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Stopping power of charged particles due to ion wave excitations
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Stopping power due to ion wave excitations is derived for a charged particle moving in a two-component
plasma. Unlike previous theories based on ion-acoustic-wave approxinib&ié# ), the excitation of short-
wavelength ion waves is taken into account. The obtained stopping power has a magnitude larger than that of
IAWA. Stopping power at subsonic velocities, where stopping power in IAWA disappears, is even larger than
that of supersonic velocities.
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Recently, the stopping power of plasmas has been interwhere c, is the speed of ion acoustic waves. In the long-
sively studied in connection with the inertial confinementwavelength region, i.ek<k., Eq. (2) is reduced to
fusion[1-4], the electron cooling of ion bean§], and the
drag force acting on dust particulates 7]. In general, the = CK, 3
stopping power is composed of two types of energy loss
processes: binary collisions and collective excitati@jsIn ~ Which represents the ion acoustic mode.

a two-component plasma, the excitation of ion waves may The stopping power is defined as the energy loss per unit
contribute to the stopping power as the latter in the velocity€ngth, S= —F-v/v, where the charged particle is assumed
rangev;<v<uv,, wherev; andv, are the thermal velocity to move along the axis. The force acting on the particle is
of the ions and electrons, respectively. Stopping power dugiven byF=—V®[r(t),t], where

to the excitation of the ion acoustic wave has been obtained
by Peter and Meyer-ter-Vehn and was found to be negligible
in comparison with that of the single scattering proce§Ses

It should be noted, however, that the ion-acoustic-wave ap-

proximation (IAWA ) represents only a part of the ion wave js the effective potential9,10]. The density of an external

mode. Indeed, as we shall show in this paper, the stoppingoint charge is given by,,(r,t)=qd(r—vt), and its Fou-
power becomes one order of magnitude larger than that gfer transform by

IAWA if we take into account the whole range of the ion

wave mode. It should be also noted that the ion acoustic Pex K, 0)=27q8(w—K-V). (5)
wave may be excited only by particles at supersonic veloci-

ties while the ion wave may be excited also at subsonic ve- Using Egs.(4) and(5), we obtain

locities. As we shall show later, the stopping power in the

D(r t>—fd3kdw—4w (kw)e'terme ()
VT 2ot Rekw) T

subsonic region becomes larger than that of the supersonic 4mg? [ d3 ik-v[ 1
region. S= J 375 K —1} (6)
We calculate the stopping power using the linear response v (2m)® K ek o)

theory. The dielectric function for the ion wave is given by ) ) o ) )
[9] The stopping power for the ion wave excitations is obtained

by substituting Eq(1) into (6):
2 2

. 2 (k 1
e(kw)=1+———"+i€, (1) :q_f cdkLJ d(cosé)cosé
kK =) 1+K2/Kk? _,d(cost)

w

where w; is the plasma frequency of the ions akdis the
Debye wave number of the electrons. The imaginary part
represents the effect of damping, which may be assumed to
be small as far ak is smaller than the Debye wave number wherek - v=kv cosé. The cut wave numbes, may be taken
of ions, k; . By solving e(k,w) =0, we obtain the dispersion ask,=k; because ak>k; the ion wave mode is suppressed
relation for the ion wave due to the Landau dampin§].

By observing the arguments of thifunction in Eq.(7),
we find thatk must satisfy
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FIG. 1. Stopping power normalized hyzkﬁ The solid line
representsS,,. The dashed line showS,,ywa Multiplied by the

factor 5.
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FIG. 2. The dispersion curve of the ion wagselid curve. The
dotted line represents IAWA. The solid line shows=k-v, which
is the condition that the ion wave and the charged particle are in
resonance. For fixed values 6fandv,w andk for the ion wave

at subsonic velocities, wheid =v/cg4 is the Mach number. that can be excited are given at the point of intersection of the two
Taking into account the conditiof8), we obtain for (1  solid lines.
+kZ/kd) <M<,

qZkg ki2 1 1 ] w=Kkv cosé (12
SiW: VE Inf M 1+F +5 —1+k2/k2_M
¢ boe (g  are satisfied. If we use IAWA, since E() is reduced to
w=Ck, we obtain “the Cherenkov condition¥ = 1/cos#,
and forM>1, which indicates that the ion acoustic waves are excited only
K2 2\ 1 1 b_y the supersonic particles. On the other_ hand_, the lines
Sw= e In( A1+ _'> + = —_1> _ given by Egs.(2) and(12) always have a point of intersec-
M?2 k2] 6\ 1+KYK? tion even at the subsonic velocities. We note that the ion
(100  waves satisfying the conditidk,<<k contribute substantially

The stopping power in IAWA is obtained by substituting to the stopping power.

Eq. (3) for w in EqQ. (7). In this case, we obtain
q°k;
SIAWA:W(]-_IH 2),

Now we compareS;, with the stopping power due to
binary collisions with the ions. Under the condition<uv
<v., We may neglect the energy transfer to the electrons.
The stopping power due to the binary collision is given by

13,1
which is essentially identical to the result of R¢&]. In [ 4
deriving Eqg.(11) we have takek.= k. because IAWA holds 4m(qe)? 2(a2+h2/4)Y2
only under the conditiork<ke. It should be noted that Si= il b } (13
Siawa does not depend on the temperature. In cont@gt, mjv

becomes larger a3,/T; (=k%/k2) increaseq11]. In the
limit of T,—0, S, diverges in a logarithmic manner. where a is of the order of the screening radius abhd
In Fig. 1 we show the velocity dependence of the stopping=2q/(mqv?),m, being the reduced mass. Taking
power divided byg?kZ at T,=2 eV andT;=0.05 eV. For ~\p,T.=2 eV and T;=0.05 eV, we obtain S, /S
comparison, the numerical value 8faywa is shown.Sawa  =0.16 forM=1. Though it is not so large, this value is not
has magnitude smaller th&,, . (Note that the shown value negligible for quantitative discussions.
is multiplied by the factor 5.Since the ion acoustic waves Finally, let us point out tha§,,, represents the excitation
can be excited only at the supersonic velocities, we haveate of the wake potenti&ll0] per unit length. Lemonst al.
Sawa=0 for M<1. have shown that the wake potential may be not only formed
The reason of the large difference betw&pandS  ywa  at the supersonic velocities but also the subsonic ones if the
is most clearly explained if we use the dispersion curves, ashort-wavelength contribution of the ion wave excitations is
shown in Fig. 2. Thes functions in Eq.(7) represent the taken into accountl5]. Also, they have shown that the sub-
condition that both Eq(2) and the well-known wave-particle sonic wake potential becomes even larger. Their results co-
resonance conditiofiL2] incide with ours.
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