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In the first Born approximation, the symmetrical double-electron-capture collision between ana particle and
a helium atom in the presence of an intense laser field is studied. The capture cross section is promoted
considerably and is an increasing function of the ratio of the laser amplitude to frequency. With increasing
impact energy, the dressing modification becomes notable.@S1050-2947~98!01204-9#

PACS number~s!: 34.50.Rk, 34.70.1e, 32.80.Wr, 34.90.1q
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I. INTRODUCTION

With the development of laser technology, the study
the dressing effect on atomic systems has long been an a
area of research in physics, both when dealing with isola
atoms and when the attention is focused on many-par
processes@electron- ~or positron-! atom and atom-~ion-!
atom collisions# @1,2#. In past decades, interests has mai
focused on photon-atom interactions and collisional effe
on light emission@2#. The laser modification on low-energ
atom-atom~ion! collisions in a relatively weak field were
extensively studied@3–6#, where the two-state model an
quasimolecular approximation were generally employed.
intense field-assisted electron- and positron-atom scatte
some calculation based on the first Born approximat
~FBA! are made@7–10#.

In this article, we address an investigation into the doub
electron-capture collision in the presence of an intense l
background. We begin with the simplest collision of th
kind,

He21He~1s! ——→
Laser

He~1s!1He21, ~1.1!

and for less complexity assume that the laser is a line
polarized classical electromagnetic field. The vector poten
is

AW 5AW 0 cosvt5
c

v
EW0 cosvt, ~1.2!

whereEW0 is the electric vector of the field. The magnitude
this vector is far less than an atomic unit~1 a.u. of field
571050-2947/98/57~5!/3705~7!/$15.00
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strength'5.143109 V cm21!, but intense enough by labo-
ratory standards. This ensures that a perturbative treatment of
the field-atom interaction is applicable. Atomic units (e5m
5\51) are employed unless otherwise stated.

II. THEORY

We examine the collision of Eq.~1.1! when the helium
target is set in its dressed ground state. The projectile, target
nucleus, and electrons are labeledP, N, and e1 and e2 ,
respectively. The coordinate system is illustrated in Fig. 1.

FIG. 1. Coordinate system for laser-assisted He21-He double
electron capture.
3705 © 1998 The American Physical Society
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The channel Hamiltonians and channel interactions for ini
and final states may be written as

HI52
1

2m I
¹

RW
2
2

1

2 S ¹ rW1
1

i

c
AW D 2

2
1

2 S ¹ rW2
1

i

c
AW D 2

2
ZN

r 1

2
ZN

r 2
1

1

r 12
, ~2.1!

VI5
ZPZN

r 0
2

ZP

r 10
2

ZP

r 20
, ~2.2!

HF52
1

2mF
¹

RW 8

2
2

1

2 S ¹ rW10
1

i

c
AW D 2

2
1

2 S ¹ rW20
1

i

c
AW D 2

2
ZP

r 10
2

ZP

r 20
1

1

r 12
, ~2.3!

VF5
ZPZN

r 0
2

ZN

r 1
2

ZN

r 2
, ~2.4!

whereZP5ZN52 denote the charges of the projectile a
target nucleus,m I5M P(MN12)/(M P1MN12)5mF the
reduced masses of initial and final states~M P5MN are the

masses of projectile and target nucleus!, and RW 5rW02(rW1

1rW2)/(MN12) and RW 85(M PrW01rW11rW2)/(M P12) the
relative coordinates between both colliders in the initial a
final states.

In the FBA, theS-matrix element associated with the l
ser modified ground-state-to-ground-state double elec
capture is

SB152 i E
2`

`

dt^xF~RW 8,t !c0
He~rW10,rW20,t !

3uVI ux I~RW ,t !c0
He~rW1 ,rW2 ,t !&, ~2.5!
l

d

n

wherex I andxF are the incoming and outgoing plane wav
~the dressing on them has been omitted!. c0

He is the pertur-
bative wave function for the dressed ground state of heli
in the soft photon approximation@11#,

c0
He~rW1 ,rW2 ,t !5e2 iW0

Het@f0
He~rW1 ,rW2!2cosvtf̃0

He~rW1 ,rW2!#,
~2.6!

with

f̃0
He~rW1 ,rW2!52

1

vHev
EW0•(

j 51

2

¹ rW j
f0

He~rW1 ,rW2!, ~2.7!

wherevHe51.15 a.u. is the average excitation energy of h
lium. In Eqs. ~2.6! and ~2.7!, we choose state vecto

f0
He(rW1 ,rW2) as the Hartree-Fock wave function of heliu

@12#,

f0
He~rW1 ,rW2!5f0~rW1!f0~rW2!, ~2.8!

with

f0~rW !5
1

A4p
(
i 51

2

Cie
2a i r , ~2.9!

in which C152.605 05, C252.081 44, a151.41, anda2
52.61.

Substituting Eq. ~2.6! into Eq. ~2.5!, neglecting the
higher-order dressing terms, and then working out the ti
integration, we gain

SB15~2p!21i (
l 521

11

f l
B1d~EF2EI1 lv!, ~2.10!

in which,
nd
ration of
f 0
B152

mF

2p E dRW drW1drW2e2 ikWF•RW 8eikW I•RW f0
He* ~rW10,rW20!VIf0

He~rW1 ,rW2!

52
mF

2p E drW0drW1drW2e2 iqW 0•rW0e2 iqW 1•rW1e2 iqW 2•rW2f0
He* ~rW10,rW20!VIf0

He~rW1 ,rW2!, ~2.11!

f
61
B1 52

mF

2p E dRW drW1drW2e2 ikWF•RW 8eikW I•RW @f̃0
He* ~rW10,rW20!VIf0

He~rW1 ,rW2!1f0
He* ~rW10,rW20!VIf̃0

He~rW1 ,rW2!#

52
mF

2p E drW0drW1drW2e2 iqW 0•rW0e2 iqW 1•rW1e2 iqW 2•rW2@f̃0
He* ~rW10,rW20!VIf0

He~rW1 ,rW2!1f0
He* ~rW10,rW20!VIf̃0

He~rW1 ,rW2!#, ~2.12!

whereqW 05kWFM P /(M P12)2kW I andqW 15qW 25kWF /(M P12)1kW I /(MN12) are the momentum transfers of the projectile a
both electrons, respectively. Using the Feynman parametric integration technique, we may reduce the ninefold integ
Eq. ~2.11! to

f 0
B152

mF

2 (
i , j ,m,n

CiCjCmCnI i jmn , ~2.13!

with
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I i jmn5S ZPZN
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where
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1
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qW 5qW 01qW 1j1qW 2h, ~2.16!

r15@bm
2 1~q1

21a i
22bm

2 !j2q1
2j2#1/2, ~2.17!

r25@bn
21~q2

21a j
22bn

2!h2q2
2h2#1/2. ~2.18!

The reduction of Eq.~2.15! appears in the Appendix. Simi
larly, we may reduce Eq.~2.12! to

f
61
B1 52

mF

2 (
i , j ,m,n

CiCjCmCnĨ i jmn , ~2.19!

where

Ĩ i jmn5
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G

3I~qW 0 ,g,qW 1 ,a i ,qW 2 ,a j ,bm ,bn!

1ZP

a i

vHe

]

]q1«

]

]g

]

]a j

]

]bm

]

]bn

3E
a i

`

da i8I~qW 0 ,g,qW 1 ,a i8 ,qW 2 ,a j ,bm ,bn!J . ~2.20!

The laser-modified double-electron-capture cross section
sum of all cross sections with a definite number of photo
exchanged,

dsB1

dV
5 (

l 521

11
kF

kI
u f l

B1u2. ~2.21!

In carrying out the numerical calculation of Eqs.~2.14!
and ~2.20!, we first usedMATHEMATICA to derive the para-
metric differentiation of the integrands, and then transfer
them intoFORTRAN programs. The twofold and threefold nu
merical integrations are finally completed inFORTRAN.

III. RESULTS AND DISCUSSION

In Fig. 2 the differential cross sections for laser-modifi
double electron capture in the center-of-mass system are
played. We plot the cross sections for polarization geo
a
s

d

is-
-

etries of EW0ikW I and EW0'kW I , as well as the result for lase
absence. For both geometries, the double-capture cross
tions are promoted with application of the electric field. Su
collisional behavior can be understood by the ‘‘relaxati
effect’’ of dressing on each atom. When the laser is pres
the fast Coulomb binding of the target nucleus on electr
is relaxed due to the laser polarization, which is preferable
electron capture at the impact energy and the field stren
considered. The result for an extremely small scatter
angle (u;0°) corresponds to the situation that the project
does not ‘‘penetrate’’ into the electron clouds of the targ
When the field polarization is set parallel to the incide
direction, the velocity of electrons relative to the projectile
maximally changed, while for a perpendicular geometry
velocity change is smaller. The relative velocity is one of t
decisive factors that affect the electron-capture probabil
therefore, at small scattering angles, the double-elect
capture cross section for a parallel geometry is greater t

FIG. 2. Differential cross section for laser-assisted He21-He
double electron capture from ground state to ground state in
center-of-mass system at the laboratory impact energyEL

5400 keV, field strengthE052.03108 V cm21, and frequency
\v51.17 eV. Solid line, cross section for laser absence; do

line, laser-modified result for a parallel geometryEW0ikW I ; dashed

line, result for a perpendicular geometryEW0'kW I .
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that for a perpendicular geometry.
In Fig. 3 we give the azimuth angle~the angle between

the polarization planekW I3EW0 and the scattering planekW I

3kWF! dependence for a perpendicular geometry. The theo

ical result shows that whenkWF is set in the polarization plane

the cross-section modification is maximum. WhenkWF devi-
ates from the polarization plane, the laser modification
creases; atw590°, the modification nearly disappears.

FIG. 3. Azimuth-angle dependence of the differential cross s
tion at scattering angleu51.031024 deg. Solid line, result for

laser absence; dotted line, result forEW0ikW I ; dashed line, result for

EW0'kW I .

FIG. 4. Differential cross sections as functions ofE0 /v for EL

5400 keV, u51.031024 deg, andw50°. Solid line, result for

laser absence; dotted line, result forEW0ikW I ; dashed line, result for

EW0'kW I .
t-

-

The resulting dependence on laser dynamic paramete
presented in Figs. 4 and 5. Figure 4 indicates that in
perturbative field range, the laser promotions on the cr
section are mono-increasing functions ofE0 /v. The stronger
the field, the greater the cross-section promotion; the lo
the field frequency, the more the target is continuously
larized in a definite direction and thus the greater the prom
tion that leads to. This is easy to comprehend from Eq.~2.7!.
Figure 5 shows that with the polarization angle increas
~we have assumed that the scattering direction

c- FIG. 5. Polarization direction dependence of differential cro
section atEL5400 keV, E052.03108 V cm21, \v51.17 eV, u
51.031024 deg, andw50°. Solid line, result for laser absence
dotted line, laser-modified result.

FIG. 6. Integral cross section for laser-assisted He21-He double
electron capture atE052.03108 V cm21 and \v51.17 eV. Solid

line, result for laser absence; dotted line, result forEW0ikW I ; dashed

line, result forEW0'kW I .
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set in the polarization plane!, the laser-modified cross sectio
first gradually drops to a minimum atQ549° ~the minimum
is nearly the same as the result for laser absence!, then in-
creases in a large polarization angular range, at abouQ
5135° to its maximum, and then drops to a value that is
same as the result forQ50°.

In Fig. 6 we plot the total double-electron cross sectio
For both geometries, the total cross section is promoted
matically by the field. Because the angular distribution of
small scattering angle contributes the dominant part to
total cross section, the result for a parallel geometry

FIG. 7. Integral cross-section dependence on laser param
E0 /v at EL5400 keV. Solid line, result for laser absence; dott

line, result forEW0ikW I ; dashed line, result forEW0'kW I .

FIG. 8. Integral cross section dependence on polarization di
tion at EL5400 keV, E052.03108 V cm21, and \v51.17 eV.
Solid line, result for laser absence; dotted line, laser-modified re
e

.
a-
e
e
s

greater than that for perpendicular one.
The function relations between the total cross section a

laser parameters are reported in Figs. 7 and 8. Figure
shows that the total-cross-section dependence onE0 /v is
similar to the curve behavior of Fig. 4, except that the di
ference between both geometries is much more notable.
Fig. 8 the total-cross-section dependence on the polarizat
cross section is almost symmetric. AtQ50° and 180°~i.e.,
the parallel geometry! the laser promotion is at its maximum;
at Q590° ~perpendicular geometry! it drops to its minimum.

IV. CONCLUSIONS

In summary, a theoretical prediction on laser modificatio
to the symmetrical double electron capture between ana
particle and a dressed helium atom has been made. B
differential and total cross sections are calculated. The cro
section dependence on laser strength, frequency, and po
ization direction is discussed. Generally speaking, the cro
section is greatly promoted by the laser. The promotion

ter

c-

lt.

FIG. 9. Comparison of the FBA total cross section with othe
theoretical and experiment results for laser absence. Theoretical
sults ~1s2-1s2 double electron capture only!: dot-dashed line,
present FBA calculation; dashed and solid lines, results by Belk´
of correct first Born approximation~CB1! employing the com-
pletely uncorrelated Hylleraas orbitals for the cases without d
namic correlation@13# and with dynamic correlation@14#. Experi-
mental data: open circles, Berkneret al. @15#; squares, McDaniel
et al. @16#; closed circles, Pivovaret al. @17#; triangles, DuBois
@18#.
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especially remarkable at high energy. Unlike oth
internuclear-interaction-dominated scattering processes,
charge-transfer collision is dominated by the nucle
electron interaction at high energy instead of the internuc
one. Because a nucleus is at least 1840 times heavier tha
electron, the dressing on nuclei is negligible. Thus at h
energy the dressing-modified double-capture cross sec
are much higher than the result for the laser-free cap
cross section. The laser-free capture cross section of
energy in general is difficult to measure; the dressing mo
fication suggests that we may detect some high-energy
lisional parameters with the application of an intense la
background.

In the above discussion the electron correlation and
dressing modification are not considered. For this symme
electron-capture collision, the interelectron Coulomb inter
tion is limited within the target helium or the newly forme
helium in the final state. The Hartree-Fock wave function
Eq. ~2.8! for helium does not include the electron correlatio
If we believe that the correlation modification to the Hartre
Fock wave function is a small correction, according to E
~2.7!, the corresponding dressing modification of it is
higher-order one. Therefore, the correlation effects on dr
ing and on the modified cross section are minor.

To our knowledge, there has been no report on la
modification to double-electron-capture collisions until no
To confirm the reliability of the FBA treatment on th
double-electron-capture collision, in Fig. 9 we presen
comparison of the FBA result for the absence of a laser w
r
he
-
ar
an

h
ns
re
gh
i-
l-
r

ts
ic
-

f
.
-
.

s-

er
.

a
h

the theoretical results of the corrected first Born approxim
tion @13,14# and some experimental results@15–18#. The fig-
ure shows that the FBA calculation for the undressed co
sion agrees with experiment in the energy range
considered.
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APPENDIX

In this appendix, we give the proof of Eq.~2.15!. Substi-
tuting the Fourier transformations

e2bmr 10

r 10
5

1

2p2 E dPW
e2 iPW •~rW12rW0!

P21bm
2 , ~A1!

e2bnr 20

r 20
5

1

2p2 E dQW
e2 iQW •~rW22rW0!

Q21bn
2 ~A2!

into the first equality of Eq.~2.15!, we obtain
I~qW 0 ,g,qW 1 ,a i ,qW 2 ,a j ,bm ,bn!5
1

64p7 E dPW
1

P21bm
2 E dQW

1

Q21bm
2 E drW0drW1drW2

3
e2 i ~qW 01PW 1QW !•rW02gr 0

r 0

e2 i ~qW 12PW !•rW12a i r 1

r 1

e2 i ~qW 22QW !•rW22a j r 2

r 2

5
1

4p3 E dQW
1

Q21bm
2 E drW2

e2 i ~qW 22QW !•rW22a j r 2

r 2
I ~qW 01QW ,g,qW 1 ,a i ,bm!, ~A3!

where

I ~qW 01QW ,g,qW 1 ,a i ,bm!5
1

16p4 E drW0drW1

e2 i ~qW 01QW !•rW02gr 0

r 0

e2 iqW 1•rW12a i r 1

r 1

e2bmr 10

r 10
. ~A4!

Using Feynman integration technique, it is easy to show that@10#

I ~qW 01QW ,g,qW 1 ,a i ,bm!5
1

p2 E dPW
1

~PW 1qW 01QW !21g2

1

~PW 2qW 1!21a i
2

1

P21bm
2

5E
0

1

dj
1

r1@~r11g!21~QW 1qW 01qW 1j!2
,

~A5!

where

r15@bm
2 1~q1

21a i
22bm

2 !j2q1
2j2#1/2. ~A6!

Substituting Eq.~A5! into Eq. ~A3! and then exchanging the order of integration, we gain
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I~qW 0 ,g,qW 1 ,a i ,qW 2 ,a j ,bm ,bn!5E
0

1

dj
1

r1

1

p2 E d3Q
1

~QW 1qW 01qW 1j!21~r11g!2

1

~QW 2qW 2!21a j
2

1

Q21bn
2

5E
0

1

dj
1

r1

I ~qW 01qW 1j,r11g,qW 2 ,a j ,bn!

5E
0

1

dj
1

r1
E

0

1

dh
1

r2@~r21r11g!21~qW 01qW 1j1qW 2h!2#

5E
0

1

djE
0

1

dh
1

r1r2@~r11r21g!21q2#
, ~A7!

where

qW 5qW 01qW 1j1qW 2h, ~A8!

r25@bn
21~q2

21a j
22bn

2!h2q2
2h2#1/2. ~A9!

Thus Eq.~2.15! is proved.
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