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The results of experimental measurements of the distributions of charge frac-
tions Fi in ion beams on passing through thin celluloid films differing in thickness 
are used to calculate the charge-exchange cross sections of high-speed ions with 
due regard for the transfer both of a single electron and of two electrons si-
multaneously. The results are presented of calculating the mean charges I and 
equilibrium target thickness teq for Be, B, N, and О ions differing in initial 
charges and moving with a velocity of V = 3.6 a.u. It is demonstrated that 
allowing for the loss and capture of two electrons simultaneously accelerates the 
establishment of charge equilibrium. 

INTRODUCTION 

In the preceding works, the charge-exchange processes occurring in ions of light elements were analyzed 
on the basis of the results of experiments on the determination of the charge fractions Fi, where i is the ion 
charge in ion beams passing through gaseous [1], [2] and solid [3], [4] targets. The "effective" electron loss 
and capture cross sections found for Be, B, N, and О ions on passing through thin celluloid films differing 
in thickness enabled us to calculate the charge fractions Fi and the mean charge I = ]T) iFi as a function 
of the target thickness t for various initial ion charges г'о and to determine the equilibrium target thickness 
*eq [4 ] . 

The results of calculation Fi(t) agreed well with the experimental data, but at low t values some 
discrepancy was observed: the experimental charge distributions reached equilibrium faster than their the-
oretical counterparts. In this connection, we suggested that account should be taken of multiple electron 
loss and capture processes. 

CALCULATION RESULTS AND DISCUSSION 

The ion charge distribution is known to be described by the system of differential equations 

^ = S > = i, (i) 
к к i 

where cr,fc are the cross sections for the loss or capture of electrons by the incident ion and i and к can assume 
values from 1 to Z, where Z is the charge of the nuclear ion. The value of Fi varies as the target thickness t 
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is increased. When calculating charge-exchange cross sections in solids, it is customarily assumed that 
collisions attended by concurrent loss and capture of more than one electron can, as a first approximation, 
be disregarded. In that case, the experimental data available can be used as a basis for the finite-difference 
approximation of the system of linear differential equations (1). In work [4], we presented the results of 
calculations by the method of least squares of the single-electron loss and capture cross sections for light 
elements ions passing through celluloid targets. 

However, to calculate directly from system (1) the cross sections of the charge-exchange process involv-
ing the concurrent transfer of two electrons is impossible unless additional information is used. Therefore, 
to estimate the contribution from the capture and loss of two electrons to the ion charge-exchange process, 
the corresponding cross sections were represented in the form 

The coefficients of proportionality, and гаг-, were calculated from the well-known relations between 
single- and two-electron capture and loss cross sections by ions in gaseous media [2] and varied from 0.05 
to 0.25 for the ions under study. The assumptions made allowed us to find the single-electron loss and 
capture cross sections by solving system (1) numerically, their two-electron counterparts being calculated 
by means of expressions (2). 

Figure 1 presents the calculation results for the charge-exchange cross sections of nitrogen ions obtained 
with allowance made for the possibility of transfer both of a single electron and of two electrons simultane-
ously. Comparison with the results presented earlier in [4] shows that in the given approach not only the 
two-electron loss and capture cross sections become other than zero, but the values of the single-electron 
transfer cross sections change as well, which should cause the dependences of the charge fractions F, and 
mean ion charges I on the target thickness to alter. 

With the "effective" electron loss and capture cross sections known, one can calculate, on the basis of 
the solution of system of equations (1), the charge fractions Fi and the mean charge I = ^ f o r various 
target thicknesses t and the initial ion charge г'о- The results of calculation of I for nitrogen ions passing 
through a celluloid target at the initial velocity V = 3.6 a.u. are presented in Fig. 2 along with the results 

Ci+2,i — ra,crt+1)l-, cr,-,t-+2 — ki<Tiji+1. (2) 
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Fig. 2 

Solid lines: single-electron capture i (•) 
and loss (•) cross sections by nitrogen ions with 
initial velocity V = 3.6 a.u. in celluloid; dashed 
lines: two-electron capture cr,,t_2 (•) and loss (o) 
cross sections <t,„+2 by the same ions. 

Solid lines: mean charge of nitrogen ions pass-
ing through a celluloid target with initial velocity 
V = 3.6 a.u. as a function of the target thickness t 
for various initial ion charges io; dashed lines: the 
same with account taken of the two-electron loss 
and capture cross sections. Experimental data 
points: i = 3 (•), 4 (A ) , 5 (•), and 6 (•), 7 (+) ; 
г'о is equal to the mean charge at t = 0. 
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obtained earlier in [4] without allowance made for the capture and loss of two electrons. It can be seen 
from the figure that the main laws governing the formation of the mean charge in ions passing through solid 
targets remain valid. Specifically, the equilibrium charge is independent of the initial charge state of the 
ion. Taking account of the capture and loss of two electrons leads to a faster establishment of the charge 
equilibrium, this holding true, as shown by calculations, for all ions considered. In making the calculations, 
the charge equilibrium was considered established when the mean charge came to differ from Jeq by no more 
than 3%. 

Analyzing the results presented in Fig. 2, one can find out how the capture and loss of two electrons 
affect the target thickness teq at which the equilibrium distribution in charges is established. The results of 
calculating teq for beryllium, boron, nitrogen, and oxygen ions with various initial charges passing through 
a celluloid target at the initial velocity V = 3.6 a.u. are presented in Fig. 3. The equilibrium target 
thickness teq is known to depend substantially on the initial ion charge «о- In our calculations, we used the 
approach developed in [9], according to which teq tends to zero when the initial ion charge is close to Ieq. 
The calculated <eq values corresponding to г'о = Ieq are also presented in Fig. 3. 
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Fig. 3 

Solid lines (•: equilibrium target thickness teq for (a) Be, (6) В, (c) N, and (ct) О ions 
passing with initial velocity V = 3.6 a.u. through a celluloid target as a function of the 
initial ion charge; dashed lines (•): the same with allowance made for the two-electron loss 
and capture cross sections. 

One can see from Fig 3 that allowance for the loss and capture of two electrons by all of the ions 
considered reduces teq, the reduction increasing with increasing nuclear charge of the impinging ion. The 
change of teq is especially evident for the charge-state components with maximum and minimum initial 
charges, i.e., for г'о differing strongly from Ieq. For the nitrogen and oxygen ions, the reduction of teq 

reaches 15-20%. 
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CONCLUSION 

Thus, the calculations have shown that allowance for the loss and capture of two electrons in describing 
the charge-exchange processes occurring in ions passing through solid targets really leads to a faster estab-
lishment of charge equilibrium. The equilibrium mean charge itself remains in that case unchanged, while the 
equilibrium target thickness decreases for all ions under consideration. The greater the difference between 
the initial ion charge and the equilibrium charge, the greater grows this decrease, possibly reaching 20%. 
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