
VOLUME 45, NUMBER $ PHYSICAL REVIEW LETTERS 21 JUz, v 1980

Mean Charge of Ions (5 ~ Z, ~ 26) Emerging from Carbon Foils: Evidence for
the EH'ect of Inner-Shell Vacancies
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(Received 8 April 1980)

The mean charge, p, has been measured for projectiles 5-Z& ~ 26 exiting thin carbon
foils at velocities 0.8~v/v

p 1 0. It is observed that g (Z&) increases strongly with Zj
with a broad peak occurring at Z& 15. It is shown that much of the enhancement can be
accounted for by post-foil Auger decay of projectile inner-shell vacancies.

PACS numbers: 34.50.Hc, 34.70.+e, 34.90.+q, 35.10.Hn

The mean charge, q, of energetic heavy ions
which penetrate through matter reaches an equi-
librium value that is determined by competition
between capture and loss of electrons. In gen-
eral, q as measured downstream from solid tar-
gets (q,) is greater than after passage through
gas targets (q, ). Betz and Grodzins' (BG) pro-
posed a model for q wherein substantial multiple
excitation will occur within a solid but not in a
gas; the major part of the difference 4q =q, -q
will then arise from deexciting Auger transitions
after the projectile exists from the solid. Recent
x-ray measurements' ' have revealed significant
degrees of inner-shell excitation for S, Cl, and
Ar projectiles inside solids. However, no direct
evidence for the necessary Auger-electron yield
has been found for 60-MeV I and 30-MeV Cu pro-
jectiles exiting thin solid targets. '" Further,
Baragiola, Ziem, and Stolterfoht' have shown, by
measuring the downstream yield of projectile
LMM Auger electrons for low-velocity Ar ions
incident on carbon foils, that the BG model can-
not account for more than -25% of 4p, the gas-
solid difference. In general, the importance of
inner-shell vacancies to post-foil mean charge
values is not yet clearly established.

We report here measurements of the post-foil
q values obtained for projectiles 5 &Z, & 26 inci-
dent at low velocities, ~-~» on thin carbon foils.
These data, combined with recent Auger-electron-
yield measurements, show that both the projec-
tile K- and L-shell-vacancy fractions that exist
within solids can have a strong influence on post-
foil q values at low projectile velocities. Our re-
sults are the first evidence that changes in q as a
function of Z, are not solely due to pronounced
variations in ionization potentials as electron
shells are filled. '

The experimental technique was similar to that
described by Smith and Whaling. ' A magnetically
analyzed beam of ions from the Chalk River Nu-

clear Laboratories 2-MV high-voltage mass sep-
arator impinged on self-supporting carbon foils
located in a large vacuum chamber at a working
pressure of - 3 &&10 ' Torr. Incident projectile
energies were in the range 16-25 keV/amu. The
beam traversed in succession a collimator (1.5
mm X1.5 mm), a thin carbon foil (7 mm diam)
positj. oned-45 cm behind the collimator, an elec-
troformed aperture (0.04 mm diam) located 36
cm downstream from the foil, a parallel-plate
electrostatic analyzer (ESA) and an exist slit of
adjustable width located 0.6 cm off the beam axis.
The exit slit width could be varied to yield an
ESA resolution, ~/F. , in the range (5-15)%.
The ESA entrance aperture was positioned to ac-
cept particles scattered &0.1 from the forward
direction. Ions were detected by a thin (1 mm)
CsI(Tl) scintillator optically coupled to a photo-
multiplier. Another slit located on the beam axis
permitted neutral particles to strike the same
scintillator when a movable shutter was opened.
The carbon foil thicknesses were measured by
Rutherford backscattering of 1.6-MeV He' ions.
The thicknesses were varied between 7 and 15 p, g
cm ' to see that charge-state equilibrium was at-
tained. ' " We did not observe any dependence on
projectile charge state using incident Ne' and
Ne" beams, in agreement with earlier measure-
ments. "

Charge-state spectra were recorded by measur-
ing ion intensities as a function of the ESA vol-
tage, which was ramped from 0-5 kV in a saw-
tooth manner with periods in the range 0.2-20 s.
The voltage sweep (&100 cycles per measure-
ment) provided for normalization to the beam
current, although the latter was kept constant to
within 15% during any measurement. A typical
charge-state spectrum is shown in Fig. 1 for 744-
keV "P' —C(7 p, g cm '). The exit velocity of the
beam from the carbon foils was determined with
use of recent heavy-ion stopping-power results. "
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The neutral fraction was measured directly by
taking the ratio of yields alternately with and with-
out high voltage on the ESA. Similarly, the nega-
tive-ion (q = 1-) fraction was measured relative
to the q =1+ fraction by reversing the ESApolari-
ty. Significant q =1- fractions were observed on-
ly for Z, =6, 8, and 9. The positions and widths
of the charge-state peaks are inversely propor-
tional to the charge state q, since the sweeping
speed was constant. Thus, each charge-state
fraction is proportional to the corresponding peak
height, or to the peak area multiplied by q. The
background arises from photomultiplier dark cur-
rent.

In this Letter, we summarize our results
through the mean charge, q(~) =Qqy(q, e) is the
fraction of the beam emerging from the foil at
velocity e and in charge state q as measured
-0.25 ps after exiting the foil. For each Z, (ex-
cept Z, = 22), we have made measurements at a
few velocities in the range 0.8 ~ e/vo ~1.0 and in-
terpolated the data (linearly) to obtain q values
at any ~ in this region. The total uncertainty in
q varies from 1% to 3%.

For the common exit velocity v =v, (-25 keV/
amu), our results are shown as solid circles in
Fig. 2. Where our data overlap other measure-
ments (see Hefs. 9-11, 13, and 14), the agree-

CHANNEL NUMBER

FIG. 1. Charge-state spectrum (excluding neutrals)
for 744-keV P incident on a carbon foil (7 p,g cm" ),
corresponding to an exit energy 710 keV (v/v 0

= 0.961).
The charge-state fractions are proportional to the
heights of the appropriate peaks. The channel number
is proportional to the voltage on the ESA deflection
plates.
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FIG. 2. The solid dots show the mean post-foil ioni-
zation, q = ~qq(q), measured for projectiles, Z', ,
emerging from a thin carbon foil. The data are all for
a common exit velocity, v =& 0. The crosses show gas
target results (&, -N, , 02) taken from Ref. 14. The
uncertainties in the present results are (1—3&'/0. See
text for a description of the dashed curve.
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ment is always better than 5% except for Z, = 9
where our values are systematically 15%larger
than those of Ref. 10. The crosses are interpola-
tions of gas target data (Z, —N» 0,) taken from
Ref. 14. We observe that q for projectiles emerg-
ing from (solid) carbon targets increases strong-
ly with Z, and that there is a pronounced peak
centered at Z, -15. These new data do not corre-
late with Z, -dependent effects expected on the ba-
sis of ionization potentials. ' Our data also con-
firm that post-foil q values are unrelated to the
effective charge values that parametrize stopping
powers, although the Z, dependence of stopping
powers in carbon exhibits an oscillatory behav-
ior.

In summary, there is no theory which describes
q at kiloelectronvolt energies. Previous semi-
empirical estimates, discussed in detail in Ref.
8, have yielded q~Z, ' ' and q~x:Z, ' '. Clearly
these prescriptions are inadequate in describing
the present data.

In an effort to understand these new data, we
reconsider the BG suggestion that post-foil Au-
ger deexcitation can dramatically influence the
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observed mean ionization. This interpretation is
supported by recent Auger-electron-yield meas-
urements together with derived absolute inner-
shell-vacancy fractions, f, (i =K,I-), for some
of the projectiles studied here. Projectiles hav-
ing equilibrium inner-shell vacancies (K or L
shell) within the solid will increase their charge
by one unit after exiting the foil, i.e. , EqA f, , -—
where 4q A represents the contribution to q due
to post-foil Auger decay. Assuming that the radi-
ative decay of the inner-shell vacancies can be
neglected, we obtain &q =hqA.

Baragiola, Ziem, and Stolterfoht' find for Ar
ions that the fraction of projectiles with L vacan-
cies is f~(Ar) =0.24 at e =~, Si.milar absolute Au-

ger emission measurements by Schneider etal. "
with thin carbon foils yield f~(P) = 0.63+ 0.19,
again at v =v, . Thus we expect that q for P and

Ar will contain contributions from the two-elec-
tron Auger process of 0.63 and 0.24, respective-
ly. As Z, decreases from 18 to 11, the L-vacan-
cy fraction increases for constant velocity projec-
tiles. " However, the Auger process will shrink
in importance as a decay mode as the number of
available M -shell electrons also decreases. For
example, for Mg (Z, =12), the L-vacancy frac-
tion may be very large indeed but few ions will
have ~2 M-shell electrons since q - 2. Conse-
quently, the Auger process can make only a small
contribution to g. For Z, &18, fi, (Z, ) is decreas-
ing for v -v, and here b, qA is again small.

The dashed line in Fig. 2 is the simplest repre-
sentation for q(Z, ) in the absence of a post-foil
Auger contribution with the conditions that (i) q(Z,
=0)-0 and (ii) b.qA-O for Z, -20-26. The en-
hancements observed at Z, =15 and 18 relative to
this line are - 1.1 and - 0.2, respectively, i.e. ,
of the same magnitude as 4qA allowed by the L-
vacancy-f raction measurements. Further com-
parisons would appear to be unjustified in the ab-
sence of a theory for q.

For Z, & 10, K-vacancy fractions are responsi-
ble for post-foil Auger deexcitation. Schneider
et al."have also measured projectile KLL Auger
yields and deduced values of f» for projectiles
(Z, = 5-8) emerging from carbon foils at v =v, .
They find f»(B) =0.19, f»(C) =0 035, f»(N. ) =0.013,
and f»(0)=0.0025. Here also we expectKqA f», -—
as long as q is small (thus guaranteeing that ar»

«1). We therefore predict that q(B) —q(C)-0.15
at v = v, . Our data show that q(B) exceeds q(C) by
0.15+0.04, in good agreement with the predicted
difference.

For the limited velocity region studied here,

0.8 ~ v/e, ~ 1.0, we observed that the q(v) data
were represented accurately by linearly increas-
ing functions of velocity for all Z, . These re-
sults then indicate that the enhancement of the
broad peak at Z, -15 increases with decreasing
projectile velocity. Since the post-foil Auger
measurements"' show that f~ values for both P
and Ar (Z, =15 and 18) have saturated for projec-
tile velocities well below v =v„our velocity-de-
pendent q results further support the interpreta-
tion that the broad peak originates from an inner-
shell-vacancy eff ect.

Finally, since fz and f» are known to be sensi-
tive functions of target material (Z,),""it would
be informative to make q measurements for fixed
Z, (e.g. , Z, = 15, where &q A

= 0.63 in carbon) on
diff erent targets. Good vacuum conditions are
necessary to prevent a Z, effect from being ob-
scured by surface hydrocarbon contamination.
Such data for Z, =(8, 9) and Z, =(26, 27, and 28)
bear on the origin of the transient magnetic fields
which act on nuclei slowing down in ferromagnet-
ic materials. "

Our results represent the first evidence that
the Z, dependence of q for low-velocity heavy
ions is nonmonotonic with Z» and that the struc-
ture is not simply correlated with ionization po-
tentials. Although the latter effects are expected
and indeed observed, e.g. , for the rare earths,
Z, = 58-72,"the present data strongly suggest
that the post-foil Auger decay of inner-shell va-
cancies makes a much larger contribution to q
than that caused by shell effects, as evidenced by
the enhancement observed at Z, -15 in carbon.
While our results have shown that the magnitude
of AqA can be pronounced in some instances, they
do not quantitatively support the BG model. The
conclusion reached by Baragiola, Ziem, and
Stol.terfoht' for the particular case Z, =18 in car-
bon has been shown here to be of more general
validity: The gas-solid difference in measured
q values cannot be attributed entirely to projec-
tile inner-shell-vacancy fractions within the sol-
id target. The strong, almost linear, increase
of g with Z, even after subtraction of Lqh leaves
much of the gas-solid difference as yet unex-
plained.
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