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Stochastic treatment of nonequilibrium ion stopping in solids

Z. L. Mišković and F. O. Goodman
Department of Applied Mathematics, University of Waterloo, Waterloo, Ontario, Canada N2L 3G1

W. -K. Liu
Department of Physics, University of Waterloo, Waterloo, Ontario, Canada N2L 3G1

You-Nian Wang
The State Key Laboratory of Materials Modification by Laser, Electron, and Ion Beams, Dalian University of Technology,

Dalian 116023, People’s Republic of China
~Received 9 July 2002; published 17 January 2003!

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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I. INTRODUCTION

The charge state of fast ions traversing solid targets c
tinues to present a challenging research problem in the
of particle interactions with matter@1,2#. Increasing attention
has been payed in recent years to experimental studie
energy losses of fast, hydrogenlike ions, passing thro
solid films with thicknesses comparable to the characteri
length for the projectile charge-state equilibration in su
targets @3–5#. This, so-called pre-equilibrium, regime o
measurement of ion interactions with solids provides, on
one hand, access to studying the role played by elect
bound to the projectile in ion stopping at fixed charge sta
@3,4# and, on the other hand, enables experimental dete
nation of the electron capture and loss cross sections, a
with the accompanying energy losses, for projectile scat
ing on target atoms@3,5#. While such powerful experimenta
techniques provide much needed insight into the problem
ion-charge states during the penetration through solids, t
remain several conceptual questions to be addressed in
tion to the interpretation of data obtained from very th
targets@6#.

On the theoretical side, the role of projectile-charge sta
in energy losses of light ions in the equilibrium regime h
been successfully described by means of the dielec
response formalism@7,8#. In addition, a comprehensive sta
tistical theory has been developed for the nonequilibrium
energy-loss spectra in gaseous and solid targets in the
ence of charge-changing collisions with target atoms or m
ecules@9#. Although these two approaches are based on
different points of view, one emphasizing the collective n
ture of the solid target response@7,8# and the other concen
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trating on the atomistic picture of target@9#, some of their
results share a common feature. Namely, the rate of en
deposition in such theories@7–9# is represented by aninco-
herentsuperposition of contributions from various projecti
states, weighted by theinstantaneousprojectile-charge-state
distribution.

However, one expects that the overlap among the cha
teristic time scales for charge-changing processes, un
taken by the projectile, and the typical response time
collective excitations of the quasi-free-electron gas in a so
would give rise to importantcoherenteffects, such that the
energy deposition rate in the target would retain so
memoryof the charge-state evolution of the projectile. Su
a claim may be corroborated by a very recent experime
study of the femtosecond kinetics of a nonequilibriu
electron-hole plasma in GaAs, which has shown that the
set of collective response, such as Coulomb screening
plasmon scattering, exhibits a distinct time delay of the or
of the inverse plasma frequencyvp @10#. Moreover, a closely
related phenomenon of transient excitons in metals has b
recently interpreted by means of a time-dependent dielec
response model@11#, emphasizing that a finite time is neede
for the target to build up a polarization cloud in a reaction
a sudden external perturbation. In our context, conside
the finite response time of the electron gas, the cha
changing collisions of the projectile with target atoms m
be viewed as a time sequence of abrupt changes in
projectile-charge density, which are separated by rando
distributed time intervals on the sub-femtosecond scale
that one expects that each such event would be followed
a relatively short period of rather incomplete screening of
projectile by the valence-electron gas in the target. Depe
©2003 The American Physical Society02-1
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ing on the relevant time scales, such recurring periods
incomplete screening of the projectile may partially over
one another, thus, affecting both the mechanisms of en
deposition in the target and the mechanisms governing
electron binding to the projectile. Considering the transie
and the magnitude of the charge-state changes in the ea
stages of ion penetration through a solid, one expects tha
pre-equilibrium regime of ion stopping should be particula
affected by such manifestations of the incomplete screen

In the present paper, we use stochastic methods to
scribe the coherence effects on the pre-equilibrium ion s
ping, in order to reveal what kind of results may be expec
for the ion energy losses after very short dwell times in
solid, as well as to elucidate the range of time scales vali
ing the standard picture of ion stopping as an incoher
superposition over the instantaneous charge-state distribu
@7–9#. A natural theoretical framework for describing th
time-delay effects in the collective excitations of the targ
electrons is provided by the time-dependent dielect
response formalism@11,14–16#. We consider hydrogenlike
projectiles moving at the medium-to-high speeds, comm
surate with the pre-equilibrium experimental regimes@3–5#
where the projectile beam consists of predominantly fu
stripped ions and the projectiles with only one bound el
tron. Consequently, the time sequence of the cha
changing events, undertaken by the projectile in collisio
with target atoms, is modeled in the pre-equilibrium regim
by a nonstationary, continuous-time dichotomic Markov p
cess, which may be easily generalized for projectiles wh
more than two charge states are relevant by using multiv
ate Markov processes@17,18#. We generalize here the earlie
result for the nonstationary time-correlation function f
pointlike projectiles@19#, and derive the correlation functio
for a full time- and space- dependent projectile-charge d
sity. In that context, the bound-electron density is obtain
from a self-consistent variational treatment, by minimizi
the total energy of the ion@8,13#, where the interaction with
the target is described by means of the self-energy appro
@20#.

Calculations are performed with the parameters appro
ate for helium projectiles passing through an aluminum
get at speedsv in excess of a few Bohr speeds, for whic
reliable data on the electron capture and loss cross sec
sC,L are available, showing that the fraction of neutral p
jectiles in the beam is negligible@7,12,13#. Since the coher-
ence effects on the ion energy loss and the self-energy
associated with the valence-electron excitation modes,
use simple models for the dielectric function to describe
target response@22# and, in doing so, we neglect the atomi
tic processes, such as the core-electron excitations and
energy loss in charge-changing collisions with the target
oms. While the contribution of these processes to the to
energy losses of the helium beams in the indicated rang
speeds is about ten percent@7,8#, we note that the atomistic
processes are not likely to exhibit significant coherence
fects since they depend on the instantaneous projec
charge state and are, therefore, not of immediate inte
here. We also neglect the role of surface response mo
@21#, setting a lower limit to the thickness of solid film
01290
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which may be described by the present model. Conseque
the results obtained here will have only qualitative and se
quantitative utility in elucidating the importance of the c
herence effects on ion stopping in the pre-equilibrium
gime, while a fully quantitative treatment would require
generalization which combines the present approach with
standard incoherent theories, where a full account of the
mistic processes and the surface effects could be ta
@7,9,21#.

In Sec. II, we provide a stochastic description of t
projectile-charge density, evaluate the time-dependent s
energy of the projectile, and use it to determine the bou
electron density. In Sec. III, we evaluate the expected p
equilibrium energy loss and analyze the coherence effect
means of the time-dependent generalization of the concep
the so-called effective stopping charge@2,23#. Concluding
remarks are given in Sec. IV. Atomic units are used throu
out.

II. PROJECTILE-CHARGE DENSITY

Assume that a fast, hydrogenlike projectile with th
atomic numberZ traverses a thin foil at a~constant! velocity
v, such that the temporal evolution of its charge stateQ(t) is
a Markov process which takes two discrete values,Q15Z
21 and Q25Z, corresponding to the projectile with on
bound electron and to the completely stripped ion, resp
tively @18#. The characteristic time scale for such a proces
determined by the electron capture and loss ratesGC,L

5NatvsC,L , connecting the two charge states, whereNat is
the atomic density of the target. Consequently, the full spa
and time-dependent projectile-charge density,D(r ,t), de-
fined in the moving frame of reference attached to the p
jectile, appears to be a random function of time as w
governed by the same statistics as the processQ(t), such
that Q(t)[*d3rD(r ,t). Therefore, the functionD(r ,t) as-
sumes the realizationsr1(r )5Zd(r )2rb(r ) and r2(r )
5Zd(r ) when the projectile-charge stateQ(t) takes the val-
uesQ1 and Q2, respectively. Here, the normalized boun
electron density is given byrb(r )5uc(r )u2, wherec(r ) is a
variationally optimized hydrogenic wave function.

Assuming that the electron gas in the solid is described
means of a~retarded! inverse dielectric functione21(r
2r 8,t2t8) @11#, the induced potential in the targe
Ṽind(r ,t), and the potential of the moving ion,Ṽext(r ,t), are
related via Ṽind(r ,t)5*d3r 8*dt8@e21(r2r 8,t2t8)2d(r
2r 8)d(t2t8)#Ṽext(r 8,t8), where the tildes signify that both
potentials are defined in the target frame of reference. W
the projectile-charge density in the target frame being giv
by the translational shift of the density in the project
frame,D̃(r ,t)5D(r2vt,t), one can deduce the induced p
tential in the projectile frame,Vind(r ,t), from the analogous
relation, Ṽind(r ,t)5Vind(r2vt,t). On introducing the Fou-
rier transform with respect to the space coordinates, we
tain the expected value of the instantaneous self-energ
the projectile at timet, ^U(t)&, as follows:
2-2
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^U~ t !&[ K 1

2E d3rD~r ,t !Vind~r ,t !L
5

1

2E d3k

~2p!3

4p

k2 E0

t

dt8@e21~k,t2t8!

2d~ t2t8!#eik"v(t2t8)^D~k,t !D~k,t8!&. ~1!

It should be noted here that the space Fourier transform
the charge density in the projectile frame,D(k,t), is also a
random function of time, governed by the same statistics
D(r ,t) and Q(t). Consequently, the expected value in E
~1! is obtained by means of the ensemble average ove
possible realizations of the processQ(t), indicated by the
symbol ^•••&.

Equation ~1! indicates that the projectile self-energy
time t is determined by the history of the projectile-charg
density evolution over all preceding timest8, starting from
the entrance in the target~that is,t>t8>0), by means of the
time autocorrelation function̂D(k,t)D(k,t8)&. In order to
evaluate this function, we make use of the conditional pr
ability for the processQ(t) to have the valueQj at the time
t, if its value wasQl at the timet0 (t>t0>0), which is
given by P(Qj ,tuQl ,t0)5f j1(d j l 2f j )exp@2G(t2t0)#
@18#. Here,f j is the equilibrium fraction of the charge sta
Qj , d j l is the Kronecker delta, whileG5GC1GL is the total
charge transfer rate. Assuming that the initial charge stat
time 0 isQ0 ~equal to eitherQ1 or Q2), we obtain@18,19#

^D~k,t !D~k,t8!&[(
j 51

2

(
l 51

2

r j~k!r l~k!P~Qj ,tuQl ,t8!

3P~Ql ,t8uQ0,0!

5rs
21rc

2e2G(t2t8)1~r0rs2rs
2!e2Gt8

1~r0
22r0rs2rc

2!e2Gt. ~2!

Here,rs stands for the space Fourier transform of the~equi-
librium! projectile-charge density in the stationary regim
given byrs(k)5r1(k)f11r2(k)f2, wheref15GC /G and
f25GL /G, while the temporal correlations are described
the charge densityrc(k)5ur2(k)2r1(k)uAf1f2. In Eq.
~2!, r0 stands for the space Fourier transform of the init
ion-charge density@eitherr1(k) or r2(k)].

Since the time delay in the collective response of the
get electron gas is typically accompanied by the dam
oscillations at the plasma frequencyvp @10,11#, it is also of
interest to evaluate the time average of the projectile s
energy over the traversal timeT through the target, where th
plasma oscillations would be washed out, as follows:

^U~T!&[
1

TE0

T

dt^U~ t !&

5
1

2E d3k

~2p!3

4p

k2 E0

`

dv Re@e21~k,v!21#

3F~k,v2k•v;T!. ~3!
01290
of

s
.
all

-

-

at

,

y

l

r-
d

f-

Here,F(k,v;T) is the spectral function@18# of the nonsta-
tionary processD(k,t), given by

F~k,v;T!5
1

pE0

T

dt cos~vt!
1

TE0

T2t

dt^D~k,t1t!D~k,t !&,

~4!

which is easily evaluated in an analytical form by using E
~2!, but is too long to be reproduced here. Note, howev
that the stationary-regime result is achieved by taking
limit T→` in Eq. ~4!, in which case we obtain the familia
result @16#, Fs(k,v)5rs

2(k)d(v)1rc
2(k)(G/p)/(v21G2).

It is also interesting to note that the spectral function a
proaches the stationary regime in such a way that the p
tationary effects decay as the inverse of the traversal timT,
viz.,

F~k,v;T!;Fs~k,v!1
1

GT F ~r0rs2rs
2!d~v!

1
G/p

v21G2 S r0
22r0rs2rc

2 2G2

v21G2D G . ~5!

Let us finally note that Eq.~3!, when taken in the stationar
regime with the neglect of charge-changing events by set
f151 andf250, yields the same expression for the se
energy of a projectile with a bound electron, as the one
rived by the many-body techniques@20#.

In order to determine the charge density of the bou
electron, rb(r )5uc(r )u2, in a self-consistent manner, w
adopt the procedure where the total projectile energyEtot
5^cu2“

2/22Z/r uc&1Vint is minimized by varying the pa-
rameter a of the hydrogenic 1s wave function c
5(8pa)23/2exp@2r/(2a)#, whereas the interaction with th
medium,Vint , is modeled by a self-energy@8,13,20#. We use
for Vint the above results, Eq.~1! or ~3!, for the expected
value of self-energy in the presence of charge exchange
suming that only one~ground! bound state may be formed o
the projectile which follows adiabatically the time evolutio
of the self-energy.

For the sake of computation, we consider the case of H1

and He21 ions (Z52) moving in an Al target at the speedv
in the range from 2 to 5, whereG'0.15, while the equilib-
rium charge-state distribution may be parameterized
f1 /f2515.13v23.2 @7,12,13#. We have evaluated numer
cally the instantaneous self-energy in Eq.~1! by means of the
so-called plasmon pole approximation~PPA! @22# for dielec-
tric function, whencee21(k,v)511vp

2/@v(v1 ig)2vk
2#,

wherevk
25vp

213vF
2k2/51k4/4, with vF being Fermi speed

while the damping constant is taken to beg→01. However,
the numerical results appear to be very well approximated
least for sufficiently high projectile speedsv, by Drude
model for dielectric function, which follows from PPA b
settingvk5vp . We therefore use Drude model to evalua
self-energies in Eqs.~1! and ~3! in analytical form, which
greatly reduces computational effort, especially, for lo
dwell times T. Choosingv53, we show in Fig. 1~a! the
2-3
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dependence on the logarithm of the reduced traversal
GT, for both the instantaneous~thin solid line! and the time-
averaged~thick solid line! self-energies, evaluated, respe
tively, from Eqs.~1! and ~3! with a51/4, corresponding to
the unperturbed 1s orbital. In order to demonstrate the e
fects of the size of the bound-electron orbital, we also sh
in Fig. 1~a! the instantaneous self-energy~dashed line! evalu-
ated from Eq.~1! with a50, corresponding to the point
charge approximation. The two sets of curves, shown in F
1~a!, correspond to two initial charge states,Q051 andQ0
52. It is evident from Fig. 1~a! that the self-energy is van
ishingly small initially, and that it settles to the equilibrium
value only after dwell times of the order ofT.10G21. Sig-
nificant dependence on the the initial chargeQ0 is also ob-
served.

As regards the dependence of the self-energy on the v
tional parametera, we have found that both Eq.~1! and ~3!
yield practically linear dependence ona in a broad range
from 0 to 1/2, for all ion speeds and dwell times of intere
here. It is, therefore, more interesting to examine the der
tives of both the instantaneous and the time-averaged

FIG. 1. Expected value of the self-energy~in atomic units! for
He ions moving in an Al foil at the speedv53 a.u. versus the
logarithm of the reduced dwell timeGT, with the initial charge
states,Q051 and 2, and with the unperturbed size of the boun
electron orbit,a51/4 a.u.~a! Thin solid lines, instantaneous sel
energy^U(T)&, Eq.~1!; thick solid lines, time-averaged self-energ
^U(T)&, Eq. ~3!; dashed lines, instantaneous self-energy in
point-charge approximation,a50. ~b! Derivative of the instanta-
neous~thin solid lines! and the time-averaged~thick solid lines!
self-energy with respect to the bound-electron orbit size paramea
~in atomic units!.
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energies with respect toa, evaluated at the unperturbed valu
a51/4, which are displayed in Fig. 1~b! by the thin solid line
and the thick solid line, respectively, for ion speedv53. A
rather smooth dependence of these derivatives on log10(GT)
is observed in Fig. 1~b!, along with strong effects of differing
initial charge states, while the results from Eq.~1! and Eq.
~3! appear to be quite similar to each other on a qualitat
level. In the subsequent calculations, we use the lineariza
of Eq. ~3! in a about the unperturbed valuea51/4, thus,
obtaining excellent approximation for the valuea which
minimizes the total projectile energyEtot in the range of ion
speedsv and dwell timesT considered. Moreover, we hav
found only a minor increase ina, up to about one percen
compared to the unperturbed valuea51/4, which is ex-
pected for relatively high ion speeds of interest here, an
similar to the results obtained from alternative modeling
the interaction with the target,Vint @8,13#. While such a de-
viation of the variational parametera from its unperturbed
value has practically negligible effects in the subsequent
culation of the ion energy losses, we mention that the va
tion of this parameter is expected to be stronger for slow
ions @7#.

III. ENERGY LOSS

In order to derive the expected energy loss of a projec
after the traversal timeT, which is assumed to be sufficientl
short that the change in the ion velocityv is negligible, we
use the result of the many-body theories for the probabi
density distributionP(E;T) of the ion energy lossE after
time T @14,15,19#,

P~E;T!5E
2`

` dt

2p
exp@ iEt2F~t;T!#, ~6!

where

F~t;T!5E d3k

~2p!3E0

`dv

p
~12e2 ivt!

4p

k2
ImF 21

e~k,v!G
3U E

0

T

dtE d3rei (vt2k"r )D~r2vt,t !U2

, ~7!

with e(k,v) being the dielectric function of the electron ga
in the target@22#. Note that the projectile-charge density h
been expressed in the target frame of reference in Eq.~7!.
Upon calculating the mean energy loss of the projectile a
the traversal timeT as the first moment of the above distr
bution, Ē(T)[*dE EP(E;T)52 i ]F/]tut50, we define
the expected stopping power after timeT by Scoh(T)
[^Ē(T)&/(vT), whence

Scoh~T!5
2

vE d3k

~2p!3

4p

k2 E0

`

dv v

3ImF 21

e~k,v!G F~k,v2k•v;T!, ~8!
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with the spectral functionF(k,v;T) of the processD(k,t)
being defined in Eq.~4!. The notationScoh(T) suggests tha
the convolution-type integral over the frequencyv in Eq. ~8!
gives rise to the coherence effects on the ion energy
related to the time scale for the target response, implied
the inelastic loss function Im@21/e(k,v)#, and the time
scale for the charge-changing events, contained in the n
stationary time correlation function, Eqs.~2! and ~4!. More
precisely, it is the inherent coupling of thev- and
T-dependence in the spectral functionF(k,v;T) that affects
the mechanisms of the energy deposition in the target,
Eq. ~8!.

It is worthwhile discussing, at least at the qualitati
level, the relation of Eq.~8! with the result of the standar
theories of ion stopping, where coherence effects are ab
@3,7–9,13#. A critical step in that direction is to conside
under what conditions would thev-integration in Eq.~8!
become, at least approximately, decoupled from
T-dependence. In that context, one should notice that
v-dependence of the spectral functionF(k,v;T), Eq. ~4!, is
rather broadly structured for, say,GT,1, while it contains
only narrow structures with typical widths of the order ofG
andT21 whenGT.1, or exp(2GT)!1, to be more precise
Thus, coherence effects will certainly be pronounced in
pre-equilibrium regime,GT,1, while their persistence fo
longer dwell times will depend on whether th
v-dependence of the loss function Im@21/e(k,v)# may be
considered, upon angular integration of the factork•v in Eq.
~8!, to be broader or narrower thanT21 andG. Considering
collective and/or single-particle excitations of electron gas
metal, one may assert that, forGT.1 and for a sufficiently
fast projectile, such thatG1vp!v2/2 andvF!v, the factor
F(k,v2k•v;T) in Eq. ~8! would be sufficiently peaked a
v5k•v that one may approximate

Scoh'
1

vE d3k

~2p!3

4p

k2
~k•v!ImF 21

e~k,k•v!G
3E

2`

`

dv F~k,v2k•v;T!. ~9!

From Eq.~4! we find

E
2`

`

dv F~k,v;T!5
1

TE0

T

dt ^D 2~k,t !&, ~10!

while Eq. ~2! gives

^D 2~k,t !&5(
j 51

2

r j
2~k!P~Qj ,tuQ0,0!, ~11!

so that the right-hand side of the approximate relation,
~9!, is recognized as the standard result@7–9#, which we call
the incoherent stopping powerSinc(T). It may be defined in
a manner similar to that of its coherent counterpart, that is
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the time average over the traversal timeT, Sinc(T)
5T21*0

T dt^dE/dx&, of the expected energy loss per un
path length at timet, ^dE/dx&, given by the incoherent su
perposition over the instantaneous charge-state distribu
i.e.,

K dE

dx
~ t !L 5(

j 51

2

SjP~Qj ,tuQ0,0!, ~12!

whereSj is the stopping power in the fixed charge stateQj
~with j 51 or 2! @22#,

Sj5
1

vE d3k

~2p!3

4p

k2
ur j~k!u2~k"v!ImF 21

e~k,k•v!G . ~13!

Note that, although Eqs.~9!–~13! do not provide a rigorous
procedure of ‘‘deriving’’ the standard result@7–9# from the
main result of our work, Eq.~8!, they nevertheless demon
strate what physical content is different, and what is relat
between theScoh andSinc .

Since data for ion energy losses are often given in te
of the so-called effective ion stopping charge@2,3,8,13,23#,
we represent our results in a similar manner by defining
coherent and incoherent effective charges,Qcoh5AScoh /Sp

andQinc5ASinc /Sp, respectively, where the proton stoppin
power Sp is given by Eq.~13! with r j (k)51. We again
consider He1 and He21 projectiles in Al, with the bound-
electron density determined from the procedure outlined
the preceding section, while describing the target respo
with PPA dielectric function@22#. In Fig. 2, we show both
the coherent~thick solid line! and the incoherent~thin solid
line! effective charges,Qcoh andQinc , for three ion speeds
v52, 3, and 4, and with the initial chargesQ051 andQ0
52, versus the logarithm of the reduced traversal timeGT.
Also shown by the dashed lines are the expected ion-ch
states at timeT, defined by ^Q(T)&5Q1P(Q1 ,TuQ0,0)
1Q2P(Q2 ,TuQ0,0), in order to illustrate the time depen
dence of the weighting factors in Eq.~12!, as well as to
emphasize the quantitative difference between the effec
and the actual ion charges.

In general, one observes rather strong dependence of
Qcoh andQinc on the initial chargeQ0 throughout the whole
range of dwell times displayed in Fig. 2. Moreover, one o
serves that the coherent and incoherent charges are p
cally the same for long dwell times, such thatGT.1, say.
This result corroborates our intuitive argument used in
above ‘‘derivation,’’ Eqs.~9!–~13!, which validates the pic-
ture of incoherent ion stopping in the equilibrium regime, f
sufficiently fast ions. On the other hand, in the pr
equilibrium regime with the dwell times such thatGT,1,
marked differences are displayed in Fig. 2 between the
herent and incoherent effective charges. At the earl
stages, the coherent charges are much smaller than the
responding incoherent charges, and are rather weakly de
dent on the ion speedv. A steep increase inQcoh is observed
for times up to aboutT.G21, giving rise to a nonmonotonic
behavior of the coherent charge with the initial chargeQ0
2-5
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52. We finally note that, for high ion speeds, the cha
exchange ratesG are usually very small@4,5#, such that, for
the thinnest foils of the experimental interest, one may ea
haveGT!1, so that the coherence effects, shown in Fig
for the pre-equilibrium dwell times, may become observab

IV. CONCLUDING REMARKS

In the early stages of penetration through a solid targ
the time evolution of the ion-charge state is a random

FIG. 2. Effective stopping charges for He ions moving in an
foil at the speeds~a! v52, ~b! v53, and~c! v54 a.u., versus the
logarithm of the reduced dwell timeGT, with the initial charge
states,Q051 and 2, and with the self-consistent size of the bou
electron orbit. Thick solid lines, coherent effective chargeQcoh

5AScoh(T)/Sp, Eq.~8!; thin solid lines, incoherent effective charg
Qinc5ASinc(T)/Sp ~where Sp is proton stopping power!; dashed
lines, instantaneous average ion charge^Q(T)&.
01290
e

ly
2
.

t,
-

quence of the charge-changing collisions with the target
oms, which is adequately described as a nonstationary M
kov process. Owing to the finite target response time to s
sudden and repetitive changes in the projectile-charge d
sity, the instantaneous rate of energy deposition in the ta
becomes dependent on the history of the charge-state ev
tion, which is summarized in the temporal autocorrelati
function of the Markov process. Such coherent effects in
energy losses appear to be particularly prominent for sh
dwell timesT through the target, such thatGT,1, whereG
is the charge-exchange rate.

By considering hydrogenlike projectiles at the mediu
to-high speedsv, we have evaluated the time dependence
the expected value of the projectile self-energy in the pr
ence of charge-exchange processes, and used that res
determine self-consistently the bound-electron density
minimizing the total energy of the projectile. We have furth
evaluated the expected energy loss after the dwell timeT and
represented the results for He projectiles in aluminum
means of the effective stopping charge. Significant cohere
effects in the energy loss have been found in the p
equilibrium regime, such thatGT,1, when compared to the
results obtained from a model where the instantane
energy-loss rate is given by an incoherent superposition o
the stopping powers at fixed charge states, weighted by
instantaneous charge-state distribution. Our results dem
strate that such an incoherent model of ion stopping, whic
characteristic of the existing theories of charge-state effe
in ion stopping, is clearly adequate whenGT.1, at least for
fast hydrogenlike ions in metal targets, where the conditio
G1vp!v2/2 andvF!v are fulfilled.

It is expected that the coherence effects in the p
equilibrium ion stopping may be even more pronounced
lower projectile speeds. In order to extend the present the
in that direction, one has to take into account that the num
of the relevant projectile charge states may be greater
two, as well as to use more adequate dielectric formali
including, e.g., the local-field correction. Additional comp
cations in the case of slow ions are related to inaccurac
the experimental and theoretical data for the relevant elec
capture and loss cross sections in the target, as well a
incomplete understanding of the role of surface effects
both the energy loss and the charge-state evolution.

Recent experiments on ion stopping in laser-produ
plasmas, or in fully ionized low-density plasmas, have de
onstrated the importance of effective ion charges@24#, sug-
gesting a need to apply present model to low-density and
plasma targets with appropriate modifications of dielec
function and cross sectionssC,L for such targets. It would be
interesting to study effects of decreasing electron densityne
on the coherence effects in ion stopping, knowing that
plasma frequency and the electron transfer rate scale witne

asvp}ne
1/2 andG}ne ~neglecting the density effect on cros

sections!. Finally, it should be mentioned that the cohere
effects were obtained in the present work from a descript
of projectile-charge state evolution as superposition of tim
dependent probabilities. A more refined, quantu
mechanical treatment of this problem would employ a sup

l

-

2-6



f

a
ic
st

ci-
.W.
ci-

STOCHASTIC TREATMENT OF NONEQUILIBRIUM ION . . . PHYSICAL REVIEW A67, 012902 ~2003!
position of time-dependent amplitudes, say, by means o
density matrix for projectile-charge-state evolution@25#.
Consequently, there remains a question, which should be
dressed in future work, as to whether quantum-mechan
coherent effects are less or more pronounced than those
ied in the present work.
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