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Multiple Ionization in Ion-Atom Collisions
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The single K- plus muitip]e L- and M-shell ionization cross sections by light ions have been
calculated by the semiclassical approximation. The results are compared with other calculations. The
modifications of the straight-line SCA calculations for multiple ionization cross sections are discus-
sed.
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I. INTRODUCTION

In ion-atom collisions, it is well known that the direct Coulomb interaction
between the projectile and the target atom produces the multiple inner-shell vacancies
with considerable probabilities. This process is important to obtain information about
structures of x-ray and Auger satellites and has been studied extensively.” Recently,
the multiple ionization process has received a special attention because the intensity of
the satellite lines depends on the chemical environments of the target atoms.?

The theoretical prediction of the KL™ (single K- and » L-shell) multiple ionization
cross sections has been made by Hansteen and Mosebekk® in the semiclassical
approximation (SCA). Assuming each electron is independent, the cross section is given
" as the integral over impact parameter of a product of the single ionization probabilities
,of the atomic shells concerned. McGuire and Richard® developed the method to

calculate the multiple ionization cross sections in the same manner by the use of the
binary-encounter approximation (BEA). McGuire® used the BEA to compute KL™
ionization cross sections for various target atoms by alpha particles.

For low projectile energies, both results are in agreement with each other.
However, the SCA values become smaller than the BEA ones with increasing the
projectile velocity. Hansteen® recalculated the KL' multiple ionization cross sections
in the SCA and his results are larger than the previous SCA values, but still smaller
than the BEA values in the high-energy region.

It is th purpose of the present work to calculate the K- plus L- and M-shell multiple
jonization cross sections in the SCA and compare with other theoretical predictions.

II. THEORY

If we assume that electrons in the target atom move and interact with the
projectile independently with each other, the probability of removing m electrons from
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a particular atomic shell containing » electrons by direct Coulomb ionization caused
by a heavy charged particle with impact parameter b is given by a binomial
distribution®*

() [Ln®] " [1-Lne] ™ \ "

where [,(b) is the single ionization probability for p shell and (Z) is the binomial
coefficient.

In the case of K- plus multiple L-shell ionization, the KL™ ionization probablllty
can be written using Eq. (1) as

Lasb)= 1K<b>z t)[ L®] [1—— e
X[ IL,(b>]‘ -5 n0] ] -pae]™.
where r+s+t= m. The total KL™ ionization cross section is calculated by
o217 f BT (3. )

When the single ionization probability I,(5) is small, it is the reasonable assump-

tion to set [1— I,(6)]~ 1. Then Eq. (2) can be simplified as *

Lew)=1dE ()OO [y 16 [5 16 L), @

For KLY, KL?, and KL? ionization, we obtain’)

L(B)= Ix(B)1 (D), ®)

Loy = Lo {10 - [.0)+ Bo)+5 1)}, )

Izm(b)=i TR 1L, (B)+4 1L (D)L (B)+ 1}, (b)IL(b)

+ 15 (B)] L (B)++ 1B L (5)] +6{ 1., (B)L(b) _
+I,(6)15,(5)]+161,(b),(b), (b))} (7)

where 1, (0)=1,(b)+1.,(b)+1.(b).

McGuire and Richard® also derived the similar expressions. However, they neg-
lected the difference in the L subshells and assumed eight equivalent L-shell electrons.
In the case of K- plus multiple M-shell ionization, the ionization probability is
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given in the manner similar to Eq. (2) as

Liu0)= Ik(b)gy( )( ()( )[—IM(b)] [1- IM.(b)]
X )] [1=5 1)) T

X [% L] [1~% 1,(8)]

— L]’ [1—~1M(b)]

i 1 = Iul®) ]”[1——615— L], @

When the quantity [1 —% I(b)] is nearly equal to unity, the K- plus M-shell multiple

ionization probability is written by

IKM'(b):IK(b)[:IM,(b)+IM,(b)+]M,(b)+IM(b)+1M,(b)] 9)

Trn(b)= 4 — 7 Le(ON6134(8) + I3 (5) ) +9( 17 (8) + 13,(8)]

+1015,(0)+ 2 Lu(B)L(B)}
,IJ<_1 (10)

III. RESULTS AND DISCUSSION

In the present work, we calculated the single ionization probabilities for K, L and
M shells in the straight-line SCA approximation. For this purpose, we used the
computer program similar to that developed by Hansteen et @l.® In this case, for the
same projectile velocity the single ionization probability is proportional to the square
of the projectile charge Z,. Therefore, we calculated the multiple ionization cross
sections only for the case of proton impact on copper.

The ionization probability for the projectile with charge Z,, mass M, and energy
E, can be obtained from that for proton with energy E, as

L(E,, b)=ZI I}(E,, b), an

where E,=E /M, and I,(E, b) is the ionization probability by proton with energy E
and impact parameter b.

Table I shows the calculated results of KL™ multiple ionization cross sections for
protons on copper. The SCA calculations of Hansteen and Mosebekk® and Hansteen®
are also listed in the table and compared with the present results. Two_ types of
calculations have been made, i.e. with Eq. (2) and with Eq. (4) assuming [1——% L(b)]~
1. It can be seen from the table that, in the present case where I,(5) is small, Eq.(4) is
a reasonable approximation to Eq. (2).

The results of Hansteen and Mosebekk?® and of Hansteen® were obtained by the
use of Eq. (4). The KL values of Hansteen are in agreement with the present values
with Eq. (4). On the other hand, except for the case at 5 MeV, the values of Hansteen
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Table I. The K- plus L-shell multiple ion-
ization cross sections for protons
on copper {barns).

E - - Oxps ks
(MeV) K T (x109 (%109

0.5 1e 3.08 0104 0150 0.122
I1° 318 0107 0154 0.124
HMs¢ 2.5 0.060  0.060
H¢ 34
1.0 I 24.0 0.930 155 1.44
II 25.0 0.961 1.59 1.44

HM 23 0.60 0.60
H 26 11
2.0 I 121 3.99 5.68 4.58
I 125 4.10 5.82 4.68
HM 120 2.40 1.70
H 131 4.5
5.0 I 475 9.21 7.83 3.81
II 484 9.37 7.95 3.85
HM 480 12.0 9.30
H 481 9.4
10.0 [ 743 7.87 3.66 0.976
I 752 7.95 3.69 0.983
HM 740 1.60 0.16
H 772 8.1

“Present result with Eq. (2).
*Present result with Eq. (4).
‘Hansteen and Mosebekk, Ref. 3
“Hansteen, Ref. 6

and Mosebekk are smaller than the present results.

In Fig. 1, the present results of the KL™ ionization cross sections for protons on
copper are plotted against energy and compared with the BEA calculations® and the
SCA values of Hansteen and Mosebekk.® The double K-shell ionization cross sections,
oys, are also plotted in the figure. As already seen above, the SCA calculations of
Hansteen and Mosebekk give smaller cross sections than the present SCA and the
BEA.

McGuire and Richard® used the peaked BEA to calculate 7,(4) arid obtained the
KL™ jonization cross sections by the use of Eq. (2). However, they assumed that eight
electrons in the L shell are equivalent. The KL™ ionization probability in this approxi-
mation is simplified as

Lu(0)=I( o(, [ L.]" [1——1L<b)] (12)
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Fig. 1. K- and L-shell multiple ionization cross sections for protons on copper. The solid curves
represent the present results, the dashed curves indicate the BEA calculations of
McGuire and Richard (Ref. 4), and the solid circles and the dot-dashed curves are the SCA
values of Hansteen and Mosebekk (Ref. 3).
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Fig. 2. K- plus multiple M-shell ionization cross sections for protons on cupper.
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The present SCA results agree well with the BEA in the low-energy region, but
decrease more rapidly with increasing energy. In the straight-line SCA and the BEA,
the inner-shell ionization cross section reaches the maximum at E/AU =1 and
decreases with projectile energy, where E is the projectile energy, A is the ratio of the
projectile mass to that of the electron and U is the binding energy of the target
electron. According to this fact, the K-shell ionization cross section for protons on
copper increases with energy in the energy region of Fig. 1, but the L-shell ionization
cross section has a maximum about at 2 MeV and decreases for higher energies.
Considering the energy dependence of the K- and L-shell ionization cross sections, the
decrease in the KL™ ionization cross section in the high-energy region is quite reason-
able. McGuire® pointed out that their KL™ ionization cross sections in the BEA may be
overestimated for low Z because () is probably too large.

Figure 2 shows the KM™ multiple ionization cross sections for protons on copper
in the SCA. In this case, the maximum value for the M-shell ionization cross sections
is located at very low energies, less than 0.2 MeV, and the M-shell ionization cross
sections decrease gradually in the whole energy range con31dered here, although the
K-shell ionization cross section increases.

When the projectile energy is low, the K-shell ionization takes place mostly near
the target nucleus, i.e. at small impact parameters. Since the L- and M-shell ionization
probabilities are slowly varying in this region, [,(6) for L- and M-shell ionization can
be approximated by I,(0) and taken outside the integral in Eq. (3). The integration over
. impact parameter is carried out only for Ix(5) and the KL™ multiple ionization cross
section is approximated by

0'KL-*0'K2 )I: I ( 0)] I:l—*_[L(O)]Z ’

»st

X [7 1&(0)] : [1——;— o] [% 1,0] [1~% o] )

where ok is the K-shell ionization cross sections.

In order to use Eq. (13), it is important to know that the impact parameter 4 for
K-shell ionization is small. This can be tested by calculating the mean impact parame-
ter < 5> for K-shell ionization. Lapicki and Losonsky® proposed to use the expression
for the mean impact parameter

<b>=A/q, (14)

where g=A E/v; is the minimum momentum transfer for ionization, A E corre-
sponds to the binding energy of the target electron, and A4, is the constant. For K-shell
ionization, A, is chosen to be (.85, A,=1.5 for s-state ionization and 2.0 for p-state
ionization. ‘

‘We estimated the mean impact parameter <b> for K-shell ionization of copper
atom by proton impact as
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Table II. The mean impact parameter for K-shell ionization for protons on copper (a.u.).

E
(MeV)

0.5 0.0205 0.0115
1.0 -0.0277 0.0163
2.0 0.0352 0.0230
5.0 0.0477 0.0364
10.0 0.0568 0.0515

<b> 0.85/go

<b> =Z IK(p)bzdb/Z I.(b)bdb (15)

The results are listed in Table II and compared with the prediction by Eq. (14). It can
be seen that Eq. (14) underpredicts < 5> values for low-energy projectiles. If we choose
A,=1.5 for K-shell ionization, the < &> values for Eq. (14) are in agreement with those
from Eq. (15) in the low-energy region, but become too large for high energies.

For the region of the <5> values in Table II, the L-shell ionization probabilities
for protons on copper change slowly with b and the difference between L,(0) and I,(<
b>) in Eq. (13) is less than 2095. This fact suggests that we can use [,(0) or I,(<b>)
in Eq. (13) for estimation of the KL™ multiple ionization cross section.

For projectiles with large Z,, the approximation [1—-; I,(b)]~1 is not valid,
because the I,(#) values are large. In this case, we must use Eq. (2) to calculate the
multiple ionization cross sections. In addition, for highly-charged projectiles, the
ionization probabilities in the SCA and the BEA sometimes exceed unity due to the Z3%
scaling law and violates the unitarity condition. This fact means that the simple SCA
or BEA theory cannot be used to estimate 7,(b). In such a case, the multiple ionization
probabilities should be obtained by the coupled-channel calculations!® or the geometri-
cal model.’'~!®

When the degree of multiple ionization is large, the binding energies of the target
electrons change during the ionization process and a simple binomial expression
discussed above gives smaller cross sections for highly-ionized states. If we assume
that all L. and M electrons are ejected simultaneously, we can take into account this
effect by modifying the binding energies and using an average binding energy for
multiply charged states in Eq. (2). On the other hand, if the multiple ionization process
takes plase sequentially, the ionization probability is no longer expressed by the
binomial distribution. Watson et al.}® derived the expression for the distribution of
multiple ionization in such a case.

REFERENCES

(1) P. Richard, in “Atomic Inner Shell Processes, Vol.1,” ed. by B. Crasemann, Academic, New
York, (1975), p. 73.

(356)



(3)
(5)
(6)
(7)
(9)
(10)

(11)
(12)

13)

(14)

Multiple Ionization in Ion-Atom Collisions

M. Uda, in “Atomic and Nuclear Heavy lon Interactions, Brasov International School 1984,
First Part, Atomic Physics,” ed. by A.L. Berinde, L.A. Dorobantu, and V. Zoran, Central
Institute of Physics, Bucharest, (1986), p. 293.

J.H. Hansteen and O.P. Mosebekk, Phys. Rev. Lett., 29, 1361 (1972).

J.H. McGuire and P. Richard, Phys. Rev. A, 8, 1374 (1973).

J.H. McGuire, At. Data Nucl. Data Tables, 13, 491 (1974).

J.H. Hansteen, Adv. Atom, Molec. Phys., 11, 299 (1975).

There is a typographical error in the expression for KL? in Refs. 3 and 6.

J.M. Hansteen, O.M. Johnsen, and L. Kocbach, At. Data Nucl. Data Tables, 15, 305 (1975).

G. Lapicki and W. Losonsky, Phys. Rev. A, 20, 481 (1979).

R.L. Becker, A.L. Ford, and ]J.F. Reading, in “Proc. 2nd Workshop on High-Energy lon-Atom
Collisions (August 27-28, 1984, Debrecen)”, ed. by D. Berényi and G. Hock, Akadémiai Kiands.
Budapest, (1985), p.141 and references cited therein.

B. Sulik, G. Hock, and D. Berényi, J. Phys. B: At. Molec. Phys., 17, 3239 (1984).

B. Sulik and G. Hock, in “Proc. 2nd Workshop on High-Energy Ion-Atom Collisions (August
27-28, 1984, Debrecen)”, ed. by D. Berényi and G. Hock, Akadémiai Kiadé, Budapest, (1985), p.
183.

B. Sulik, I. Kadar, S. Ricz, D. Varga, J. Végh, G. Hock, and D. Berényi, Nucl. Instr. and Meth.,
B28, 509(1987).

R.L. Watson, B.I. Sonobe, J.A. Demarest, and A. Langenberg, Phys. Rev. A, 19, 1529 (1979).

(357)



