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Effective charge and the mean charge of swift ions in solids
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We perform a nonlinear study of the energy loss of light and heavy ions in solids using the quantum
transport-cross-section method based on numerical solution of théd8ueo equation. The charge of the
ion—the relevant parameter in this calculation—is considered equal to the average ion charge measured after
emergence from solid foils. When the calculated energy loss values are analyzed within the framework of the
effective charge approach, the results of the present calculations are in excellent agreement with the empirical
values and also show the expected scaling properties. Through this analysis, we find a relationship between the
charge state inside the solid and the effective charge related to energy loss studies, which solves a seaming
contradiction between these values. The implications of this study with respect to the Bohr-Lindhard and
Betz-Grodzins models are discussed.
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. INTRODUCTION It has been known for many years that the valueggf,

for swift ions exceed those &.¢; (we will not consider here
The problem of the charge state of ions penetrating mattethe low-energy range where this relation changékese dif-

is one of the most relevant questions for studies on ion perferences are shown in Fig. 1 for various ions according to the
etration in solid targets. A large number of studies have beefitting expressions described below. As it may be observed,
produced in this area, both theoretically and experimentallyiarge differences are obtained for swift heavy ions for ener-
It is known that after some penetration distance the iongjes in the range of a few MeV/u.
reach a state of charge equilibrium determined by the com- The Betz-GrodzingBG) [5] model claims that the effect
petition between capture and loss procegdes3]. As are-  of repeated collisions within the solid produces ions with
sult of this equilibrium the ions acquire a mean ionizationseveral excited electrons in outer shells, but these electrons
chargeq. remain mostly attached to the ion until it emerges into

However, a direct determination of tigevalues inside the ~vacuum and, after this, the ion decays to the ground state by
solid is not possible, since only the charge state after emerdiVing up its excess energy by electron emission through
ing from a foil can be measured. From these type of meaf\Uger processes. Hence, the model predicts a significant
surements the values of the mean charge of the emergirfgmber of emitted electrons in the case of swift heavy ions

- ; ; = cf. Fig. 1). These multiple emission processes have been
Egamqex,t Is determined, but the relation betwegg,; and sought for many year8,8—10, but the number of electrons
g is generally unknown.

; . o actually observed was much lower than the predictions.
Two main models to describe the charge state inside the |4 Bohr-Lindhard(BL) model[4], on the other hand
solid have been proposed: the Bohr-Lindh§4d and the ’ ’

Betz-Grodzins[5] models, which provide very different
views of the problem.

A second and more indirect method to infer the charge
state of the ions inside the solid is from its energy loss. This er
has lead to the concept of tkeéective charg2,3,6,7 which "l
is supposed to yield information on the equilibrium charge N% 12
state of the ions. According to perturbation theory, the stop-, 41
ping power of a bare ion with atomic numb2rand velocity 5 4l
v is proportional toZ2. Based on this, the effective charge o0
Zos¢ Of an ion with atomic numbeZ, and velocityv is
operationally defined through the stopping power ratio
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. . . FIG. 1. Differences between the mean charge of ions emerging
where S ,Z7) is the experimental stopping power of the ) — : o o
explV:21) P PPINg P from solid targetsge,;; (using the empirical fit by Schiewietz and

ionZ, andsexn(v*zl) is the corresponding stopping of a cho- Grande and the effective charge®.; (using the fitting equation

sen reference ion with atomic numby (usually hydrogen given in the text for Cl, Br, I, and U ions, in carbon targets, as a
or helium iong with the same velocity. function of energy per unit mass.
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considers that the fast sequence of collisions experienced Ipers, both for ligh{25—-27 and heavy ion$28]. The target

the ion within a solid produces an enhancement in the exciis considered as a free-electron-like medium. Here we con-

tation and ionization probabilities, leading to an increasedider the case of carbon, where valence electrons are repre-

equilibrium charge. In this way the BL model would explain sented by a uniform electron gas with densityFermi ve-

the higher values of the ion charge measured after a foil. Bufpcity v and Wigner-Seitz radius,=1.9196¢, with rq

the remaining open question is how to explain the difference- 1 66 corresponding to amorphous carbon. Corrections due

betweenqe,;; and the values of the effective chargés;s  to K-shell excitations are also appli¢@8] since they are

determined experimentally from energy loss measurementsmportant in the present energy range, but we do not consider
The effective charge concept has proved to be a very usenhe energy losses associated to projectile excitations or elec-

ful parameter to condense a very large body of experimentaton exchange processes which may yield contributions at

data[7], particularly for swift heavy ions, also providing a |ower energies.

simple and practical scheme, and its use in the literature has 1pe potential of a moving ion with atomic numbgy and

been generalized. However, it should be noted that the rele\‘/'elocityu is modeled as a sum of two components:

tion (1) is motivated by the property, arising from perturba-

tion theory that the stopping of a bare ion with cha#fyes 5 &2

proportional toZ?. But one should be aware that the usual Vign(1)=Veore(F) + V(1) = _Nﬁ¢ (r)y— q—¢> (r

condition for the applicability of the perturbative picture, —'" core S roreore roos

Ze?/hv<1 is not fulfilled in many cases, and so the physical 2

meaning of the effective charge obtained from the scaling

propertySxZ? may be misleading11,12. For instance, to where the core ternV...(r) includes the potential of the

represent some cases dealing with swift heavy ions it may bgucleus and atomic screening by the bound electtwiith

necessary to include higher-ord@onlineay terms, and still  ¢core screening functiombe,,e) and the screening potential

for stronger interactions or low velocities the whole pertur-vs(r) is represented by an exponential screening function,

_bative picture breaks down_. One e>_<amp|e whe_re this OCCUrS, (1) = exp(—af), where the value of is adjusted for each

is the phenomenon &; oscillations in the stopping of slow io; velocity [28]. N,=Z,—q is the number of bound elec-

ions [13-19, a featL!re that the perturbative or stanstucal trons attached to the ion amyis its charge(which depends
models cannot explaifiL6], and a proper treatment requires on the ion velocity

full Iculation$17,18. R | [ - ) 4 .
ull quantum calculation$17,18. Recently, various nonper The ion-potential modeV . «(r) used here is the so-

turbative calculations have been carried pl@—-21. These S ) . )
developments may lead to significant advances exploring dif€@/!éd Moli&e ion potential 28], which may be simply ob-

ferent approaches. tained from the usual Molie potential for neutral atoms

In addition, various approaches have been developed ové&tsing an appropriate screening functiégye(r).
the years to calculate the energy loss of swift ions in solids, The mean energy loss is evaluated in a nonlifeanon-
which use different assumptions on the charge state of theerturbative way starting from numerical integrations of the
ions. Some of these models use ion-charge values which aradial Schrainger equation, which describes the scattering
very similar to the effective charge fittings, while others areof electrons in the field of the moving ion, EQ). From
based on the equilibrium ion charge measured after foil stripthese integrations we determine the phase sfdifts, ,v)
pers. Although there exist significant evidence that the effecfwith [ =0,1, . . . ),which depend on theelative electron-ion
tive charge does not represent the charge state of ions MOVelocity v, (with Jr=59—5) and on the ion velocity (be-

ing inside the solid 19,22, in practice one finds that in the 5 se the scattering potentidl, ,(r) depends parametrically

chase of S\]ﬁv]'cﬂ 1ons solme gonfL_stml)n st|lldrema|ns, and also that'in v). From the§, values we can calculate the transport-
the use of fittingg values in widely used computer programs cross-sectiofTCS) oy, (v, ,v) as a function ob, andv,
[7,23,24 is sometimes assumed to represent the internal ion

charge values. 4
The purpose of this paper is to show that an adequate _am . B

nonlinear calculation of the energy loss of heavy ions in Tir(vr.v)= v,2 20 (14 DsirL8i(vr,0) = 84 1(vr,0)],

solids using quantum theory to evaluate the transport cross- (3)

section by numerical methods provides a consistent picture

of the chargevs. stopping relation which is free from_the Finally, we obtain the stopping pow&=—(dE/dx) in-
effective charge ansatz, and where the mean ion charge tegrating the TCS over relative electron-ion velocitigs:
enters as the only physically relevant ion charge parameter.y |<y <v+v,, and over the distribution of initial elec-

Through this analysis we will give strong evidence that thetron velocities within a Fermi sphere € <vg) [25-28,
ion charge within the solid is reasonably well represented byyamely,

the emerging ion-charge_lzqexit, contrary to the predic-

tions of the BG model. The implication of these results for 1 [or lo+vg
the interpretation of the effective charge will be discussed. S(v)= 4m)2fo vedvef ‘ dvwiog (v, ,v)
VU
IIl. THE NONLINEAR STOPPING APPROACH )
v —V
The self-consistent nonlinear model to represent the en- X |1+ > e]. (4)
ergy loss of nonrelativistic ions was derived in previous pa- Uy
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The relevant parameter required by the present calcula 4
tions is the equilibrium charge state of the ion within the
solid. The main assumption here is that the charge state in () 1 MeV/u

side the solid may be well represented &y, (the ion- 30 -
charge measured after emerging from the golitherefore, »s .

we have used as input values the empirical fittingaefy , | 0 __2===%
given by Nikolaev and Dmitriey29] (ND) and the recent
one given by Schiwietz and Granfig0] (SG), which agree
closely with the experimen{s31].

Charge
[~]
(=]
T

ND -——-
sG ——
(SZ1/s(1)"2ND - ---
sy fse —
Konak (Experimental) ©

Ill. RESULTS AND DISCUSSION 5

We have performed a series of calculations for incident o
ions with atomic numbers in the rangesZ ;<92 and with
energies of 1, 2, 5, and 10 MeV/u. The ion charges within the so . . . . . ' . : 7

solid are represented by thyg,;; values given by the ND and 4|
SG fittings[29,30. From these results we have evaluated the
stopping power ratios relative to protor§(Z,,v)/S(1v).
These ratios were used to obtain theoretical values of the 3| 3
effective charges according to the definition of E4), 30 | ©
namely;Ze=[S(Z;,v)/S(1v)]Y2

The results of these calculations are presented in Figs.
and 3. First, we show in Fi@ a set of calculations for fixed = 2
velocities, corresponding to 1, 2, and 5 MeV/u. The two 15

]
s 25
R =
O

ND ----
86 ——

curves indicated byA are theqe,; values given by the ND 4, gg};ﬁ:gg:ﬁgg ----

and SG fittings(our input charge valueq) while the two 5 Konak (Experimental) O
curves denoted b are the equivalent “effective charges” . . . . . .
theoretically obtained for each case. The circles in the figure °, 10 20 30 4 S0 6 70 8 90
are the empirical effective charge values determined from Z

energy loss measuremenit32,33. We find a remarkable 70
agreement with the empirical values in nearly all the cases

[except for some discrepancies in pat@l for the heaviest 60 - (c)5MeV/u A L
ions]. It may be observed that the lings and B start to P
diverge forZ,>20. This is the relevant range @f; where 50 | R 2]
the differences betweean,,;; andZ.¢; are important. Also, as wl /,—"'
observed in Fig. 1, the most adequate energy range is the or% L Q,/’/ B

covered by these calculations. The results for 1 MeV/u shows ol Q o>

the Ia}rgest differen_ces between the input chamgeqexit_ ND - -
used in the calculationgurvesA) and the deduced effective 20 5 sa —
charge valueg(curves B). The differences between both - (s@iys(1)'?ND ----

(sz1s(y) P sg —
Konak (Experimental) ©

curvesB show the sensitivity of the calculations with respect 10
to the input charge values. It may also be observed that if we
I~ 0

had usedg-values similar toZg¢; as the input ion-charge o 10 20 30 0 o e 70 8 o
within the solid, the results of the analysis would produce z,

output curves well below those of curvBsin wide discrep-
ancy with the experimental results. Hence, the possibility of
assuming ion-charge values within the solid clos& {¢ is
clearly ruled out by these nonlinear calculations. It is of in- FIG. 2. Curves A: mean ion charges used as input values in the
terest to note that a somewhat similar analysis has been dorB? L '

. ; ) esent calculations according to the Nikolaev-Dmitri{dhD) and
b_y M_aynardet al. [19] using a differentbut also nonlinegr Schiwietz-Grand€SG) fittings (shown with dashed and continuous
kinetic-theory type of approach.

) thin lines respectively Curves B: theoretical “effective-charge”

In Fig. 3 we have collected the results of numerous calyajyes deduced from the no-linear stopping calculations using the
culations, for allZ, values, and for the range of energies previous ND and SG input charge valué®sults shown with
between 1 and 10 MeV/u. Here we have merged all the caldashed and continuous thick lines respectivefe circles indicate
culated stopping values, represented in the form of effectivéhe empirical values of effective charges obtained from energy loss
charges using Eq1), and we have rescaled all the velocities measurements. The results for ion energies of 1, 2, and 5 MeV/u are
according to the Thomas-Fermi prescripti@j, in the form  shown separately in pane(a), (b), and(c).
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. L L L L FIG. 4. Different ion-charge models currently used in the litera-
ture: fitting valuesgyp and qsg [29,30 representing the equilib-
rium ionization of ions emerging from solid foils, effective-charge

FIG. 3. Joint representation of all the “effective charge” values fitting, Zge,=Zy[ 1—exp(—0.92/Z33)]; q values used in various
theoretically obtained from Ed1) using the results of energy loss computer programsirIM, SRIM [23] and GEANT program[24], and
calculations for all incident ions with< Z, <92 and for energies of ¢ values used in the Binary Theof21].
1, 2, 5, and 10 MeV/u, as a function of the reduced velocity param-
eterv/Z2®. The calculated values are indicated here by symbolsused in the literature we compare in Fig. 4 the fitting values
The curve represents the universal fitting by Ziegieml. to the g, andqgg, representing the equilibrium ionization of ions
empirical effective-charge values, corresponding to a large collecemerging from solid foils [29,30, together with the
tion of measurements for many different cases. effective-charge fittingZg(,, and with theq values assumed

in various computer programs, such as timm and SRIM

v/Z§’3. The calculated results are shown here with symbolsprograms[23], the GEANT program [24], and the binary
We also show in the figure the widely used fitting formula: theory[21]. As explained before, our nonlinear stopping cal-
Zett/Z1=1—exp(—0.92/Z2"®). As shown by previous culations are consistent with the equilibrium ionization val-
compilations of dat&7], this formula represents within 10% ues given by thejyp andqsg fittings, which we consider to
the universe of experimental results for 3 a.u. Hence, this represent in a better way the charge state of ions moving
figure shows quite conclusively the scaling of the presentnside the solid.
theoretical results, as well as a remarkable agreement with Finally, we can extract from this study a further conclu-
the whole body of experimental data represented by the fitsion on the seemingly controversial question of the postu-
ting curve. lated differences between the charge states inside or outside

It should be stressed that our calculations are based on tis®lids for emerging ion$3]. In earlier analyses the charge

assumption that the values inside the solid may be approxi- State inside the solid was assumed to be significantly smaller

mated byaem- These values have been considered for athan that of the emerging ioriand similar toZe(y), and in

long time to be inconsistent with the empirical;; values. order to justify this difference it was proposg] that a

Our calculations show that there is no contradiction betweeﬁ'gmﬂcam nu_mbe_r of excited electrofattached to the |o)n_
would be emitted in the form of Auger electrons after the ion

these quantities, and moreover there is a relationship b(?éaves the solid. In contrast with this, our study provides
tween them which emerges from a full nonlinear calculation ' ! yp

of the stopping power. This explains also why this reIation-Strong evidence that the charge state inside the solid should

ship could not be found in previous studies which Werebe quite close to the one observed after emergence into

based on perturbative models. We should also note that in ﬂ,}[/acuum. Therefore, no significant electron emission through

S Fis process should be expected. We think this explains why
range of _h'gh lonization explored here the value_igx,ff.arle in all the experiments designed to detect these electrons
systematically smaller than those of the real chargéhisis  [g_1(] the yield actually measured was always much less
because the nonlinear effects in this range are strong enoughian, the values predicted by the BG model.

to reduce the stopping values with respect to those expected
in a perturbative picturésaturation effegt[28]. But this re-
lation (Z.:s<<q) may be reversed when the chagyes small,
like at low energieq18]. According to our calculations, in |n summary, by performing extensive nonlinear stopping
the high-energy regime the conditiafy;s>q may only be power calculations we have demonstrated the consistency
fulfilled for weakly ionized projectiledi.e, out of charge between the charge state of ions in solids and the empirical
equilibrium). effective charge values. The seemingly paradoxical discrep-
To illustrate the different ion-charge models currently ancies between both magnitudes pointed out over the years,

IV. SUMMARY AND CONCLUSIONS
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is only a consequence of performing the analyses of experiion of the curves shown in Fig.)2But this analysis ex-
mental stopping values within the framework of thgscal-  cludes the possibility of large Auger electron emission pro-
ing predicted by perturbation theories, and by the assumptionesses in the range of values that would be required by the
that theZ.¢; values so extracted represent to a first approxi-BG model, and is therefore in accord with the negative re-
mation the charge state of the ions. sults that several experiments have produced with respect to
The more exact nonlinear representation of the stoppinghis prediction.
phenomena applied here is fully consistent with the view of
the emerging ion charge as a realistic approximation to the

value of the ion charge within the solidq€geyi). The
present analysis does not exclude the possible influence of The authors are grateful to P. L. Grande, P. M. Echenique,
charge exchange effects at the exit surface, although asamnd L. Toburen for stimulating comments. Critical comments
rather minor effect and without much influence in the case oby P. Sigmund are also acknowledged. This work was par-
swift heavy iongwe estimate that this effect may be at mosttially supported by ANPCYT of Argentina, Project No. PICT
of the order of a few units of charge according to the varia-0303579.
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