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The thicknesses T, of carbon targets needed for equilibration of the charge distribution in H, He and N ions beams have been
calculated in the energy range E = (0.03-100) MeV /amu. The calculations have shown that for N ions at £ = 0.1 MeV /amu the value
of T, 1s 20 times 7, in a gas target and that the difference decreases with increasing energy.

1. Introduction

In the thirties it was found that the mean output
charge of ions passing through solids was higher than
for gases. This finding was the starting point for two
alternative physical models for the passage of ions
through solids constructed by Bohr and Lindhard [1)
and by Betz and Grodzins [2). The two models can be
improved and verified on the basis of new experimental
facts obtainable by studying the characteristics of ion
beams passing through solids and gases [3-17]. Quite a
number of features of the output parameters of an ion
beam ejected from a solid stripper have been revealed
up to now. These features include the delay of the
attainment of equilibrium charge distributions for ions
in solids compared with gases (see ref. [13]). An investi-
gation of the equilibrium parameters of ion beams pass-
ing through gases is given in ref. [17). The target thick-
ness which has to be used to attain charge equilibrium
and the width of the charge distribution have been
found to vary inversely with the electron loss and cap-
ture cross sections for ions whose charge is close to the
mean equilibrium charge. Thus, an increase in the equi-
librium thickness of a solid suggests a decreased rate of
charge-exchange processes in solids, calculated per target
atom, compared with gases. This observation con-
tradicts the Bohr-Lindhard model based on the as-
sumptions of an unchanged capture cross sections and
an increased electron loss cross section for solids [1].

The Betz—Grodzins model suggests that the processes
of multiple excitation of ions play an important role in
the passage of ions through solid films, in contrast to
gases [2]. The authors of this model believe that the ion
excitation process is important for the occurrence of
equilibrium in solids. Multiple excitation should lead to
the delay of the attainment of equilibrium charge distri-
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bution. This conclusion is not well founded and requires
model calculations because the cross sections for ion
excitation by target atoms are as a rule close to the
charge-exchange cross sections. All the processes men-
tioned above should be considered to describe correctly
the attainment of equilibrium in solids.

The present paper proposes a model for the passage
of ions through solid targets which contains an increase
in the electron loss cross section and a decrease in the
electron capture cross sections. The equilibrium thick-
nesses of carbon targets are calculated as a function of
energy for H, He and N ions. The results are compared
with the equilibrium thicknesses of a nitrogen target.

2. Model for the passage of ions through solids
2.1, Equilibrium thickness calculations

The number of ions of a given charge varies continu-
ously as the ions pass through solids or gases, and reach
an equilibrium value after traversing a target thickness
T. Each of the charge state components attains equi-
librium, generally speaking, at its own value of target
thickness 7. In the present work, the equilibrium target
thickness 7" is meant to be the thickness needed for the
equilibration of the mean charge ; and the width of
charge distribution to be obtained within 1%. The val-
ues of the equilibrium thicknesses for gaseous 7, and
solid T, targets are not obtainable from direct measure-
ments, and can only be obtained from the experimental
dependences of the charge components of an ion beam
on the target thickness.

Fig. 1 presents a set of equilibrium thicknesses of
nitrogen, carbon and celluloid targets obtained from
experimental non-equilibrium charge distributions
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Fig. 1. The dependence of T and T, on E for various ions with
initial charges i, = i. The symbols indicate the experimental
values of T, and 7, in the following way: in nitrogen for C: O
- [9), for N: O - [8], & - [9], in organic films for N: @ - [6], A
- [7). Ar: & - [12], in carbon films for H: ® - {3}, a - [4], He: @
~{3).a-{5); P®~[10},S: ® - {11}, Br: a - {13), Kr: & - [14].
Xe: ¥ ~ [15]. —.- the empirical curve for T, from [16]; ~ ~ - the
calculated values T, from [17]. The numbers on the curves and
the signs indicate the nuclear charge Z of the incident ions.

[3-16]. The errors in the values of T, and T, obtained
are due to the error in the measured charge components
and thicknesses of the targets and vary, as a rule, within
30-50%. Unless otherwise specified, the values of T,
and T, are obtained for the initial ion charge i, close to
i. li,—1i]<0.5. Fig. 1 demonstrates vividly that the
values of T are in excess of T, over the entire energy
range. The result obtained confirms ‘the conclusion of
ref. [13] made on the basis of the values of 7, and T,
that have to be used to put a Br ion beam in equi-
librium.

To account for the observed behaviour of T, and T,
we have numerically calculated the nitrogen and carbon
targets thicknesses needed for equilibrium of H, He and
N ion beams in the energy range 0.03-100 MeV /amu.
The values of T, were calculated using the well-known
set of linear differential equations

de, .
—d—;=zokl¢k—¢lzofk’ (1)

where the ¢,, the relative number of ions of charge i, are
unknowns; o, is the cross section in case of the transi-

tion from the k to i charge state. We recall that the
lifetime of an ion in a fixed charge state 7, in gases is
large compared with the radiation lifetime of the excited
states of ions 7,,4 and, therefore, the set of equations (1)
contains the total cross sections for electron capture and
the cross sections for electron loss from the ground state
of the ions. The present calculations are based on the
data from ref. [18].

The situation with solids is quite different. Owing to
a high atomic density, the rate of charge-exchange
processes is in this case much higher, so the excited
states fail to decay via the radiative channel before the
next event of electron capture or loss occurs, ie. 7, <
T..q- Hence, the passage of ions through solids is ex-
pressed mathematically through a set of linear differen-
tial equations
d
_j:\_"/ = L0kt it Pkt ™ PontEOimt ken't’s (2)
where the charge-excited components ¢,,,. i.e. the rcla-
tive numbers of ions of charge i in the excited state nl,
are unknowns; &, .- .; is the cross section in case of the
transition from the An’l’ to the inl/ state. The above
statement is true for ions of low and medium nuclear
charge Z.

The passage of ions in excited states through solids
leads to increased electron loss cross sections compared
with gases. However, this is not the only feature of the
passage of ions through solids. Another consequence of
the high atomic density in solids is the smaliness of the
interatomic distance d. In carbon d is =244 A. As a
result, charge-excited states whose size is in excess of d,
cannot exist in a solid. Therefore, states with ptincipal
quantum number n =1 are allowed for hydrogen and
helium ions, with 7 <3 in N*>7% and with n <2 for N
ions of lower charges / and for N atoms. The existence
of ions in solids in low-excited states only leads to
decreased electron capture cross sections compared with
gases. Indeed, at velocities v < [61,,,,/1])'"* (1,4, is the
binding energy of the highest possible excited state in a
solid, p is the electron mass) electrons in gases are most
probably captured into the highly-excited states which
are not realized in solids. At a fixed ion velocity, the
decrease in the electron capture cross section in solids is
a minimum for hydrogen and a maximum for nitrogen
ions. As the energy of ions increases, the role of excited
states in electron capture becomes less important, so
that the electron capture cross sections in solids and
gases become comparable. The decrease in the electron
capture cross sections has been confirmed by experi-
mental results [6].

In summing up the above discussion, we should
again emphasize that the excited components passing
through solids have increased electron loss and de-
creased electron capture cross sections compared with
dilute gases.
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In the numerical calculations we obtained the partial
cross sections for single-electron capture using the for-
mula

oS

— LOBK id=1
am'/'.(:—l)nl_om'l'u-l)n/ OBK °® (3)
ra—1
12 n-
OBK
where 0,77, _1,,, and o =2 Z i 1\(-—1),,/ are the

partial and total electron cap’t'ur‘e 'cross sections in C
calculated in the OBK approximation [19]. 0P , is the
experimental electron capture cross section in nitrogen.
In calculating the single-electron loss cross section in C
we used the dependence of o, .-, 1), On the binding
energy for a nitrogen target from ref. [20]. The cross
sections of the capture and loss of more than one
electron were assumed to be zero. Auger processes and

ion excitation by target atoms were neglected.

3. Results and discussion

The results for T, and T, obtained at an initial charge

io close to i are shown in fig. 2. It is seen from the figure
that the values of T, are in excess of T,. As the energy of
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Fig. 2. The calculated E dependence of the equilibrium thick-
nesses of T, (N;) -~ - and T, (C)—for incident H, He and N
ions with lmua] charge io — i. The symbols indicate the experi-
mental values of T, and T, in nitrogen for N in the following
way: O — [8], a - [9]. in organic films for N: ® — [6], & - [7]
and in carbon films for H: ® - [3], a ~ [4}; He: ® — {3], & - [5}.
The numbers on the curves and the signs indicate the nuclear
charge Z of the incident ions.
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Fig. 3. The dependence of T, on the initial ion charge ¢, for
nitrogen ions in carbon films. £ = 0.335 MeV /amu.

ions decreases and the nuclear charge of ions Z in-
creases, the difference between T, and T, increases. For
example, at E > 1.5 MeV /amu T, does not exceed T, by
more than 20% for H and He ions and at £=0.1
MeV /amu T is 1.2, 3 and 20 times 7, for H, He and N
ions, respectively. From figs. 1a and 1b it follows that
the calculation results are in qualitative agreement with
experiment. Comparison between the absolute values of
the calculated and experimental 7, has little meaning
because we have disregarded the surface effects and the
autoionization decay of the excited states of ions trans-
mitted through a film.

In the numerical calculation of T, we have revealed
an interesting dependence of T, on the initial charge i.
As seen from fig. 3 when i, becomes greater than i, the
equilibrium thickness increases sharply due to the low
values of the electron capture cross sections in solids. A
substantial increase in T, at i, = 6 and 7 was observed
in an experiment [6] in which the passage of N ions, at
E =0.335 MeV/amu, through a celluloid film was
studied. A rapid increase in T is observed at i, exceed-
ing the mean output charge i measured in the same
experiment. This suggests an excess of mean charge of
the ions inside the film over the mean output charge. It
will be noted that the set of equations (2) gives values of
i that exceed by 20-30% the experimental values of the
mean output charge for gases and solids.

4. Conclusion

The results of calculating the equilibrium thicknesses
of solid targets have demonstrated that the absence of
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highly-excited states and the disregard of the ion ex-
cited-state decay in solids do not preclude correct un-
derstanding of the main qualitative factors in the experi-
mentally observed relationship between 7 and 7,
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