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With use of a diabatic molecular representation in two states, resonant charge transfer in helium in the
presence of a laser field has been studied within the semiclassical impact-parameter approximation. The
laser-frequency dependence of the charge transfer cross section shows an anomalous-looking feature quite
distinct from cases studied earlier involving excitation. An effect of the laser field on the angular distribu-

tion of the charge transfer ions is also indicated.

Seely! carried out a study of the charge transfer reactions
(i) He?* +H(1s)— He*(n=2)+H* and Gi) H* +H(1s)
— H(2s)+H™ in a laser field. The first reaction has re-
cently also been studied by Mendez, Errea, and Riera,? us-
ing, as Seely had, the formalism of Copeland and Tang.?
Basically the approach is to expand the total wave function
in a molecular basis set, and then to solve, within the sem-
iclassical approximation, the coupled equations obtained
from the time-dependent Schrddinger equation in the pres-
ence of a strong radiation field. This approach was first
used by Gudzenko and Yakovlenko* who suggested that
presence of a laser field could lead to an appreciable in-
crease in the excitation transfer in atomic collisions.” Mittle-
man’® has used the same approach to study H* -H symmetric
resonant charge transfer in a laser field, although he did not
give any numerical results.

As Kroll and Watson® pointed out, the variation of level
spacing with changing internuclear separation can permit
resonance absorption and/or emission of one or more pho-
tons in atomic collisions in a laser field. Except for reaction
(i) above, all the reactions in Refs. 1-3 involve an energy
defect, the potential curves running parallel to each other at
large internuclear separations; reaction (i) is accidentally
resonant (no energy defect) but, owing to the Coulomb
repulsion within the exit channel, the approach of the
curves towards each other is extremely slow.!'” Thus, in all
these cases, the laser photon can be in resonance or near
resonance with the level spacing over a fairly extended
period of time. One can characterize this feature by the
term ‘‘extended-duration photon resonance’ (EDPR). In
contrast, in a symmetric resonant case the energy gap de-
cays nearly exponentially, and a condition of sharply local-
ized photon resonance (SLPR) obtains except at low photon
energies.

Excitation in atom (ion) -atom (molecule) collisions in a
laser field has been treated by various authors,® using both
time-dependent and time-independent approaches. In an in-
teresting work, de Vries and George? extracted a time-
dependent description of atomic collisions from the time-
independent, stationary-state description. However, except
in Ref. 8(d), all the authors have used adiabatic molecular
eigenfunction basis to expand the system wave function.

In the present work we use the time-dependent approach
to study He*-He resonant charge transfer in a laser field,
using a diabatic molecular representation!® developed some
time ago for this system as an approximation to Smith’s!!
definition of diabatic states.” Numerical results obtained

31

within a two-state approximation in a linearly polarized
monochromatic laser field are presented for two ion ener-
gies over a wide range of laser frequency. Variation of laser
frequency shifts the photon resonance region, and is found
to result in an anomalous-looking feature in the frequency
dependence of the charge transfer cross section.

We restrict ourselves to a single radiation mode. In the
weak-field limit, the wave function of the system (atom +
ion + radiation) would have the form

W(D=3¢(06,(F,R)|n) o)
J

¢’s being molecular wave functions. Mittleman® chose an
adiabatic basis and, following Kroll and Watson,® further
modified it for strong fields by diagonalizing (He + Hg) —a
procedure which, within the two-state approximation, is lim-
ited to not too intense fields. For the diabatic basis expan-
sion we find the following approach more useful. Let us al-
low the system to evolve in time in the presence of
electron-radiation interaction; then we would have

() =Uy(0), U(Dxexp(— iHint) ,
Hpy=27/Ve(a+a)ée B ,

é being the linear polarization vector and P the electron
momentum. We are using atomic units except where other-
wise stated.

Since H,, is linear in a and a’, it is obvious that the ef-
fect of the evolution operator is to introduce, in the linear
combination, basis functions of the form d>,|n +1),
¢~,|n +2), . ... Thus, in general we would have :

¢‘=22k:(CJ(_k)ﬁbj{"'*’k)+Cj(")¢j|n—k)) . 3)
J

2

We are ignoring any possible level broadenings and/or shifts
due to coupling with the radiation field. For a bound
molecule this cannot be done,!? but for diabatic molecular
functions the following argument provides a rough upper
limit of the field strength up to which this can be done.
The diabatic basis!® is formed of atomic orbitals ‘‘frozen”’
throughout the collision where, in the region of closest ap-
proach, electric fields of order 10° V/cm or higher due to
the nuclei are encountered by the electrons. Thus, so long
as the electric field of the radiation is within this limit—the
corresponding intensity being of order 10'®¢ W cm~2—the di-
abatic states are not affected, and Eq. (3) for the wave func-
tion is justified.
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Substituting ¢ in the time-dependent Schrédinger equa-
tion and projecting out the individual components
¢j|n + k), we obtain the coupled equations for the ¢’s. To
extract some qualitative idea of the extent of the laser field
effect, we solved the equations for a two-state expansion.
The adequacy of the two-state diabatic representation in this
system when inelastic channels can be ignored has already
been demonstrated.!** Choosing the two diabatic states
(see Fig. 1) to be the lowest 23, and %3, states in Ref. 10
and restricting ourselves to the emission and/or absorption
of a single photon, the coupled equations assume the form

da] _ + AH [ . ! /]
7—'—02 -;l_—w—Dlzexp —If_oo (AH —Fkw)dt , (
4)
da2+ _ AH [ . ! I]
a =ai Fo Dy exp lf_m (AH —Fkw)dt ,
with a similar pair of equations for a; and a;”. Here,
t
ac()=ceDexpli [ (Hut Eoar]
+ + t
ax— (1)= Ck™ (t) exp[i f_w (Hkk+ ER xﬁw)dt'] ,
AH=Hpn—Hy ,
Hy’s being the respective diabatic state energies. Also,

Eg=(n+ +)iw, radiation field energy, and
Dyp=v2wljc & (1| Tlba) |,

I being the intensity of radiation.

We have made use of the rotating-wave approximation, in
that terms involving phase factors exp( +i | (AH +%w)dt)
have been ignored. It is evident from the equations that the
more slowly A H changes with time, i.e., the longer the two
potential curves run parallel to each other, the stronger is
the coupling. The equations were solved in the straight-line
impact parameter approximation, with & chosen parallel to
the relative velocity; for convenience we used in our calcu-
lations the semiclassical equivalence between the impact
parameter b and the orbital angular momentum / as done in
an earlier work.!’
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FIG. 1. “Dressed” diabatic states ¢{|n),|n+1)} and
oylln), In—1)) at 5000-A radiation. At R = R, either of two tran-
sitions becomes possible: (i) é;|7) can absorb a photon and be ex-
cited to ¢,ln—1); (i) ¢,ln) can emit a photon and go down to
¢1ln+1). So long as b < R,, transitions are possible both during
incoming as well as outgoing trajectory.

Calculations were carried out at a laboratory ion energy of
300 eV and, in somewhat less detail, at 1000 eV. Figures
2(a) and 2(b) show a sample plot of P, and P, charge
transfer probabilities with and without laser field, respec-
tively, at an intensity of 1x10* W/cm? for two different
wavelengths. Two effects of the laser field are immediately
obvious: (i) overall shift of the upper/lower envelopes of
the curves, and (ii) dephasing. The plateaulike behavior of
P, as in Fig. 2(b), 10000 has also been obtained by
Copeland and Tang.?

In an experiment, the dephasing would result in a shift in
the angular distribution of charge-exchange ions, whereas
the effect (i) would lead to changes in the total charge
transfer cross section Q.. Figure 3 shows the relative
change (Q,— Qo)/ Qo for several photon energies at an in-
tensity of 1x10* W/cm?. An examination of Egs. (4)
helps us understand the nature of the photon energy depen-
dence of Q,. At resonance (AH =#w) Egs. (4) go through
a stationary phase, which lasts much longer in the cases of
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FIG. 2. Charge transfer probability with and without laser field at intensity /= 1x10!* W/cm?2. (a) 300-eV, (b) 1000-eV laboratory ion
energy. Full line, Py, chain line, P, (5000 1&); broken line, P, (10000 A). :
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FIG. 3. Relative change in charge transfer cross section

(Q,— Q0)/ Qy at 300 eV vs photon energy (cm~™!), Q, and Qg be-
ing the cross section with and without field, respectively. The cir-
cles refer to I =1x10'* W/cm?; the cross is a sample calculation at
I=1x10!3 W/cm?2. The line joining the circles is only meant to
guide the eye.

EDPR than in the (present) case of SLPR. An off-
resonance shift in Zw leads to oscillations in the phase in-
tegral, leading to effective decoupling of the equations;
again, this effect is more pronounced in the case of EDPR
than SLPR. This effect, combined with the fact that de-
crease in Fw increases the coupling coefficient, gives rise to
the anomalous-looking structure in Fig. 3. In Seely’s! work
where EDPR obtains, a maximum in Q occurs in the higher
(photon) energy side for the accidentally resonant case of
He**+H— He*(n=2)+H"*—no structure appears to-
wards the lower-energy side, where the cross section falls
monotonically with decreasing #w. On the other hand, the
intensity dependence is straightforward, being determined
by the term D;; alone. Extensive results showing the inten-
sity dependence of Q, have been given in Refs. 1-3, and

here we give only a sample result in Fig. 3 at 1><1013’

W/cm?.

A question that must be faced at these high intensities is
whether or not this effect will be masked by multiphoton
ionization (MPI). The measurements made by Lompre
et al'® of MPI of rare gases offer a direct means of compar-
ison between the two phenomena at A =10000 A, where for
I=10" W/cm?, AQ/Q ~ 30% (cf. Fig. 3). Using a pulsed
Nd-YAG laser operating at 10 643.5 1&, with a bandwidth of

0.8 A and pulse duration of 28 psec, nonresonant MPI of
helium at 104 Torr was found to obey the power law « I”,
with n=22; at I=0.7-1.5% 10" W/cm?, Lompre et al. ob-
tained an ionization rate of 10°*! gsec~! within a focal
volume of diameter 25 wm. Thus, at 10 W/cm?, we
would expect an ionization rate/volume of order 10 *! sec~!
cm~3. On the other hand, with a 300-eV He* beam in-
cident on neutral He, both at the same density as above, the
laser-induced change. in the rate of production of charge
transfer ions/volume turns out to be of order —~ 106
sec”'ecm™3; MPI could occur at a comparable rate only at
intensities > 6x 10'* W/cm?. Thus under such experimen-
tal conditions!” where instrumental saturation effects are
avoided by using short pulses (of order psec) and reso-
nances or near resonances with Stark-broadened intermedi-
ate (atomic) levels are avoided by using narrow bandwidth,
there is no reason why this laser-induced change in charge
transfer cross section should be masked by MPI.

Throughout this work we have tacitly assumed that the
laser field acts for a time longer than the collision time, typ-
ically of order 10~!% to 10~16 sec. This assumption is justi-
fied for all currently available lasers.

In conclusion, the practical consequence of the work
seems to lie in the possibility of fairly extensive control of
the charge transfer reaction by variation of laser frequency
and intensity. On the other hand, these results are not
meant to be quantitative; dipole-allowed transitions between
ground and excited states open up new inelastic channels,
and within the close-coupled treatment a fuller picture can
only be obtained by including higher-lying molecular states
to allow for loss of flux in the inelastic channels. More-
over, if a series of dipole-connected states run parallel to
each other over a length of time, resonant multiphoton
transitions are apt to be of significance at these high intensi-
ties, with a consequential gain in importance of field correla-
tion effects as recently shown by Daniele, Faisal, and Fer-
rante.!® More detailed work incorporating these aspects is in
progress.
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