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Stochastic treatment of nonequilibrium ion stopping in solids
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We study the energy loss of fast, hydrogenlike ions in thin solid foils, in the regime prior to the establish-
ment of the ion-charge equilibrium. The projectile-charge evolution is described by a nonstationary,
continuous-time Markov process, while the target response is described by a time-dependent dielectric-
response formalism. We first derive the projectile self-energy in the presence of charge exchange, which is used
to determine the bound-electron density in a self-consistent manner, by minimizing the total projectile energy
in an adiabatic approximation. An expression for the ion energy-loss distribution is then used to derive the
average value of the stopping power as a function of the traversal time in the foil, taking into account the
projectile screening by the bound electron. The results of calculations for He ions in Al foils show significant
coherence effects on the energy losses in the pre-equilibrium regime, which are interpreted by the overlap
between the time delay in the target response and the characteristic time scale for the charge-changing colli-
sions of the projectile with the target atoms.
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[. INTRODUCTION trating on the atomistic picture of targed], some of their
results share a common feature. Namely, the rate of energy
The charge state of fast ions traversing solid targets cordeposition in such theoridg—9] is represented by aimco-
tinues to present a challenging research problem in the ardgrentsuperposition of contributions from various projectile
of particle interactions with mattéf,2]. Increasing attention states, weighted by thiastantaneougrojectile-charge-state
has been payed in recent years to experimental studies dfstribution.
energy losses of fast, hydrogenlike ions, passing through However, one expects that the overlap among the charac-
solid films with thicknesses comparable to the characteristiteristic time scales for charge-changing processes, under-
length for the projectile charge-state equilibration in suchtaken by the projectile, and the typical response time for
targets [3—5]. This, so-called pre-equilibrium, regime of collective excitations of the quasi-free-electron gas in a solid,
measurement of ion interactions with solids provides, on thevould give rise to importantoherenteffects, such that the
one hand, access to studying the role played by electrorgnergy deposition rate in the target would retain some
bound to the projectile in ion stopping at fixed charge statesnemoryof the charge-state evolution of the projectile. Such
[3,4] and, on the other hand, enables experimental determi claim may be corroborated by a very recent experimental
nation of the electron capture and loss cross sections, alorgjudy of the femtosecond kinetics of a nonequilibrium
with the accompanying energy losses, for projectile scatterelectron-hole plasma in GaAs, which has shown that the on-
ing on target atomg3,5]. While such powerful experimental set of collective response, such as Coulomb screening and
techniques provide much needed insight into the problem ogplasmon scattering, exhibits a distinct time delay of the order
ion-charge states during the penetration through solids, thewf the inverse plasma frequeney, [10]. Moreover, a closely
remain several conceptual questions to be addressed in rel@lated phenomenon of transient excitons in metals has been
tion to the interpretation of data obtained from very thinrecently interpreted by means of a time-dependent dielectric-
targets[6]. response modé¢lL1], emphasizing that a finite time is needed
On the theoretical side, the role of projectile-charge statefor the target to build up a polarization cloud in a reaction to
in energy losses of light ions in the equilibrium regime hasa sudden external perturbation. In our context, considering
been successfully described by means of the dielectricthe finite response time of the electron gas, the charge-
response formalisi7,8]. In addition, a comprehensive sta- changing collisions of the projectile with target atoms may
tistical theory has been developed for the nonequilibrium iorbe viewed as a time sequence of abrupt changes in the
energy-loss spectra in gaseous and solid targets in the presrojectile-charge density, which are separated by randomly
ence of charge-changing collisions with target atoms or moldistributed time intervals on the sub-femtosecond scale, so
ecules9]. Although these two approaches are based on twéhat one expects that each such event would be followed by
different points of view, one emphasizing the collective na-a relatively short period of rather incomplete screening of the
ture of the solid target respon§g,8] and the other concen- projectile by the valence-electron gas in the target. Depend-
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ing on the relevant time scales, such recurring periods ofvhich may be described by the present model. Consequently,
incomplete screening of the projectile may partially overlapthe results obtained here will have only qualitative and semi-
one another, thus, affecting both the mechanisms of energyuantitative utility in elucidating the importance of the co-
deposition in the target and the mechanisms governing theerence effects on ion stopping in the pre-equilibrium re-
electron binding to the projectile. Considering the transiencgiime, while a fully quantitative treatment would require a
and the magnitude of the charge-state changes in the earliggtneralization which combines the present approach with the
stages of ion penetration through a solid, one expects that tre#andard incoherent theories, where a full account of the ato-
pre-equilibrium regime of ion stopping should be particularly mistic processes and the surface effects could be taken
affected by such manifestations of the incomplete screening7,9,21].

In the present paper, we use stochastic methods to de- In Sec. Il, we provide a stochastic description of the
scribe the coherence effects on the pre-equilibrium ion stopprojectile-charge density, evaluate the time-dependent self-
ping, in order to reveal what kind of results may be expectetnergy of the projectile, and use it to determine the bound-
for the ion energy losses after very short dwell times in aglectron density. In Sec. Ill, we evaluate the expected pre-
solid, as well as to elucidate the range of time scales validatyquilibrium energy loss and analyze the coherence effects by
ing the standard picture of ion stopping as an incoherenf,eans of the time-dependent generalization of the concept of

superposition over the instantaneous charge-state distributiQRe so-called effective stopping charf223. Concluding

[.7_9]' A natural theoretical framework fo_r describing the remarks are given in Sec. IV. Atomic units are used through-
time-delay effects in the collective excitations of the target

electrons is provided by the time-dependent dielectric-
response formalisnjl1,14—-16. We consider hydrogenlike
projectiles moving at the medium-to-high speeds, commen-

surate with the pre-equilibrium experimental regini@s-5]
Wh'ere th_e projectile beam c_0n5|st§ of predominantly fully aAssuyme that a fast, hydrogenlike projectile with the
stripped ions and the projectiles with only one bound elecyomic numbez traverses a thin foil at &onstank velocity
tron. _Consequently, the time séquence ‘.)f _the che_lrge\z such that the temporal evolution of its charge sta(é) is
changing events, undertaken by the projectile in coII|S|on:sa Markov process which takes two discrete val@s=Z
with target atoms, is modeled in the pre-equilibrium regime_1 and Q,=Z, corresponding to the projectile wﬁh one
by a nonstationary, continuous-time dichotomic Markov pro- 2o

cess, which may be easily generalized for projectiles wheround electron and to the completely stripped ion, respec-

more than two charge states are relevant by using muItivarit-'VEIy [18]. The characteristic time scale for such a process is

ate Markov processdd7,18. We generalize here the earlier d€términed by the electron capture and loss rdieg
result for the nonstationary time-correlation function for =Nawoc,, connecting the two charge states, whiig is
pointlike projectiled19], and derive the correlation function the atomic density of the target. Consequently, the full space-
for a full time- and space- dependent projectile-charge denand time-dependent projectile-charge densir,t), de-
sity. In that context, the bound-electron density is obtainedined in the moving frame of reference attached to the pro-
from a self-consistent variational treatment, by minimizingjectile, appears to be a random function of time as well,
the total energy of the iof8,13], where the interaction with governed by the same statistics as the prog&y, such
the target is described by means of the self-energy approadhat Q(t)=/d%D(r,t). Therefore, the functiorD(r,t) as-
[20]. sumes the realization(r)=2Z48(r)—pp(r) and p,(r)
Calculations are performed with the parameters appropri=Z4d(r) when the projectile-charge stagt) takes the val-
ate for helium projectiles passing through an aluminum tarues Q; and Q,, respectively. Here, the normalized bound-
get at speeds in excess of a few Bohr speeds, for which electron density is given by, (r)=|(r)|?, wherey(r) is a
reliable data on the electron capture and loss cross sectiongriationally optimized hydrogenic wave function.
oc are available, showing that the fraction of neutral pro- Assuming that the electron gas in the solid is described by
jectiles in the beam is negligibl&7,12,13. Since the coher- means of a(retarded inverse dielectric functione™*(r
ence effects on the ion energy loss and the self-energy arer’,t—t') [11], the induced potential in the target,
associated with the valence-electron excitation modes, W§, .(r,t), and the potential of the moving ioN,(r,t), are
use simple models for the dl_electrlc function to descr|be_there|ated via Vi g(r,)=fd3 fdt'[e Y(r—r' t—t')— &(r
target responsg22] and, in doing so, we neglect the atomis-

tic processes, such as the core-electron excitations and trﬁart )5t.(t|_t )]\gex;(_r é ) \t/;hetre th? ;uldes S'?n'?’ that bog\'/.th
energy loss in charge-changing collisions with the target atPotentals are defined in tne target irame of reterence. Wi

oms. While the contribution of these processes to the totalt-he projectile-charge density in the target frame being given

energy losses of the helium beams in the indicated range &y the~translational shift of the density in the projectile
speeds is about ten percdt8], we note that the atomistic frame,D(r,t)=D(r —vt,t), one can deduce the induced po-
processes are not likely to exhibit significant coherence efténtial in the projectile frameying(r,t), from the analogous
fects since they depend on the instantaneous projectilgelation, V;,q(r,t) =V;,q(r —vt,t). On introducing the Fou-
charge state and are, therefore, not of immediate interester transform with respect to the space coordinates, we ob-
here. We also neglect the role of surface response modeain the expected value of the instantaneous self-energy of
[21], setting a lower limit to the thickness of solid films the projectile at time, (U(t)), as follows:

Il. PROJECTILE-CHARGE DENSITY
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10, Here,F(k,w;T) is the spectral functioh18] of the nonsta-
(U(t)= Ef d°rD(r,t)Vinq(r,t) tionary proces®(k,t), given by
1f d3k 4Wftdt’[ “I(kt—t') 1 (T 1(T--
= — _— € = . —_ j—
2) w3 Jo F(k,w;T) WJ’o drcoqwr) Tfo dt(D(k,t+ 7)D(k,t)),

(4)

. hich is easily evaluated in an analytical form by using Eq.
It should be noted here that the space Fourier transform ), but is tooylong to be reproduceyd here. Not)(; hovgevgr
the charge de_n5|ty In the projectile frani(k,t), is als_o 2 that the stationary-regime result is achieved by taking the
random function of time, governed by the same statistics afmit T—o in Eq. (4), in which case we obtain the familiar
D(r',t) anq Q(t). Consequently, the expected value in Eq.r sult [16], Fs(k,w)ng(k) 5(w)+p§(k)(1“/77)/(w2+1“2).
(D) |§bc|>bta|n$d ?_y mea:cnfhof the enstem_blglavter;\gbe c;;]/er aif is also interesting to note that the spectral function ap-
possible realizations of the procegXt), indicated by the proaches the stationary regime in such a way that the pres-

symbol(- - -). ; .
Equation (1) indicates that the projectile self-energy at tationary effects decay as the inverse of the traversal Time

time t is determined by the history of the projectile—charge—wz"
density evolution over all preceding timés starting from

the entrance in the targéhat is,t=t’=0), by means of the

time autocorrelation functiodD(k,t)D(k,t")). In order to
evaluate this function, we make use of the conditional prob-

—8(t—t")]e*VE YDk, D(Kk,t")). (1)

(pops—p2) ()

1
F(k,w;T)~Fgk,w)+ T

ability for the proces€(t) to have the valu®; at the time T/ or2
t, if its value wasQ, at the timet, (t=t,=0), which is 5 p2— pops— p2 —||- ®
given by TI(Q;.t|Qi,to) = ¢;+ (5 — &) exd —I'(t—to)] w°+T w?+T

[18]. Here, ¢; is the equilibrium fraction of the charge state
Qj, 9 is the Kronecker delta, whilE=I"c+1I"_is the total

charge transfer rate. Assuming that the initial charge state &
time 0 isQ, (equal to eitheiQ; or Q,), we obtain[18,19

Let us finally note that Eq3), when taken in the stationary

gime with the neglect of charge-changing events by setting

1=1 and ¢,=0, yields the same expression for the self-

energy of a projectile with a bound electron, as the one de-
2 2 rived by the many-body techniquga0].

(DkHD(kE))=2 X pi(K)p(TL(Q) tQy,t") In order to determine the charge density of the bound
j=1=1 electron, py(r)=|y(r)|?, in a self-consistent manner, we
<11 o 0 adopt the procedure where the total projectile enefgy

(Q1,t'1Q0.0) =(y|— V22— ZIr| )+ Vi is minimized by varying the pa-
rameter a of the hydrogenic & wave function ¢
=(8ma) *%exd —r/(2a)], whereas the interaction with the

+(pa—pops—pHe Tt (2  medium,Vj,, is modeled by a self-ener¢$,13,20. We use
for V;,; the above results, Ed1) or (3), for the expected

Here, ps stands for the space Fourier transform of tequi-  value of self-energy in the presence of charge exchange, as-

librium) projectile-charge density in the stationary regime,suming that only onéground bound state may be formed on

given by ps(k) = p1(k) 1+ p2(K) 2, whereg;=I'c/I" and  the projectile which follows adiabatically the time evolution
¢,=I"/T", while the temporal correlations are described byof the self-energy.

2 2-T(t—t’ 2\ ATt
=pstpce ta t)+(p0ps_ps)e It

the charge densityp (k) =|po(k) —p1(K)|Ve1¢,. In Eq. For the sake of computation, we consider the case df He
(2), po stands for the space Fourier transform of the initialand Hé ™" ions (Z=2) moving in an Al target at the speed
ion-charge densityeither p;(k) or p,(k)]. in the range from 2 to 5, whe®~0.15, while the equilib-

Since the time delay in the collective response of the tarrium charge-state distribution may be parameterized by
get electron gas is typically accompanied by the dampe@gl/¢2:15_13)—3-2 [7,12,13. We have evaluated numeri-
oscillations at the plasma frequenay, [10,11], it is also of  cally the instantaneous self-energy in Ef.by means of the
interest to evaluate the time average of the projectile selfso-called plasmon pole approximatiGPPA) [22] for dielec-
energy over the traversal tinfethrough the target, where the tric function, whencee *(k,w)=1+ wé/[w(er iy)— wﬁ],
plasma oscillations would be washed out, as follows: wherew?= w§+ 3v2k?/5+k*/4, with v being Fermi speed,
while the damping constant is taken to #e-0". However,
the numerical results appear to be very well approximated, at
least for sufficiently high projectile speeds by Drude
model for dielectric function, which follows from PPA by

1T
Um)y=1 | dyua)

1 d°k 47 (= 1 setting w,= w,. We therefore use Drude model to evaluate
- Ef (2m)3 Ffo doRee “(k,w)—1] self-energies in Eqs(l) and (3) in analytical form, which
greatly reduces computational effort, especially, for long
XF(k,w—k-v;T). €©)] dwell times T. Choosingv =3, we show in Fig. (a) the
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energies with respect & evaluated at the unperturbed value
a=1/4, which are displayed in Fig(l) by the thin solid line
and the thick solid line, respectively, for ion speed 3. A
rather smooth dependence of these derivatives op(I6d)

is observed in Fig. (b), along with strong effects of differing
initial charge states, while the results from Ed) and Eq.

(3) appear to be quite similar to each other on a qualitative
level. In the subsequent calculations, we use the linearization
of Eqg. (3) in a about the unperturbed value=1/4, thus,
obtaining excellent approximation for the val@e which
minimizes the total projectile enerdy,; in the range of ion
speeds and dwell timesT considered. Moreover, we have
found only a minor increase ia, up to about one percent,
compared to the unperturbed valae=1/4, which is ex-
pected for relatively high ion speeds of interest here, and is
similar to the results obtained from alternative modeling of
the interaction with the targeY;,; [8,13]. While such a de-
viation of the variational parameter from its unperturbed
value has practically negligible effects in the subsequent cal-
culation of the ion energy losses, we mention that the varia-
tion of this parameter is expected to be stronger for slower
ions[7].

Ill. ENERGY LOSS

log,(T'T) In order to derive the expected energy loss of a projectile
after the traversal tim&, which is assumed to be sufficiently
FIG. 1. Expected value of the self-ener@ig atomic unity for  short that the change in the ion velocityis negligible, we
He ions moving in an Al foil at the speed=3 a.u. versus the yse the result of the many-body theories for the probability

logarithm of the reduced dwell tim€T, with the initial charge density d|str|but|onP(E,T) of the ion energy los€ after
states,Qo=1 and 2, and with the unperturbed size of the bound-tjme T [14,15,19,

electron orbit,a=1/4 a.u.(a) Thin solid lines, instantaneous self-

energy{U(T)), Eqg.(1); thick solid lines, time-averaged self-energy

(U(T)), Eqg. (3); dashed lines, instantaneous self-energy in the P(E'T)=fw ﬁexp{iET—Cb(r'T)] (6)
point-charge approximatiorg=0. (b) Derivative of the instanta- ' 2T ' '
neous(thin solid lineg and the time-averagefthick solid lines

self-energy with respect to the bound-electron orbit size parareter where

(in atomic units.

-1

e(k,w)

2

3 %
dependence on the logarithm of the reduced traversal time q)(T;T):f d’k f do 1_e7iwf)4_7T m
I'T, for both the instantaneouhin solid line and the time- (2m)3Jo k?
averaged(thick solid line self-energies, evaluated, respec-

tively, from Egs.(1) and(3) with a=1/4, corresponding to %
the unperturbed 4 orbital. In order to demonstrate the ef-

fects of the size of the bound-electron orbital, we also show . . ] ]
in Fig. 1(a) the instantaneous self-ener@ashed lingevalu-  With €(k, ) being the dielectric function of the electron gas
ated from Eq.(1) with a=0, corresponding to the point- N the targe{22]. Note that the projectile-charge density has
charge approximation. The two sets of curves, shown in Figteen expressed in the target frame of reference in(Bg.
1(a), correspond to two initial charge stat€¥,=1 andQ, Upon calculatl_ng the mean energy loss of the prOJectllg after
—2. It is evident from Fig. (a) that the self-energy is van- the traversal ime as the first moment of the above distri-
ishingly small initially, and that it settles to the equilibrium bution, E(T)=/dE EP(E;T)=—i d®/d7|,—o, we define
value only after dwell times of the order =10l !. Sig- the expected stopping power after time by S.on(T)

T )
f dtf d3re!(“tkND(r — vt 1) (7)
0

nificant dependence on the the initial cha@g s also ob-  =(E(T))/(vT), whence
served.

As regards the dependence of the self-energy on the varia- 5 Bk Ao (=
tional parameten, we have found that both E¢l) and (3) Seon(T)=— f am
yield practically linear dependence @in a broad range 0 v) @273 K Jo
from 0 to 1/2, for all ion speeds and dwell times of interest
here. It is, therefore, more interesting to examine the deriva- — .

) H X — .

tives of both the instantaneous and the time-averaged self- ImL(k,w)} Flko=k-v;T), ®
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with the spectral functior(k,w;T) of the procesD(k,t) the time average over the traversal tinle S;,.(T)
being defined in Eq(4). The notationS,,(T) suggests that =T‘1fgdt(dE/dx>, of the expected energy loss per unit
the convolution-type integral over the frequenayn Eq.(8)  path length at time, (dE/dx), given by the incoherent su-
gives rise to the coherence effects on the ion energy losserposition over the instantaneous charge-state distribution,
related to the time scale for the target response, implied ine.,

the inelastic loss function Ip+1/e(k,w)], and the time

scale for the charge-changing events, contained in the non- dE 5
stationary time correlation function, Eq®) and (4). More : .
precisely, it is the inherent coupling of the- and Z‘ S§I(Q; 1|00, (12

T-dependence in the spectral functibik,w; T) that affects
the mechanisms of the energy deposition in the target, vihereS; is the stopping power in the fixed charge st@te
Eq. (8). (with j=1 or 2) [22],

It is worthwhile discussing, at least at the qualitative
level, the relation of Eq(8) with the result of the standard
theories of ion stopping, where coherence effects are absent
[3,7-9,13. A critical step in that direction is to consider
under what conditions would the-integration in Eq.(8)
become, at least approximately, decoupled from theNote that, although Eq$9)—(13) do not provide a rigorous
T-dependence. In that context, one should notice that thprocedure of “deriving” the standard resyif—9] from the
w-dependence of the spectral functib(k,»;T), Eq.(4),is  main result of our work, Eq(8), they nevertheless demon-
rather broadly structured for, sajT<1, while it contains Strate what physical content is different, and what is related,
only narrow structures with typical widths of the orderIof — between theS.,, and Sic .
andT~ ! whenI'T>1, or expI'T)<1, to be more precise. Since data for ion energy losses are often given in terms
Thus, coherence effects will certainly be pronounced in thedf the so-called effective ion stopping charfge3,8,13,23
pre-equilibrium regime'T<1, while their persistence for We represent our results in a similar manner by defining the
longer dwell times will depend on whether the coherent and incoherent effective charg®syn= v'Scon/Sp
w-dependence of the loss function[lml/e(k,w)] may be andQ,.= VSinc/Sp, respectively, where the proton stopping
considered, upon angular integration of the fa&ov in Eq. ~ power S; is given by Eq.(13) with p;(k)=1. We again
(8), to be broader or narrower than * andI". Considering consider H& and Heé™ projectiles in Al, with the bound-
collective and/or single-particle excitations of electron gas irelectron density determined from the procedure outlined in
metal, one may assert that, fBif>1 and for a sufficiently the preceding section, while describing the target response
fast projectile, such thdf+wp<v2/2 andvge<v, the factor ~ with PPA dielectric functio{22]. In Fig. 2, we show both
F(k,o—k-v;T) in Eq. (8) would be sufficiently peaked at the coherentthick solid line and the incoherertthin solid
w=Kk-v that one may approximate line) effective chargesQ.., andQ;,., for three ion speeds,

v=2, 3, and 4, and with the initial charg€=1 andQ
=2, versus the logarithm of the reduced traversal tiife

e(k,k-v) |’

_1f d’k 4x

2 Flp;(k)lz(k-V)lm

=7 (13

1 d°k 47 -1 Also shown by the dashed lines are the expected ion-charge
Scoh”_f 27 )3 K2 - (k-v)Im (K,k-Vv) states at timeT, defined by(Q(T)>=Q1H(Q1',T|Q0,O)
+Q,I1(Q,,T|Qo,0), in order to illustrate the time depen-
o dence of the weighting factors in E¢l2), as well as to
X f_ do F(k,o=k-v;T). (9 emphasize the quantitative difference between the effective

and the actual ion charges.

In general, one observes rather strong dependence of both
Qcon @andQj,c on the initial charg&), throughout the whole
range of dwell times displayed in Fig. 2. Moreover, one ob-

serves that the coherent and incoherent charges are practi-
f do F(k,w;T)= f dt(D2(k,t)), (10)  cally the same for long dwell times, such tHat>1, say.

This result corroborates our intuitive argument used in the
above “derivation,” Eqgs.(9)—(13), which validates the pic-
ture of incoherent ion stopping in the equilibrium regime, for
sufficiently fast ions. On the other hand, in the pre-
equilibrium regime with the dwell times such thBT <1,

(D(k,1)) :z 2(011(Q, t1Q0.0), (11) hmarked differ_ences are displayed in Fig. 2 between the.co-
= erent and incoherent effective charges. At the earliest
stages, the coherent charges are much smaller than the cor-
so that the right-hand side of the approximate relation, Eqresponding incoherent charges, and are rather weakly depen-
(9), is recognized as the standard re$idit 9], which we call  dent on the ion speead A steep increase Q.. is observed
the incoherent stopping pow&,.(T). It may be defined in  for times up to abouT=TI""1, giving rise to a nonmonotonic
a manner similar to that of its coherent counterpart, that is, aBehavior of the coherent charge with the initial cha@g

From Eg.(4) we find

while Eq. (2) gives

N
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quence of the charge-changing collisions with the target at-
oms, which is adequately described as a nonstationary Mar-
kov process. Owing to the finite target response time to such
sudden and repetitive changes in the projectile-charge den-
sity, the instantaneous rate of energy deposition in the target
becomes dependent on the history of the charge-state evolu-
tion, which is summarized in the temporal autocorrelation
function of the Markov process. Such coherent effects in ion
energy losses appear to be particularly prominent for short
dwell timesT through the target, such thRT <1, wherel'

is the charge-exchange rate.

By considering hydrogenlike projectiles at the medium-
to-high speeds, we have evaluated the time dependence of
the expected value of the projectile self-energy in the pres-
ence of charge-exchange processes, and used that result to
determine self-consistently the bound-electron density by
minimizing the total energy of the projectile. We have further
evaluated the expected energy loss after the dwell Tiraed
represented the results for He projectiles in aluminum by
means of the effective stopping charge. Significant coherence
effects in the energy loss have been found in the pre-
equilibrium regime, such thdiT<1, when compared to the
results obtained from a model where the instantaneous
energy-loss rate is given by an incoherent superposition over
the stopping powers at fixed charge states, weighted by the
instantaneous charge-state distribution. Our results demon-
strate that such an incoherent model of ion stopping, which is
characteristic of the existing theories of charge-state effects
in ion stopping, is clearly adequate whEi>1, at least for
fast hydrogenlike ions in metal targets, where the conditions
'+ w,<v?/2 andve<v are fulfilled.

It is expected that the coherence effects in the pre-
equilibrium ion stopping may be even more pronounced at
lower projectile speeds. In order to extend the present theory
in that direction, one has to take into account that the number
of the relevant projectile charge states may be greater than
two, as well as to use more adequate dielectric formalism,
including, e.g., the local-field correction. Additional compli-
cations in the case of slow ions are related to inaccuracy of

FIG. 2. Effective stopping charges for He ions moving in an Al the experimental and theoretical data for the relevant electron
foil at the speed$a) v=2, (b) v=3, and(c) v=4 a.u., versus the capture and loss cross sections in the target, as well as to

logarithm of the reduced dwell tim€T, with the initial charge

incomplete understanding of the role of surface effects in

statesQo=1 and 2, and with the self-consistent size of the bound-hoth the energy loss and the charge-state evolution.

electron orbit. Thick solid lines, coherent effective cha@g,,

Recent experiments on ion stopping in laser-produced

S\/Scoh(T)/ng Eq. (8); thin solid lines, incoherent effective charge plasmas, or in fully ionized low-density plasmas, have dem-
inc™

Sinc(T)/S, (where S, is proton stopping powgr dashed

lines, instantaneous average ion chaf@¢T)).

onstrated the importance of effective ion char{@4]|, sug-
gesting a need to apply present model to low-density and hot
plasma targets with appropriate modifications of dielectric

=2. We finally note that, for high ion speeds, the chargefunction and cross sections: | for such targets. It would be

exchange ratek are usually very small4,5], such that, for

interesting to study effects of decreasing electron demsity

the thinnest foils of the experimental interest, one may easilyn the coherence effects in ion stopping, knowing that the
havel'T<1, so that the coherence effects, shown in Fig. Zplasma frequency and the electron transfer rate scalenyith
for the pre-equilibrium dwell times, may become observableaSwpoc nY2 andT = n, (neglecting the density effect on cross

IV. CONCLUDING REMARKS

In the early stages of penetration through a solid targetdependent

sections. Finally, it should be mentioned that the coherent
effects were obtained in the present work from a description
of projectile-charge state evolution as superposition of time-
probabilities. A more refined, quantum-

the time evolution of the ion-charge state is a random semechanical treatment of this problem would employ a super-
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