion with charg& is placed in a plasma, from
F(Wo,5)d3o=n Mg o MelVie+ 9)2/2kgTe 4347 Poisson’s equation, the potential in momentum spa¢&5k
e ¢ 8 27kgT, €
(10) Vid) = AnZé& (18
VT Fe(a.0)

wheren, and T, are the plasma electron density and tem-
perature, respectively, ankly is the Boltzmann constant. . ) .
However, foru—0, as the case for slow ions penetrating aVNereq is the momentum transfer to the iof,=g-v, and

hot plasma in which we are interested in the present work€(0:{2) is the dielectric function of the plasma. It has been

the distribution can be approximately reduced to a normakNown that the interaction between the particle and the lon-
Maxwellian distribution function gitudinal field can be described by the dynamic plasma po-

larization[16]. Thus we use the longitudinal dielectric func-
tion of the plasma(q,Q) [17],

e

27TkBTe

3/2
f(ve)d3ﬁe=ne( ) e MerEeTed3y  (11)

a(q.Q)=1+(qA) [1—-p(z)+iVmze 7], (19
Substituting this distribution function for the one in E8)

and integrating over all possible velocities of the electronswhere z=(v2qur/Q) %, vr(=\Te/m,) is the electron
one obtains the total momentum transfer rate from the ion teéhermal velocity, andp is the plasma dispersion function
the electron gas

z
d We- U z =22e*22f eVdy. 20
- ﬂ: - mej f(ve)Weory(We) eTU d31-;e- (12 #(2 0 Y 0

Thus, through a Fourier transformation one obtains the inter-

The angle betweei, and v is defined asy and the relation ; 2
action potential in real space

amongwe, v, anduvis

We= \/v§+ v2—2vev cos . (13) V(F):(Zﬂ)isf d3q> efid-ra'\"/(q)’ (21)

Considering the low-velocity limit, we can expand E{k3)

and (9) to the first order of the velocity of the heavy ian  wheref is the position vector of the plasma electron with

and obtain respect to the ion. We make a reasonable approximation that
V(r) is spherically symmetric for a low-velocity heavy ion

We=~ve— v COS ¥ (14)  penetrating the plasma. Then the transport cross section
oy(ve) can be determined using a phase shift analysis. In

and terms of the scattering phase shifiswe have[21]

Ty(We) =~ oy(ve) — Al ve) v cos V. (15 4mh? .
dve Oulve) = 1z 2 (14 1)si? [01(ve) = 5 a(ve),

Equation(12) can be approximated as (22
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r=2.0 @
calculated using scattering thedr9,20. From this figure
one finds that the stopping cross section of the plasma targets
is larger than that of the cold solid. This so-called stopping

power enhancement in hot plasmas has been repted.

The physical origination of the energy loss enhancement in
Z1 hot plasmas was discussed by several authdrs8]. The
second finding is that at relatively low temperature the am-
plitude of theZ, oscillation of the electronic stopping power
of the plasma is even larger than that of the cold solids.
Although we have not found any experimental group report-

where | is the angular momentum quantum number. Thelnd this phenomenon, it can be understood as caused by the

scattering phase shif are calculated by solving the radial Shell effects similarly to theZ, oscillation of the stopping
Schralingerequation using the interaction potential given by POWers in cold solid$13]. The difference between a cold
Eq. (21). solid and plasma is that the electronic stopping is determined
In order to find the dependence of the electronic stopping?y the scattering of the electrons at the Fermi level in the
power of the plasma on the atomic number of the penetrating@S€ ©of stopping in a cold solid, while the electrons in a
heavy ion, we calculate the phase shifts for ions with atomi@l@sma with all kinds of momentum will contribute to the
numberZ, changing from 1 to 40. Considering the ionization stopping. The electron capture cross section, which is usually
and recombination processes at low velocity in the plasmdOWer for free electrons than that for bound electrons, may
the projectile ion with atomic numbé, almost falls into its dePend more substantially on the structure of the incident
neutral charge state. The penetrating ion with its screenin{"S In the case of a plasma target. Therefore, the effective
electron cloud can be considered a quasiatom. Then tHe'@rge of the projectile may be more sensitive to its own

charge distribution around the penetrating ion becomes structure in the plasma targets at relatively low electron tem-
perature. The third result we found is that the amplitude of

p(7)=2Z1e8(F— iit) + pp(T— Tit), (23)  theZ; oscillation in the plasma targets becomes smaller with
increasing electron temperature. It is easy to understand that
when the temperature of the electrons in the plasma is high
pb(F)=2 | (7|2, (24 enough the thermal movement of the electrons will eventu-
oce ally eliminate the effect of the shell structures of the projec-
tiles on the stopping process and tHe oscillation will
3o thereby be eliminated.
j po(MAT=—2s8, 25 Figure 2 shows the electronic stopping power of the hot
plasma varying with the electron temperature. The stopping
where, as an approximation, th¥,’'s are the Roothan- behaviors are different for different species of heavy ions.
Hartree-Fock wave functions for neutral iofis]. However, we can find a common feature: When the tempera-
The results shown in Figs.(d, 1(b), and Xc) are the ture of plasma exceeds a certain value, for example, 10 eV
electronic stopping powers of the plasma, with electron denfor Z,=10, 50 eV forZ,=20, and 90 eV foiZ,=40, the
sity n,=10'® cm™2 and electron temperaturg,=100, 10, stopping power decreases gradually. This reduction of stop-
and 1 eV, respectively, as functions of the atomic number oping power will cause the lengthening of the ion range in the
the incident ion. For convenience, in the figures of this workplasma target and this extension of the ion range with in-
the reduced stopping powed \W/dR)/vn, is given in atomic  creasing electron temperature is considered the physical ori-
units, in whichm,=%=e=1. For the purpose of compari- gin of the so-called Tokamak wet-wood burng?g]. All of
son, the electronic stopping power for a cold solid with den-the results of this paper are just theoretical predictions and it
sity parameter ;=2.0 a.u. is shown in Fig. (#]), which is  would be nice to compare them with some experimental

FIG. 1. Z, oscillation of the electronic stopping power of
plasma targets for heavy ions at low velocig)—(c) plasma stop-
ping and(d) stopping power data for cold solid.
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data. Unfortunately, the data we can find relating the stoptron temperature. This can be explained by the competition
ping power of heavy ions in hot plasma all refer to heavymechanism between the shell effects and the electron thermal
ions with very high kinetic energyseveral MeV/nucleon movements. The extension of this method to finite projectile
[2—4]. We hope that the data relating the slow heavy ionsvelocity regions is currently under way in our group.
penetrating hot plasmas will emerge in the near future.

Summarizing, the electronic stopping powers of heavy
ions at low velocity in plasma targets are calculated in the This work was supported by the National Natural Science
frame of quantum scattering theory. We find that heos-  Foundation of China under Project No. 19675024 and was
cillation of the electronic stopping power in a plasma targetpartially supported by the Foundation for Ph.D. Education
at relatively low temperature is even more evident than thaPrograms from the National Education Commission of China
in cold solids, but it becomes weaker with increasing elecunder Project No. 96042208.
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