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H I G H L I G H T S

c We calculate photoionization cross sections with respect to recoil-ion momenta.
c Recoil ions from photoabsorption on He are mainly distributed on near cut.
c Dominant contribution of recoil ions from Compton scattering is close to zero (few a.u.)
c Calculation is in accordance with experiment.
c Dipole pattern of the recoil ions due to the polarization of incoming radiation is seen.
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a b s t r a c t

This paper presents a theoretical framework for the calculations of Compton scattering and photo-

absorption on bound electrons for single and double ionization, based on recoil-ion observable. For the

photoionization of helium (single or double) our calculations of cross sections for photon energy of

7 keV show that the recoil ions from photoabsorption are mainly distributed on a sphere in momentum

space of 22 a.u. radius, while recoil ions from Compton scattering show a dominant contribution close

to zero radius (t3 a:u:). Our calculated cross sections are in agreement with the published experi-

mental values.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The ratio of double to single ionization determined by photo-
ionization is an important quantity for understanding electron–
electron correlation effects (Surić et al., 1994). In 1990s a new
spectroscopic technique, cold target recoil-ion momentum spec-
troscopy (COLTRIMS), was developed. This technique allows final
momentum measurements of recoiling target ion created in a
photon–atom interaction process. Using COLTRIMS a separation
of the contributions of photoabsorption and Compton scattering
to the single and double ionization at photon energy of about
8 keV is obtained (Spielberger et al., 1995). Before COLTRIMS the

photoionization of an atom was analyzed almost always in terms
of the scattering photon (for Compton scattering) and/or ejected
electron variables. Earlier, the validity of impulse approximation
approach in single ionization via Compton scattering in terms of
recoil momentum observable was discussed (Kaliman and Pisk,
2004).

In this paper we demonstrate a theoretical approach to
distinguish mechanisms by cross section calculations in terms
of recoil-momentum observable. We calculated contributions of
photoabsorption and Compton scattering to He single and double
ionization and compared our results with the published experi-
mental results (Spielberger et al., 1995).

2. Cross sections

In the proposed model, the coordinate frame is fixed by incident
photon putting the z-axis in the direction of propagation and the
x-axis in the direction of photon polarization. Furthermore, the target
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atom is at rest and kinetic energy of recoiling ion is neglected. All
calculations are made in non-relativistic approximation with
c¼ _¼ 1 units. Also, r0 is the electron classical radius, m is the
electron mass, a the fine structure constant.

In the following expressions for differential cross sections 9iS
is the initial electron state, 9 p

!S is the final electron state with
the momentum p

!
for the single ionization, while in double

ionization 9 p
!

1 p
!

2S represents the final state of two electrons
with the momenta p

!
1 and p

!
2.

2.1. Single ionization

In non-relativistic quantum mechanics the cross section for
photoabsorption from bound electrons, in first order of perturba-
tion theory, is given by ‘‘ p
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� A
!

’’ term of the photon–atom
interaction

ds¼ r2
0

m

2ao /f 9ð p!� e!Þei k
!
� r
!

9iS

�����
�����
2

dðEiþo�Ef ÞÞd
3p, ð1Þ

where k
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, o, and e! represent the photon momentum, energy and
linear polarization, respectively. The initial and the final electron
state 9iS and 9fS have energies Ei and Ef, respectively. Combining
momentum conservation
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ds
dPx dPy

¼
r2

0

2pao

/ p
!
ð e!� p
!
Þei k
!
� r
!

�����
�����iS

�����
�����
2

9kz�Pz9

0
BBBBB@

1
CCCCCA

Pz ¼ P þ

2
666664

þ

9/ p
!
ð e!� p
!
Þei k
!
� r
!

�����
�����iS92

9kz�Pz9

0
BBBB@

1
CCCCA

Pz ¼ P�

3
77775, ð3aÞ

where

P7 ¼ kz7
ffiffiffi
A
p

, A¼ 2mðo�EiÞ�P2
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We calculated the cross section for Compton scattering from
bound electrons, in first order of perturbation theory, by ‘‘A2’’
term of the photon–atom interaction

ds¼
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where k
!
¼ k
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1� k
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2 is a momentum transfer, while o1,2, k
!

1,2,
and e!1,2 represent, respectively, the energies, momenta and
linear polarizations of incident and scattered photons. As in the
photoabsorption case, from this cross section using momentum
conservation
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we obtain the cross section in Px, Py variables (Kaliman and Pisk,
2004)
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In contrast to earlier calculations (differential cross sections in
scattered photon and/or ejected electron variables), we integrated
over the scattering photon momenta.

2.2. Double ionization

Cross sections are calculated in shake off approximation (over-
lap integrals) (Pratt et al., 1998). The initial state is helium wave
function i

�� �¼cHe, and the final is free electron states (in He
nucleus field) 9fS� p

!
1 p
!

2

��� E
. We supposed that the first electron

with momentum p
!

1 was fast, and the second with the momen-
tum p

!
2 was slow.

Cross section for double ionization of He during photoabsorp-
tion reads as

ds¼ r2
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In the same way as in the single ionization case, combining
momentum conservation
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with energy conservation we obtain a differential cross section
with respect to the recoil momentum variable
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For Compton scattering we used ‘‘A2’’ part of nonrelativistic
photon–atom interaction Hamiltonian. In shake off approxima-
tion the cross section is

ds¼ r2
0
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which after combining with momentum conservation
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