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Z oscillation of mean charges of energetic ions emerging from a carbon foil:
Correlation with the shell structure of ions
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Equilibrium mean charges q of ions passing through a carbon foil were observed to oscillate
versus projectile atomic number Z at ion energies 0.55, 1, and 2 MeV/u. The maxima of the os-
cillation take place for closed-shell ions having the electrons in mean number Z —

q =10 and 28.

Several empirical or semiempirical formulas have been
proposed on the equilibrium mean charges q of energetic
ions emerging from a carbon foil. ' They are the func-
tion of a variable composed of ion velocity v and projectile
atomic number Z. In these formulas, once the ion velocity
is given, the values q always increase monotonically with
the increase of Z. Contrary to this, recent measurements
by Lennard and Phillips at around 0.02 MeV/u for ions
5~Z ~26, and by Shima et al. ' at around 1 MeV/u for
ions Z~53, indicate that the q values are not always a
monotonic function of Z. In spite of the possible interpre-
tation for this phenomenon given in Refs. 5-7 in their
specific region of v and Z, the comprehensive understand-
ing for the variation of q over the wide range of v and Z
has not been clarified yet.

In this work, the Z dependence of q has been investigat-
ed systematically by extending the ion energies up to 0.55,
1, and 2 MeV/u and ion species up to Z =77. As the re-
sult, the Z oscillation of q has clearly been observed at
each energy. In addition, we found that this oscillation is
closely correlated in common with the shell structure of
ions covering from the low velocity data of 0.02 MeV/u to
the present high-velocity data.

Experiment was performed at the University of Tsuku-
ba using the 12 MV tandem accelerator. Experimental
procedure for the measurement of charge distribution is
given in detail elsewhere, and so, it is described briefly.
Ion beams emerging from a foil were charge analyzed us-
ing a split-pole-type magnetic spectrograph, and the ions
with different charge states were collected with a Faraday
cup. The beam integration for each charge state q was
normalized by the elastically scattered beam counts to ob-
tain the charge distribution F(q) Several carbon foils.
with different thicknesses were prepared to confirm the
charge equilibration condition and one of the foils be-
tween 30 and 120 pg/cm thick was adopted depending on
the combination of the ion species of 5 ~ Z ~ 77 and ion
energies of 0.55, 1, or 2 MeV/u. The thickness of the car-
bon foil was measured preliminarily using the method of
a-particle energy loss.

Since the mean charges are intended to be compared for
different ion species at the common emergent velocity v

from the carbon foil, the incident energy was so adjusted
that the actual emergent velocity v,b may be almost
J2X J0.55, J2X Jl, or J2X 42JMeV/u. The deduction
of q at v from the observed mean charge q, b at v, b was

done by using the empirical relation of q and v,

q/Z =1 —exp[ —v/(v'Z )],given by To and Drouin as

.45
1 —exp[ —v/(v'Z ")]

(1)'
1 —exp[ —v,b/(v'Z'")] '

where v' =3.6 x 10 cm/sec.
Obtained results for q divided by Z are shown in Fig.

1(a). Experimental errors are less than the size of the
plotted marks. The data already reported by others and

by our group, whose ion energy is less than 20% of the
quoted energy, are also plotted after correcting the origi-
nal data by using Eq. (1). Thick solid lines connecting the
data points are drawn simply to guide the eye. For com-
parison, the q/Z values based on the empirical formula by
Shima et al. are drawn with dotted curves.

Figure 1(a) shows that the mean charges q oscillate
versus Z at ion energies 0.55, I, and 2 MeV/u. The pres-
ence of the maxima of q at around Z =26 for 1 MeV/u
and Z =15 for 0.02 MeV/u had been known. At
present, by extending the Z region, another maxima of q
have been observed. Figure 1(a) further indicates that the
phase of the oscillation differs according to the ion veloci-

ty, which appears to vary in accord with some systematics.
In considering this problem, the ionization potential

(IP) for multiply charged ions calculated by Carlson et
al. ' is plotted versus Z in Fig. 1(b) where IP is strongly
dependent on the shell structure of ions. On this map, we

plot the hypothetic IP of multiply charged ions attached
with the mean number of electrons, Z —

q, for each com-
bination of Z and ion energy. First, we notice that the
mean IP of ions having the mean charges q oscillate as a
function of Z for given ion velocity. Second, from Figs.
1(a) and 1(b), we notice that the Z position exhibiting the
maxima of the oscillation of q corresponds to that of ions
having the Ne- or Ni-like structure. In fact, if the relation
Z —

q =10, and 28 is drawn with thin solid curves in Fig.
1(a), the first maxima of q for each set of data of 0.02 to 2
MeV/u fall on the curve q/Z=1 —10/Z and the second
maxima of q for 0.55 and 1 MeV/u fall on the curve
q/Z =1 —28/Z. In Fig. 1(a), the curve corresponding to
the He-like ions, q/Z =1 —2/Z, is also drawn, but the os-
cillatory behavior is rather weak in comparison with that
of Ne- or Ni-like ions.

Since the mean charges q vs Z are correlated with the
shell structure of ions, the similar correlation should be
present for charge distribution F(q) vs Z. In Fig. 2, the
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FIG. 2. Charge-fraction ratio F(q+ I )/F(q) of ions,
O(Z=8), Cl(Z =17), Co(Z =27), Y(Z=39), La(Z 57), and
Lu(Z =71) after the passage through a carbon foil at around I

MeV/u. Dotted lines indicate the boundary of charge states
where the change of slopes takes place. K, L, M, or N, means
the shell of ions in which the outermost electron is included.
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FIG. l. (a) Equilibrium mean charges q divided by the atom-
ic number of ions, Z, are plotted against Z for ions after the pas-
sage through a carbon foil. Present data are shown with solid
marks. Thick solid lines connecting the data points are drawn
only to guide the eye. Dotted lines indicate the q values evalu-
ated from the empirical formula by Shima et al. Explanation
for thin solid curves denoted with q/Z = I —2/Z, 1

—10/Z, or
1
—28/Z is given in the text. (b) Calculated ionization potential

for multiply charged ions by Carlson et al. plotted as a function
of atomic number of ions Z. Data points indicate the hypothetic
ionization potentials for multiply charged ions attached with
mean number of electrons, Z —

q, where q means the equilibri-
um mean charges of ions observed after the passage through a
carbon foil.

ratios of charge fractions between adjacent charges,
F(q+ I)/F(q), are shown as a function of charge state q
for data at around 1 MeV/u. Data displayed in the figure
are those of typical ion species whose q values fall on the
vicinity of the maxima (Z =8, 27, 57) or minima (Z =17,
39, 71) of Z oscillation of q in Fig. 1(a). We notice that
the curve approximated by a single straight line (minima
of q) and the curve composed of two straight lines having
different slopes (maxima of q) appear alternately with in-

creasing Z. The former corresponds to ions whose outer-
most electrons are distributed in a single shell (the shells
in which the outermost electrons are included are denoted
in Fig. 2). The latter corresponds to ions whose outermost
electrons are distributed among two shells because the
boundary charge state where the slopes of two straight
lines change corresponds to q =Z —2, Z —10, or Z —28.
The presence of such a change of slopes in Zn[F(q
+ 1)/F(q)] vs q at the boundary charge state of adjacent
shells is known as the shell effect of charge distribution
first reported by Moak et al. " At present, it should be
emphasized that the occurrence of the shell effect becomes
the criterion to cause the Z oscillation of q.

From Figs. 1 and 2, it is clear that the shell structure of
ions is closely correlated with the Z oscillation of q of ions
emerging from a carbon foil. Based on this correlation,
we discuss the origin of the Z oscillation of q in the follow-
ing by dividing the charge distribution formation process
into two: (a) the charge-exchange process during the col-
lision inside the foil and (b) the rearrangement process at
the emergence from the foil.

As for (a), charge-exchange process of ions repeating
the residual excitation collision in solid targets is compli-
cated. In order to simplify the consideration on the Z
dependence of mean charge of ions inside the foil, we
focus upon the representative charge state q =q, where q
value is not always an integer. Furthermore, only one-
electron transfer for the ground-state ions is dealt with.
Then, the determination of mean charge may be attribut-
ed to the balance of the electron-loss cross sections
o~(q, q+ I), from charge state q to q+1, and the
electron-capture cross sections cr, (q+ I,q), from charge
state q+1 to q. As for the trial function for the charge
state q =q, we must start from the expression having no
oscillatory trend versus Z. At present, we adopt the
empirical relation of q vs Z by Shima, Ishihara, and Mi-
kumo which is shown in Fig. 1(a).

Since the mean IP of ions with charge state q oscillates
against Z [see Fig. 1(b)], it is expected that both elec-
tron-loss and -capture cross sections would oscillate
against Z. In Fig. 3, calculated cross sections cr~(q, q+1)
derived from binary encounter approximation' (BEA)
and cr, (q+I,q) by Oppenheimer, Brinkman, and Kra-
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FIG. 3. Calculated electron-loss cross sections cr~(q, q+1) =
2traE& and electron-capture cross sections cr, (q+ l, q) =croaK for
1 MeV/u ions with charge state q =q colliding with carbon
atoms. The calculation was done for the ground-state ions by
taking into account of the number of electrons or vacancies oc-
cupied in the outermost shell of ions (upper). Electron-loss-to-
capture cross-section ratios o t (q, q + I )/trc (q + 1,q ). Notice
that the phase of the Z oscillation of cross-section ratios agrees
with that of observed q values shown in Fig. 1(a) (lower).

mers approximation' are shown against Z for ions at 1

MeV/u. Plotted values for at are the BEA cross sections
multiplied by a factor of 2 considering the electron loss of
ions in solids being composed of direct ionization plus ex-
citation followed by ionization in the successive collision.
Since the number of electrons or vacancies contained in
the outermost shell of ions is taken into account for the
calculation, the resultant relation for o~ or cr, vs Z shows
the discontinuity of cross sections at the boundary of the
shell in which the outermost-shell electron is included.
Electron-loss-to-capture cross-section ratios o

& (q, q+ I )/
a, (q+I, q) are also shown in Fig. 3. We notice that the
phase of the Z oscillation of q at I MeV/u shown in Fig.
I (a) corresponds to that of the cross-section ratios for the
representative charge state of ions with q q. This fact
suggests that the Z oscillation of electron loss as well as

the capture cross sections plays an essential role for the
occurrence of the Z oscillation of q.

As for the process (b), there is the possibility that the
mean charges of ions inside the foil increase by h, q due to
the Auger electron emission during the rearrangement
process outside the foil. ' In their explanation of Z-
dependent q at around 0.02 MeV/u, Lennard and Phil-
lips pointed out that the Z position exhibiting the
enhancement of q corresponds to that of the Auger elec-
tron yield measured by Schneider et al. ' If we introduce
the concept of the correlation between the ionic shell
structure and the Z oscillation of q, it is easily estimated
that such correspondence is not specific to the ions of 0.02
Me V/u.

Consider the ions observed as the Ne-like ions (max-
imum of q) in q. Inside the foil, such ions are expected to
have, on an average, a few L vacancies, some M electrons
and only a few N electrons, ' and the charge increase dur-
ing the rearrangement is caused by LMM and LMN
Auger process. Consider, on the other hand, the off Ne-
like ions (minimum of q) whose outermost electrons are
distributed simply in L shell outside the foil. In this case,
they would have several L electrons and only a few M
electrons, on an average, inside the foil. Because of the
rapid decrease of nonradiative transition probability with
decreasing M electrons, the charge increase of the off
Ne-like ions caused by the LMM Auger process would be
lower than that by LMM or LMN Auger process of Ne-
like ions. The similar argument is possible to the compar-
ison of hq between the Ni-like ions (q =Z —28) and the
off Ni-like ions. Consequently, because of the difference
of the post-foil Auger electron emission yield, the charge
increase of ions whose outermost electrons are distributed
among two shells would be higher than that of ions whose
outermost electrons are in a single shell.

In summary, the Z oscillation of q observed at present
is strongly correlated with the shell structure of ions. This
phenomenon is attributed to the charge-exchange process
inside the foil and the rearrangement process outside the
foil. Quantitative investigation on the relative importance
of these processes is the future problem.
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