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We present model consideration for the process of the electron capture in energetic nonrelativstic collisions of
light atomic particles in the presence of a relatively weak low-frequency external electromagnetic field. The
field is treated as an elliptically polarized quantum single-mode field. Establishing the validity of the dipole
approximation to the electron transfer where the total momentum of all the emitted or absorbed photons can
be well above the typical inneratomic momenta of the electron in its initial and final states and neglecting the
Doppler and aberration effects, we give a fully nonrelativistic treatment for the field-assisted collisions and show
that the capture cross section is invariant under Galilean transformations. The model consideration suggests
that the field can substantially influence the capture dynamics and considerably change the capture cross section
compared to the field-free collisions. This is especially the case if the «resonances conditions nw ~ 4+v?/2 are
satisfied, with nw being the energy transferred to or absorbed from the electromagnetic field and v the collision

velocity.
PACS: 34.70.+e, 34.50.Rk, 34.10.+x

1. INTRODUCTION

Electron transfer in nonrelativistic atomic collisions
is one of the fundamental problems in atomic physics
that has been studied in great detail (see, e.g., [1-3] and
references therein). The inclusion of an electromagnetic
field into atomic collisions introduces new degrees of
freedom and can substantially influence the collision
process under certain conditions. A good example of
this influence is represented by the radiative electron
capture process, where the interaction with the radi-
ation field (with the QED photon vacuum field) dra-
matically changes the capture process at high collision
velocities (see, e.g., [4, 5], and references therein). The
present paper is an attempt of a preliminary analy-
sis of the possibility to influence the electron transfer
process in fast nonrelativistic collisions by an exter-
nal monochromatic electromagnetic field. We consider
nearly symmetrical collisions of light atomic particles,
Zy ~ Z; ~ 1, one of which (Z;) initially carries an
electron in the ground state and the second is a bare
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nucleus. We assume that the collision velocity v is suf-
ficiently high, v > Z; 2, but not relativistic, v < ¢,
where ¢ = 137 a.u. is the speed of light. The elec-
tromagnetic field is treated as a quantized single-mode
field that initially contains a definite number of pho-
tons. This field is assumed to be elliptically polarized
in general and to have a frequency that is small com-
pared to the minimal excitation energy of the electron
bound in the ground state of the particles Z; or Z,.
The electric field strength Fy is regarded to be small
compared to a typical inner atomic field in the ground
state,

AR
~ T3
g

F, =Z},au, Fy< Fy.
We also assume that there are no multiphoton reso-
nances between the ground and excited states in the
particles 1 and 2. Using such a low-frequency elec-
tromagnetic field, we pursue two objects. First, a
relatively weak low-frequency field allows us to avoid

substantial depleting of the electron ground states in
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collision-free atomic systems. Second, as we see below,
the coupling of the electron to a field in the charge
exchange process is effectively stronger for lower fre-
quencies.

Atomic units are used throughout the paper unless
otherwise stated.

2. GENERAL CONSIDERATION

2.1. Preliminary remarks

Because the collision velocity v is supposed to be
sufficiently high, we can use the impact parameter ap-
proximation. We assume that the electron is initially in
the ground state of particle 1 moving along a straight-
line trajectory

R(t)=b+vt

in an inertial reference frame K. Particle 1 collides
with particle 2 that rests at the origin in K. As the
result of the collision in the presence of an electromag-
netic field, the electron undergoes a transition into the
ground state of particle 2 simultaneously with the in-
duced emission or absorption of m = 0,1, 2, ... photons
with the frequency w.

To describe the system consisting of an electron sub-
jected to the Coulomb interaction with two colliding
Coulomb centers and the electromagnetic field, we take
the Schrédinger equation

.0
Za‘qw = (Hcol + Hips + th) ‘\I’>a (1)

where | ) is the state vector of the system,

H., = (2)

A
_5 + Vl(l‘ — R(t)) + VQ(I‘)
is the Hamiltonian of the electron in the fields of the
two colliding centers, and

1

. A?
Hipy = —
C

A . il
p+202

(3)
is the interaction of the electron with the electromag-
netic field, with p being the electron momentum opera-
tor. In the Schrédinger picture, the vector potential A
of the quantized electromagnetic field is given by (see,

e.g., [6,7])
A = X(eaexp(ik 1)+ e*al exp(—ik - r)). (4)

where
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V' is the quantization volume, k is the photon momen-
tum, and a and a' are the time-independent annihila-
tion and creation operators, respectively. We assume
that these operators are space-independent, i.e., that
vector potential (4) corresponds to a plane wave. The
polarization vectors e and e* are given by

e = e cos(£/2) + ieysin (£/2),

e" =ejcos(£/2) —iegsin (£/2), (5)

where e; and ey are the unit vectors that are perpen-
dicular to the photon momentum k and to each other,

61’2'1{:07 61'62:0.

The vectors e and e* satisfy the relations
’ 6
*.e" = cosé. (6)

The angle £ determines the degree of polarization, e.g.
& =0and £ = 7/2 correspond to the linear and circular
polarizations, respectively.

The term Hpy, in Eq. (1) describes the free electro-
magnetic field. It can be written as (see the appendix)

Hpn = w(Na = N), (7)

where .
N, = E(aalr +ata)

and N is the initial number of photons in the electro-
magnetic field.
With the ansatz

|¥) = exp (—tk - (N, — N))|¥y),
the Schrodinger equation can be rewritten as

0 1
za\‘l!ﬁ = H.oi|V1)— <k(Na—N)—EA

gy

where

0> DT+

k*(N, — N)?
2

A3

N, - N
+w( )+262

)iz )

Ay =\ (ea+e*al) (10)

is independent of the electron coordinates. Equa-
tion (9) can be simplified by noting two points. First,
the term

k*(N, — N)? w(N, — N)
L vea ) (N, - N)=— "/
2 o =50
represents a relativistic correction to the term

w(N, — N) and must be dropped within the accuracy
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of the nonrelativistic Schrédinger equation (see the
appendix). Second, a typical change of the electron
momentum in the electron transfer process is approxi-
mately equal to v and the term k(N, — N)p|¥;) can
be roughly estimated as

k(Na=N)BIT1) ~ kev(Ng=N)|W1) ~ Z(Ny=N) | T1).

Thus, it is seen that the main effect of the term
k(N, — N)p|¥,) is related to the Doppler shift. For
nonrelativistic collisions, one has

k(No — N)p|¥1) K w(Ng — N)|¥y)

and the term k(N, —N)p|¥;) can also be omitted. The
Schrédinger equation then becomes

45

2c2> T+

+ w(N, — N)|¥y).

.0 1 .
Za‘\Iﬁ) = Hcol|lI’1> + <EAO p_|_
(11)

This equation looks like the Schrédinger equation with
the electromagnetic field taken in the dipole approxi-
mation. A remark about the validity of the dipole ap-
proximation for the field-assited electron transfer may
now be in order. Although the momentum k = w/c
of one low-frequency photon is much less than a typi-
cal electron momentum in the ground state of the tar-
get (p1 ~ Zp) or of the projectile (py ~ Zs), the to-
tal momentum of all the emitted or absorbed photons
can be well above p; 5 (e.g., in the «resonance» case,
see Sec. 3). We have analyzed the role of the photon
momentum in the field-assisted electron transfer. The
analysis shows that in general, the corrections to the
capture cross section due to the photon momentum are
of the order of v./c, where v ~ v is a characteristic
electron velocity in the process. Thus, with the elec-
tron assumed to be nonrelativistic in the capture pro-
cess, the corrections to the capture cross section are of
minor importance.

Now, with the validity of the dipole approximation
for the electron transfer in nonrelativistic collisions be-
ing established, we can neglect the Doppler and aberra-
tion effects and give fully nonrelativistic treatment for
the field-assisted electron transfer process where cap-
ture cross sections must be invariant under Galilean
transformations [4].

Equation (11) can be further simplified. To this
end, we consider the interaction term

1

1o N
2c2

0= 3.3 ((a* + a'?) cos € + aa’ + a'a)
c
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in more detail. The quadratic terms a® and a? can
be removed from the Schrodinger equation by apply-
ing the so called «squeezed lighty transformation (see,

e.g. [8])

a="bchy+bshy,

12
at =bfchy +bshy, (12)
where
AZcos ¢
h20 =5 (13)

The corresponding Schrédinger equation for the elec-
tron interacting with «b-photons» is given by

9 A
Za‘\Iﬁ) = Hcol|‘I'1> + Z (ebb—|— eZbT) P+
+ werr Ny | 1), (14)

where .
Ny = 5(6*b+ bbh),

Weff = \/(w +A2/e2)® — (M/cb) cos? €.

As follows from (13), the difference between «a-
photonsy and «b-photons» is determined by the factor

/\2_ 27

we2  Vw?'

Since the quantization volume V' of a laser field is usu-
ally of a macroscopic dimension, we can assume that

27

Vez
except for extremely low frequences that are not consid-
ered in this paper. Therefore, we have y &~ 0 and the
difference becomes very small. Disregarding this dif-
ference and replacing «b-photons» by «a-photonsy in
Eq. (14), we finally arrive at the Schrodinger equation

0 A .
’La‘\Iﬁ) = Hcol|‘1'1> + z (ea+e*aT) “p+

+w(ata — N)|[¥,). (15)

In Eq. (15), we have also neglected the difference be-
tween

N, =0.5(aa’ + afa) = afa 4+ 1/2

and
N! = ala,

which is inessential for the electron transfer process.
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2.2. Model one-center electron states dressed
by the interaction with an electromagnetic field

We regard the charge transfer process as an electron
transition, due to a collision with the second center, be-
tween the field-dressed electron states centered on the
target and the projectile. We first consider the prob-
lem of an electron bound to center 1, that moves in the
frame K with a constant velocity v and is subjected
to the electromagnetic field. As shown in the previ-
ous subsection, the corresponding Schrédinger equation
can be written as

9
ot

. A .
i—|®i0) = <Hat,1+70-p+w(a7a—N)> ®;0), (16)

where

Hyy = —% + Vi(r — R(1))
is the Hamiltonian of the electron in the Coulomb field
of the moving center.

The state vector |®; ) of the system consisting of
the electron bound to the moving center and of the elec-
tromagnetic field containing initially N photons with

the frequency w can be expanded as

(17)

®;.0(1))
= Z Z exp (—inuﬂ) aa,n(t)¢a(t) ‘N + n>7

(18)

where the unknown time-dependent coefficients aq p
must be determined. In (18), the summation runs over
all the electron states {¢,} including the continuum
and over the photon states with different numbers of
additional photons (n = 0,+1,+2,...). The states ¢,
of the electron in the field of binding center 1 moving

along a straigh-line trajectory
R(t) =b+ vt

are given by

Ya(t) = o} (r = R(t)) exp(—icl)t) x
2
x exp(iv - r)exp <—i%t> , (19)
where go,(xl)(r) is the atomic state (discrete or continu-

ous) of the electron at center 1 with the energy 5,(11).

Inserting (18) in (16), we obtain the system of dif-
ferential equations for the unknown coefficients a, ,

Mz—ZZagmexp (n —m)wt) x

X <N+n|Ao\N+m><¢alf>|¢B>~ (20)
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Because
<¢a|15\1/)ﬁ> = exp(iwaﬁt) (V5a5 + <‘foa‘f)‘§05>) ) (21)
where
Wap = 5&1) _ 5231)-,
we obtain
daa n _ Z
== aqmexp(i(n —m)wt) x
X (N +n|Ag|N +m) +
1 )
+ - Z Z ag,m exp(i((n — m)w + wap)t) X
m B#a
X (N +n|Ag|N + m)(palPles). (22)

The first and the second terms on the right-hand side
of (22) correspond to different mechanisms of the dress-
ing of the electron by the electromagnetic field. The
double sum in (22) describes the part of the electron
dressing that is accompanied by transitions of the elec-
tron into excited atomic states, including the atomic
continuum. In our model treatment applying this part
of the dressing can be neglected, which corresponds to
taking the so-called diagonal dressing into account (see
e.g. [9]). Because the electron initially occupies the
state g, we then have

dao n

:_ZGOmeXp n_ ) )X

><<N-|—n|A0|N-|-m>, a #0.

aan =0, (23)
Equations (23) together with the assumption that the
coupling between the electron and the electromagnetic
field is adiabatically switched on and off at ¢ — —oc
and t — 400, respectively, form the basis for the model
of the system «bound electron + electromagnetic field».

The matrix elements (N + n|Ag|N + m) are not
equal to zero only for m = n+1. We assume the initial
number of photons N to be very large, N > |n| and
N > |m/|, which corresponds to regarding the electro-
magnetic field as an inexhaustible source and sink of
photons. The matrix elements (N + n|A|N +n — 1)
and (N 4+ n|]A|N + n + 1) can then be assumed to
be n-independent and the system of equations (23) re-
duces to

.da07n
ppiakiiil

7 (evag nt+1 exp(—iwt)+

MWN
C

+ e" - vag -1 exp(iwt)). (24)
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In order to solve (24), it is convenient to rewrite the

scalar products e - v and e* - v as

e v =1vgexp(io),

¢* v = vp exp(—ig), (25)
where vy and ¢ are given by
vo = /(v -1 cos(¢/2))” + (v - essin(€/2))°,
o=ty (T2 y(e/2)) . .
Making the ansatz
Gon(t) = fuexplin(wt - 6), (27)

where f, are time-independent, and inserting (27)
n (24), we obtain the simple relation

2n

fog1 + faor = Efna (28)

where

QA’UO\/N

(609

G=- (29)

The absolute value of G determines the effective
strength of the electron-field coupling. Solutions of the
recurrence relation (28) are the Bessel functions (see,
e.g., [10]). Therefore,

a0,n = Cln (G) exp(in(wt — 9)),

where (,, denotes the Bessel functions J,,, Y, Hr(Ll).,
2), or any linear combination thereof and C' is n-

(30)

H;
independent.
Taking Eqs. (30) and (18) into accout, we rewrite
the state vector as
126G

[@i0(t)) = Ceholt
In order to determine C' and to find which of the Bessel
functions corresponds to (,, we note that in the absence
of the coupling between the electron and the electro-
magnetic field,

Jexp(—ing)|N + n). (31)

A()'V:O,

the state vector has the form

|®i,0(t)) = vo(t)|N).
Therefore, in order to recover Eq. (32) from Eq. (31),
one must set C' = 1 and ¢, (G) = J, (G) in Eq. (31)
with J, being the Bessel function of the first kind.
Then the initial state vector becomes

ZJ

(32)

|®;0(t) Jexp(—ing)|N +n). (33)
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This state describes the moving electron bound in the
ground state and dressed by the interaction with the
electromagnetic field. Because the coupling to the field
is switched off as t = 400, we have

= 1o (t).

Within the adopted approximation, therefore, if no col-
lision event occurs, the state vector of the «electron +
electromagnetic field» system is finally the same as ini-
tially. Thus the dressing given by (33) does not result
in any electron transitions within the same center and
can therefore be viewed, to some extent, as «hiddeny.
It is the collision that can display the «hidden» dress-
ing.

The final state vector |®; ,,,) describes the electron
(finally) bound in the ground state 4,9((]2) of particle 2
and the presence of N + m photons. Within the ap-
proximation similar to that used to obtain the state
vector |®(t); ), we obtain

|®;.0(t = +0o¢))

(2)

= @) exp(—i(el”) +mw)t)| N +m).

1@ f.m) (34)

2.3. Transition amplitudes and cross sections

Because the collision velocity is supposed to be suf-
ficiently high, one can use perturbation theory in the
Coulomb interaction to consider the charge exchange.
It is known (see, e.g., [1-3] and references therein) that
the boundary-corrected Born approximation must be
employed in order to obtain reliable results for the
nonradiative charge exchange processes in energetic
Coulomb collisions. However, in order to obtain just a
preliminary insight into the field-assisted electron cap-
ture, we use a simpler approach that does not take
the Coulomb-corrected boundary conditions into ac-
count and corresponds to the OBK approximation for
the field-free collisions. It is known (see, e.g., [1]) that
for external field-free collisions, the second-order terms
(representing the Thomas double scattering mecha-
nism) are of a minor practical importance for the total
1s-1s capture cross sections. For example, in the

p+ H(ls) — H(1s) +

collisions, the second-order term dominates over the
first-order one at v > 80 a.u. At these velocities, how-
ever, the radiative electron capture dominates over the
nonradiative one and in addition, the relativistic ef-
fects cannot be ignored in general. In the region of
the collision velocities of interest in the present paper
(v ~ 10 a.u.), the first-order term dominates in the 1s-
1s cross sections. In this paper, we consider the 1s-1s
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capture and use the first-order approach?), which corre-
sponds to the first-order OBK (OBK1) approximation
for the field-free collisions (see, e.g., [12,1]).

2.3.1. Prior form of the cross section of the
field-assisted charge exchange

In the first order of perturbation theory in the prior
form for the field-assisted electron capture accompa-
nied by the emission or absorption of |n| photons, the
transition amplitude is given by

(n)

prior

_ i / B Va(@)Bi0),  (35)

— 00

where V5 is the interaction of the electron with the sec-
ond center and the initial and final state vectors are
given by Eqgs. (33) and (34), respectively.

After some straighforward but lengthy algebra, we
rewrite the transition amplitude as

a;’;zor =2miJ, (G) /dquél)(q+v) (6(()2)—0.5(]2) X
X (X(()Z) (q)) exp(iq - b) x
2
) (6(()2) -I-nw—s((]l) +%+q-v> ,  (36)
where X(()l)(q) and X(()Q)(q) are the Fourier transforms

of the respective wavefunctions 99((]1) (r) and 9062)(r).

The cross section for the electron transfer accompa-
nied by net emission (n > 0) or net absorption (n < 0)
of |n| photons is given by

167*
X

[ #lai, -

2
X /d3q|x((]1)(q—}—v)\2 (6((]2)—0.5q2) X
2

). (37)

v
+=+q-v
2

D It is worthwhile to note the following. The dominance of
the Thomas double scattering mechanism at asymptotically high
collision velocities is directly related to the kinematics of the
electron transfer in field-free collisions. However, it is not clear
how an external field can influence the kinematics. In [11], for
example, the radiative electron capture was considered as col-
lision-stimulated transitions between one-center electron states
dressed by the interaction with the radiation field, i.e., using
an approach quite similar to that applied in the present paper.
In [11], the Coulomb interaction with the other center was taken
into account only in the first order. Nevertheless, this approach
was shown to yield the correct velocity dependence for the radia-
tive capture cross section crpc ~ 1/v® at asymptotically high
velocities.

(n)

prior

a

(b)* = T3 (G)

MNCIE (sé%nw—sé”
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The charge exchange cross section is given by
Oprior = o)
prior — prior*
n

In this equation, the different terms in the sum de-
scribe the electron transfer cross sections accompanied
by the induced emission (n > 0) or absorption (n < 0)
of different numbers of photons. The term with n =0
corresponds to the capture where the net number of
exchanged photons is zero.

(38)

2.3.2. Post form of the cross section of the
field-assisted charge exchange

In the post form of the field-assisted electron cap-
ture accompanied by the emission or absorption of |n|
photons, the transition amplitude is represented by

o0

— / dt<q>f,n

— o

(n)

apost =

Vir =R(1))[®i0),  (39)

where V; is the interaction of the electron with the first
center and the initial and final state vectors are again
given by Eqs. (33) and (34), respectively.

In the post form, the cross sections for the electron
transfer are given by

. n 167*
[ EBla )P = 72 (6) 5

2
X /d?’q\x(()l)(q—}—v)\2 (a(()l) —0.5(q+v)2) x

) o

(41)

(n)

post —

a

2

+ 5+
_ .v
5 ta

(1)

< 2 ()26 (sff) T e

and

g = O'(n)
post — post*
n

2.3.3. Galilean invariance of the charge
exchange cross sections

One can give a slightly more general treatment for
the field-assisted electron transfer by considering the
process in an inertial reference frame K’ where both
particles 1 and 2 move with the respective velocities v
and vg along the trajectories

Rl(t) = b1 +V1t

and
R2(t) = bg + V2t.,
with
V=V — V2
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being the collision velocity. If one assumes that these
trajectories are parallel lines, the collision impact pa-
rameter b is given simply by

b =b; — b,.

In the frame K’, the initial state vector is described
by Eq. (33) with the evident replacements b — by and
v — vy in the electron state, in the argument of the
Bessel functions, and in the phase ¢(= ¢1). The final
state vector is now represented by

1B . (1) = 05 (1) exp(—imwt) x
X T (Ga) exp(im/go)|[N +m +m'),  (42)

m'

where zp((f)(t), @2, and Go are given by Eqs. (19), (26)
and (29) with evident replacements. Because the elec-
tromagnetic field adiabatically switches off as t — oo,
state vector (42) asymptotically reduces to

1, (1)) = 057 () exp(—imwt)|N +m),  (43)

which describes the electron and the field with N +m
photons that are decoupled as t — oc.

Using Graf’s addition theorem for the Bessel func-
tions (see [10, p. 363, Nv9.1.79]), one can show that
this more general treatment yields cross sections that
depend only on v = v; — v, and are exactly equal to
those given by Eqs. (37) and (38) or Egs. (40) and (41).

The derivation briefly outlined above stresses the
Galilean invariance of the cross sections.

3. RESULTS AND DISCUSSION

Analyzing the form of dressed state (33), transition
amplitude (36), and cross sections (37) and (40), one
can conclude that the effective strength of the coupling
between the electron and the electromagnetic field oc-
curring in the process of the electron transfer is deter-
mined by the factor |G|. The effective strength of this
coupling is determined not only by the field parame-
ters themselves but also by the change in the electron
velocity. For high collision velocities, this coupling can
therefore be strong even for relatively weak electromag-
netic fields.

In what follows, we consider the electromagnetic
field to be linearly polarized for definiteness, although
similar conclusions can also be drawn for a more gen-
eral case of the elliptical polarization. For a linearly
polarized field, the coupling factor reduces to

|Fo - v|
w2

G| =

bl

873

where
2rwN

1%

is the electric component of the electromagnetic field.

Fo

€

3.1. Weak coupling with the electromagnetic
field

If the factor |G| is much smaller than 1, the term
with n = 0 dominates in the total charge exchange
cross section. For n # 0, only the terms with n + 1
in (38) (or (41)) can reach noticeable values. In this

case,
Fog v
o =53 < 2}2 ) OOBK1 ~
2
Fo v\>
~ (1— < 20w2 ) ) 0OBK1 X 00BK1, (44)
where
].671'4 3 (1) 9 (2) Y 2
OOBK1 = d’qlxg  (q+V)]| (50 —0.5q) X

2
<|v\? (q)[26 <gg2> —eW Ly g v) (45)

2

is the cross section of the nonradiative charge exchange
obtained in the OBK1 approximation.

In accordance with (37), cross sections for the
charge exchange accompanied by the emission and ab-
sorption of one photon are given by

()

2
x (= = 0.50%) I (@) x

2
><5<6(()2)—5((]1)iw+%+q~v>. (46)

F(] '
2w?

% 1674

v

/ By (a+v)? x

Because w is small, the terms +w do not play an es-
sential role in the integrands in Eq. (46) and can be
dropped. Therefore, the processes accompanied by the
emission and the absorption of one photon give practi-
cally identical contributions to the capture cross section
and are related to the OBK1 cross section (45) by

1) o (Fov)’ a7
o= | 5 | oosK1 (47)

From (44) and (47), it follows that
o +0" 4+ 6 x oopk, (48)
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i.e., that the total electron transfer is only very slightly
influenced by the field in the case of a weak coupling.

We note that for a weak coupling, the post form
of the cross section (Eqs. (40) and (41)) yields results
that are identical to (45) and (47).

3.2. Strong coupling with the electromagnetic

field

The ratio between the contributions of the charge
transfer processes involving different numbers of emit-
ted or absorbed photons to the total capture cross sec-
tion becomes entirely different in the «intermediate»
(|Fo - v|/w? = 1) and especially, in the strong-coup-
ling (|Fg - v|/w? > 1) limits. For a strong coupling,
Jo(z) <« 1 for & > 1, and the charge transfer process
without net emission or absorption of photons is there-
fore strongly suppressed compared to the weak coupling
limit. The main contribution to the total charge ex-
change cross section is now due to the electron transfer
accompanied by the absorption and emission of large
numbers of photons. It follows from the properties of
the Bessel function J,(z) [10,13] that in order to ob-
tain a noticeable contribution of the |n|-photon process,
x must be at least of the order of |n|. Therefore, one
can estimate that the maximum number of photons in-
volved in the field-assisted charge exchange process is
of the order of |Fg - v|/w?.

3.2.1. «Resonance» conditions, the post-prior
discrepancy, and the correspondence to
different physical mechanisms of the charge
exchange

The factors |x((]1) (q+v)|* and |X((]2) (q)|? entering the
integrands in (37) and (40) imply that at high veloci-
ties, each integrand (excluding the delta-function) has
two peaks centered around q = —v and q = 0. There-
fore, the integrals over the momentum transfer in (37)
and (40) can be relatively large only if the argument
of the delta-function can be equal to zero at q ~ —v
or q &~ 0. This can occur if there is a considerable
probability for many-photon processes where the num-
bers |n| of the photons involved satisfy the «resonances
conditions given by

v o) Y
nw=o+e —g& N (49)
for the emission and by

nw = —% +agl) - 5(()2) ~ - (50)

for the absorption. As in the radiative electron trans-
fer, the «resonance» condition for the charge exchange
stimulated by emission looks more transparent if we
view the charge exchange in the rest frame of the pro-
jectile: the electron with the initial energy agl) +v%/2
undergoes a transition to the bound state of the projec-
tile with the energy 5((]2), transferring the energy differ-
ence to the electromagnetic field by means of a photon
emission. On the other hand, the «resonance» condi-
tion for the electron transfer accompanied by absorp-
tion looks more natural if we take the target frame as a
reference frame: the electron with the initial energy 5(()1)
undergoes a transition to the bound state of the mov-
ing projectile, where its energy is equal to 6(()2) +02/2,
absorbing the energy difference from the electromag-
netic field. If the «resonance» conditions are satisfied,
the collision kinematics for the electron transfer can
be substantially improved in the same way as for the
radiative electron capture, where only one high-energy
photon with the frequency w a~ v?/2 is spontaneously
emitted.

Analyzing the strong-coupling case, we encounter a
difficulty related to the fact that the charge exchange
cross sections obtained in the prior and post forms
become drastically different. The integrands in (37)
and (40) are strictly equal to each other only for n =0
and approximately equal for low |n|. As |n| increases,
the difference between the integrands in (37) and (40)
increases. This difference becomes especially large
when the «resonance» conditions are satisfied. The lat-
ter case is of a particular interest, however, and the rest
of this section is mainly devoted to the analysis of the
«resonancey case.

In the integrand in (37) (excluding the delta-
function), the ratio between the peaks at q & —v and
q ~ 0 is proportional to v*, which means that the
peak at q &~ 0 is negligible compared to the one at
q ~ —v. This results in the conclusion that in accor-
dance with (37), the electron capture is favored if it
is accompanied by the emission of a large number of
photons.

On the other hand, in the integrand in (40) (exclu-
ding the delta-function) the ratio of the peak at q &~ —v
to that at q &~ 0 is proportional to v—%, and the peak
at q & —v is therefore negligible compared to the one
at q &~ 0. This means that in accordance with (40), the
electron capture is favored if it is accompanied by the
absorption of a large number of photons.

As a first example, we now consider the capture
cross sections for the

p+ H(1s) = H(1s) +p
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collisions assisted by the electromagnetic field with
Fy=215-10"2au. andw = 0.117eV = 4.3-1073 a.u.
at the collision velocity v = 10 a.u. In this example
and in all other examples, we assume that Fq is par-
allel (or antiparallel) to v. Further, we take all the
reported values of the cross sections to be multiplied
by the factor 0.3 that is known to bring the OBK1
cross sections to a reasonable agreement with experi-
mental data at intermediately high collision velocities.
At the collision velocity v 10 a.u., the cross sec-
tion for the nonradiative capture in electromagnetic
field-free collisions calculated in the OBK1 approxima-
tion (and multiplied by 0.3) is equal to copr1 = 1.14
b. Using the prior form of the cross sections, we ob-

tain 0© = 6.2-107° b, 1% (" = 6.4-1072 b,
S Gl = 3824 b, and Y120 0ln) = 367.3 b

for the collisions assisted by the electromagnetic field.
Adding the higher-n terms does not noticeably change
the prior cross section?). In accordance with the prior
form, the main contribution comes from the terms with
10000 < n < 12000 and the contribution from negative
n is negligible. Using the post form of the cross sec-
tions, we have

—10000
00=62-107b, Y ol =38240,
n=-—1
—12000
S ol =367.3D
n=-—1

for the same collisions. In accordance with the post
form, the main contribution is given by the terms with
—12000 < n < —10000 and positive n contribute neg-
ligibly. Although the prior and the post forms yield
the same transfer cross sections for symmetrical colli-
sions, the physics that they describe is totally differ-
ent. The prior form stresses the electron transfer due
to emission (the induced multiphoton bremsstrahlung)
and the post form supports the transfer process due to
absorption (the multiphoton ionization).

As further examples, we consider the

p+ Het — H + He?*

and
He?t + H — Het +p

2) Although the numbers of the emitted or absorbed pho-
tons are very large, simple estimates show that they are still
much smaller than the huge number of photons available in
the «coherence» volume Vi ~ A3 = (2mc/w)® of the field with
Fp = 2.15-10"2 a.u. and w = 4.3 - 1072 a.u. Therefore, the
assumption that the field is an inexhaustible source and sink of
photons, which has been used in deriving (33), is not violated.
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collisions at v = 10 a.u. assisted by the electromagnetic
field with the same parameters as in the first example.
For the field-free collisions, one has copr1 = 27.5 b for
both colliding systems. For the field-assisted collisions,
in accordance with the prior form, we obtain the respec-
tive cross section oprior = 304 b and oppi0r = 9280 b
for the p — He™ and He?t — H collisions. In both reac-
tions, in the prior form, the terms with negative n (ab-
sorption) contribute negligibly. In accordance with the
post form, we have 0,05t = 9280 b and opest = 304 b
for the p — He™ and He?t — H collisions, respectively,
and we find that the terms with positive n (emission)
have a negligible impact on the cross section. Ana-
lyzing Eqs. (37) and (40), we conclude that the above
correspondence between the prior and the post cross
sections is a particular case of the relation

Upost(ZhZZ) - Uprior(ZZ-,Zl) (51)

that holds for the capture cross sections obtained in the
prior and post forms.

Comparing the capture cross sections in the above
three examples, we see that

(52)

v
Oprior X Z2

with v = 5, while the dependence of the cross section
on Zp is relatively weak. On the other hand,

(53)

w
Opost X Zl

with 4 =~ 5 and the dependence of the cross section
on Z» is relatively weak. Our calculations for other
«target—projectile» pairs show similar dependences on
7y and Zy. It is worthwhile to note that the depen-
dence oc Z7 on the charge of the target nucleus is a
signature of the photoeffect (see, e.g., [6]), while the
dependence o Z3 on the charge of the projectile is a
signature of two closely related processes: the radiative
recombination and the radiative electron capture [2].
In a rigorous theory, evidently, there must be no
discrepancy between cross sections calculated in the
prior and post forms. It is also clear that the large dis-
crepancy between the prior and post forms in our case
originates from the fact that the dressed states (33)
and (34) do not exactly represent the system «elec-
tron in the field of a nucleus + field»®. One way to
deal with the difficulty is to try to remove the prior—
post discrepancy by implementing exact solutions for

3) The problem of the post—prior discrepancy is also known in
the theory of the field-free electron transfer based on the eikonal
approximation, where additional physical arguments are neces-
sary in order to decide which form is more suitable (see, e.g., [1]
and references therein).
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the dressed states, which would yield identical results
in both forms. However, this is very difficult to achieve
and in addition, one can then encounter the problem
related to the overcomplete representation of the elec-
tron Hilbert space by two complete sets of states cen-
tered on the target and on the projectile. We choose
another way instead. In what follows, we argue that
one can still obtain physically reasonable results with
the approximate dressed states (33) and (34) keeping
in mind that with these states, the prior and post forms
of the transition amplitude describe the electron trans-
fer due to different physical processes. To analyze this,
we first consider a collision-free system consisting of
an atom that is initially in the ground state and a low-
frequency relatively weak electromagnetic field. We are
interested in the ionization probability due to the inter-
action with the field and in particular, in the probabil-
ity to finally find the electron in high-energy continuum
states {@S)}. For a high-energy continuum state, we
can neglect its distortion due to the interaction with
the target nucleus and write the state in the presence
of the electromagnetic field as

Fo-p
w2

e ocexp(ip.r)zann< >|N+n>. (54)

For the amplitude for transitions from the ground state
@((]1) to the high-energy state, we then have
F, -
x J, ( 0 2P
w

ion
apan

) <ez’p-r|V1‘9061)> «

><(5<2 ) (55)

% —nw — agl)
For high |p|, the magnitude |ay| is very small. Still,
in accordance with (55) and with the properties of the
Bessel functions, we can expect the continuum states
to be populated with a small but nonzero probability
for all |p| up to

i.e., up to

2F,

W

pmam ~

We now assume that the atom collides with a pro-
jectile having the velocity —v. Because the ground
state of the projectile can be represented by the con-
tinuum states of the target and the momentum of the
ionized electron matches the momenta of the electron
bound in the moving projectile, we see that if ez = v,

~
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the atomic electron can finally be captured by the pro-
jectile as the result of ionization. It is now not difficult
to see that using states (33) and (34) (or their coun-
terparts in the rest frame of the target or in any other
reference frame) and applying the post form with the
interaction V; amounts to calculating the contribution
to the electron transfer that is represented by the part
of the target multiphoton ionization*) where the final
electron states in the continuum of the target match
the ground state of the projectile. For v > Z,, the
high-energy continuum states with p ~ —v can easily
«covery the ground state of any light projectile, inde-
pendently of Z,. Therefore, in applying the post form,
we see that the capture cross section is almost indepen-
dent of Z5.

A similar analysis can also be done for the contribu-
tion to the charge transfer described by the prior form
of the transition amplitude. We consider a system con-
sisting of a nucleus at rest (representing the projectile
in its rest frame) and an incoming free electron moving
in the presence of the electromagnetic field. The initial
state of the electron with the momentum q is given by
an expression similar to (54),

Fq

¢é2) x exp(iq - r) Z In ( 2q> IN +n). (56)

As the result of the collision with the nucleus, the
electron can emit photons (the induced multiphoton
bremsstrahlung) and undergo a transition to another
state. Omne of the possible final states of the electron
can be the ground state of the projectile, 4,9((]2). The
amplitude of this transition is given by

F
oan<

0 q
w2

br
Qq,n

) <9062)|V2\eiq'r> %

><5< ) (57)

We now note that the state of the electron initially
bound in the target moving with the velocity v in the
rest frame of the projectile can be represented by a su-
perposition of states given by Eq. (56). Taking that
into account and comparing Eq. (57) with the transi-
tion amplitude in the prior form, Eqs. (35) and (36),
we arrive at the following conclusion. Using states (33)
and (34) (or their counterparts in any other reference
frame) and applying the prior form with the interaction

2

—nw — 662)

q
2

4) In the case under consideration, Fy/w > 1. We note that
the ionization of an atom by a classical electromagnetic field with
Fy/w > 1 can be viewed as a tunneling effect [14].
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V5 amounts to calculating the contribution to the elec-
tron transfer that is due to that part of the induced
multiphoton bremsstrahlung of the electron, initially
bound in the ground state of the target, where the fi-
nal electron state is the ground state of the projectile.

The radiative electron capture that proceeds with
a spontaneous emission of one high-energy photon is
known to be weakly dependent on the charge of the
target, Z1, provided Z; < v, where v is the collision
velocity [2]. According to our calculations, a similar si-
tuation is encountered in the case under consideration
where the electron capture proceeds with the induced
emission of a large amount of low-frequency photons.

Summarizing the above analysis, we can make the
following important conclusions. First, for the field-as-
sisted electron capture in the strong-coupling case, one
can still use the approximate state vectors given by
Eqs. (33) and (34) in order to describe the capture.
Second, using these approximate states, one must keep
in mind that the prior and post forms of the capture
cross sections are drastically different in general. Third,
this difference is related to the fact that in the adopted
approximation for the dressed electron states, the prior
and post forms describe the electron transfer due to dif-
ferent physical processes: the multiphoton ionization
and the induced multiphoton bremsstrahlung. Fourth,
the total cross section for the electron capture in the
case of a strong coupling with the electromagnetic field
can be evaluated as the sum of cross sections cor-
responding to different physical processes mentioned
above,

Otot = Z U;th +00 + Z 01(77131)'07” ~

n<0 n>0
~ 3 Tpost+ D priors (58)
n<0 n>0
where Ul(,:,ll).or and o—},j;gt are given by Eqs. (37) and (40),

respectively, and describe the electron transfer due to
the induced bremsstrahlung and photoionization, and

is negligible.

We have already mentioned that the problem of a
large prior—post discrepancy is also known in eikonal
calculations for the field-free electron capture, where
additional physical arguments must be used in order to
decide which form should be applied. The same prob-
lem is encountered in first-order calculations for the
electron capture in field-free collisions with multielec-

Fo - v
w?

(0)

post —

_ 72

50 = 0 2

- Yprior —

) 0OBK1
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tron targets. In the latter case, however, it is very dif-
ficult to decide which form should be given preference
and sometimes one introduces the average transition
amplitude

prior

a;f = 05(alf post

if )

(see, e.g., [15]). This is different from the situation with
the field-assisted collisions in the strong-coupling case,
where one can argue that the post and the prior forms
correspond to different electron transfer channels that
do not interfere and that the capture cross section must
be evaluated in accordance with Eq. (58). One can add
that because of the different dependences opior o Z35
and oppst X 77, only one of these forms is of practi-
cal importance for calculations of the electron capture
in asymmetric field-assisted collisions, where the ratio
Zs/Zy considerably differs from unity.

To conclude this discussion, we briefly compare our
calculations for the electron transfer in collisions as-
sisted by an external field to the radiative electron
capture (REC) [11]. In the latter process, the «res-
onance» condition for the electron transfer wg, ~ v?/2
is satisfied due to a spontaneous emission of one high-
energy photon and, naturally, the electron transfer
with a photon absorption is not possible because there
are no photons in the initial state of the free ra-
diation field. In [11], the REC was considered as
the collision-stimulated transitions between one-center
electron states dressed by the interaction with the ra-
diation field. It was found in [11] that the prior form
of the REC cross section obtained within the approach
that is obviously very similar to that employed here
yields an excellent agreement with the well established
results for the radiative capture cross section. How-
ever, the post form of the theory in [11] leads to REC
cross sections that are smaller by many orders of mag-
nitude. The reason is as follows. With the approximate
one-center electron states dressed by the free radiation
field as in [11], the prior and post forms are «responsi-
ble» (similarly to the present approach) for the electron
transfer due to bremsstrahlung and photoionization, re-
spectively. However, the coupling to the free radiation
field, which can produce spontaneous bremsstranhlung,
cannot result in photoionization.

+a

3.2.2. Some additional examples of the
field-assisted charge exchange

In the remaining part of this section, we consider
several examples of the electron exchange in field-
assisted and field-free collisions. We first consider
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He?* + He'(1s) — He™ (1s) + He?*"

at the collision velocity v = 10 a.u. assisted by the
electromagnetic field with Fy = 2.15 - 1072 a.u. and
w = 431073 a.u., i.e., with the same parameters
as in the examples considered in 3.2.1. We obtain
ocoBk1 = 0.68 kb and o4,; = 17.5 kb in the field-free
and field-assisted collisions, respectively (we remind the
reader that all the reported values for cross sections are
multiplied by the factor 0.3).

In contrast to the p-H collisions, where we have
copi1 = 1.14 b and 45y = 2-367 b = 734 b, the field-
free and field-assisted cross sections for the He?t-He™
collisions differ only by a factor about 26. The differ-
ence in the cross section enhancement in the p-H and
He?*-Het collisions can probably be attributed to the
fact that the momentum distribution of the electron
in the He™ ground state is considerably broader than
that in the hydrogen ground state. The broader mo-
mentum distribution makes the charge exchange pro-
cess less «resonanty» and therefore diminishes the effect
of a possible improvement of the kinematic conditions
due to the interaction with the electromagnetic field.

Ag further examples, we also consider the reactions

He?* + He'(1s) — He™ (1s) + He?*,

Li** 4+ Li*t (1s) — Li®T(1s) + Li® T,

He?* + Li**(1s) — He™ (1s) + Li* T,

Li** 4+ He™ (1s) — Li®T(1s) + He*"

assisted by the electromagnetic field with Fy = 0.1 a.u.
and w = 0.01 a.u. at the collision velocity v = 20 a.u.
The cross section for the nonradiative capture in elec-
tromagnetic field-free collisions calculated in the OBK1
approximation is then equal to copr1 = 0.29 b for the
He?t-Het collisions, copxi = 13 b for the Li3t-Li%*
collisions, and copr1 = 1.92 b for the He?t-Li>t and
Li**-He™ collisions. In the collisions assisted by the
electromagnetic field, one obtains g, = 182 b for the
He?t-Het collisions, o4 = 1164 b for the Li3*t-Li%*
collisions, and o4 = 711 b for the He2T-Li’>* and
Li3*-He™ collisions. One sees again that the enhance-
ment effect in the capture cross sections rapidly de-
creases with increasing the width of the momentum
distribution of the electron in the ground states.

Comparing the He?*-He* collisions at v = 10 and
v = 20, one can note that the cross section enhance-
ment effect in field-assisted collisions is much stronger
in the latter case. This can be attributed to the fact
that the peaks in the momentum distributions of the
electron bound to the target and that bound to the pro-
jectile are more separated in the collisions at v = 20
than those at v = 10. Therefore, the kinematic con-
ditions for the electron transfer are more «resonant»
at the higher velocity and the improvement of these
conditions due to the emission and absorption of pho-
tons results in a stronger effect. One can note that the
ratio between the cross sections in the field-free and
the field-assisted collisions is nearly the same for the
p-H collisions at v = 10 considered in the first example
and the He>t-Het collisions at v = 20. In both cases,
the ratio between the collision velocity and the typical
width of the momentum distribution of the electron in
the ground state (~ Z) is the same.

In calculating the field-assisted capture, we as-
sumed that Fgq is parallel (or antiparallel) to v. For
Fo L v, the total cross section for the electron transfer
in the field-assisted collisions is reduced to the OBK1
cross section in accordance with Eqs. (37), (38), (40),
and (41). Therefore, comparing the values of the cross
sections obtained in the field-free and field-assisted col-
lisions, one can conclude that the effect of a linearly
polarized electromagnetic field on the electron transfer
can be very sensitive to the angle between Fg and v.
This effect is favored for Fq || v or Fg || —v and is
negligible if Fg L v.

4. CONCLUSIONS

The electron transfer process in fast collisions as-
sisted by a relatively weak low-frequency electromag-
netic field can represent an interesting example of an
effectively strong coupling between the electron and the
electromagnetic field. A key consequence of the strong
electron—field coupling in the charge exchange collisions
is the emission and absorption of a very large number
of photons that can substantially improve the electron
transfer kinematics under certain conditions.

The effect of a low-frequency electromagnetic field
on the electron transfer process discussed in the present
paper is closely related to some well studied processes.
We have already discussed the connection with the
multiphoton ionization and the induced multiphoton
bremsstrahlung. In addition, we now note the relation
to a particular case of the induced bremsstrahlung—
free electron-atom collisions in a laser field. Free
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electron-atom collisions assisted by the electromagnetic
field were studied in some detail, mainly theoretically
(see, e.g., [16] for a review). One of the conclusions of
these studies that is relevant to the topic of the present
paper is that the external electromagnetic field can sub-
stantially increase the magnitude of the scattering cross
section if there are some quasi-stationary states that
can be resonantly populated during the scattering via
the stimulated emission or absorption of photons.

The analysis of the present paper suggests that the
capture cross sections can be substantially influenced
by the electromagnetic field. In addition, one can also
expect the effect of the field to be reflected by notice-
able changes in the spectra of high-energy photons that
are spontaneously emitted during the radiative electron
capture in field-assisted collisions.

In the examples considered in the previous sec-
tion, very large values of the ratio oi:/0oBK1 Were
predicted for the capture cross sections in the field-
assisted collisions compared to the field-free ones. If
one compares the radiative electron capture to the
nonradiative capture, one sees that the corresponding
ratio opgc/oNr can also be very large at high veloci-
ties.

One of the authors (A. B. V.) acknowledges the sup-
port from the Deutsche Forschungsgemeinschaft (DFQ)
and the DFG Leibniz-Programm.

APPENDIX

To derive a suitable form of the nonrelativistic
Schrodinger equation for the electron interacting with a
quantized electromagnetic field, we start with the Dirac
equation

i 219 = ca. (f) - ZA) ) + W) +

ot
+ Bmec?| ) + wN,|T), (A1)

where W describes the Coulomb interaction with the
nuclei and « and 3 are the Dirac matrices. Decompos-
ing |¥) into major and minor components denoted by
¢ and x respectively, we rewrite Eq. (A.1) as

.0 2 _

<z§—W—wNa—mec ) lp) =
. e

AT

5 ¢ (A.2)

0 ) _

<Z8t W —wN, + mec ) [x)

=co - (15 - ZA) (8

where o is the Pauli matrix. A common way to derive
the nonrelativistic equation from a relativistic one is to
assume that all other energies in the system are much
less than the electron rest energy m.c?. In our case,
this assumption does not hold because, as simple esti-
mates easily show, even for a very weak electromagnetic
field occupying a macroscopic volume, its total energy
is much larger than the electron rest energy. It is clear,
however, that the relevant guantity is the amount of
the electromagnetic energy that can be transferred be-
tween the electromagnetic field and the electron, rather
than the total amount of the field energy. Making the
ansatz

lp) = exp(—i(mec® + Nw)t)|e1),

A
) = esp(citmeet + No)ha), )

where N is the initial number of photons in the quan-
tum field, we remove the irrelevant part of the total
field energy and obtain

(5 - = o= 3 o) =

— o - (f) _ EA) IX1), (A4)

<2% -W —w(N,—N) + 2me(32> [x1) =

=co (p—SA)lp).

Assumung that the energy transfer between the elec-
tromagnetic field and the electron is nonrelativistic,

W(N, — N) € mgc?,

we can now approximate

1 e
= —0 D — —A) .
) = g (- 2A) o)
Inserting this expression into the first equation in (A.4)
and neglecting the spin term, we obtain Schrodinger
equation (1) for the major component.
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