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(abstract)

Based on recent finding that the variation of charge fractions,
mean charges and charge distribution widths with ion energy E and
projectile atomic number Z is strongly dependent on the shell structure
of ions, systematic reanalysis of the charge distributions of ions has
been performed. Graphs are presented for equilibrium charge fractions
thus obtained of ions emerging from a carbon foil as a function of E
ranging from 0.02 to 6 MeV/u. Each graph pertains to one ion species
from Z=4 to 83 and Z=92. Tables of the mean charges and charge
distribution widths are also given for each ion species in the same
range of Z and E. For fast ions of Z=4 to 20 up to 40 MeV/u, charge
fractions of fully stripped ions, H-like ions and He-like ions are

tabulated,
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INTRODUCTTON
1. Preface

The knowledge on the equilibrium charge distribution of ions
emerging from a matter is important not only from the view of atomic
collision physics but also from practical point of designing nuclear
instruments and accelerators. There exist some approaches to estimate
the equilibrium charge fraction of ions, F(q), when charge state g,
projectile atomic number Z, ion velocity v, and target material are
given. TFor 1ight jons ofllgzglo, Zaidins1 performed theoretical
calculation and presented graphs of F{q) vs v of ions after passage
through a carbon foil at the energy less than 5 MeV/u. His caleulation
is known2 to agree rather well with the observed values3’4’5 ,» as is
shown in Fig.I for B and F ions. On the other hand, empirical formulas
of F(q) have been proposed by Sayer6 for heavier ions having passed
through gas and carbon foil, and by Baudinet—Robinet7 for ions of Z<36
emerging from a carbon foil. However, through recent systematic data
accumulation, it turns out that the observed values have not always been
reproduced well with these formulas®. Furthermore, for ions heavier
than Z=36, there is no way to estimate even very crude values of F(qg).

Recently, Shima et al.8 reported an oscillatory behavior of the
mean charge ¥ of ions versus Z when equilibrium mean charges are
compared at an equal velocity of ions passing through a carbon foil.

Here, @ is defined by

q-= Eq{qF(q)}- (1)
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Fig.X. Equilibrium charge fractions of B and F ions after passage
through a carbon foil. Solid circles represent experimental values

3’4’5, and the broken curves are theoretical calculation

reported
by Zaidins, The solid curves for F ions are based on the present

estimation as described in 3.2 in the text.



Such Z-oscillatory behavior can be observed for ion energies up to a
few MeV/u. Furthermore, the charge distribution width d defined by

a= ¢ @D FOn? 2)
was also shown to oscillate9 as a function of Z.

The Z-oscillations of § as well as of d are surprising because the
scaling work of F(q) that is basically a function of q and d, had been

>

empirically domne by assuming that both § and d are monotonously
varying functions of Z. Considering recent increasing applications of
heavier and faster ions in various fields, it is worthwhile to present
more reliable values of F(gq) for lower Z, as well as for higher Z ions
over a wide range of v.

In this article, by taking account of the Z-oscillation of § and d,
F(q) values of ions passing through a carbon foil are empirically
deduced. For each lon species ranging from Z=4 to 92, the evaluated
results of F(q) are graphically displayed as a function of ion energy E
in the range from 0.02 to 6 MeV/u. Tables of § and d for these Z and E
are separately presented.

In addition to these tables and graphs, the charge fractions of
highly charged (few-electron) ions that are dominated with fully

stripped ions, are also tabulated for ions from Z=4 to 20 and energies

up to 40 MeV/u.
2, Variation of Ionic Charge States vs Z and v
Equilibrium charge distribution data have been reported most

frequently for ions having passed through a carbon foil, Fig.IT

displays the combination of ion Z and its energy E (MeV/u) where data
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are available. The data reported befcre 1972 are summarized by Wittkower

and Betz3, those between 1972 and 1985 are compiled by Shima et a1.4,

and more recent data after 1985 have been given in refs.5, and 9 to 20.

By comparing all these data, some systematic trends have been verified

in ref.5 for F(q), q, d against Z and E, These results can be

summarized as follows.

(1) The mean charges, G , oscillate with Z for a given value of v as
shown in Fig.I1T where the ordinate denotes the reduced mean charge
G/Z. Similarly, they also oscillate with v for a given value of Z.
The amplitudes of the oscillatory behavior are seen to decrease with
increasing ion energy (MeV/u) or v.

(2) The phase of the Z-oscillation of § varies with E, and the
enhancement of ¢q takes place when the mean charge T of fons is close
to the charge of closed shell ioms, i.e., T is enhanced along the
three curves of G/Z = Z-2 (He-like ions having 2X12 electrons), Z-10
{Ne-1like ions having 2X(12+22) electrons) and Z2-28 (Ni-like iomns
having 2X(12+22+32) electrons) as shown in Fig.III. (With the addition
of electrons, the stability of ions is provided when outermost shell
has 2n” electrons (n is the principal quantum number) as is seen for
instance in Fig.l of ref.5. This behavior slightly differs from the
formation of neutral atoms).

(3) The charge distribution widths, d , oscillate as a function of Z for
a fixed ion velocity7. As is shown in Fig.IV, the scaling of d can be
found by plotting the values a/z%+27 as a function of the mean number
of electrons, ﬁ; = Z-q@ , remaining in the ion. Fig.IV demonstrates
that the values d/2%-%7 £all on a universal curve regardless of Z or

v. Under the choice of the coordinates in Fig.IV, the regularity above
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mentioned is found to break down when the ion approaches neutral
Cﬁesz) or ion velocity approaches zero. Fig.IV shows examples for Ar,
Pb and U ions, where the d value clearly has an onset at ﬁ;=z and
rises up sharply with decreasing ﬁ; values or increasing ion velocity
until they join the universal curve.

(4) Charge distribution fumnction is not always symmetric. When the
outermost electrons of ioms are distributed among the shell belonging
to the single-n, the distribution function can be approximated with a
single Gaussian distribution. On the other hand, when the outermost
electrons are distributed among two adjacent-n shells, the charge
distributions are asymmetric and are represented with two Gaussian
having different distribution widths or standard deviationSZI. This
phenomenon, known as the shell effect in F(q)zz, takes place at the
charge states of ions having the closed shell electron structure like

He-like, Ne-1like or Ni-like ionss.

3. Evaluation of F{(q)

3.1 Medium charge ions

Sayer6 and Baudinet—Robinet7 tried to find suitable asymmetric
functions for expressing F(q) at given values of E and Z. However,
in order that the actual charge distribution is reproduced with some
distribution function over a wide range of Z and E, the proper choice of
q and d is more important than the choice of distribution function.
Namely, the first priority lies in the correct choice of d that is

directly connected to the determination of F(q) around q = §, and then,
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the second one lies in the correct choice of d that is related to the
determination of F(q) of charge states away from G, meanwhile the choice
of the distribution function is less important over that of gand d.
Based on this concept, F(gq) values of ions after passage through a
carbon foil have been evaluated in the range of Z=4-92 and E=0.02-6
MeV/u. For this purpose, efforts were made to obtain accurate values of
G and d, meanwhile the asymmetric feature of F(g) was not taken into
account for the present evaluation of F(q). Our procedure is as

follows:

(i) For ions whose data have been already reported over a wide range of
v, the relation g vs v has been numerically determined using the
expression @ = Z{l - exp(—Eiaivi))}, where a; is constant. TFor ion
species whose data are scarce or missing, similar expression of T vs
v has been deduced by utilizing the existing data points in Fig.I1
and the interpolated values of '§ in the Z-oscillatory trend of T in
Fig.IIT. Values of G are given in Table 1,

(ii) Once the [ value is determined, the corresponding distributicn
width d is auvtomatically determined from Fig.IV where d/ZO'27 values
are shown as a function of ﬁe = Z-g. Values of d are given iIn Table
1.

(iii) The charge distribution F(q) is deduced from @ and d above by
adopting the following Gaussian distributiom,

F(Q) = 1/(/Z7 d) x expl-(¢-) >/ (2aD)} . (3)
Values of F{q) vs ion energy E in units of MeV/u and MeV are

respectively displayed in Figs.l! to 81, and Figs.82 to 158.
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An example of F(q) values for 1 MeV/u Fe ions thus evaluated is
shown in Fig.V with a dashed curve together with the observed valuesg.
For comparison, an empirical relation by Baudinet-—-Robinet4 is alse drawn
with a solid curve. For other light ions or medium ions, the agreement
between experiment and present evaluation is more or less of the same
degree as that in Fig.V. On the other hand, for ions heavier than Z=40,
the existing data are not sufficient enough (see Fig.I1I) to obtain the
accurate relationships between § vs Z or v from procedure (i) and d vs
ﬁé from procedure (ii), and hence, the degree of agreement between
the observed and evaluated values is expected to be worse than that for
light ioms.

3.2 Few electron ions

For such highly charged ions as the charge distribution is
dominated by fully stripped ions (q=Z), Gaussian distribution is not
appropriate for the expression of F(q). In addition, since most of the
charge exchange processes in this case involve K-shell electrons, the
characteristic of ionic shell structure disappears in G and d. In order

to find some trends of T and d vs Z, v or"ﬁe for these few—electron

3,4,5,15,17,19,20 o

ions, existing data f q and d are plotted in Figs.VI

and VII, respectively. Fig.VI shows the values ﬁ;zZ—Q'divided by Z

0'45) where v'=3.6><108

em/sec. This parameter X has been adopted by several author523_27 for

against ion velocity parameter X = v/(v'Z

the scaling of T values at less than about X=2.3. 1In Fig.VI, only the
results of empirical formulas using X by Nikolaev and Dmitriev (ND)ZS,
To and Drouin (TD)24 or Shima et al. (SIM)27 are drawn, and the observed

values are known to focus well along these curves. On the other hand,

12
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at the present fast ion velocity region of X>3, the data are seen to
diverge systematically with increasing X and Z. Fig.VII shows d vs n,
where data for ions with ﬁé less than unity. As'ﬁé decreases, the
observed values of d are seen to focus along an asymptotic lime of
d ='ﬁ;1/2 which corresponds to the d values when the ions have only
two charge components of q = Z and q = Z-1. If we assume three charge
components of q = Z, Z-1, and Z-2, F(q) values of these few-electron
ions can be evaluated from Fig,VI and VII with the aid of eqs. (1) and
(2).28 The results are tabulated in Table 2 for ion species Z = 4 to
20 where the ion energy goes up to 40 MeV/u.

An example of F(q) values thus evaluated is drawn in Fig.I for F
ions with solid curves. The agreement between experiment and the present

evaluation for other Z ions is expected to be of the same degree as is

shown in Fig.I.

3.3 Target species dependence

Although the equilibrium charge distribution of ions after passage
through foils other than a carbon foil is outside the scope of this
article, its general trend with respect to the target species is briefly
described in the following.

When equilibrium ¢ values observed behind different foils are
compared at fixed Z and v, they are known to oscillate as a function of
target atomic numberzg’so. Oscillation of § is reported to occur at

ion energies less than several MeV/u. The amplitude of the

oscillation increases with decreasing energy, meanwhile the phase of the

16




oscillation varies with ion energy and also depends upon Z. For
the limited number of target species dependent data for F, Si Cl or Cu

ions up to several MeV/uzg’BO

» the difference of mean charges between
the highest and the lowest values for given Z and v, (ahigh_aiow)/ﬁ_’ is
found to be at most 12 %.

On the other hand, at ion energies above several MeV/u, the
oscillatory behavior of q gradually disappears, and the ions after
passage through foils with lower atomic number generally exhibit
higher g values, In fact, the reported data suggest that the use of Be
foil provides the highest equilibrium mean charges for 1 to 3 MeV/u F,
Si, €I or Cu ioms, This tendency appears to be preserved for
ions at least up to several tens MeV/u although investigated data are
very 1imited17’20. With further increase of ion energies up to about
200-1000 MeV/u, the folls taking the maximum of § values move from those
with intermediate atomic number to higher atomic number31’32.
Evaluation of equilibrium q, d, or F{q) values with respect to the

target atomic number is to be done after more data accumulation and

theoretical analysis.
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EXPLANATION OF TABLE

TABLE 1, Equilibrium Mean Charges q and Distribution Widths d of Ions
after Passage through a Carbon Foil in Ion Energies E=0.02 to 6

MeV /u.

Equilibrium mean charge and charge distribution width of 0,02,
0.04, 0.1, 0.2, 0.4, 1, 2, 4 and 6 MeV/u ions after passage
through a carbon foil are ordered by increasing the atomic
number of ions. Tabulated values are evaluated based on the
procedure (i) to (iii) described in 3.1 in the text. Charge
fraction of ions F(q) for given charge state q and energy can
be estimated approximately by applying q and d values given in

this table to Gaussian distribution in eq. (3).

z Atomic number of fons

Mean charge of ions after passage through a carbon foil,

al

Eq. (1)

d Distribution width of ions after passage through a carbon

foil, Eq.(2)
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TABLE 2. Equilibrium Charge Fractions of Few-Electronm Ions for Z=4 to 20

in Ion Energies less than 40 MeV/u after Passage through a

Carbon Foil.

Equilibrium charge fractions of few-electron ions after
passage through a carbon foil are orderd by increasing the
projectile atomic number for charge states q = Z, Z-1 and Z-2.

Tabulated values are evaluated according to the procedure

described in 3.2 in the text.

A Atomic number of ions

F(q) Charge fraction of ions having charge state q
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EXPLANATION OF FIGURES

FIGURES 1-81. Equilibrium Charge Fraction of Ions for Z=4 to 83 and 92
after Passage through a Carbon Foll as a Function of Ion

Energy between 0.02 and 6 MeV/u.

Equilibrium charge fractions of ions after passage through a
carbon foil are shown as a function of ion energy from 0.02 to 6
MeV/u. Each figure pertains to one ion species whose atomic
number ranges from Z=4 to 83 and Z=%2., These values are
evaluated based on the procedure (i) to (iii) described in 3.1 in
the text. The numbers attached above the curves represent the

charge states of ioms.

Flq) Charge fraction of ions having charge state q.

E Ion energy at emergence from a carbon foil, in MeV/u.
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FIGURES 82-158. Equilibrium Charge Fraction of Ions for Z=5 to 83 after
Passage through a Carbon Foil as a Function of Ion

Energy between ! and 12 MeV.

Equilibrium charge fractions of ions after passage through a
carbon foil are shown as a function of jon energy from 1 to 12
MeV. Fach figure pertains to one ion species whose atomic

number ranges from Z=5 to 83. These values are evaluated based on

the procedure (i) to (iii) described in 3.1 in the text. The
numbers attached above the curves represent the charge states of
ions. Evaluation is done for ions of the mass number having the

highest abundance of isotope ratio,

F{q) Charge fraction of ions having charge state q.

E Ion energy at emergence from a carbon foil, in units of

MeV.
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