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Stochastic treatment of charge states for ion stopping in solids
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We describe the evolution of the charge state of a fast atomic projectile under the equilibrium conditions as
a stationary continuous-time Markov process with discrete values. The time scale of the charge-state autocor-
relation function is governed by the rate of charge-changing collisions in the target. Describing the collective
electron excitations in the target by a linear-response formalism, we show that the finite response time of the
electron gas makes the mean stopping power and the mean self-energy of the projectile sensitive to the
charge-state correlation effects. We evaluate these effects for light projectiles by using a two-level model for
the Markov process and simple models for the dielectric function of the electron gas.
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Interrelation between the charge states and the energy |0§ﬁarge perturber, moving with a constant velogitthrough
of atomic particles, moving through the solid targets, is aan electron gas. Charge-changing collisions may be consid-
much-studied problem, which has been extensively reviewegdred as instantaneous events on the time scale of the
recently:~® Significant progress has been reported on thesjectron-gas response. The stopping posef a projectile
evaluation of the electron capture and loSs cross secins, ith a fixed chargeZ; scales asS=Z% and represents the
and o, for atomic projectiles in solids™* Equilibrium drag force due to the polarization of the medium in a form of

charge fractions, resulting from those cross sections, havg gaionary wake pattern in the frame of reference attached

peen used t.o eva!uate the mean stopp!ng power of a projeﬁi the projectile. If the projectile charge is suddenly switched
tile as a weightedincoherent superposition of the stopping tq the valueZ,, there will be a temporal response in the

powers associated with each charge state, as well as the Stoﬁ)dlarization of the medium. which propagates on the time
ping powers associated with charge-changing evers. C propag
cale of 1b,, wherew, is the electron plasma frequency.

more complete statistical theory of charged-particle stoppin o : !
in the presence of charge exchange has been developed usi @e drag force on the projectile will not instantaneously fol-

differential energy loss rates that allow for transitions within/0W the change of the charge frof to Z;, but rather will
an arbitrary number of projectile state§.Such a theory rétain some memory of the preceding cha#je We con-
yie|ds the mean energy IOSS as a We|ghted average over tﬁ@er the equilibl’ium COﬂditiOﬂS, Where the Chal’ge state Of
instantaneous charge-state distribution of the projectile, ithe projectile is usually assumed to frequently oscillate about
both the preequilibrium and equilibrium regimes. Inherent inthe mean value&Z,, obtained as a balance of the electron
these approaches is the assumption that the elementag@pture and loss processes. In fact, the charge g(aYeof
energy-loss events depend on the instantaneous charge sttte projectile is a stationary continuous-time Markov
of the projectile, and the assumption of the statistical indeprocess? which takes discrete valugs . Each realization of
pendence of different charge-changing events. It should bthe procesg(t) is a staircase function of time, with jumps at
noted that the charge-state problem is further complicated fadiscrete points in time,,, which are distributed in such a
fast heavy ion§ where the screening of the ion by the boundway that the past has no influence on the future if the present
electrons leads to a nontrivial dependence of the stoppingalue of {(t) is defined. With this picture in mind, the sur-
powerSon the(fixed) ion chargeZ, even though the scaling vival time of a given charge valug; is given by 1I';,
SxZ? is implied by the perturbation theory at high ion wherel';=Ngvo;, Ny being the atomic density of the tar-
velocities? Consequently, it may be difficult to relate the get ando; the total cross section for the transitions leading
concept of the effective charg&s to the charge-state dis- out of the charge statg;. That time may be long enough
tribution for heavy ions, based on assumption that the avereompared to the response time of the electron gas, lthat
age ion stopping power scales @&2;.° a significant correlation between various charge-state values
In the present paper, we focus on the energy loss of faghay arise in the stopping power. We examine below the role
light ions, such as H and He", due to the electron excita- of this correlation in the stopping power and the self-energy
tions of the solid, in the presence of the charge-changin@f the projectile, using atomic units.
collisions with the target atoms. For high projectile speeds, To be more specific, we adopt a two-level model of the
the energy loss is dominated by the collective electron exciMarkov process, which may be quite appropriate for fast H
tations, which are well described by the linear-responseand He projectiles. Namely, we haw =1 for He" and
formalism®* We model the projectile as a structured, point-Z,=2 for H&*, orZ;=0 for H andZ,=1 for H". Defining
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P;(t) as the probability that the charge stdt@) has the ing the causal properties of the dielectric function, we obtain

vaIueZ at timet, one has the familiar rate equatifis for the correlated stopping factor
P1(t)=—TPy(t) +TcPa(t), 1 k-v -
S;=—— | dk— d C k-v)Im|——|, (6
® o) e Jp de STk vImigcay) ©

Pa(t)=~TcPo(O+ TP (V), with C(w)z(F/w)/(w2+I‘2). The uncorrelated stopping

where the transition rateFc | =N,voc, are defined in factorS, is given by the right-hand side of E(), with the
terms of the electron capture and loss cross sectipggnd  functionC(w—k- V) replaced byS(w—k-Vv), corresponding
oL . In the stationary regime, the state probabilities Bge  tO the limit I'—0 in C. Note thatS, is then the standard
~T'o/T and FZZFL/F, where T=T'¢c+T,. The mean expression for the stopping power of a fixed-unit-point

. LCT oL B charge!
value of the charge state in equilibrium {g(t))=Zeq Ingthe high-speed regime, one may use for the stopping

=Z,P1+Z,P5, while the eu_tocc_;rrelatioon function for the o ver calculations the plasmon-pole approximatitor the
charge states at tim¢sandt’ is given by dielectric  function,  Ifi—1e(k,w)]=(mw/20)[ 8w
A Tjt—t| —wk) 5(w+ wy) ], where the plasmon dispersion is given
(L)L) =ZeqtQe ' (2) by wi=w +3v,:k2/5+ k%4, with v the Fermi velocity of
_ DB the electron gas. The®y=(w, Iv)?In(ky/k,), wherek,, k,
where Q=(Z,—Z,)?P1Py=(Zy~ Ze() (Zeq— Z1). We may 5 5
call the two terms on the right-hand side of E8) the un- &€ the positive roots of the equatian=k?v? with k;

correlated and the correlated part @f{(t)Z(t')), with the <k,, while the expressiori6) for the correlated stopping
correlation time in the latter part defined byl'1/ factor S; is reduced to a single integration. Note that the

We now study the polarization of the electron gas by acfoSS sections ¢ | generally depend on the projectile speed
point-charge perturber, with the densipy(r,t)=¢(t)S(r v, as do the rateBc | and the statistical facto@q andQin
—vt), by using the linear-response formalidrithe corre- the stopping powesS. In order to single out the velocity

sponding current density &r,t)=vp(r,t), and the rate of dependence o_f the _charge correlation effect on the dynamics
the energy dissipation in the electron gas is given by of the interaction with the electron gas, we choose to evalu-

ate the ratioSc/S,, which may also be a useful factor in
. attempting to derive the effective char@gs in the form
W(t):f drd(r,t)-Eing(r,t), ) 72=8/S=22,+Q(S:/Sp), in an analogy to the procedure
outlined in Ref 9. Using parameters for an Al target, we
where the induced electric field is given in terms of the in-have evaluated the ratiﬁc/so for the Ve|ocity range v
duced potential Ej4(r,t) = — Véing(r,t). The solution of <10 and the values of the total charge-exchange Fate
the Poisson’s equation in the medium, described by a dielec=1. The results, shown on Fig. 1, indicate substantial de-
tric function e(k, ), gives for the space-time Fourier trans- pendence of the charge correlation effect on both the ion
form of the induced potential speed and the ratE. In particular, one findsfor the He
projectile in the Al target, thaf' remains close to about 0.16
1 4 in the velocity range v<5, giving the ratioS./S; of
e(k,w) ! (4) about 0.9. However, the values of the ratio of the statistical
weighting factorsQ/Z , are found to decrease from about
where the same transform of the perturber density is given bg.12 to about 0.03 in the same velocity range, which renders
p(k,0)={(w—k-V), {(») being the time Fourier transform the correlation part of the stopping power relatively small,
of the procesg(t). Going to the space Fourier transform in but noticeable, for He in Al

-1

A
¢ind(k!w): Fp(kiw)

Eq. (3), we obtain Let us now derive the expression for the projectile self-
energy due to the collective electron excitations in the target
. . dk 4= ©» dw 1 in the presence of charge-changing collisions. We start with
W(t)=—i f WK'VJOC 27| ekotkv) * the general definition,
o 1
S . " and proceed along the same lines as in the derivation of Eq.
The mean value of the energy dissipation rgt/(t)), i (5). The mean value of the self-energy is again decomposed

obtained as an ensemble average over all possible reallzmto an uncorrelated and correlated pai (3 (t))=Z2 &o
tions of the process(t) in terms of the autocorrelation func- 1 Qg with

tion (2). Based on the decomposition of the autocorrelation

function (2) into the uncorrelated and the correlated part, we 1

can write the mean value of the stopping power &s =—J J do Clw—k- v)Re{ K.0) 1}, (8)
—(W(t))Iv=23So+QS;. Here,Z5, andQ are the statisti-

cal weighting factors of the uncorrelated and correlated partand &, being obtained by replacingc(w—k-v)— é(w
while the stopping factor§, and S, describe the dynamics —k-v). In the high-speed limit, one may use the classical
of the corresponding interactions with the electron gas. Usdispersionless frequency-dependent dielectric  function
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the self-energy. If the charge-state collisions are very fre-
quent,I'>w,, the electron gas will not respond to the fluc-
tuations inZ(t), so that the charge states appear uncorre-
lated, ((t){(t'))=Z5,, and, consequentlyS=ZZS, and
5zz§qso. In the opposite extreme of the infrequent colli-
sions,I'<w,, the charge-state correlations are substantial in
Eg. (2), and the electron gas will respond efficiently to the
fluctuations in¢(t). SinceS,;=S, and ;=& in the limit
I'—0, we have an entirely different scaling with the equi-
librium charge state, which may be expressedS‘a-sZiHSO
and£=Z2E, whereZz =273 +Q=(Z1+2Z5)Zeq— Z1Z>.
0.4 In conclusion, we have described the projectile charge-
v state evolution in equilibrium as a stationary continuous-time
) Markov process and showed that the time scale of the
(o) charge-state autocorrelation function is governed by the
v =10 cross sections of charge-changing collisions. Because of the
finite response time of the electron gas to a fast perturber,
0.8 undergoing random sudden changes in its charge level, there
are significant interference effects in the excitation pattern of
Se/ S v=4 the target. Using the two-state model of the Markov process,
we have described the collective electron excitations of the
0.67 target by the linear-response formalism, and rederived the
= expressions for the mean stopping power and the mean self-
energy of the projectile. The charge-state correlation effects
on these quantities appear through statistical weighting fac-
0~40 0.2 04 0.6 0.8 1 tors, as well as through the modifications of the dynamical
' T ro7 ' interaction with the electron gas, compared to the case of a
fixed-charge projectile. Stopping power and the self-energy
have been evaluated for simple models of the dielectric func-
tion, showing that the charge correlation effects on the inter-
action with the electron gas are primarily governed by the
ratio of the total rate for the charge-changing collisions in the

Kw)=1—w?/ +iy). with the damping constan target to the electrqn pla_sma frequ_e_nc_y. Inter_estir_wg conclu-
6_(>Of)) wpf(0Fiy) ping ¥ sions about the scaling with the equilibrium projectile charge

to obtain &= _(WM)(%/V)l and &,/E=1—(2/m) may be drawn for the stopping power and the self-energy, in

arctan{/wp). Thus, this simple analytical result clearly thel I'.m'ts of .ESt and slova/ crr:arge—changrllng eventﬁ. f
shows that the dominant parameter in estimating the role o tIs possible to extend the present theory to the case o
the charge-state correlation in the plasmon excitations of th st heé%vy lons by using a ge_nerc'_:ll, multiple-state, Markov
electron gas is the ratid/w,, which compares the fre- proces desc_rlptpn of the pro;eculg charge states. In that
qguency of the charge-changing collision events to the plasm ase, the prolec_nle must pe descrlbe(_j by a charge—stgte—
frequency. Moreover, this ratio may be cast in the form ependent density dIStI‘IbutIOI‘é%téllklng Into account thg 1on
lw/N\, wherel,,=v/w, is the characteristic length scale of screening by the' bound electronBinally, a further effort is

the wake pattern in the electron-gas polarization, and reqylre_d to _obtaln a complete energy-loss spectrum of the
—1/(Nyo) is the total mean free path for the charge- projectile, with the charge state described by a Markov pro-

; - : . cess, using approach similar to that in Ref. 11.
changing collisions, with the cross sectio oc+ o .
Let us examine the two important extreme cases of the The work reported here was supported by the Natural Sci-
charge-state correlation effects on the stopping power andnces and Engineering Research Council of Canada.
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FIG. 1. Dependence of the ratio of the correlated to the uncor
related stoppingSc /Sy, on the ion speed (in a.u) and the total
rate of charge-changing collisiods (in a.u). (a) S¢/S, versusv
for '=0.2, 0.4, and 0.8(b) S /S, versusI' for v=2, 4, and 10.
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