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Atomic charge-transfer cross sections in the presence of a laser field are calculated using proton-hydrogen-
atom scattering as an example. Both strong and weak laser limits are obtained. An experiment is suggested to
observe directly the modification of the differential cross section by the laser.

I. INTRODUCTION

The theory of atomic scattering processes is well
understood in most cases and accurately applied in
many. However, the introduction of lasers and
their projected use in such processes as laser-in-
duced fusion and laser-assisted isotope separation
makes it desirable to be able to apply atomic scat-
tering theory in the presence of a strong electro-
magnetic field. General theories of electron-atom?
and atom-atom? scattering have been presented, as
have some applications.® Here, we present the the-
ory of low-energy symmetric charge transfer in
atom-atom scattering as modified by the presence
of an electromagnetic field.

The theory in the absence of the electromagnetic
field has been understood now for many years, and
we shall closely follow these old theories with the
specific example of proton-hydrogen scattering.
This example is somewhat special in that there is
only one electron so that the “electron translation
factor” can simply be inserted.* However, there
are many ways of inserting these factors® so that
there is an ambiguity in the method. An alternative
way of inserting these factors® via the “switching
function” is more general in that it allows for an
arbitrary number of electrons in the problem. We
shall neglect both forms of this refinement and
ignore the translational factors here since their
appearance has nothing to do with the electromag-
netic fields. In addition, the impact-parameter
method will be used. That is, we treat the inter-
nuclear coordinate classically and prescribe its
time dependence to be unaccelerated motion. This
limits the region of applicability of the theory to
above about 100 eV.

We shall expand the total wave function in the
molecular states of H," and further limit ourselves
to a two-state approximation. This is a common
approximation® in this problem inthe absence of the
field, and its corrections have been assessed. In
the presence of the field it is, in addition, a limi-
tation on the frequency and strength of the field
since the laser photons are assumed to have insuf-
ficient energy and intensity to couple to higher mo-
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lecular states. For the H,* problem this is not too
great a restriction on current lasers, but for
heavier atoms (Ar,*) where levels are more dense
it can invalidate the procedure. In all cases we
make the dipole approximation for the field.

In Sec. II we treat the problem of a weak laser,
and an experiment designed to observe the phenom-
ena is suggested. In Sec. III a stronger laser is
treated.

II. WEAK ELECTROMAGNETIC FIELDS

Our starting point is the Schriddinger equation in
the impact-parameter approximation and the dipole
approximation for the electromagnetic field:
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(z’—a—t—H>\Il -0, 2.1)
H=H,+H +Hp+(e*/2m)A?,
pz 62 e2

Hu=50 " Tr—R/2] " Tr+R/2] ’

(2.2)

HI=""(e/m)-f).K)

where Hy is the Hamiltonian for the single-mode
free radiation field of frequency w,

H, =wa'a (2.3)
and
A=Z%(a+a"). (2.4)

The A? term can be diagonalized along with Hy to
give a shift of the laser frequency due to the “load-
ing” of the atoms. We therefore simply drop the A?
term below.

The impact-parameter approximation is contained
in the prescription

R=b+Vt, b-V=0, (2.5)

where b is the impact parameter and V the relative
velocity of the protons. The initial condition on ¥
isat t—~—

¥ =, =d(r-R/2)e"Eot (2.6)
where ¢ is the 1s state of hydrogen and E, its en-

ergy, and we seek the amplitude for charge trans-
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fer to the ground state, which is the final state,
U= d(r+R/2) eiFot 2.7

For low collision velocity, V < e?/F, it is useful to
expand in the molecular states defined by

[W(R) - H,(F,R) ] u,(F,R) =0 (2.8)

and as discussed above, to keep only the lowest

two molecular states with asymptotic properties
Uy, ~(1/V2)[¢p(r-R/2) £ d(r+R/2)],

2.9

Wi, (R)~E,. (2.9)

If we assume that the radiation field is initially a
single mode of frequency w and occupation number

J

-0

N>>1, then the initial state may be written as
(1/V2) (uy +u,) ‘N>= a/v2)( IO,N>+ ]1,N>) .
(2.10)

We now assume that over the range of R of interest
there is one and only one point at which the two
molecular states are resonantly connected by a
single-photon transition,

W(R,) - Wy(R)=W(R,)=w. {2.11)

At that point the states [O,N+1), [1,N-1) are ex-
actly degenerate with the two states in (2.10). Then
all four states must be included in the expansion of
¥

¥ ={B(N,O,t)l0,N)exp[—7',ftdt (WO-EO)} +B(N,1,t)\1,N>exp[_ift dl(Wl—Eo)]

t —
+BWN-1,1,0)|1,N - 1>exp[_if dt(Wl—E0)+iwt]

t
+B(N+1,0,£)|0,N +1 )exp[—ij dt(W,-E,;) - iwt:]}e'iEot-int.

(2.12)

This form is then substituted back into (2.1) and projected onto each of the four states to yield the

equations

. t
iB(N,0)=(0,N|H,|1,N - 1)exp<iwt—if dtW)B(N_ 1,1),

-0

. t
iB(N-1,1)=(1,N - 1{H,|0,N>exp(-z'wt+if dt W>B(N,O),

(2.13)

. t
iB(N,1)=(1,N|H,|0,N+1)exp<-iwt+i f dt W)B(N+1,0),

-0

. t
iB(N+1,0)=(0,N+1[H,|1,N>exp<z’wt— zf dtW)B(N,l) .

-0

The four matrix elements are readily calculable in
terms of the matrix elements of the photon crea-
tion and destruction operators. If we make the
“laser approximation,” N'/2~(N+1)}/2, then

(O,N|H,|1,N -1y=(0,N+1|H,|1,N)
=(1,N - 1|H,|0,N)*
=(1,N|H,|0,N+1)*

=A (2.14)
where

A=—(e/2mw)E - f’m ,

B, =(0|P|1)= —mW(R)T,, * RR , (2.15)
and £ may be interpreted as the classical elec-
tromagnetic field intensity which approximately
describes the single-mode laser. This is the same
result as obtained from a semiclassical treatment
of the electromagnetic field. With this approxima-

-
tion, the two pairs of coupled equations in (2.13)
become identical. The initial conditions implied
by (2.10) and (2.12) are

B(N,O, _°°)=B(I\'7,1, _°°)=1/‘/7‘ ’
B(N-1,1, —®)=B(N+1,0, —®)=0 ,

(2.16)

so that (2.13) implies

B(N,0)=B*(N,1), B(N-1,1)=B*N+1,0) ,

(2.17)
and the conservation statements
|B(N+1,0)|*+ | B(N,1)?
= |BWN,0)*+ |B(N-1,1)[?=3 . (2.18)

Both (2.17) and (2.18) are true for all times. Thus
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it is necessary to solve only the pair

iB(N,0)=Ae™*"B(N -1,1) , (2.19)

iB(N -1,1)=A*'*‘PB(N,0) ,

where
J

A,(b)=7%‘{ IN)[B(N, 0) exp(—if

+|N+1)B(N+ 1,0)exp<—-iwt—if_: dt(WO—E0)>+ IN—l)B(N+1,1)exp<iwz‘—i./co ar(w, —E0)>l

where the B’s are evaluated at =+, This ampli-
tude evidently consists of subamplitudes for ex-
change with change of laser occupation number by
0, +1. They add incoherently and since their indi-
vidual observation is difficult we calculate only the
total probability for exchange (with no observation
of photon number). Using the conservation condi-
tions, (2.18) and (2.17), we obtain

P,(b):% [1 - 2ReBz(N,0)exp<z' f : at W(R))] .
(2.22)
Now returning to (2.19) we note that
$=WR)-w>A (2.23)

except in the immediate vicinity of the resonant
point R=R_. This condition is our definition of
weak coupling. Under these circumstances the
Eqs. (2.19) are identical with those obtained in the
conventional atom-atom scattering problem with
the condition of one real curve crossing (see Fig.
1). The approximate S matrix for this case is
well known. Thorson’ has given a systematic pre-
sentation from which our result may be obtained.
One simply has to modify the usual assumption
that the coupling A? is an even function of ¢. It is
not necessarily so for our case. With that modi-
fication we obtain

BX(N, 0)=(1/V2)[1 - 2°(+)]"/?[1 - 2%(-)]*/?
+ (1/\/—2-)z(+ )z(_)e"[rz(")’ r,(=)]
(2.24)
where
2(x) = (1 - ™" T)1/2 (2.25)
and

T,(x) =argl(3iT(2))+ 3T()[1 - In3 T(z)]

+im+ ffxdt[W(R)—w] (2.26)

<p(t)=fdt' WR) - wt (2.20)

Here and below the time dependence of the B’s is
suppressed. The final-state amplitude may be
extracted from (2.12) with the result for the ex-
change amplitude

" at(w, —E0)> -B(N, 1)exp<-if_: dt(w, —Eo)ﬂ

‘ ’

-0

(2.21)
r
where
T,=(1/V)R2-b?)"/2, (2.27)
_(2 2 |dawW ]
T(i)—(V A() v >R= Rx, (2.28)
Aw)=5 r‘}l{;R[B-Ei V-E(R? = 02)"/] 5 g -
(2.29)

For b> R, the crossing is not effective for transi-
tions, and the transition probability becomes

Px=sin2(f0”dtW(R)>, (2.30)

which is the usual result in the absence of the
field. For some optical lasers, E=~2X10* V/cm.
This yields an extremely small value of T(+), ~1078
at colliding energy of about 500 ev. Thus the mod-
ification induced by the laser is small,

I,N+I

R

FIG. 1. Energy levels for the case of one crossing.
Arrows indicate initially occupied states.
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P,(b) =sin’ r dtW(R
0

The term in curly brackets is small and propor-
tional to the laser intensity and is the quantity of
interest here. It could be observed by illuminating
the charge-exchange region with a chopped laser
and measuring the charge-transfer current at a
fixed angle (fixed b) in synchronization with the
modulated laser beam. This would eliminate the
larger cross section which is independent of the
laser. It would be interesting to make the mea-
surement (1) as a function of intensity, (2) as a
function of polarization, (3) as a function of fre-
quency, and (4) as a function of collision energy.

(1) The signal should be proportional to the laser
intensity.

(2) It should depend on the laser direction with
respect to the direction of the incident beam
through the factors T(+ )+ T(-) and [T(+)T(=)]*/2.
(We assume that the scattering angle is small, so
that the incident and final directions are essential-
ly the same.) These parameters have the dependence

T(+)+T(-)=~b*E?+ E%(R% - b?) ,
[T(+)T(-)]*/2~b?E? - RZE?,

where E, and E, are the components of the field
respectively parallel and perpendicular to the
atomic beam.

(3) The frequency dependence is complicated
since w determines R, (2.11). The frequency also
appears explicitly as a factor w2 in both 7’s and
in the sine in (2.31).

(4) The signal should have an overall factor of
V-! and an oscillating behavior at two different fre-

R

FIG. 2. Energy levels for the case of two crossings.

g% [T(+)+ T¢( )cos< f dtWR)>+2[T(+)T )]”Zsm< f dt W(R)+2wT, >}

(2.31)

quencies since the arguments of the sinusoidal
functions are different,

° 2 dRR
2 [ W)= | s WR), 2.32)

* dRR

2[ A W(R)+ 207, =2 ( o W(R)

)

The effect of the laser on the cross section [the
last term in (2.31)] is new and therefore of interest
in itself, but in addition it can be used as a probe
of the “quasimolecular” properties of the collision.
For example, the oscillation (as a function of V)
in (2.32) is different from that of the leading term
thereby giving a different probe of W(R). In addi-
tion, measurement of 7(+) is a probe of dW/dR at
variable R, determined by the choice of w.

In the above we imposed the restriction upon w
that there be only one solution to (2.11). For
smaller w there can be more than one solution.
Figure 2 is an illustration of the case where there
are two such solutions. That is, not only are the
states \1,N> and |0,N+ 1) degenerate for a par-
ticular R, but |1,N) can also be degenerate with
|0,N+2) for some smaller value of R. It would
therefore seem to be necessary to couple in addi-
tional states in (2.12). This is not the case since
the coupling between ]1,N) and |0,N+2) vanishes.
Thus, in a single scattering (in along one curve and
out along another) with the restriction of energy-
conserving coupling, there is no population of these
additional states.

III. MORE INTENSE FIELDS

The probability of the laser-induced transition
becomes larger as the field gets more intense.
When the probability is no longer small, it is more
useful to diagonalize the two-state-plus-field prob-
lem? before dealing with the collision. Since we
still restrict the expansion by keeping only two
molecular states, this means that the laser cannot
be too intense. The assumption that the coupling
to other molecular states is negligible is expressed
by

[A]/|aW(R) - w|«<1,

where AW(R) is the separation between either one
of the states in question and any higher state. Pro-
vided that there is no resonance of this kind in
regions of R explored by the collision, this is sat-
isfied for intense lasers.
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Since we are dealing with not very intense fields,
diagonalization will be performed in the rotating-
wave approximation.® In that case the two eigen-
states, for fixed R, can be written

¢¢<N)=J—lz—(1—€%>”2l0,zv>

+ﬂ‘;€*< —ZA;-)-l/z[l,N—l) (3.1)
with eigenvalues
E,(N)=3(Wy+ W)+ (N - 3)w+e,, (3.2)
where
€,=+(A2+N%)/2=1¢ (3.3)

and the energy defect is
A(R)=3[W(R) - w]. (3.4)

We have used the fact that the coupling A in (2.14)
is real. For large R, A vanishes exponentially
and A=- 3w, a negative number, so that

¢, (N)~|0,N), ¢.(N)=(-sgnA)|1,N-1)

(3.5)
E,(N)=E,+Nw, E_(N)=-E,+(N-1w.

The energy-level curves are shown in Fig. 3.

¥=A (N, )¢, (N) exp (—i f

©

R

FIG. 3. Energy levels for the case of one avoided
crossing.

For the case where there is only one solution to
(2.11), there is only one avoided crossing, and
again using the concept that coupling of states will
occur only at real crossings or avoided crossings,
we need only use four states in our expansion of ¥,

t t
AE (N,t)dt-iE (N,- °°)t> +A_(N,t)¢_(N) exp (-zf AE_(N,t)dt-iE_(N, - °°)t>

=00

+A_(N+1,0)¢.(N+1)exp <-ift AE_(N+ 1,t)dt—iE_(N+1,—°°)t>

-c0

t
+A N+ 1,t)¢>*(N+1)exp<—if AE,(N+1,t)dt-iE (N+1,- w)t), (3.6)
r

where pair.

AE,(N,D)=E,(N,t) = E,(N, - ). (3.7) The phase is defined by

¢

The initial conditions implied by (3.5) and (2.10) x(#) =2 f dt’ (e = w/2)+ wt (8.10)
are -

A(N+1)=A_(N)=0, 5.9 and the coupling matrix element is given by

. a a *

AN =1/VE, AN+D)=-(1/VD)sgnA. (6.00, % 0.00) =~ (6.0, 3 6.0)
Substitution of (3.6) into (2.1) with the approxima- A AA—AA
tion that ¢,(N) are eigenfunctions of H for fixed = m — (3.11)

R yields
. 9
iA*(N)=—i<¢*(N),a—t¢;(N)> e*iX (A _(N), (3.9)
where only the couplings of states at the avoided

crossing have been retained. A similar equation
with N replaced by N +1 is obtained for the other

These equations are identical in form with those
obtained for the atom-atom scattering problem

in the case of an avoided crossing. The minimum
energy separation occurs near R, [Eq. (2.11)] and
is approximately |A| . Equations (3.9) and (3.10)
can be combined to show that



14 ATOMIC CHARGE TRANSFER IN THE PRESENCE OF A... 591

AXN+1),

= =o0

A
AN =-
A_(N)=—T%|-] AXN+1).
t= =

Again the exchange amplitude can be extracted
from (3.6) as was done in obtaining (2.21). Again
there are three incoherent amplitudes for the
three different photon states. The result for the
total charge-exchange probability is

P.(b)=3 [1 _2ReAa(N)exp(-i J:dt (2€ —w):‘ .

(3.13)

An interesting burt somewhat unrealistic result
emerges when A|R=R, is large enough so that the
curves are well separated at the avoided crossing.
In that case the coupling in Eq. (3.9) can be ne-
glected with the result that A, (N)=1/v2 so that

P,(b) = sin? f”dt (2€ - w)

.1 (® dRR
e GO

+[A°®) + A2 - o}
(3.14)

where

A, =(e/2wR)[E-D+Ey (R? - b*)"2|W(R)To R .
(3.15)

The result is unrealistic in that it requires that
T(x)>1; so we shall not pursue it further here.

For the weak coupling limit of Egs. (3.1)-(3.13),
the avoided-crossing curves approach each other
more closely and the slopes of the energies (3.2)
become discontinuous so that we return to the real
crossing or weak coupling limit. Therefore, there
seems to be no reason to pursue Egs. (3.9) and
(3.13) further since both their weak and strong
coupling limits are given.

For the case where w is small enough that (2.11)
has an additional root at E,(N)=E _(N +1) or

w=3W(R)+2A*R)/WR), (3.16)
there is a real crossing as shown in Fig. 4. In

this case the coupling matrix element does not
vanish but is

FIG. 4. Energy levels for the case of one avoided
crossing and one real crossing.

9 A e-A,_ 3
(900,55 6.0 +1)) == TS 01D

(3.17)

Then the four additional states ¢, (N +2) and

¢,(N —1) are coupled at this crossing. These
populate exchange states with photon states |[N+2)
so that two-photon emission and absorption is ob-
tained. The reason for their appearance here and
not in Sec. II is that the rotating-wave approxima-
tion diagonalization of the (no motion) problem
has already incorporated multiphoton transitions
in the zero-order states [Eq. (3.1)].

For still smaller w there are additional real
crossings, but one can show that the coupling ma-
trix elements vanish at these points in this approx-
imation.

To summarize, we have obtained the small
change in the differential cross section for sym-
metric charge transfer caused by the presence of
an electromagnetic field in the interaction region.
The change in the cross section has an interesting
dependence on the field parameters, and an ex-
periment has been suggested to investigate this.
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