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Mean charge of ions (5 &Zt &25) emerging from aluminum foils
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We have determined the mean charge q for projectiles 5 (Zl (25 exiting thin Al foils

at a velocity u =Uo. The results are compared with previous data for the same projectiles
exiting thin C foils. In the region Z;-15, the differences q(C) —q&A1) are observed to be

as large as solid-gas differences.

Charge states for ions (Zt ) moving through
matter (Z2) have been of interest for nearly forty
years. The review by Betz' examined both the ex-
perimental and theoretical aspects of charge states
in matter and the systematics of charge exchange
processes. Owing to the complexity of the capture
and loss interactions there is still no theoretical
framework which allows calculation of these values
with any reasonable precision. There are, however,
numerous seIniempirical expressions which at-
tempted to describe the early experimental data for
projectile mean charges q by a monotonically in-

creasing function of Z~, but independent of Z2.
Betz' has noted that for fixed Z~ q determined
from sparse solid target data appears, to decrease
slowly but monotonically with increasing Z2 for
projectile velocities u & 2uo. However, no systemat-
ic measurements have been made of the target-
material dependence of q(Z2) for low-velocity ions.

Lennard et al. ' have recently reported measure-
ments of post-foil charge-state distributions for
projectiles, 5 (Z& (26, emerging at low velocities,
v —uo, from thin carbon foils. These results
demonstrate first that the Z~ dependence of q for
low-velocity ions exciting carbon foils is nonmono-
tonic with Z~, and second that the structure is not
simply correlated with projectile ionization poten-
tials. Because of the unexpected Z& dependence
found in carbon, Z2 ——6, the dependence of q on
target material Z2 would then seem difficult to
predict.

In this paper we report the measurement of
post-foil charge-state distributions for projectiles,
5 (Zi (25, emerging at low velocities from thin
aluminum foils (Z2 ——13). The Z2 value was
chosen to be comparable to the value of Z& for
which a local maximum was observed in q(Z& ) in
the carbon data. The projectile velocity u =Uo

was the same as in the earlier measurements where
such a Z& structure was pronounced.

The experimental technique has been described
in detail previously. For the aluminum measure-
ments the target was surrounded by a 100-K cold
shroud in order to avoid buildup of carbon. All
aluminum foils had a native oxide on both surfaces
corresponding to 1+0.1 pg cm of A1203 as deter-
mined by Rutherford backscattering. Measure-
ments made with foils of different thicknesses re-
vealed no change in charge state, i.e., equilibrium
was achieved for the thinnest foils used, viz. , for
20-pg cm -thick targets. It should be noted that
the measured charge-state distributions, although
designated qtA1), are not characteristic of pure Al
but of this Al-A1203 system. Charge-state distribu-
tions were measured for a few different exit veloci-
ties from which a value at u =uo was derived by
linear interpolation. In addition, charge-state dis-
tributions for carbon foils AC) were also measured
in the same "clean" environment and reproduced
the earlier results.

The charge-state-distribution results for Al are
given in Table I together with q|A1) and d, the
mean charge and width, respectively, where
d =g (q q) fq The qua—ntity f.q is the fraction
of the beam detected in charge state q. The uncer-
tainties are the same as discussed in detail for the
carbon foil data and are typically 1 —3% for q.

In Fig. 1 we show the qQA1) results as a function
of Z~. The carbon data from Ref. 2 are repro-
duced here together with gas target values

(Z&~N2, 02) interpolated at u =uo from data in
Ref. 5. We observe that q for projectiles emerging
from Al foils increases strongly with Z& as it does
for carbon foils but does not display the pro-
nounced peak that was observed for q(C). In fact,
the solid-solid difference qtC) —qtA1) can amount to
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one full unit of charge which is as large as the
gas-solid difference q(A1) —qs in the region Z~ —15.
[We note that gas-gas differences in q values are
small, (10%, for target gases Z2 where
7 &Z2 & 18 (see Ref. 5)].

Before discussing the large difference, a comment
is first necessary regarding gas-solid data. It is
well established that the mean charge q, of an ion
as observed downstream from a solid target is usu-

ally greater than that measured after passage
through a gas target qs. Betz and Grodiins (BG)
(Ref. 6} proposed a model in which the mean

charge of the ion inside a solid is the same as in a
gas but that substantial multiple excitation occurs
inside the solid. The major part of hq =q, —

qg is
then due to Auger transitions after the ions exit
from the foil. Baragiola et al. examined the
Ar~C (thin foil) system by observing the down-

stream yield of Ar LMM Auger electrons. At
v =0.9 uo where q, =2.7, they found that the
number of Ar LMM Auger electrons per incident
projectile N, was 0.24 +0.03. Since qg ——1.8 at the
same velocity they concluded that N, only ac-

counted for -25% of hq, apparently in disagree-
ment with the BG model. Lennard and Phillips
attributed the peak observed near Zi —15 in their
carbon q data to the post-foil Auger decay of pro-
jectile K- or L-shell vacancies; nevertheless, the
magnitude of this Auger contribution to q was not
sufficiently large to explain the solid-gas difference
consistent with the observations of Baragiola et al.

To determine whether the solid-solid difFerence

in q can be explained on the basis of the difference

in Auger K or L contributions we must examine
the corresponding Auger K- or L-electron yields
for projectiles exiting C and Al. For some projec-
tiles Z& the Auger K-electron yield N, , or Auger
L-electron yield N, (Ref. 10}per incident projec-
tile after exiting carbon foils is known, see Table II.
These values can be used to estimate the maximum
contribution hq& of Auger decays to q|C). Unfor-

tunately, only the Auger yield for S exiting an Al
foil is known, N, =0.11.' This result must be
considered an upper limit since no UHV precau-
tions were taken to control the target surface con-
dition. Our estimate from the x-ray data of Feld-
man et al. " is that N, for Ar ions exiting an Al
foil at v =Uo is —1/6 that for carbon foils, i.e.,
N, 0.04.

The residual values of the mean charges after

subtracting the known Auger contributions,

q, =q —Lqq, are plotted for both C and Al in Fig.
2 for an exit velocity u =vo. The Auger contribu-

tion to q(C), while substantial in some cases, does

not yield agreement between q, (A1) and q„(C). Ex-

cept for Zi ——16 and 1S, no corrections for Auger

contributions have been made to the q&Al) data of
Fig. 2. The corrections would, of course, only in-

o
b

S
X

8
X

I
O IIX

XX

Z] NJc N

TABLE 2. Auger electron yields per incident projec-
tile measured for projectiles emerging from thin carbon
foils at v =vo. N, are from Ref. 9; N, are preliminary
data (Ref. 10). The uncertainties in N,",N, are -30%.
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FIG. 1. The open squares show the measured post-
foil mean charge q =g qf~ measured for projectiles Z|
emerging from a thin Al foil. These data are for an exit
velocity v =vo. The solid triangles are data for a thin
carbon foil (Ref. 2); the crosses are gas-target results

(Z&~N2, 02) from Ref. 5.
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0.68
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FIG. 2. Residual mean charge q, =q —hq& for pro-
jectiles Z~ emerging from C (~) and Al (CI or IZI) foils.
For the carbon data, hq& are taken from Table II. For
Al, h,q& is known for Z& ——16 and 18 (IZI) but for all oth-
er Al target data hq& ——0 has been assumed and these
latter Al data are plotted with a different symbol (0).

crease the differences between the q, values for C
and A1.

However, the above interpretations of the gas-
solid or solid-solid results using the BG model as-
sumes that the state of excitation of the projectiles
within the foil is such that there are no electrons in

the N shell. Hartree-Fock calculations of the
relevant multiply excited configurations for projec-
tiles in C or Al (such as the calculations of Betz'
for Br projectiles traversing C) do not exist. A
simple estimate based on the criteria of Betz' indi-
cates that Ar N shells are meaningful within a
solid in the projectile velocity range v —vo, and
that post-foil Auger decay of such multiply excited
states would then yield Ar M Auger electrons N,
in number. These low-energy electrons would not
have been observed by Baragiola et al. There
remains the possibility that Auger M-electron
yields could account for part or all of the remain-
ing gas-solid difference; however, solid-solid differ-
ences are unlikely to be substantially altered by this
process.

In summary, we have measured charge-state dis-
tributions and derived q values for 16 different pro-
jectiles incident at low velocities on thin aluminum
foils. The dependence of q on Z& is much stronger
than is observed for gas data and is significantly
different from that found for C foils. This differ-
ence can be as large as that for gas-solid measure-
ments. The contribution to q due to Auger K- and
L-electron yields measured downstream of C foils
is insufficient to bring about agreement between

q, (C) and q, (A1). We conclude that solid-solid
differences in q are real, large, and at present unex-
plained. Any description of low-velocity q data by
semiempirical expressions that are Z2 independent
should therefore be used with caution.

We gratefully acknowledge the contributions of
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H. D. Betz, Rev. Mod. Phys. 44, 465 (1972).
2W. N. Lennard and D. Phillips, Phys. Rev. Lett. 45,

176 (1980).
W. N. Lennard, D. Phillips, and D. A. S. Walker,

Nucl. Instrum. Methods 179, 413 (1981).
4W. N. Lennard, T. E. Jackman, and D. Phillips, Phys.

Lett. 79A, 309 (1980).
5A. B. Wittkower and H. D. Betz, At. Data 5, 113

(1973).
H. D. Betz and L. Grodzins, Phys. Rev. Lett. 25, 211

(1970).

7R. A. Baragiola, P. Ziem, and N. Stolterfoht, J. Phys.
B 9, L447 (1975).

8W. C. Turkenburg, B. G. Colenbrander, H. H. Kersten,
and F. W. Saris, Surf. Sci. 47, 272 (1975).

D. Schneider, N. Stolterfoht, D. Ridder, H. C. Werner,
R. J. Fortner, and D. L. Matthews, IEEE Trans.
Nucl. Sci. NS-26, 1136 (1979).

' D. Schneider (private communication).
L. C. Feldman, R. J. Silverman, and R. J. Fortner,
Nucl. Instrum. Methods 132, 29 (1976).
H.-D. Betz, Nucl. Instrum. Methods 132, 19 (1976).


