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We consider electron capture in fast collisions between a proton and hydrogen in the presence of an intense
x-ray laser whose angular frequency � is close to v2 /2, where v is the collision velocity. We show that in such
a case laser-induced capture becomes possible and that the latter proceeds via both induced photon emission
and photon absorption channels and can, in principle, compete with kinematic and radiative electron capture.
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I. INTRODUCTION

One of the interesting and important reactions occurring
in fast ion-atom collisions is the transfer of an electron,
which was initially bound in the atom, into a bound state of
the moving ion. Such a transfer process is also termed elec-
tron capture. During the last decades the electron capture in
fast ion-atom collisions has been the subject of an enormous
number of experimental and theoretical papers �see for a re-
view, e.g., �1,2� where further references can be found�.

Electron capture is in general a complicated few-body
process. Depending on whether the transfer occurs with or
without emission of a photon the capture can be subdivided
into radiative and nonradiative ones.

In the nonradiative capture the electron is transferred to
the ion due to the Coulomb interaction in the system of re-
arranging atomic particles. The main contribution to the non-
radiative capture is normally given by the so-called kine-
matic capture channel. The studies of the nonradiative
capture date back to the early days of quantum mechanics
�3,4� and since then they have been one of the focuses of
atomic collision physics �in addition to �1,2� see for review
also, e.g., �5,6��.

The radiative capture mechanism is based on the coupling
of the colliding ion-atom system to the radiation field. In this
process the collision “triggers” the interaction of the electron
with its own electromagnetic field and the electron capture
proceeds with emission of a real photon ��7�, for review see,
e.g., �1,6��. This capture mechanism is in essence based on
the fact that the very presence of the ion makes the initial
state of the electron in the atom unstable with respect to the
spontaneous radiative decay.

Viewing the radiative capture in the rest frame of the ion
�Fig. 1�a�� one can see that the emission of a photon having
the “right” angular frequency �v2 /2, where v is the collision
velocity �atomic units are used throughout except where oth-
erwise stated�, enables the electron to get rid of its impact
kinetic energy and safely “land” in a bound state of the ion.
The figure also shows the close analogy between the radia-
tive capture and the radiative recombination of a free elec-
tron with the ion �see Fig. 1�b��.

The last few decades witnessed the remarkable progress
in the development of sources of intense coherent electro-
magnetic radiation. In particular, x-ray free-electron laser fa-
cilities that are presently being developed at SLAC and

DESY �8,9� are intended to provide a promising and unique
tool for the experimental study of various processes �10–12�.
These new x-ray sources will yield coherent radiation with
single photon energies up to ���10 keV at intensities up to
I�1020 W /cm2.

Returning back to the electron capture and considering
Fig. 1�a� it becomes quite obvious that, if already before the
collision there would be present photons of the right frequen-
cies ���v2 /2�, the electron transfer could also proceed via
induced photon emission �see Fig. 1�c��. Moreover, it will be
seen below that provided photons with ��v2 /2 are initially
available the electron transfer could also occur via photon
absorption �see Fig. 1�c��. Since such photons can in prin-
ciple be easily delivered by an x-ray laser, one can ask one-
self whether the laser field can have any noticeable impact on
the electron transfer in fast ion-atom collisions. The present
paper is an attempt to address this question.

II. GENERAL CONSIDERATION

We shall start with the consideration of the most simple
and basic example of the electron capture, namely, the 1s-1s
electron transfer from a hydrogen atom to a fast proton
which moves with respect to the atom with a velocity

FIG. 1. A sketch of the radiative capture processes viewed in the
rest frame of the ion Zp. �a� Radiative capture in ion-atom colli-
sions. �b� Radiative recombination of a free electron with an ion. �c�
Capture via stimulated photon emission. �d� Capture via photon
absorption.
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v�v0=1 a.u.. The proton-hydrogen collision occurs in the
presence of an external monochromatic x-ray laser field of
linear polarization.

In order to consider the laser-induced electron transfer we
choose the rest frame of the incident proton. We take the
position of the proton as the origin and assume that in this
frame the atom moves along a classical straight-line trajec-
tory R�t�=b+vat, where va is the atomic velocity ��va�=v�, t
is the time, and b is the impact parameter. The coordinates of
the electron with respect to the origin and to the nucleus of
the atom are denoted by s and r, respectively.

The laser field is described by the vector potential

A�s,t� = −
cE0

�
e−��t� sin��t − k · s + �� . �1�

Here, �→+0, � and k are the angular frequency and mo-
mentum, respectively, of the laser photons, E0 ·k=0, c is the
speed of light, and �0 can be regarded as the “initial” phase
of the field. The electric component of the electromagnetic
field is given by E�s , t�=E0e−��t� cos��t−k ·s+��.

The initial and final states of the electron are taken as

�i
�+��t� = exp�− i�	i + va

2/2�t�Li
�+��s�exp�iva · s��i�r� ,

� f
�−��t� = exp�− i
 ft�Lf

�−��r�� f�s� . �2�

In Eq. �2� �i and � f are, respectively, the initial and final
undistorted states of the electron which have energies 	i and

 f. The factor Li

�+��s� describes the distortion of the initial
bound atomic state by the long-range field incident proton
and Lf

�−��r� accounts for the distortion of the final state of the
transferred electron caused by the field of the residual atomic
ion. We take these factors according to the continuum-
distorted-wave approximation:

Li
�+��s� = exp��p/2���1 − ip�2F1�ip,1,ivas − iva · s� ,

Lf
�−��r� = exp��t/2���1 + it�2F1�− it,1,− ivar + iva · r� .

�3�

In Eq. �3� p=Zp /va=1 /v, t=Zt /va=1 /v, � and 2F1 are the
gamma and confluent hypergeometric functions, respectively
�see, e.g., �13��.

The transition amplitude as a function of the impact pa-
rameter reads

afi�b� = − i�
−�

+�

dt	� f
�−��t��Ŵ��i

�+��t�
 , �4�

where

Ŵ =
1

c
A · p̂ �5�

is the interaction between the electron and the electromag-
netic field with p̂ being the operator for the canonical elec-
tron momentum �15�.

Taking into account Eqs. �1�–�5� and going over to the
transition amplitude in the momentum space

Sfi�q�� =
1

2�
� d2bafi�b�exp�iq� · b� , �6�

one can show �see the Appendix� that

Sfi�q�� = Sfi
�1��q�� + Sfi

�2��q�� , �7�

where

Sfi
�j��q�� =

1

4��v
�	�−va

�−� �e−i�j·r��i
	� f�ei�j·sE0 · p̂��va

�+�


+ 	�−va

�−� �e−i�j·rE0 · p̂��i
	� f�ei�j·s��va

�+�
�, j = 1,2.

�8�

In the above expression

�va

�+� = eiva·sLi
�+��s� ,

�−va

�−� = e−iva·rLf
�−��r� , �9�

and

�1,2 = q1,2 + va,

�1 = q1 + k ,

�2 = q2 − k , �10�

where

q1 = �q�;

 f + � − 	i − v2/2

v
� ,

q2 = �q�;

 f − � − 	i − v2/2

v
� . �11�

The cross section �L for the laser-induced electron transfer is
evaluated according to

�L =� d2q��Sfi
�1��q�� + Sfi

�2��q���2. �12�

Under the normal experimental conditions the initial phase �
of the field in Eq. �1� changes randomly from a collision to a
collision. Therefore, the above cross section still has to be
averaged over this phase which results in

�̄L = �L
�−� + �L

�+�, �13�

where

�L
�−� =� d2q��Sfi

�1��q���2,

�L
�+� =� d2q��Sfi

�2��q���2. �14�

III. RESULTS AND DISCUSSION

In Fig. 2 we show results of our calculations for
the electron transfer in proton-hydrogen collisions,
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p+H�1s�→H�1s�+ p. The capture cross sections are given as
a function of the collision velocity. In our calculations for the
laser-induced electron transfer we assumed that an angular
frequency of the laser field is �=50 a.u.��1360 eV�, its
intensity is 3.2�1017 W /cm2�E0=3 a.u.�, and the vector E0
is parallel to the collision velocity �16�.

In addition to the laser-induced electron transfer we have
also evaluated the cross sections for the kinematic and radia-
tive capture. These cross sections were calculated using the
continuum-distorted-wave approximation �17�. The corre-
sponding results, as well as the total capture cross section,
which is the sum of the cross sections for the kinematic,
radiative, and laser-induced electron transfers, are also
shown in Fig. 2.

Based on the analogy with the radiative electron capture it
is natural to expect that the influence of the laser field on the
electron transfer will be most important when, for a given
collision velocity, the angular frequency of the laser field is
close to the “resonance” value �resv2 /2. Indeed, in Fig. 2
we see that for a given � the laser-induced cross section has
a maximum at the impact velocity v�2�. In the vicinity of
the maximum this cross section reaches such values that the
contribution of the laser-induced capture to the total electron
transfer becomes very visible. In particular, it greatly ex-
ceeds that of the radiative electron capture.

Despite the above analogy, compared to the radiative cap-
ture the laser-induced capture bears important qualitative dif-
ferences. One of them is that the laser-induced electron trans-
fer is caused not only by the �induced� photon emission but
also by photon absorption. The contributions of these two
channels are given by the cross sections �L

�−� and �L
�+� in Eq.

�14� and are practically equal �19�.

These contributions can be separated by considering the
capture cross section differential in the longitudinal momen-
tum plg of the target recoil ion. Such a cross section is pre-
sented in Fig. 3 where it is given in the reference frame in
which the atom was initially at rest and in which
plg=plg ·vp /v, where plg is the total momentum of the target
proton after the collision and vp is the velocity of the incident
proton ��vp�=v�.

It is seen in this figure that the laser-induced capture re-
sults in the appearance of two sharp lines in the spectrum:
the left �plg=−v=−10 a.u.� and the right �plg=0 a.u.� ones
corresponding to the photon absorption and emission, re-
spectively. Both these lines are also clearly separated from
the one arising due to the nonradiative capture �which is
located at plg=−v /2=−5 a.u.�.

The two different channels of the laser-induced capture
also have different dependences on the charge of the target
and projectile nuclei. In the case of collisions between a light
bare ion with the nuclear charge Zp�Zp�v� and a light hy-
drogenlike ion Za�Za�v� our estimates show that the laser-
induced transfer with the induced photon emission strongly
depends on the projectile charge �Zp

5 but is almost indepen-
dent of the charge Za. In contrast, the laser-induced transfer
with the photon absorption is weakly dependent on Zp but
scales like Za

5 with the nuclear charge of the target.
The dependence �Zp

5 is a known sign of the radiative
electron capture. In the case of the laser-induced capture
such a dependence is a clear indication that this capture pro-
cess partly proceeds via the induced photon emission. On the

FIG. 2. Electron transfer cross sections in proton-hydrogen col-
lisions given as a function of the impact velocity. Dashed curve: the
kinematic capture; dotted curve: the radiative capture; dashed-
dotted curve: the laser-induced capture; solid curve: the total
capture. The parameters of the laser field are E0=3 a.u. and
�=50 a.u.. The vector E0 is parallel to the collision velocity.

FIG. 3. Electron transfer cross sections in proton-hydrogen col-
lisions at v=10 a.u. plotted versus the longitudinal component plg

of the target recoil ion. The cross sections are given in the reference
frame where the hydrogen atom was at rest before the collision and
the positive direction of the abscissa corresponds to the direction of
the motion of the incident proton. The parameters of the laser field
and the collision geometry are the same as in Fig. 2. The peak at
plg=−5 a.u. corresponds to the kinematic capture. The peaks at
plg=−10 a.u. and plg=0 a.u. are caused by the laser-induced elec-
tron transfer with the photon absorption and emission, respectively.
All the three peaks have zero width. The radiative electron capture
leads to a rather broad peak ��plg�1 a.u.� centered at plg=0 a.u.
�not shown in the figure�.
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other hand, since the dependence �Za
5 is a signature of

atomic photoeffect, in the case of the laser-induced capture
the Za

5 dependence suggests that the electron transfer also
occurs via the photoeffectlike process.

Expressions �7�–�11� were obtained by using the rest
frame of the incident proton. Theoretical treatments of the
radiative and laser-induced capture, based on the continuum-
distorted-wave model, are capable of yielding a description
of the laser-induced electron transfer both in the rest frame of
the projectile and in the rest frame of the target �14�. In
particular, we have also considered the laser-induced capture
in the latter frame and, using the vector potential in form �1�
and taking distorted electronic states similar to those given
by Eqs. �2� and �3�, have found the same results for the cross
sections.

Considering the laser-induced capture in the rest frame of
the incident proton we see that in this frame the electron
transfer accompanied by photon emission looks very simple.
However, in this frame the physics of the electron transfer
caused by photon absorption is not very transparent.

A natural frame to analyze the latter process is the rest
frame of the target atom where it looks very simple: an elec-
tron, initially bound in the atom, makes a transition into a
bound state of the moving projectile ion getting the neces-
sary amount of energy ��v2 /2� by absorbing a photon from
the laser field. It is also clear that such a capture process
represents a part of atomic photoionization by the laser field:
the induced absorption is allowed also for a free atom and
the photon absorption can lead to atomic photoionization
without the electron capture by the projectile. However, pro-
vided the electron flux due to the photoionization is suffi-
ciently weak, the photoionization will not result in a substan-
tial depletion of bound states of the target and projectile and
can simply be ignored when cross sections for the laser-
induced electron capture are considered.

For the field parameters used in Figs. 2 and 3 the lifetime
of the ground states with respect to the photoeffect is
�photo�1.5�10−9 s. If we assume that the size of the space
occupied by the target gas is of order of 1 mm, then the time
needed for the projectile moving at a velocity of �10 a.u. to
traverse this space is �5�10−11 s. The latter is much
shorter than the above lifetime which means that once the
electron is captured by the projectile it will not be removed
by photoionization. Besides, if the duration of the laser pulse
TL is much shorter than �photo the photoeffect will also not
deplete the hydrogenic target.

IV. CONCLUSIONS

We have considered electron capture in fast ion-atom col-
lisions in the presence of an x-ray laser field. We have shown

that in such a case two additional capture channels appear. In
one of them the electron transfer is caused by photoabsorp-
tion and in the other one by laser-induced photoemission. In
the case of p++H�1s�→H�1s�+ p+ both the channels give
equal contributions to the total capture process. In general
these channels can be clearly separated by measuring the
longitudinal momentum of the target recoil ions. Our results
also indicate that, provided the laser field reaches sufficiently
high intensities, the laser-induced capture may not only be
much stronger than the radiative electron capture but also
compete with the kinematic capture.

APPENDIX

Here we shall briefly discuss the derivation of Eqs.
�8�–�11�. Interaction �5� can be presented as

Ŵ =
i

2�
�exp�i��t − k · s�� − exp�i�k · s − �t���E0 · p̂ .

�A1�

Then amplitude �5� is given by the sum of two terms,
afi=afi

�1�+afi
�2�, where, for instance,

afi
�1��b� =

1

2�
�

−�

−�

dt exp��
 f + � − 	i − va
2/2�t�

�� d3s�� f�s�Lf
�−��r���exp�− ik · s�E0

· p̂�exp�iva · s�Li
�+��s��i�r�� . �A2�

The corresponding part, Sfi
�1��q��, of transition amplitude �6�

in the momentum space, Sfi�q��, reads

Sfi
�1��q�� =

1

4�va�
� d3R exp�iq1 · R�

�� d3s�� f�s�Lf
�−��r���exp�− ik · s�E0

· p̂�exp�iva · s�Li
�+��s��i�r�� , �A3�

where R= �b ,vat� and q1 is given by the first formula in Eq.
�11�. Now taking into account that R=r+s and performing
simple manipulations with expression �A3� we obtain that
Sfi

�1� is given by the corresponding term in Eq. �8�. The deri-
vation of the expression for Sfi

�2� is similar.

�1� J. Eichler, Lectures on Ion-Atom Collisions �Elsevier, New
York, 2005�.

�2� J. Belkic, I. Mancev, and J. Hanssen, Rev. Mod. Phys. 80, 249
�2008�.

�3� L. H. Thomas, Proc. R. Soc. London, Ser. A 114, 561 �1927�.
�4� J. R. Oppenheimer, Phys. Rev. 31, 349 �1928�; H. R. Brink-

man and H. A. Kramers, Proc. R. Acad. Sci. Amsterdam 33,
973 �1930�.

�5� B. H. Bransden and M. R. C. McDowell, Charge Exchange
and the Theory of Ion-Atom Collisions �Clarendon, Oxford,
1992�.

�6� D. P. Dewangan and J. Eichler, Phys. Rep. 247, 59 �1994�.

A. B. VOITKIV PHYSICAL REVIEW A 80, 052707 �2009�

052707-4



�7� J. S. Briggs and K. Dettmann, Phys. Rev. Lett. 33, 1123
�1974�.

�8� The x-ray Free Electron Laser: TESLA Technical Design Re-
port, edited by G. Materlik and T. Tschentscher �DESY, Ham-
burg, 2001�, Vol. V.

�9� J. Arthur, Rev. Sci. Instrum. 73, 1393 �2002�.
�10� A. Ringwald, Phys. Lett. B 510, 107 �2001�.
�11� V. S. Popov, JETP Lett. 74, 133 �2001�.
�12� R. Alkofer, M. B. Hecht, C. D. Roberts, S. M. Schmidt, and D.

V. Vinnik, Phys. Rev. Lett. 87, 193902 �2001�.
�13� M. Abramowitz and I. Stegun, Handbook of Mathematical

Functions �Dover Publications, Inc., New York, 1964�.
�14� A. B. Voitkiv, J. Phys. B 39, 4275 �2006�.
�15� For the high-frequency field considered here the interaction

term �A2 is very small and can be neglected.
�16� The geometry with E0 �v is the most favorable for the laser-

induced capture to proceed. When the angle between E0 and v
increases the calculated cross section for the laser-induced cap-
ture rapidly decreases reaching its minimum at E0�v. Note

also that under the conditions of Fig. 2 this minimum is about
two orders of magnitude smaller than the result at E0 �v.

�17� Applications of the continuum-distorted-wave approximation
to the kinematic �nonradiative� and radiative electron transfers
occurring in fast ion-atom collisions are discussed, e.g., in
�18�.

�18� Dz. Belkic, R. Gayet, and A. Salin, Phys. Rep. 56, 279 �1979�;
D. S. F. Crothers, Relativistic Heavy-Particle Collision Theory
�Kluwer Academic, Dordrecht, 2000�.

�19� Because of the symmetry of the proton-hydrogen collisions the
cross sections �L

�−� and �L
�+� would be identical if exact electron

states were used. On the other hand, if the so-called
Oppenheimer-Brinkman-Kramers �OBK� approximation is
used the difference between calculated values of �L

�−� and �L
�+�

reaches several orders of magnitude. Therefore, the fact that
the use of the continuum-distorted-wave approximation yields
almost equal values for these cross sections clearly speaks in
favor of this approximation.

ELECTRON TRANSFER IN FAST ATOMIC COLLISIONS… PHYSICAL REVIEW A 80, 052707 �2009�

052707-5


