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The Effect of Choice of Wave Functions on the
Binding-Energy Increase in Ion-Atom Collisions
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The effect of the binding-energy increase during ion-atom collisions is estimated for K- and L-shell
electrons by the use of the Hartree-Fock wave functions. The calculated results are compared with
those obtained from the hydrogenic wave functions. The effect of choice of wave functions for the
binding-energy increase on the K- and L-shell ionization cross sections by charged-particle impact
is discussed.
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I. INTRODUCTION

In the course of ion-atom collisions, the binding energy of the inner-shell electrons
in the target atom increases due to penetration of the projectile into the field of the
target atom. This effect, called the binding-energy effect, plays an important role
and reduces the ionization cross sections for low-energy projectiles. Basbas et al.?
estimated the binding-energy increase for K-shell electron in the perturbed-stationary-
state theory. Their result was incorporated into the plane-wave Born-approximation
(PWBA) formula for the K-shell ionization cross section together with the Coulomb-
deflection effect of the projectile (CPSS). Brandt and Lapicki® extended this model
to the case of L-shell ionization. In the CPSS theory, the binding-energy increase
is estimated by the use of the nonrelativistic screened hydrogenic (SH) wave functions.

When the atomic number of the target is high, the electronic relativistic effect
on the binding-energy increase becomes important. The estimation of such an
effect has been made by using the relativistic hydrogenic (Dirac) wave functions
for K-shell3:# and L-shell electrons.5® It is found that the relativistic wave functions
give considerably larger binding-energy increase than the nonrelativistic ones.

On the other hand, for target elements with low atomic numbers the SH model
is not good approximation to the atomic electrons and more realistic wave functions,
such as Hartree-Fock (HF) wave functions, should be used. In this case, the deviation
of the shape of the SH wave functions from that of the HF wave functions may affect
on the binding-energy increase. This effect is expected to be larger for L shell than
for K shell, because the L-shell electrons are shielded by the K-shell electrons. It
is the purpose of the present paper to estimate the effect of choice of the wave functions
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on the binding-energy increase of K- and L-shell electrons during ion-atom collisions
and its influence on the ionization cross section by charged-particle impact.

II. INCREASE IN BINDING ENERGY

In the first-order perturbation theory, the change in the binding energy of the
s-shell electron due to presence of the projectile is given by:?

Eo= .4 )15 9 (dr, M

where ¢;(r) is the unperturbed wave function for the s-shell electron, Z; is the pro-
jectile charge, R is the coordinate of the projectile, and r is that of the s-shell electron.

For the atomic wave function, we use the Hartree-Fock wave function in the
Roothaan form.” In this model, the self-consistent-field wave function is expressed
in terms of basis functions

Dira (1) =Sna(r, 6, 9) Cups @

where a subscript 2 indicates the symmetry species, a represents the subspecies
belonging to 1, 7 labels the i-th orbital of symmetry 2, and p refers to the p-th basis
function of symmetry 2. The expansion coefficient Ci;p depends on ¢, 2, and p, but
is independent of the subspecies @. The basis functions y are chosen to be Slater-
type orbitals with integer quantum numbers:

Apa(rs 0, 0) =Rap(r) Vi (0, ), 3
where ‘

Rip(r) =Niprrav—Llexp (—Lipr), “)

Nip=[@mp) 172 (20,) m10+1/2, @)

and Y,.(0, ¢) is the normalized spherical harmonics. The principal quantum
number n;, is chosen to be n;,>2+1, and the exponent {;, is determined so as to
give the best energy eigenvalue by the optimization techinique. The values of Ciiy
and {;; are given in the table prepared by Clementi and Roetti.® The wave
functions for L, and Ls shells are produced as appropriate linear combinations of
Eq. (2) in the ZL-S coupling scheme.

Using the multipole expansion of 1/[R—r|, we can easily perform integration
over angular vaiables. After averaging over initial electron states, we obtain the

universal expression for K and L shells:
AE =225 )CusCoyt [ 3o Ren ) Royy 00121+ Riy ) Rey ()1}, ©)

where R=I|R].

Following the method of Basbas ef al.,1’ we assume that the projectile is described
classically by a straight-line trajectory with an impact parameter b and that R can
be approximately set to be equal to 4. Then the radial integration in Eq. (16) can
be performed analytically and we obtain the scaled binding-energy increase in units
of Rydberg as a function of 5:

AE,
Z%Szhﬂ%ﬂwmﬂﬁl X {r(n+1,8) +tI' (n, 1)}, )

where n=nip—+np’, t=ab, and a=CLyp+Lip’.
The effective nuclear charge Zj; is taken to be Zux _-ZZ—O 3 for K shell and
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Zo,=2Z3—4.15 for L shell, where Z; is the atomic number of the target element. The
function 7{a, x) and I'(a, x) are the incomplete gamma function of the first and second
kind, respectively.®

Since 7 is integer in the present case, the incomplete gamma functions can be
written in terms of the product of exponential function and power series.” Thus

we finally obtain

4B, _
VAVAY Zz

X {l—exp( t>[n, 1(n r)' t”"T-H]} 8)

This equation gives the scaled binding-energy as a function of the impact parameter
b. In the limit of b——>0 Eq. (8) reduces to

AE, D!
ZiZys Zz ZCUPCMP’NM)NM’ n n> : ®

zczlpCzlp/N)ppr
s p.p’

III. RESULTS AND DISCUSSION

In Fig. 1, the scaled binding-energy increase for K shell, 4Ex/Z1Zy, is plotted as
a function of impact parameter for aluminum (Z,=13), copper (Z;=29), and silver
(Z;=47). The binding-energy increase is given in units of Rydberg and the impact
parameter is measured in the K-shell radius axx =ao/Zsx, where a is the first Bohr
radius. For comparison, the values obtained from the SH model are also plotted
in the figure.
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Fig. 1. The increase in scaled binding energy of K shell, 4Ex/Z,Z;k, as a function of
impact parameter for aluminum, copper, and silver. The dotted line represents
the results by the screened hydrogenic wave function.
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For the SH wave functions, 4Ex/Z; Zsx has a universal property and is independent
of Z,. However, this quantity is a function of Z; in the case of the HF wave functions.
It is clear from the figure that the hydrogenic wave functions overestimate the binding-
energy increase in the K-shell electron for low-Z; elements. For high-Z, elements,
the HF curve approaches to the SH one. The difference between the HF and SH
values is larger for small impact parameters and maximum at 5=0. For large impact
parameters, the scaled binding-energy increase for the HF wave functions approaches
to the hydrogenic value for all elements.

eI 1T 1 I | T 1T T
0.50
>
< =
= @
3 £
N 3 049
N N
~ N
3 N
w y
< by
w
< o048
0.47 — —
I I DU N N N S N [ SR N N N N N B
0 | 2 6] | 2
IMPACT PARAMETER, b (a,,) IMPACT PARAMETER, b (a,,)
Fig. 2. The increase in scaled binding energy of Fig. 3. The increase in scaled binding energy of
L; shell, 4Ey,/Z,Zs1,, as a function of Lo, shell, 4Ev,,3/Z1Z51, as a function of
impact parameter for aluminum, copper, impact parameter for aluminum, copper,
and silver. The dotted line represents and silver. The dotted line represents
the results by the screened hydrogenic the results by the screened hydrogenic
wave function. wave function.

Figure 2 shows the scaled binding-energy increase for Li-shell electron of aluminum
(Z;=13), copper (Z2=29), and silver (Z;=47) as a function of impact parameter.
The energy is expressed in units of Rydberg and the impact parameter is measured
in units of gy =4a¢/Zz,. In this case, the SH wave functions give smaller binding-
energy increase for light elements, but larger value for medium elements.

Similar plot for Ls,-shell electron is shown in Fig. 3 and compared with the
SH values. For small impact parameters, the SH model overestimates the binding-
energy increase. The discrepancy between the SH and the HF values becomes larger
with increasing Zs.

In order to estimate the effect of change in the binding-energy increase on the
total s-shell ionization cross sections, the 4E; values obtained above should be averaged
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over impact parameters by the use of the impact-parameter-dependent s-shell ioniza-
tion cross sections and incorporated into the CPSS theory. This can be done through
the binding-energy factor defined by'?
es=1+<4E)|E, (109)
where E; is the s-shell binding energy of the ordinary atom and <{4E;) is the average
increase in the s-shell binding energy during ion-atom collision.
The average value of 4E; is obtained from

CAE=( 4B (£)W.(x)xd, (11

where x=bqy, ¢o is the minimum momentum transfer to an s-shell electron, and W;
(x) is the weighting function determined from the s-shell ionization cross section
with the impact parameter 4. According to Brandt and Lapicki,? the normalized
weighting functions are

Wiona () = g K2 (), | a2
for K and L; shells, and
Wia,s () = o ¥ LKZG) + K (), (13)

for Ly and Lg shells,'® where K;(x) is the modified Bessel function of the second kind.

Using the binding-energy factor e; thus obtained, the binding energy of the
target electron E; is replaced by &.E; in the CPSS theory corrected for relativistic
effect (CPSSR).1> The calculations of the ionization cross sections have been made
by the use of the computer code DEKY2.!2 The calculated results show that the
binding-energy effect evaluated by Eq. (8) increases the K-shell ionization cross
section for 100-keV protons by 19, for Al, 0.5% for Cu, and 0.49%, for Ag, respectively.
In the case of 1.5-MeV ¥0O-ion bombardments, the increase in the K-shell ionization
cross sections is 5%, for Al, 39, for Cu, and 29, for Ag. The effect is larger for higher-
Z, projectiles and for lower-Z; target elements.

For Li-shell ionization cross sections by 100-keV proton impact, the use of the
HF wave functions in the binding-energy effect decreases the SH values by 2.7%
for Al and 0.59%, for Cu, but gives rise to increase by 39, for Ag. On the other hand,
the Lo~ and Ls-shell ionization cross sections increase by about 19, for these three
elements. Similar calculations for 1-MeV 10-ions show that the Ls-shell cross
section decreases by 10.5%, for Al and 4.5%, for Cu, and increases by 3.49, for Ag.
The Lo~ and Lg-shell ionization cross sections increase by about 79, for all these
elements.

1V. CONCLUSION

The binding-energy increase during ion-atom collision has been estimated for
K- and L-shell electrons by the use of Hartree-Fock wave functions. The increase
in the scaled binding energy thus obtained for low- and medium-Z; elements is
compared with the value obtained by the screened hydrogenic wave functions. It
is found that the screened hydrogenic wave functions overestimate the binding-energy
increase for K- and Lg,s-shell electrons. On the other hand, for L;-shell the screened
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hydrogenic values are smaller for low-Z; elements and higher for medium-Z; targets.

These results have been incorporated in the CPSSR - theory and the K- and
L-shell ionization cross sections have been calculated. For the total K- and L-shell
ionization cross sections, the effect of choice of wave functions for the binding-energy
increase is not so large, at most 109%, and in most cases may be comparable to or
within the errors of the CPSSR calculations. However, it should be noted that in
the present CPSSR theory all the calculations, except for the binding-energy increase,
are made by using the hydrogenic wave functions. Especially for small impact
parameters, the impact-parameter-dependence of the K- and L-shell ionization
cross sections with Hartree-Fock wave functions would be different from that with
the hydrogenic wave functions.

It is hoped to perform the calculations for the K- and L-shell ionization cross
sections with Hartree-Fock wave functions, using the present results for the binding-
energy effect.
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