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Abstract

The time-dependent perturbation theory has been applied

to the description of the L-shell ionization of atoms by heavy

charged particles in the independent-particle model approximation.

A second order correction factor to cross sections calculated

in a first order theory (e.g. PWBA) has been derived considering

transitions at an average impact parameter and with minimum

energy transfer as dominant ionization processes in low-velocity

collisions. Numerical calculations have been performed for

light- and heavy (Z^<8)-ion impact ionization of gold in the

energy range 0.15-2.0 MeV/amu. The results are in a. satisfactory

agreement with the experimental data for the Lg- to L,- and L,-

to Lj-subshell ionization cross section ratios. The modell seems

to account also for the anomalous behaviour of the L3~subshell

alignment observed recently at heavyfion impact.
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1. Introduction

It is a unique feature of the physics of atomic collisions

that there exists a natural way to investigate the collision

processes as a function of the interaction strength between the

colliding objects. For such an investigation one simply has to

perform a series of experiments with different projectiles at

a fixed collision velocity. In the case of strongly asymmetric

collisions it is a good approximation to neglect the effect of

the electrons on the projectile, therefore the strenght of the

interaction is proportional to the atomic number of the incoming

ion. Starting with proton as a bombarding particle, and

increasing the atomic number of the projectile element step by

step, one can trace the limits of the perturbation theory

applied to the description of the collision processes. For

Coulomb interaction the perturbation series expansion parameter

is expressed as

A hv »

where Z^ is the atomic number of the projectile and v is the

collision velocity. Fast convergence of the perturbation series

is expected when A is a small quantity. However, A becomes

large at velocities which are not too small. For example, for

100 keV/nucleon impact energy A is equal to Zj/2, which is not

a small quantity even for protons, and it is larger than one

for ions heavier than helium. In this connection the question

arises: Why do the first order ionization theories work so
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well for K-shell ionization also in the low velocity range?

The answer is that the transition matrix elements in the

higher order terms of the Born series between the initial

and intermediate states have small values due to the fact

that the K shell is very isolated from the higher shells.

In the case of the L shell, however, we are dealing with

three subshells (2sly,2»
 2Pi/2» a n d 2p3/2^ w h o s e w a v e~

functions are situated close to each other both in space and

energy, and the transition matrix elements between them can

have large values.

In the past few years we have investigated experimentally

[1-3] and theoretically [4-6] the effect of the strong

perturbation represented by low velocity heavy ions (2^8) on

the ionization of the L subshells. The conclusion of these

investigations was that in accordance with the above

considerations for strong perturbation the picture of the inde-

pendent ionization of the L substates failed. In order to

interpret our experimental results we have worked out a one-

collision two-step model [4] which takes into account the

coupling between the substates in a very simplified way. This

model describes well the tendencies of the experimental L3 to

1*2 cross section ratios as a function of the velocity and

nuclear charge of the projectile, but it fails to reproduce

the Lx to L2 ratios [7] as well as the ̂ 2 Lg-subshell alignment

parameters obtained from x-ray angular distribution measurements

using heavy ions [8,9] .
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The two-step model is a classical description in the

sense that the higher order contributions to the L-subshell

cross sections are expressed with transition probabilities

instead of amplitudes. This means among others that the

interference terms are neglected. The aim of the present work

was to perform correct quantum mechanical calculations

considering the higher order terms of the perturbation series

expansion.

2. Outline of general theory

To a many-electron atom we can apply the independent-particle

model approximation which is known to be well suited to inner-

-shell ionization problems. If in this model we are interested

only in production of a vacancy in one of the inner shells

without specification of the final state (this is the case when

x-rays or Auger electrons are detected), there is a simple

relationship between the vacancy production probability and

the one-electron excitation (ionization) amplitudes. The

relationship was established by Reading [10] ten years ago.

According to it, the vacancy production probability is given

by the sum of the squared absolute values of the one-electron

excitation amplitudes into the unoccupied (bound and continuum)

states of the atom. This is valid to all orders of the Born

series. We remark that in the case of specification of the

final state (e.g. measuring the spectrum of the ionized electrons)

the above relationsip is true only in the first Born approxima-

tion, for higher orders one may face with much more complicated

expressions of the one-electron amplitudes.
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For the formulation of a higher order theory of L-shell

ionization we have followed the SCA (impact parameter)

description [11]. The SCA description is based on the time-

-dependent perturbation theory. According to the theorem of

Reading we can take directly the one-electron equations as

a starting point (just as if we were dealing with the perturba

tion of the hydrogen atom) instead of considering determinant

wavefunctions for the states of the many-electron atom, that

is we may write

(1)

with the notations

Here a,(t) denotes 1he state amplitudes, V(t) is the perturbing

potential due to the Coulomb interaction between the projectile

nucleus and target electron, Xn and \ are one-electron

eigenstates, and Em and Efc, are the corresponding eigenvalues

of the unperturbed atom. We use atomic units. Equations (1)

form a system of coupled linear differential equations with

the in i t ia l condition

(2)

that is we assume that the electron initially was in the state

Ii • The application of these equations to L-shell ionization

means that T̂  is the wavefunction of one of the L substates,
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and the cross section for the vacancy production in this

state is given by

where b denotes the impact parameter. In eq. (3) the sum is

taken over the unoccupied (bound and continuum) states of the

atom.

Of course, we can solve the differential equations only

approximately. Let us introduce the following short notation

for the quantum numbers of the eight L substates (including

also the degenerated states)

nL-U,j,mj).
To a good approximation we can neglect all the terms in the

right hand side of eq. (1) except for those which contain

L substate amplitudes. These latter ones can have large values

because of the strong coupling to the initial state (see

chapter 1). Thus we get the following equation for transitions

into the unoccupied final states

and eight coupled equations for the L substate amplitudes

with the i n i t i a l condition

In the present work we solved these truncated equations for

df to second order by solving the coupled equations (5) to

f i r s t order in the following way. As a zeroth order solution
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Me assume that

aS[(t)-O, if nLf*L . (7)

Inserting these ampitudes in the right hand side of eq. (5) we

get equations for the first order amplitudes

(8)

From eq. (9) we get immediately the solution for the initial

state amplitude
i

a[1lU)-exp(-i{dfU'u) . do)

Inserting eq. (10) in eq. (8) the following first order solutions

are obtained for the other L-substate amplitudes

t f

J
The solutions (10) and (11) satisfy the initial condition (6).

We remark that eq. (10) is a much better approximation of the

initial state amplitude than the expression

(12)

which can be obtained taking the initial condition (6) for the

zaroth order solution. Our less restrictive assumption (7) leads

automatically to a solution for (l[ through eq. (9).

Furthermore, In the case of Coulomb interaction the amplitude

given by eq. (12) is divergent.

. A -̂  —
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Substituting eq. (10) and (11) in eq. (H) we arrive at

the second order solution
*

*> W - -i[dt (VJiexP(-ijdflti

Here the first term corresponds to the direct ionizatlon. The

second term gives the contribution from the two-step processes:

The transition from the initial state t goes to the final

state f through an intermediate state which is another L

substate. We remark that the physical meaning of the exponen-

tial functions in eq. (13) is related to the concept of the so-

called "increased binding energy" [12]. The present formulation

of the binding effect is known as distortion approximation [13].

3. Low velocity approximations

In spite of the applied approximations eq. (13) is still

too complicated expression for practical calculations.. There-

fore in the present phase of this work we have derived only

a second order correction factor instead of calculating absolute

cross section. For an L substate labelled by i the correction,

factor is written as

p _ 4i\2nd order, appr.)
* " rfiHst order, appr.) (in)

Here the second- and first order subshell ionization cross

sections (0^) have been calculated using series of approximations.

It was hoped that applying the correction factor to fin exact

first order (e.g. PWBA) cross section* a reasonable second

order cross section could be obtained
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€i (2nd onler) * f̂ tf. (1st order, exact) . (15)

RL can be expressed as a second order polynomial of the

projectile atomic number

Ri- 1 + FfcZ, -i- FitZf" • (16)
Our task was to determine the îi and f̂  coefficients as

functions of the collision velocity.

We have made the following approximations. Since our aim

was primarily to calculate ratios of the subshell cross sections,

we did not consider those effects which have about the same

influence on the ionization of the different subshells. There-

fore we have neglected the binding effect. We have performed

the time integrations along straight line projectile path

instead of Kepler orbit. The electronic relativistic effects

also do not change considerably the subshell cross section

ratios, therefore"the use of non-relativistic hydrogenlike

atomic wavefunctions is justified. Our most important approxi-

mation is that we have calculated ratios of representative

transition probabilities instead of cross sections

, fr ,Ef-0)R.
1 i Hst order, bi ,E f-0)

The transition probabil it ies have been taken at an average

impact parameter given by
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with

r 15 for the L, subsheli

I 2.0 for the L2 and L3 subshells,

and the sum in eq, (3) has been approximated considering only

transitions into final states of zero energy. The ionization

into states around the threshold is known to give the dominant

contribution to the total cross section. The validity of the

scaling rule expressed by eq. (18) for higher orders was proved

recently by Bang and Hansteen [15]. The final state wave-

function with zero kinetic energy for the ionized electron can

be expressed by a Bessel function [16]

with f - Z3r

As a further approximation we have regarded only s and p states

(ff=0,1). Following the coordinate space formulation of the SCA

method, in the multipole series expansion of the perturbing

potential the monopole, dipole and quadrupole terms have been

considered. Dealing with heavy target atoms we had to use eigen-

states of the total angular momentum (j,mj) assuming 1$ coupling.

Without going into the technical details of the calculations, we

give here the series expansion of an indefinite integral which

is very useful in the evaluation of matrix elements between bound

states and the special states described by eq. (19)

If
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The integral is zero at f =0, and its values can be expressed

analytically for£-»« . Finally, we mention that to the

numerical integrations in eq. (13) we applied the method proposed

by Ford et al [17].

f. Results for gold

We have made calculations primarily for gold (for other

target atoms see reference [3]), because this is the most

frequently used target in L-shell ionization experiments.

Before discussing the results of our second order theory, in

fig.l we demonstrate the performance of the approximations of

chapter 3 for ratios of first order cross sections calculated

according to the first term in the right hand side of eq. (13).

The comparison with exact PWBA shows that our model reproduces

well the main tendencies of the L, to L» and L3 to L2 ratios,

especially at energies below 1 MeV, and there is a quite good

agreement for the Lj-subshell alignment parameter, 9fg •

We emphasize the model nature of the calculations and the fact

that for obtaining a correction factor for the second order

effects we do not need high accuracy.

The results of the se and order calculations based on

eq, (13) for the L3 to L« ratios are shown in fig.2. We can

say that the present calculations describe the experimental

data better than the two-step model 0,7], especially for

heavier ions in the intermediate velocity range. It is interesting

that the crossing point of the data at about 1.7 HeV/nuclon

energy is reproduced, though we cannot speak about a quantitative
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agreei&ent. The considerable second order effect for proton

impact (the deviation from the PWBA curve) seems to be in

contradiction with the experiment. However, it is more justified

to compare the "hydrogen" curve with data obtained by deutercns

rather than protons because of the neglection of the Coulomb

deflection effect. The use of straight line projectile path

introduces an additional symmetry in the collision which may

give rise to an increased second order effect by a strengthening

interference. The inclusion of the Coulomb deflection is expected

to destroy the coherence and thereby to reduce the second order

contribution. This is probably not a negligible effect for protons

because of the larger charge-to mass ratio. Indeed, the point

in the figure obtained in our recent measurements by deuterons

[33 is closer to the second order SCA curve than the points

belonging to proton impact.

A similar good agreement has been obtained for the L^ to

I<2 ratios (fig. 3). As we have already mentioned (chapter 1),

the two-step model failed in this case. A remarkable result of

the present calculations is the reproduction of the gap between

the experimental data corresponding to lighter (Z,<t) and

heavier (2 1>6) ions at around 1.5 MeV/nucleon. This is caused

by a destructive interference in the case of the L, su: hell

(see fig.4 and eq O.6)) which is compensated by the positive
2

Z^ term in different extent for lighter and heavier ions.

For nitrogen* and oxygen-ion impact the compensation is too

large which is related to the overestimation of the minimum

occuring in the energy dependence of the first order L, to L.

ratios (see fig 1). At low velocities the second order SCA
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underestimates the light-ion data. At present we do not know

the reason for this disagreement.

5. L--subshell alignment

In fig. 5 we have plotted a large part of the available

Lg-subshell alignment data for proton- and heavy-ion impact

as a function of the relative collision velocity. Neither

the heavy ions nor the target elements have been specified.

The PWBA curve in the figure has been calculated for gold.

The use of the same curve for other elements is justified by

the weak dependence of the alignment parameter on the target

atomic number. In the low velocity range the alignment is

strongly influenced by the Coulomb deflection of the projectile.

This is shown in the figure by the dotted and dashed curves

corresponding to somewhat different correction procedures

[18,19]. The PWBA with the inclusion of the Coulomb deflection

effect describes well the proton data in a broad range of the

relative collision velocity, but it fails for heavy ions.

Since the ^ ^ alignment parameter is a function of relative

magnetic substate cross sections, it must not depend on the

atomic number of the projectile in the first Born approximation.

In contrast to this expectation* the experimental A 2 values show

an increasing departure from the theory with decreasing

velocity.

The priaary aim of the present work was to repreduce

the observed projectile dependence of the subshell ionization

cross section ratios. The alignment parameter is more sensitive
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to the low energy effects (increased binding energy, Coulomb

deflection> molecular orbital effects) than the subshell cross

section ratios, therefore its treatment would need a higher

accuracy. However* we felt it to be useful to make at least

a qualitative comparison between the experimental data and

the outcome of the present second order theory for the alignment,

as well. Representative curves have been calculated and are

shown in fig.G for hydrogen, helium and nitrogen projectiles

and gold target. As a further success of our theory, the

tendency of the curve for nitrogen agrees with that of the

heavy-ion data except for the very low velocity region where

the large positive alignment values are not reproduced.

It is interesting that a significant second order effect is

predicted also for protons.

6. Conclusion

In the framework of the independent-particle model we

have derived a second order expression for amplitudes of

vacancy production in the L subshells. Introducing a series

of approximations we have made numerical calculations for the

projectile- and velocity dependence of the L-subshell

ionization cross section ratios and for the jVj Lg-subshell

alignment parameter. In spite of the general agreement between

theory and experiment, further efforts are needed to describe

the details of the experimental findings. An improvement



is expected simply by the integration of the ionization

probabilities over the impact parameter instead of regarding

an average value * The inclusion of the effect of the increased

binding (in the for* of the distortion approximation) and the

use of Kepler orbit for the projectile would be particularly

important for the calculation of the alignment parameter.

We remark that in a more realistic calculation the coupled

equations (5) for the L-substate amplitudes should be solved

exactly because of the strong coupling between the substates.

To tell the truth, we were surprised that we had got good

results for heavy ions using only the first order solution

of equations (5). As an explanation we may assume that the

screening due to the electrons on the projectile reduces the

magnitude of the matrix elements between the L substates.

Recent investigations of the role of the projectile electrons

in inner shell excitations [20] show that this effect should

also be included in a future calculation.
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E/M

Fig. 1. Comparison of the f irst order results obtained by

the present SCA model with PWBA ca lcula t ions for Au. (a)

Lj- to L2~, (b) L3- to L2-subshell ionization cross

•ection ratio, (c) L3-subshell alignment.
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2.0 30

Fig. 2. Ratios of L^- to L2-subshell ionization cross

sections for light- and heavy-ions on Au. The experimental

data are taken from Li et a l . [21], Sarkadi and Mukoyama [1] ,

Jitschin et a l . [22,23], Papp et a l . [3] , and Palinkas et a l .

[2] .
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0.1

PWBA
2nd ord. SCA

0.1 1
E/M (MtV/amu)

Fig. 3. Ratios of L -̂ to L2-subshell ionization cross sections,

For the origin of the experimental data see the caption of

fig. 2.
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as i is
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Fig. 4. The plot of the coefficients of the polynomial in

eq. (16) against the projectile energy per nucleon for terms

proportional (a) to Zi and (b) to Z£. The calculations are

for the three L sublevelsof Au.
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p-*Ag, Xt, Dy. Au, U

C. N. N«, S -* Ba, Dy. Au. U
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Fig. 5. Lj-subshell alignment induced by protons and heavy

ions as a function of the relative collision velocity.

The experimental data are taken from Richter et al. [2H],

Jittchin et al. [25-27], and Palinkas et al. [18,28,8,2].

The full curve is PWBA calculation for Au, the dotted and

dashed curves are results of the inclusion of the Coulomb

deflection effect using two different correction procedures

[18,19]-
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Fig. 6. Theoretical Lg-subshell alignment for H, He, and N

on Au col l i s ions calculated in the present second order

theory. The Coulomb deflection effect i s not included.
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