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Systematics of equilibrium charge distributions of ions passing through a carbon foil
over the ranges Z =4—92 and E =0.02 —6 MeV/u
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Tandem Accelerator Center, University of Tsukuba, Ibaraki 305, Japan
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Equilibrium charge distributions have been measured for 18 kinds of ions passing through a car-
bon foil in the energy region of 1 —6 MeV/u for light ions and of 0.2 —1 MeV/u for heavy ions. By
combining the data obtained at present with those reported for other energies or ion species, an at-
tempt is made to find the systematics for charge fraction F(q), mean charge q, and distribution
width d over the wide range of ion species Z and energy E. Strong correlation has been found be-
tween the shell structure of ions and the variation of q or d with Z or E. The analysis for this corre-
lation enables the evaluation of rather reliable values of q, d, or F(q) for ion species 4~ Z ~ 92 in

carbon foils from 0.02 to 6 MeV/u.

I. INTRODUCTION

The knowledge of the charge distribution of ions after
the passage through matter is important not only for the
study of atomic collision but also for its application to the
design of nuclear instruments. Many authors have hith-
erto tried to find the systematic trend of charge fractions
F(q), mean charges q, or charge distribution widths d,
versus ion velocity U, ion species of atomic number Z, or
target species. ' ' Consequently, up to a few MeV/u and
Z ~ 36, a rough estimation has become possible for F(q),
q, or d values. Recently, in the ion energies of 0.02 to 2
MeV/u, we reported the presence of oscillation of q
versus Z when equilibrium q values of various ions are
compared at an equal velocity of ions in carbon foils. "
This is a remarkable fact from the viewpoint of the scal-
ing work of F(q) that is characterized by two parameters
of q and d. Because all the scaling works in the past have
been done by assuming that the values q or d vary mono-
tonically with the variation of Z or U, where the number
of input data adopted for the scaling procedure was clear-
ly insufficient. Necessarily, the F(q) values evaluated by
the use of q and d based on this assumption are accom-
panied by a significant deviation from observed values in
some region of Z or U.

In this paper, an attempt is performed to find the sys-
tematics of q and d versus wide range of Z ( =4—92) and
of U or energy E (=0.2 —6 MeV/u). Target material is
limited to a carbon foil considering that the most abun-
dant data are available for this target. Data sources in
the present analysis are (a) data reported before 1985
compiled in two literatures, ' ' (b) recent data' re-
ported after 1985, and (c) new data obtained at present
intending to complement the data of (a) and (b). New
data include the equilibrium charge distributions of Be,
B, C, O, Mg, Al, Si, Ca, Ti, Ga, Y, Rh, I, Nd, Ho, Ir, Au,
and Bi ions around the 1-MeV/u energy region. Results
show that the variation of q versus Z or U, as well as d
versus Z or v is strongly correlated with the shell struc-
ture of ions. All data of d have proved to be scaled suc-

cessfully with respect to mean number of electrons at-
tached to ions, Z —q. Present analysis for q and d en-
ables one to evaluate rather reliable values of F(q) over
the wide range of Z and E.

II. EXPERIMENT AND RESULT

By using the 12 unit-double (UD) Pelletron tandem ac-
celerator at the University of Tsukuba, equilibrium
charge distributions were measured for ions Be (1.2 —5.3
MeV/u), "B (1.4—6.3), ' C (2.0—6.3), ' 0 (3.1 —6.1), Mg
(0.8-3.8), Al (0.5 —3.6), Si (4.1, 4.5), Ca (0.4- 3.1),

Ti (0.5 —3.2), Ga (0.5 —1.9), Y (0.6 —1.7), ' Rh
(0.4- 1.6), ' I (0.4- 1.1), ' Nd (0.5 —1.1), ' 'Ho (0.3- 1.0),
'9'Ir (0.2 —0.8), ' Au (0.8), and Bi (0.2 —0.8) emerging
from a carbon foil.

Experimental procedure for the measurement of F(q)
is described elsewhere. A well-focused beam passed
through a carbon foil (between 30 and 130 pg/cm )

which is thick enough for the attainment of charge equili-
bration. The ions having charge state q behind the foil
were charge analyzed by using a split-pole type magnetic
spectrograph, and were collected with a Faraday cup
connected to a current integrator. Elastically scattered
ions or recoiled carbon ions were detected with a semi-
conductor detector whose counts during the run served
to determine the charge fraction F(q). Obtained data of
F(q) are to be analyzed with respect to the energies of
ions at the emergence from foil. ' Then, the energies
were estimated from the knowledge of the incident ener-

gy and the projectile energy loss which is the product of
stopping power and carbon foil thickness. This thickness
was preliminarily measured using an 'Am-a particle en-
ergy loss method. Judging from the statistics of the mon-
itor detector counts and the reproducibility for the re-
peated measurements by using foils of different thickness,
estimated maximum errors are less than 2.5% for
F(q) &0.08, 8% for F(q) )0.01, and 18% for
F(q) (0.01.

Obtained results of F(q), mean charge q =g [qF(q)],
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and charge distribution width d =[+~ (q —q) F(q)]'
are listed in Table I for each emergent energy E in units
of MeV/u. Table I includes the data of S, Cr, Mn, Co,
As, In, La, or Lu ions other than those mentioned above.
For these ions, only q values were graphically displayed
in our previous paper' reporting the Z oscillation of q.

0.8

ev+

III. MEAN CHARGE q

As early as 1948, by applying the Thomas-Fermi atom-
ic model to the projectile's electrons, Bohr presented an
expression for mean charges of ions produced by a single
collision with an atom as

q/Z=v/(voZ ),
0.2

eV+

Mev/u

eV/u

P.Q2 Mev/u

where Uo represents the Bohr velocity. Its derivation is
based on the criterion that the ionic bound electrons are
lost in a collision when their velocity is below v. Al-
though Eq. (1) is not adequate to apply to the equilibrium
q of ions in solid target, Bohr's criterion has become a
fundamental concept in considering the q values of ions
in matter. In fact, in the scaling work of q versus Z and
U, many authors have adopted more or less the modified
function of Eq. (1) as the scaling variable. For instance,
semiempirical or empirical formulas for q of ions in car-
bon foils by Nikolaev and Dmitriev (ND), To and
Drouin (TD), and Shima et al. (SIM) were obtained by
taking the scaling variable X as

0
20

I

40 60 eo

Projectile Atomic Number Z

FIG. 1. Equilibrium mean charges q divided by atomic num-
ber of ions Z plotted against Z for ions after passage through a
carbon foil. Plotted data points are the values after correction
from the original q values so that the q values of various ion
species may be compared at an equal velocity of ions, because
original data are not always taken at an exact value of ion ener-
gies quoted in the figure (see text). Thin solid lines connecting
the data points are drawn to guide the eye. Dashed lines indi-
cate the values from an empirical formula by Shima et al. given
by Eq. (5). Explanation for thick solid curves denoted with
q/Z = 1 —2/Z, 1 —10/Z, and 1 —28/Z is given in the text.

X =v/(v'Z ), v'=3. 6X10 cm/sec, (2)

and their formulas are given by

ND: q/Z =(1+X ) for 0 3 &q/Z &0 7, (3)

TD: q/Z =1—exp( —X),
SIM: q/Z= 1 —exp( —1.25+0.32X 0 11X )

(4)

for X&2.4 . (5)

Similar expressions of q of ions in carbon foils are
presented by Betz, Baron, and Sayer. Each formula is
valid within the framework of limited data sources adopt-
ed in its derivation. These formulas in common suggest
the trend of the monotonic increase of q with increasing
Z for given value of U, or with increasing U for given value
of Z. This situation, however, has changed dramatically
through the recent data accumulation including the data
of Table I—the appearance of the oscillation of q versus
Zor v.

A. Oscillation of q versus Z and v

An oscillatory behavior of q with Z is shown in Fig. 1

where q/Z values are compared at an equal velocity of
ions. Original data were taken in the vicinity (within
22%) of 0.02 (Refs. 26 and 27), 0.1, 0.55, 1, 2, 4, and 6
MeV/u. Meanwhile, plotted data points are those after
correction. Namely, because of the necessity that the q
values are to be compared at a common exit velocity of
ions from the foil, each original q value was extrapolated
to that of the common velocity by employing an empiri-
cal relation of q versus v given by Eq. (4). Dotted curves

show the empirical relation of q versus Z by SIM [Eq.
(5)], showing general agreement with observed values
apart from the oscillation of q.

The origin of the Z oscillation of q was already dis-
cussed in our previous paper, ' and hence, only an essen-
tial point is described here. An important fact is that the
mean ionization potential potential of ions having mean
charge state q was found to oscillate as a function of Z.
Based on this data, one of the origins of the Z oscillation
of q is attributed to the Z oscillation of electron loss as
well as electron capture cross section of ions. Another
possibility is in the Z oscillation of the post-foil Auger-
electron emission yield.

Figure 1 indicates that the Z oscillatory phase varies
according to the variation of v, and its amplitude gradu-
ally diminishes with increasing U. It was pointed out in
our previous paper' that the enhancement of q takes
place for ions having the closed-shell structure on an
average. In other words, the maxima of the Z oscillation
of q take place for ions whose mean number of electrons
n, =Z —

q corresponds to 2 (He-like ions with full K-shell
electrons), 10 (Ne-like ions with full L-shell electrons),
and 28 (Ni-like ions with full M-shell electrons). In fact,
if we draw the relation q/Z =1—2/Z, 1 —10/Z, and
1 —28/Z in Fig. 1 (solid curves), the contour map of q /Z
versus Z is seen to be characterized by these three curves
from low-velocity ions of 0.02 MeV/u up to at least
several MeV/u. Although another enhancement of q is
expected to occur along the curve q /Z = 1 —46/Z for 4d
core ions having 46 electrons, we can afford no definite
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conclusion on this point within the framework of the data
in Fig. 1.

It naturally follows from the oscillation of q versus Z
for each given v in Fig. 1 that the similar oscillation is
present for q versus v when Z is given. Figure 2 displays
the experimental q values of Br ions plotted against v to-
gether with an empirical relation by TD [Eq. (4)]. The
empirical q values increase monotonically with increasing
v, meanwhile observed q values exhibit some structure
which turns out to be a part of oscillation. This is be-
cause the q values enhance at the ion velocities corre-
sponding to the Ne-like ions (q =Z —10) and Ni-like ions
(q =Z —28). The argument mentioned above is not
specific to Br ions but is general for other ions.

Under the choice of a scaling variable like Eq. (2) that
is a monotonic function of Z or v, Figs. 1 and 2 suggest
that the scaling of q is inherently accompanied by the
scattering of data around the scaled curve.

B. Mean charges of highly charged ions

tn(t ——)z

0

X= y' z0.45

2 3

~ Be
B
C

~ o
F
Mg, AI, Si,P, S,Cl

& Ar

Apart from the deviation accompanied by the oscilla-
tion of q versus Z or v, an empirical formula by SIM is
known to be applicable to ions of relatively high-velocity
region since it was derived from the data of Z ~ 14 and
X (2.4. Above X—=2.4 or q/Z) 0.93 [see Eq. (5)], there
is no empirical relation and the data are scarce. Then,
within the framework of existing data, the systematics of
q for such highly charged ions is considered in the follow-
ing.

Using the scaling variable X given by Eq. (2), all exist-
ing data for Z ~ 4 and X) 1.8 are shown in Fig. 3. In ad-
dition to the data of light ions mostly taken from Table I,
the data of 11.5 MeV/u Ar ions and 15.6 MeV/u Ni
ions' are included. Empirical relations by SIM at
X (2.4 and ND and TD at X & 2 are also drawn. The or-
dinate ln(1 —q/Z) is taken to emphasize the variation of
q/Z values approaching the unit value. At X)3, the
values (1—q/Z) are seen to be proportional approxi-

mately to exp( —X). In this region, the consideration on
the oscillation of q versus Z or v is no longer necessary,
because observed charge fractions are dominated by fully
stripped ions of q =Z and H-like ions of q =Z —1.

For charge equilibrium ions having only two corn-
ponents of q =Z and q =Z —1, we obtain

q =ZF (Z)+ (Z —1)F(Z —1),
cr,F (Z —1 ) =a,F(Z), (7)

FIG. 3. Velocity dependence of equilibrium mean charges of
highly charged ions. The velocity parameter X is given by Eq.
(2).

Ot

L
cf

20

where o. , and o.„respectively, denote the electron-loss
cross sections for H-like ions and electron-capture cross
sections for fully stripped ions. In this case, the ordinate
of Fig. 3 reduces to ln(l —q/Z)=ln[F(Z —1)/Z]. Re-
garding the data of F(Z)+F(Z + 1))0.97 being in con-
formity with the two-component condition, all those data
are plotted in Fig. 4 by adopting new coordinates of
ln[F(Z —1)/Z] —3 and

X'=143Z ' P/(1 —P )'r
C

1P
X

where p=u/c. The data points are seen to be approxi-
mated by a straight line given by

ln[F(Z —1)/Z]= A —X',
where

(8)

OO 1 2
lon Velocity (tp cm/sec)

FICx. 2. Equilibrium mean charges of Br ions after passage
through a carbon foil. Solid curve indicates an empirical rela-
tion given by To and Drouin (TD) in Eq. (4).

A =0.67(Z —3) ' +0.3 . (9)

From Eqs. (6) to (8) we obtain

F(Z)/F(Z —I ) =o, /cr, =exp( —3 +X')/Z —1, (10)

F(Z —1)= 1 F(Z) =Z exp( A —X—') .
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Equation (11) is an asymptotic function of F(Z) or
F (Z —1) for highly charged ions of 4 ~ Z ~ 18 and X )3.
There are many theoretical investigations on charge ex-
change cross sections of H-like ions and fully stripped
ions. An experimental cross-section ratio given by Eq.
(10) would be useful to test the validity of those theoreti-
cal works.

FIG. 4. Velocity dependence of equilibrium mean charges of
highly charged ions where the value F(Z)+F(Z —1) exceeds
97%. Abscissa indicates the velocity parameter X'
=143Z O4'P/11 —P')'/2, where P=v/c, and the ordinate is
In[F(Z —1)/Z] —A, where A =0.67(Z —3) "+0.3. Solid
straight line is an empirical relation expressed by
F(Z —1)/Z =exp( A —X').

A. Z and u dependence of d

d/Z' =0 5X (1+X ) (14)

Figure 6 suggests that X is a poor variable for the scaling
of d. The variation of experimental d versus v is not a
monotonic function of X or v, and each complicated
curve of d versus v appears to have no regularity when
compared among different ion species. As a matter of
fact, all these curves can be scaled (see Sec. IVB), and
turn out to be a part of the oscillation of d versus v. Prior
to describing this, we will first consider the meaning of

Z dependence of d is shown in Fig. 5 for low-velocity
ions (0.02 MeV/u) and high-velocity ions (1 MeV/u). For
comparison, the semiempirical relation of ND [Eq. (12)
or (14)] is drawn with solid curves. Experimental d
values exhibit an oscillatory behavior with Z where the
oscillation of d for 0.02 MeV/u ions was already reported
by Lennard et a1. leaving its explanation unclarified.
Indicated in the figure is the ionic shell which retains an
outermost electron of ions having mean charge q at the
moment when each d value is observed. It is clear that
there exists some correlation between the shell structure
of ions and the Z oscillation of d. Because each cycle of
oscillation is followed in common by the appearance of
different shell or subshell regardless of the ion velocity.

Figure 6 shows the v dependence of d for several ion
species ranging from Z =17 to 83. Data are plotted by
adopting the coordinates d/Z' and X =v/(v'Z )

[Eq. (2)] so that they may focus along the semiempirical
relation by ND (drawn with a solid curve) obtained from
Eqs. (3) and (12) as

IV. CHARGE DISTRIBUTION WIDTH
0.02 t/)e%

Charge distribution width d corresponds to the stan-
dard deviation when the distribution function is Gauss-
ian. Physically, as was described by Betz, ' it is under-
stood that the d values are related to the magnitudes of n
and n' if we accept the condition that (a) E(q) is Gauss-
ian, (b) single-electron transfer is dominant, and (c)
electron-loss and -capture cross sections are, respectively,

/

given by 0q q+& o-q and crq+& &
c'-q, where the nota-

tion (q, q') denotes the charge exchange from charge state
q to q'. Under the above conditions, Betz mentioned
that the d value is approximated by [q/(n +n')]'/ .

For equilibrium charge ions passing through a carbon
foil, there exist several semiernpirical or empirical formu-
las of d. Representative ones are

W
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~ ~ ~
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d =0 5 ql/2 (1 q/Z)5/6 (12) 00 20 40 60 80
by Nikolaev and Dmitriev (ND) and

d = 1.41Zo' ~t qo'3 ( 1 q /Z) (13)

by Betz. Other expressions are given by Sayer and
Baudinet-Robinet. ' These formulas suggest that the d
values are a rnonotonically varying function of Z or v if q
does not oscillate versus Z or v.

Projectile Atomic Number

FIG. 5. Charge distribution width d of ions observed at 0.02
and 1 MeV/u vs atomic number of ions Z. ND stands for the
empirical d values by Nikolaev and Dmitriev given by Eq. (14).
K, L, M, N, or 0 indicates the ionic shell which retains the
outermost electrons of ions having mean charge q when each d
value is observed in the charge distribution.
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the variation of d versus U in connection with the varia-
tion of F(q).

When the charge distribution is Gaussian, the ratio of
F(q) between adjacent charge states q+1 and q is given
by

ln[F(q+1)/F(q)]= —q/d +(q —0.5)/d, (15)

0.2-"

0. 1

ND

00

x= y' Z0. 45

FIG. 6. Velocity dependence of charge distribution width d
of several ions after the passage through a carbon foil. The ve-

locity parameter X is given by Eq. (2). NI3 stands for the empir-
ical d values given by Eq. (14).

which means that, in the plot of ln[F(q + I )/F(q)] as a
function of q, the slope —1/d indicates a measure for
the magnitude of d. In Figs. 7(a), 7(b), and 7(c), d versus
ion energy, F(q) values versus ion energy, and charge
fraction ratios are, respectively, plotted for Cu ions ob-
served after passage through a carbon foil. The
difference of the slope occurred at the boundary of Ne-
like ions (q =19) seen in Fig. 7(c) is the phenomenon
known as the shell eff'ect of F(q) first reported by Moak
et a1. From the magnitudes of the slope in Fig. 7(c)
and Eq. (15), it is understood that the d values of the
group q ~ 19 are lower than those q ~ 18. Namely, the d
values of charge distribution in which outermost elec-
trons are distributed mainly in the L shell are lower than
those mainly in the M shell; meanwhile the d values take
the intermediate values for F(q) which is composed of
outermost electrons distributed both in L and M shells.
This behavior is displayed in Fig. 7(a). For the relation of

~ ~ ~
Cu+ C (a)

2.1- ~ ~ ~ &+C (a)

1.5-

~ ~ ~ ~
1.8-

1~2 05

1.
F(q)

0.l —.

0.01

10.
F(q+I)
F(q)

1 2
Ion Energy (MeV/(I)

h ia b cd g
+ + + (b)

19 20 21 22
16 17' 18 ---~-----~--~-

]44 g ~ NP'~ It, P 23

05 1 2
Ion Energy (MeV/u)

' 02

1:
F(q)

0.1—

0.01

10.
F(q+1)
F(q)

1.5

1.5

(c)

0.5 1

Ion Energy (MeV/u)
a bed e f Q

& (b)
23 24 25 26 27 28 29

0.5
Ion Energy (MeV/u)

P a I I I I I I I I I I I I I I I

10 13 16 19 22
Charge q

25

I

15 20 25 30 35
Charge q

FIG. 7. Relationship between the charge distribution width
vs ion energy and the charge fraction versus ion energy for Cu
ions. (a) Charge distribution width d. (b) Charge fraction F(q)
for charge states q = 12 to 24. (c) Charge fraction ratio between
adjacent charge states F (q + 1)/F (q) vs charge state q at
several ion energies of a to i as indicated in (b). L and M indi-
cate the ionic shells which retain the outermost electron of ions
with charge state q.

FIG. 8. Relationship between the charge distribution width
vs ion energy and the charge fraction versus ion energy for I
ions. (a) Charge distribution width d. (b) Charge fraction F(q)
for charge states q = 15 to 33. (c) Charge fraction ratio between
adjacent charge states F (q + 1)/F (q) vs charge state q at
several ion energies of a to i as indicated in (b). M and N indi-
cate the ionic shells which retain the outermost electron of ions
with charge state q.
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F(q) versus ion energy in Fig. 7(b), it should be noted
that the envelope connecting the maxima of each F(q)
curves jumps at the boundary charge state of Ne-like ions
(q =19). This corresponds to the fact that the d value of
F(q) composed of L electrons are lower than that com-
posed of M electrons. Thus, the variation of d versus v or
ion energy is understood to be correlated with the varia-
tion of the projectile shell which retains the outermost
electron of ions with q =-q.

Figure 8 shows the data of I ions where the presence of
the similar trend is recognized even at the boundary
charge state of Ni-like ions (data are taken from Table I
and Ref. 30). In this case, the shell effect of F(q) takes
place between the group of ions q ~ 25 and q & 24 [see
Fig. 8(c)], and the envelope connecting the maxima of
F(q) curves in Fig. 8(b) is seen to enhance at q =25
which corresponds to a Ni-like ion.
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B. Scaling of d
Mean Number of Electrons Tie=2 —cl

(16)

As was described in Sec. IV A, the variation of d versus
Z or v is dominated by the variation of the shell retaining
the outermost electron of ions with q =—q. Then the scal-
ing of d would be attained if the d values are classified in
terms of a mean number of electrons n, =Z —

q instead of
q as was hitherto taken by ND and Betz [see Eqs. (12)
and (13)].

Figure 9 displays the d values plotted against n, for
most of existing data of ions with Z 8. The detail at
n, &20 is shown in Fig. 9(b). For n, & 10, Shima et al.
already noticed the presence of the relation

d =0.53Z

0.9
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for charge distributions of various ions whose outermost
electrons are distributed in the L shell, and, in fact, Fig.
9(b) supports the relation of Eq. (16). This is the reason
why the ordinate of Fig. 9 is taken to be d/Z . At the
top of Fig. 9(a), the ionic shell which retains the outer-
most electron of ions having mean charge q is indicated.
Figure 9 demonstrates that all d values can be scaled
against n, regardless of Z or v (only the envelope of many
data points exhibiting the oscillatory behavior should be
regarded as the scaled curve of d). The d values thus
plotted oscillate against n„where each node of the oscil-
lation corresponds to the n, value of closed shell or sub-
shell of ions 1s, 2p, 3d, and 4d. It is noted that the
influence of the shell structure of 41 core ions (or 46 elec-
tron ions) is present on d, whereas such influence was not
obvious in the relation of q versus Z (Fig. 1).

The abscissa n, corresponds to the velocity scale of
ions. As is indicated in the figure for ions of F, Ar, Lu,
Pb, or U, the d values for each ion species rise sharply
from the limit of n, =Z at zero velocity until they join
the scaled oscillatory curve of d. For further increase of
v, the d values vary along the oscillatory curve, and final-
ly they approach the value d =0 at the high velocity limit
or n, =0.

V. CHARGE DISTRIBUTION

A. Shell eÃect of charge distribution

Asymmetric charge distribution is caused due to the
shell effect of F(q). The boundary charge states exhibit-
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FIG. 10. Charge fraction ratio between adjacent charge
states q + 1 and q, or Z —n, + 1 and Z —n„where n, stands for
the number of electrons attached to ions having charge state q.

FIG. 9. Universal plot of charge distribution width d for
various ions as a function of mean number of electrons attached
to the ions n, =Z —q. The details of (a) at n, (20 are given in
(b). K, L, M, N, or 0 indicates the ionic shell which retains the
outermost electron of ions having mean charge q when each d
value is observed in the charge distribution.
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ing the shell effect are q =Z —2, Z —10, and Z —28.
Since the enhancement of q was shown to take place
around the three solid curves of q =Z —2, =Z —10, and=Z —28 in Fig. 1, it can be said that the enhancement of
q takes place when the shell eff'ect of F(q) appears at
around the center of F(q) or q —=q.

If we verify the existing data of F(q) from the
viewpoint of shell effect, the presence of the shell effect is
more or less recognized for all the data at the above-
mentioned three boundary charge states. Since it is not
known if the shell effect is present at further outer shell of
ions, the observed charge fraction ratio

F(q + 1)/F(q) =F(Z n, +—1)/F(Z n,—),

50
F(q)

(z)
40—

30—

20—

10-

I I

1 MeV/'u Fe + (. ~ Exp.
———Present

Baudinet-Robinet

is plotted as a function of n, =Z —
q in Fig. 10. Here, n,

stands for the number of electrons attached to ions hav-
ing charge state q.

Judging from the magnitudes of ionization potentials
for multiply charged ions (see, e.g. , the calculation by
Carlson '), the n, position expected for the occurrence of
the shell effect at further outer shells than the 3d shell
(Ni-like ions) is n, =46 (4d core ions) and n, =60 (4f core
ions), whereas there appears little evidence of the oc-
currence of the shell effect in the observed values. Thus,
the influence of the 4d shell is seen neither in F(q) nor in

q (see Fig. 1), but appears only in the d values (see Fig. 9).
For Ni-like ions, the occurrence of the shell effect was

less significant compared with the Ne-like ions [compare
Figs. 7(c) and 8(c)]. For further outer shells, this trend is
more pronounced as is shown in Fig. 10. One reason for
this is that, with going to outer shells, the ionization po-
tential of ions between adjacent shells come close to each
other, which destroys the shell characteristics. In addi-
tion, a relative increase of multielectron transfer or exci-
tation compared the with single-electron transfer or exci-
tation would contribute to the diminution of the shell
effect.

B. Evaluation of I (q)

There exist some calculations for equilibrium charge
distribution F (q) of ions in carbon. For light ions
(Z ~ 10), Zaidins theoretically evaluated and presented
the graphs of F(q) versus v at E & 5 MeV/u. For heavier
ions, based on the existing data, Sayer evaluated an
empirical formula of F(q) by using skewed Gaussian dis-
tributions, and Baudinet-Robinet introduced three kinds
of distribution functions to be applied to F(q) of ions of
9 & Z & 36 and E & 6 MeV/u (Refs. 11—14) depending on
the degree of ionization. From these references, very
crude values of F(q) can be estimated. As an example,
F(q) of 1 MeV/u Fe ions is shown in Fig. 11, where the
solid curve is the calculation by Baudinet-Robinet. As is
seen in the figure, observed values cannot always be
reproduced by an existing empirical formula. This is be-
cause in the deduction of F(q) that is basically composed
of q and d the oscillation of q or d versus v or Z was not
considered.

Sayer and Baudinet-Robinet' tried to find a suitable
asymmetric function of F(q) that becomes important in
some region of v and Z. However, the essential thing for

10 13

Charge State
22

FIG. 11. Equilibrium charge distribution of 1 MeV/u Fe ions
after passage through a carbon foil. Observed values by Shima
et al. (Ref. 19), calculation by Baudinet-Robinet (Ref. 14) (solid
curve), and the result of present calculation (dashed curve) are
shown.

the reproducibility of actual F(q) over the wide range of
v and Z is the proper choice of q and d rather than the
choice of distribution function. Based on this concept,
improved F(q) values have been evaluated in the range of
Z =4—92 and E =0.02 —6 MeV/u, which has been possi-
ble since precise information on q and d has become
available in this paper. Our procedure is as follows.

(i) For ion species whose data are reported over the
wide range of v, q values can be determined as a function
of v by using the expression

q =Z 1 —exp —g (a;v') (18)

where a, is the constant. For ions whose data are scarce
or missing, similar expressions of q versus v are deduced
by utilizing the Z oscillatory trend of q in Fig. 1 and ex-
isting data points (if any) at other velocities than those
shown in Fig. 1. The q values thus obtained are listed in
Table II for several combinations of Z and v.

(ii) Once the q values are evaluated, the distribution
widths d are automatically determined from Fig. 9 where
scaled d values are shown as a function of n, =Z —q.
The d values thus obtained are listed in Table II.

(iii) Gaussian distribution is adopted for the distribu-
tion function in which q and d values are taken from (i)
and (ii), respectively. Equation (11) has been used for
F(q) of highly charged ions.

Results of the calculation for 1 MeV/u Fe ions are shown
in Fig. 11. The degree of agreement between calculation
and experiment for other Z or v is almost the same as
that seen in Fig. 11 when comparable data are available.
Other examples of the results for ion species Z =9, 25,
45, 63, and 83 are shown in Figs. 12—16 at less than 6
MeV/u. As a result of taking Z or v oscillation of q and
d into account, the present calculation exhibits interest-
ing features that (1) there arises an enhancement of the
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TABLE II. Mean charges q and charge distribution widths d for several ion species and velocities
obtained according to the procedure described in the text. q and d are given in units of charge.

q
d

q
d

Z=7

0.942
0.29

1.82
0.55

3.76
0.85

5.00
0.75

5.70
0.69

6.67
0.50

6.96
0.24

Z =20

3.07
1.62

4.81
1.69

8.23
1.44

11.20
1.21

12.87
1.21

16.39
1.16

18.57
0.93

Z =35

0.02 MeV/u
5.22
1.78

0.06 MeV/u
8.01
1.62

0.2 MeV/u
12.03

1.60
0.5 MeV/u
15.66

1.77
1 MeV/u

19.14
1.93
3 MeV/u

26.89
1.41
6 MeV/u

29.90
1.41

Z =50

5.59
2.00

9.21
2.18

16.18
2.22

22. 12
1.84

25.90
1.70

33.96
2.12

40.65
1.55

Z =65

5.66
2.21

10.04
2. 14

17.81
2.00

24.37
2.35

29.45
2.51

40.86
1.82

49.75
2.32

Z =80

5.56
2. 19

10.06
2.29

19.47
2.35

28.56
2. 16

33.76
2.17

46.91
2.47

57.68
2.04

envelope connecting the maxima of F(q) curves, and (2)
high-density F(q) and low-density F(q) curve groups ap-
pear alternately with the variation of v.

VI. SUMMARY

Equilibrium mean charges and charge distribution
widths of ions after the passage through a carbon foil
have been shown to oscillate with the variation of Z or v.
Each cycle of the oscillation is in accord with the succes-
sive appearance of diferent ionic shells in which outer-
most electrons of ions are distributed. Such oscillation is

observed for ions having electrons up to 46 and energies
up to a few MeV/u; meanwhile for heavier and faster
ions, the oscillatory behavior gradually diminishes.

It should be emphasized that the above-mentioned
correlation between the shell structure of ions and q or d
can be observed for ions after emergence from foil. Since
charge exchange cross sections are strongly dependent on
the ionization potential of ions, it is no wonder that the
charge distribution of excited ions inside the foil should
be influenced by the shell structure of ions. At present,
such inhuence of the ionic shell has been observed to
remain in F(q), q, and d of ions after the deexcitation and
rearrangement of excited ions. This fact suggests that the

F(q)-
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FIG. 12. Result of calculation for equilibrium charge frac-
tions F(q) of F ions after passage through a carbon foil.

FICx. 13. Result of calculation for equilibrium charge frac-
tions F (q) of Mn ions after passage through a carbon foil.
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