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Laser assisted charge transfer reactions in slow ion-atom collisions:
Coupled dressed quasimolecular-states approach

Tak-San Ho, Shih-1 Chu,® and Cecil Laughlin®

Department of Chemistry, University of Kansas, Lawrence, Kansas 66045-2112

{Received 1 March 1984; accepted 6 April 1984)

Semiclassical coupled dressed-quasimolecular-states (DQMS) approaches are presented for the
nonperturbative treatment of charge transfer reactions at low collision velocities and high laser
intensities. The DQMS are first obtained via the Floquet theory. The laser assisted collision
process can then be treated as the electronic transitions among the DQMS driven by the nuclear
motion only. The expansion of the total electronic wave function in a truncated DQMS basis
results in a set of coupled adiabatic equations. The adiabatic DQMS and their associated
quasienergies {depending parametrically upon the internuclear separation R ) exhibit regions of
avoided crossings, where the electronic transition probabilities are large due to strong radial
couplings induced by the nuclear movement. By further transforming the adiabatic DQMS into
an appropriate diabatic DQMS representation, defined via the vanishing of the aforementioned
radial couplings, we obtain a new set of coupled diabatic equations which offer computational
advantage. The method is illustrated by a case study of the laser assisted charge exchange process
He** + H(ls) + fio—He™* (n = 2) + H™, in a two-state approximation, for the velocity range
from 1.5X 10° to 2 X 107 cm/s and for the laser intensity in the range of 0.4 to 4.0 TW/cm?.
Results of exact coupled diabatic DQMS calculations are presented along with several
approximation calculations, using first order perturbation theory, the Magnus approximation,

and the average cross section.

. INTRODUCTION

Charge transfer is an important mechanism in estab-
lishing the ionization structure of a plasma containing multi-
ply charged ionic systems. Collisions between multiply
charged ions and atomic hydrogen are important in deter-
mining the radiation losses and neutral beam heating effi-
ciencies in Tokamak plasmas.' Because electron capture by a
multiply charged ion on an atom generally results in the
production of a highly excited state of the parent multiply
charged ion, radiation in the x-ray range is released as the ion
electronically relaxes to its ground state. This property is of
interest as an x-ray source in the interstellar space” and has
led to the prediction of the possibility of producing an x-ray
laser.>*

Recently Yakovienko suggested that the nonresonant
ion-atom charge transfer, which is normally small at low
collision velocities, can be enhanced by the presence of a
strong laser field.® The observation of a laser-induced charge
transfer collision, involving Ca™ and Sr, has also been re-
ported.® More recently, Seely and Elton” suggested that pho-
ton-induced charge transfer reactions are also useful for the
measurement of particle densities in a Tokamak plasma. It is
possible to measure the absolute densities of the neutral hy-
drogen atoms and the alpha particles, with time and space
resolution provided by the pumping laser beam.

From a theoretical point of view, most recent work®™!?
concerning A* + B + nfio—A + B™ has been confined to
the expansion of the total electronic wave function in terms
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of field-free quasimolecular (A-B)* basis, the assumption of
the validity of the rotating wave approximation (RWA), and
perturbative schemes of one kind or another within the im-
pact parameter formalism. These approaches,®'* in general,
are difficult to extend to high laser intensity and low collision
velocity regions where the laser-induced charge transfer
cross sections are the largest.'>'> As will be exploited later,
at very strong laser intensities, a more appropriate physical
basis is provided by the dressed quasimolecular states, and
the assumption of RWA may not be valid. In addition, the
perturbative approach tends to break down at low collision
velocities and fails to predict the nonlinear behavior of the
cross sections as a function of the laser intensity.

In this paper, we advance a nonperturbative coupled
dressed quasimolecular states (DQMS) approach for the
treatment of charge transfer processes at low collision veloc-
ities and strong laser intensities. The theory parallels an ear-
lier treatment developed by one of us'* in the study of multi-
photon enhancement of vibrational excitations induced by
molecular collisions. Other approaches using the DQMS
concept can be found in Refs. 15-18. The essence of the cou-
pled DQMS approach consists of the following elements: As
the laser frequency of interest is in the range of quasimolecu-
lar electronic energy separations, the laser field oscillates
much faster than the motion of the nuclei. It is legitimate to
first construct the solutions of the (A-B)™ + field system,
namely, the dressed quasimolecular electronic states (also
called the quasienergy'*'® or electronic-field states'’) with
the internuclear separation R fixed.*® The laser assisted col-
lision process can then be viewed as electronic transitions
among the DQMS driven by the nuclear motion only. The
DQMS can be determined by invoking either the full quan-
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tized treatment!>'® or the semiclassical Floquet the-
ory,'#!"1921 both treatments being equivalent in strong
fields.>'® In this paper we adopt the Floquet approach,
which has been extensively used recently in the studies of
multiphoton excitation?®?? and dissociation'®?* of isolated
molecules. The DQMS constructed in this way are adiabatic,
and their associated quasienergies (depending parametrical-
ly upon R ) exhibit regions of avoided crossings,'® where the
electronic transition probabilities are large due to the strong
radial couplings induced by nuclear movement. By further
transforming the adiabatic DQMS into an appropriate dia-
batic DQMS representation, defined via the vanishing of the
radial couplings mentioned above, we obtain a new set of
coupled (diabatic) equations which offer computational ad-
vantages.

In Sec. II, we present a general treatment of the coupled
DQMS approach for slow atomic collisions in the presence
of intense laser fields. In Sec. III, the laser-induced charge-
transfer process

He™* + H(ls) + fio—He*(n =2) + H*

is analyzed on the ground of a two-state model. Results of
the exact coupled DQMS calculations, as a function of laser
intensity and collision velocity, are presented in Sec. IV
along with several approximate results, using first-order per-
turbation theory and the Magnus approximation, etc. This is
followed by a conclusion in Sec. V. Atomic units will be used
throughout the paper unless otherwise specified.

Il. THEORY

We consider the general case of slow ion-atom colli-
sions in the presence of an intense linearly polarized laser
field. The frequency of laser field is assumed to be compara-
ble to that of the electronic bound-bound transitions and,
therefore, is much larger than the characteristic frequency of
the nuclear motion. Within the semiclassical trajectory for-
malism?* and the electric dipole approximation, the total
electronic wave function evolves according to the time-de-
pendent Schrédinger equation

:‘% ¥irt |R(z)=Hr: |R()¥(rt R)), {1
in which
Hrt|R(2))=h,(rR(t)) —r-E;cos wt, 2)

where h,, is the field-free adiabatic quasimolecular Hamil-
tonian and the factor — r+ E, cos w? describes the interac-
tion between the active electron, positioned at r, and the
applied laser field depicted by the amplitude E,(6,4 ) and the
angular frequency w. Here E,, is assumed to be uniform over
the region of collision, and @ and ¢ specify the spherical-
polar angles of the laser field. The quantity R(r ) is determined
by some average potential energy of interaction of the two
colliding entities.

Since the nuclei are moving slowly compared to the
rates of electronic transitions and of the laser field oscilla-
tion, we can construct the dressed-quasimolecular states
(DQMS) of electrons in the presence of the laser field at each
fixed internuclear separation R. Analogous to the perturbed
stationary states (PSS) method,?* the DQMS may be used to

describe the states of electrons in the slow collisions of atoms
and molecules. The DQMS wave functions ¢ ,,,,(r,¢ | R }, with
a denoting the field-free quasimolecular states and m an ar-
bitrary integer denoting the photon states, are eigenfunc-
tions of the following eigenvalue equation:

(e 18) = 1(2) Jdanvs[R) = an® omlet R), (3

where the derivative (J /9t ), with respect to time ¢ is evalu-
ated by holding the internuclear separation R fixed. The
DQMS eigenenergies €,,,, (R ) and eigenfunctions 4, (r,? |R )
possess useful periodic properties!* %!

€am+nlR)=€m(R)+ nw (4)
and

¢am (l',t + T IR ) = ¢am (l‘,t lR ) ’ (5)
or, more explicitly

¢a,m + n(l‘,t IR ) = emm¢am (l‘,t IR ) s (6)
with

r=2"

w

Equation (3) can be solved by expanding the DQMS wave
functions ¢,,,,, (r,¢ |R } in terms of the field-free quasimolecu-
lar-states wave functions and the Fourier basis {e™'}:

Gam(rst |R) = ; > {Bnley, ye" Y 4(r|R) (7

where ¢ 5(r|R ) satisfies the field-free electronic eigenvalue
equation

hy(r|R ) o(r[R) = Eg(R jip 5(r|R) (8)
with E 4(R ) being the field-free electronic state energy. Sub-
stituting Eq. (7) into Eq. (3) results in a time-independent
infinite-dimensional eigenvalue equation for the expansion
coefficients { Bnle,,. ),

S S (am|H|Bn)( Bnle,) = e lanle,), ()
B n

where
(am|Hp|Bn) = E, 8,56, + M6 58, — K, [x[¥5)
XEO(‘Sm,n +1 + 5m,n -1 ) M (10)

Here the bracket {|---|) denotes integration over the elec-
tronic coordinates r. We should remark that the number of
the field-free quasimolecular states used in the expansion (7)
is finite. The electronic Floquet Hamiltonian H in its ma-
trix representation has the following tridiagonal block form:

A+20l B 0
B A+ol B
B 4 B ,
B A—ol B
0 B A-2l

where 4 is a diagonal matrix with the field-free quasimolecu-
lar electronic energies { E, ,E z,Ej,-} as the diagonal matrix
elements, I is the unit matrix, and B is the electric dipole
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790 Ho, Chu, and Laughlin: Laser assisted charge transfer reactions

coupling matrix {b,(R )} defined by
by(R)= —K¢hiIr|¢;) - Eol6,8),
where i, j =a, B,7,... .
The total electronic wave function of Eq. (1) in the pres-

ence of the laser field may be expanded in the basis set of the
DQMS, namely,

et IR () =3 3 Xam L )pom(mst |R) (11)

subject to the required scattering boundary conditions. Here
we note that the expansion coefficients y,,,,, (R ) depend upon
the time ¢ only via the parameter R (¢ ), the internuclear dis-
tance. By inserting Eq. (11} into Eq. (1), and projecting it onto
an arbitrary DQMS ¢, (r,? |R ), we obtain a set of the cou-
pled adiabatic equations

i (R (£)) = €5n(R Jpn(R ) — iR

at
X3 T 48| Velbam)) r¥am(R ),
’ (12)
where
(Ubpn | V& Dam )
E%J;Tdtfd“ﬁan(r’t RV m(rt|R) (13)

with the parameter R kept fixed when integrating. Further-
more, we have assumed the quantities (d/9¢)yg.(R),
Xga(R ), and R remain almost unchanged for each short time
span T =2#/w, which characterizes the laser field oscilla-
tion. By making use of the periodic relations (4) via Egs. (6)
and (7), the coupling matrix element ((d, |V |4..,) )z can
be written explicitly as follows:

{Bpn V& [Gam ) ) -
=3 > vk |€p ) Ve VK |€am)

+ 2 2 2 (ke ) vk lean ) &y [Vld,) - (14)
vy R

Equation (12) is to be solved upon the initial conditions

XamR}0,,06,0, att= — (15)
which implies that

(r,t|R )¢t [R)>Y,(F[R), att= — o
with the index g specifying the initial state of the system
before entering the laser field. It is interesting to see that

(Bn|€,)0op0mn, a8 R—oo (16)

and, therefore,

PtR)>Y Y Wam® ™ WalrlR), as R—w .(17)
Equations {16) and (17) indicate that the probability to find
the system in a field-free quasimolecular state v after the
collision can be defined as

Pm(p,vo;Eo,w) = 2 lem(t = + °°)|2 (18)

for each specified impact parameter p and initial nuclear
impact velocity V,. The total cross section for the system
going from the initial state u to the final state v can thus be
written as

0, (Vo Eg,0) = 27)’J(; dp pP,.(p,vo;Epw) . (19)

It is instructive to examine the coupled adiabatic Eq.
(12) in the limit of |E,| approaching zero. Noticing that

€nR)—E, + mo
and

(Bn|€ap )—80p0mn » aS|Eo|—0, (20)
we find that Eqg. (12) reduces to

ig;XBn(R ) =Eg)xp.(R) —I'Rz <¢B|VR [ ) Yo (R )
(21)

which are simply the coupled equations for the case of field-
free collisions* if one sets n equal to zero. Therefore, one can
see clearly that the first term on the right-hand side of Eq.
(14) is mainly responsible for the transition caused by the
interaction between the colliding system and the laser field,
while the second term is primarily dominated by the transi-
tion caused by the motion of the nuclei. From the discussions
so far, we have interpreted the electronic transitions under-
going in the collisions being the transitions between various
well-defined DQMS driven only by the motion of the nuclei,
instead of being the transitions between different field-free
quasimolecular states caused by both the nuclear motion
and the applied laser field.

We note that the DQMS defined by Eq. (3) form a set of
adiabatic basis which incorporate both the motion of the
nuclei and the presence of the laser field. The corresponding
adiabatic DQMS energy curves €,,, (R ) will have regions of
the avoided crossings which, in turn, provoke strong cou-
plings, represented by the matrix elements of the operator
V in Eg. (12), between the adiabatic DQMS. In the regions
of the avoided crossings of the adiabatic DQMS energy
curves, a more appropriate physical description may be ob-
tained by transforming the existing adiabatic DQMS basis
into a set of the diabatic DQMS basis for which the coupling
matrix elements of V, are small and transitions are driven by
a potential matrix. For convenience, we shall use the nota-
tions €2, ¢ 5., and y &,, to denote the quantities defined in
the adiabatic DQMS basis. Following closely the definition
of the diabatic states introduced by Smith*>® and Heil and
Dalgarno,?® we construct, from the adiabatic DQMS basis
{¢2,(r2|R)} defined by Eq. (3), the diabatic DQMS basis
{# 2,1} via the transformation

$5R) =3 3 #enComamR), (22)

where the matrix [ C,,,, z.(R )] satisfies the relation

Z z [Aam. vk (R )C‘yk‘ Bn (R )] + vR Cum, pn (R ) = 0 (23)
vy k
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with C,, g,(R }>0,58,, at large R
and

Aoy R)=( om VRS 5 x - (24)
Equations (22) and {23) ensure that

(¢ &n V|8 5:))r =0 (25)

and a set of the coupled diabatic equations is thus obtained as
follows:

lg;xgn (R ) = 2 2 Vﬂn,am (R )X:ixm (R ) ’ (26)

where the potential matrix [V] is defined by the relation
Vﬁn.am = 2 ; (C _l)ﬂn,yk (R )E:'k (R )Cyk,am (R ) . (27)
Y

Equation (26} is then solved subject to the initial conditions
XZM(R ) = 5a;45m0 at t= — o (28)

with g indexing the initial state of the colliding system. The
transition probability and the total cross section are defined
viarelations (18) and (19) by simply replacing y .. (¢t = + o)
by x ¢.(t = + o) in which v denotes the final state of the
system.

IIl. TWO-STATE APPROXIMATION

To illustrate the salient features of the general theory
outlined in the previous section, we shall confine ourselves
now (o a two-state approximation defined below. First we
assume that only two field-free quasimolecular states, e.g.,
¥, (r|R) and #,(r|R ) with one corresponding to the incom-
ing channel and the other an outgoing channel which is cou-
pled most strongly to the incoming channel during the colli-
sion, are needed to expand the adiabatic DQMS wave
function ¢,,,, (r.z |R ) of Eq. (7). We further assume that only
two adiabatic DQMS are needed to expand the total elec-
tronic wave function ¥ (r,z |R ) of Eq. (11) to describe the dy-
namics of the collision. A good example, which is to be stud-
ied in the following, for the two-state approximation is the
single photon laser-assisted charge transfer reaction'>!?

He** + H(ls) + o—>He*(n=2)+ H*, (29)

where the system initially is in the 2po state which is con-
nected to the 3do state via a single photon absorption. The
2po and 3do states are at resonance with each other at an
internuclear distance R, where large transition dipole mo-
ment between the two states is displayed.

Assuming only the 2po and 3do states are involved in
the process (29), the two adiabatic DQMS wave functions, to
be denoted as ¢ ;(r,z |R ) and ¢ 5(r, |R ), in the two-state ap-
proximation can be written explicitly as

$ort|R) =1, 3

m= — oo

(ZPU’mIG: Yem + g,

X 3 (3domles)em (30)

= — oo

and

BUIR) =t S (2pOmIE)e™ 4y,

m= — oo

X 3 (3dom|esyem, (31)
where the expansion coefficients can be determined via Eq.
(9), and €, and ¢€; are subject to the asymptotic conditions

ER=+ w)=Ey, (32)
and
€GR= + w)=Ey, —0. (33)

The sum over m is in general truncated to only a few terms.
The coupled adiabatic equations, i.e., Eq. (12), thus reduces
to, in the present case,

i XR) = €5 R) ~ R+ ((85|Val82)) aX5iR)

(34)
and
i 5R) = & 5(R) R+ (B5[Val#2)axsR ),
(35)
and are required to fulfill the initial conditions
Xplt= —o)=1 (36)
and
Xalt=—w)=0. (37)

Here we have assumed that (i) (#,,,|Vz|t,,,) and

(V340 [Vr1¥3a,) are zero, and (ii) (¥, (Vg ([¥sa0)
= — (134, |Vr |¥5,,) and are real. These choices ensure
that

(P 1VRIBN e = — ({gIVRIED)r - (38)
In the two-state approximation, the coupled diabatic equa-
tions, i.e., Eq. (26), can be obtained easily from Egs. (34) and
(35), namely,*

idyg/dt =V, Ry (R)+ V,,(R)y;R) (39)
and

idyg/dt ="V, (R)xs(R)+ V, R )yjR) (40)
in which

yit= —w)=1 (41)
and

xit= —)=0, (42)
where

V,,,,(R)=e‘; coszg(R)+e; sinzg(R), (43)

qu(R)=e; sinzg(R)+e§ coszg(R), (44)
and

Vi[R) =V, (R) =}(€; — €3)sin 2 (R ), (45)
with

g(R)=f: (($2Vx 169))-dR" (46)
and

J. Chem. Phys., Vol. 81, No. 2, 15 July 1984



792 Ho, Chu, and Laughlin: Laser assisted charge transfer reactions

(B2IVRI#2)) = 3 [(2p0,m|e2) Vo (2po,mien)

m

+ (3do,m|€; )V (3do,m|el )}
+ Z {(2po,m|e;)(3do,m|e;) — (3do,m|es)

X <2P‘7,m|62)} : <¢2p¢7,vR (Y340 - (47)
We remark that the coupling matrix element
(255 |V & |¥34,) is purely radial in origin and only depends
on the internuclear separation R.? Therefore, the coupling
matrix element ((42|Vo|¢2))y is only a function of the
internuclear distance R.

Equations (34}, (35), (39), and (40) can be readily trans-
formed into their interaction representation, namely,

. d -
l;xZ(R)= — iR« ((¢;|Vr]#5 )
X exp [iJ; (€5 —GZ)dt’] ‘Xq(R), (48)
.d a —_ D . a a
’El’q(R)— +iR <<¢p|le¢q>)R
Xexp[—-iL{e;’,—e,j}dt'}-,y;(R), 49)

i%xZ(R)z Voe(R) -exp{iJ; (Vo — qu)dt’] -Y3(R),

(50)
and
i%)(;‘(R)= V(R )-exp[ —iJo v, — qu)dt’] YR,

(51)

subject to the same initial conditions as Eqgs. (36), (37), (41),
and (42). To solve Eq. (48) via Eq. (51), we shall further, for
simplicity, assume that: (i) the effects of (¢, |r|¥,,,) and
(34 |T|¥34, ) are ignorable: (ii) the nuclear trajectory will be
taken as rectilinear, i.e., R(t) = V¢ + p where V, is the inci-
dent nuclear velocity, p the impact parameter, and the origin
of the time ¢ is set at the classical turning point of the nuclear
motion. Furthermore, for the two-state approximation de-
fined in this section to remain realistic, we have implicitly
assumed that the reaction rate for the process (29) is negligi-
bly small in the absence of laser fields. The relative velocity
¥, of the nuclei should satisfy the conditions®*

1/M<V,<1 (a.u.) (52)

with M the reduced mass of the nuclei, which is about 1224
a.u. for the (He H)* * system, in order for the semiclassical
treatment of slow collisions to be valid.

IV. RESULTS AND DISCUSSIONS

In the following, we shall examine the structure of the
two states, namely, 2po and 3do of the system (He H) "2, and
how they are coupled to each other in (i) the Born—-Oppenhei-
mer quasimolecular basis, (ii) the adiabatic DQMS basis, and
(iii) the diabatic DQMS basis. Possible approximate proce-
dures for evaluating the charge transfer transition probabil-
ity from the state 2po to the state 3do and, therefore, the

total capture cross section will be introduced as the discus-
sion proceeds. In addition to the conditions aforementioned,
we shall specifically study the case where the laser wave-
length A = 3000 A, which brings about a resonant situation
at R, ~6.0 a.u. nearby the maximum transition dipole mo-
ment between the states 2po and 3do; [see Fig. 1(b)]. In addi-
tion, Ey(6,¢ ) the laser amplitude is lying in the collisional
plane denoted by ¢ = 0°, and is perpendicular to the impact
velocity V,, which, in turn, defines the Z direction of the
laboratory frame. The choice of this geometry ensures that
the DQMS potential energy curves are symmetrical about
the classical turning point of the nuclear motion.

A. Potential energy curves and coupling matrix
elements

In Fig. 1(a) we show the field-free quasimolecular po-
tential energy curves, solid lines, of the states 2po and 3do of
the system (He H)* *, while in Fig. 1(b), their corresponding
transition dipole moment |(#,,, |r|ts4, )|, calculated using
the method of Ref. 26, is displayed. In the absence of the
laser, these two states are nonresonant and not reactive as

0.0

10.0 15.0 20.0

[<¥opo ! Fi¥3as> | (L)

0,-....IL
0.0 5.0

10.0 15.0 20.0
R .(aw)
FIG. 1. (a) The field-free quasimolecular electronic energies of the 2po and
3dostates of the (HeH)* * system (solid curves). By subtraction #iw from the
upper E,,, curve (or equivalently by adding #iw to the lower E;,, curve), one
sees the two curves E,,, — fiw and E,, (or E,,, and E,,, + fiw), cross at
about R, =6.0a.u., when 4 = 3000 A. {b} Electronic transition dipole mo-
ment.
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the nuclei move very slowly. After turning on the laser of
appropriate wavelength, 4 = 3000 A in this case, the two
states will be coupled strongly via the electric dipole interac-
tion nearby the internuclear separation R, where the energy
defect of the two curves is equal to the laser frequency, see
the dotted curvein Fig. 1(a). Aslong as the laser field is weak,
the field-free potential energy curves are not significantly
distorted, one can always expand the total electronic wave-
function in Eq. (1) in terms of the truncated field-free quasi-
molecular basis. The transition is thus considered as the
transition between the field-free states caused by the nuclear
motion and by the laser. Studies based on this picture have
been made elsewhere in great detail, and will not be repeated
here.

As the laser intensity grows, both adiabatic and diabatic
DQMS should provide a more stable basis than the field-free
states. In the adiabatic DQMS basis, the two curves which
cross each other at R, ~6.0 a.u. in Fig. 1(a) will exhibit
avoided crossing at the same location, and strong nonadiaba-
tic transition will occur near R, due to the motion of the
nuclei. The curves nearby the avoided crossing region R, are
displayed in Fig. 2(a) for the case that the impact parameter
p = 4.7 a.u,, the incident velocity ¥, = 1X 10’ cm/s, the la-
ser wavelength A = 3000 A, and the laser intensity takes on
the values 0.4, 1.0, and 4.0, TW/cm?, respectively. One sees
that the gap between the curves of the avoided crossing
grows as the laser intensity increases'® and, thus, more mix-
ing of the two unperturbed dressed (or Floquet) states. The
purely radial coupling strength, i.e.,
|dR /dt ({$;|d /dR |¢ 3)) x|, of the two adiabatic DQMS is
shown in Fig. 2(b). We find that the stronger is the laser field,
the lower and the broader the profile of the radial coupling
matrix will be. Here we remark that the two DQMS wave
functions and their associated energies have converged as far
as the Floquet structure calculation is concerned. For the
current problem, a 4 X4 truncated Floquet Hamiltonian,
ie.,

E,+0o b 0 0
o] En. b _: 0
i 0 ‘b Ey o, b ’
0 i 0 b L E,  —2w

(53)

will suffice for all cases. At a weaker field case, e.g., I = 0.4
TW/cm? a 2x2 Floquet Hamiltonian of the inner part of
Eq. (53), which is equivalent to a rotating wave approxima-
tion, will be sufficient.

Therefore, to a good first-order approximation, the
adiabatic DQMS energies may be written as>'®

d

fi&.« o
dt ?l1dR

P71 R

b)), o1 v )

-0.8

(a.u.)

Adiabatic DQMS Energy

7.0

(a.u.)

| 88«3l SalpE>n |

8.0

FIG. 2. The adiabatic DQMS energies [Fig. 2(a)] and the corresponding
radial coupling matrix elements [Fig. 2(b)] as functions of the internuclear
separation R. Cases for the different laser intensities (/) are shown: solid
curves, I = 0.4 TW/cm?, dotted curves, I = 1.0 TW/cm?, and dash—dotted
curves, I = 4.0 TW/cm’. Note that the avoided crossing pattern nearby R,

is strongly intensity dependent [Fig. 2(a)], and so are the radial coupling
matrix elements [Fig. 2(b)].

&R)=4[(E, + Eviy — a)

bz 2
Ty

(54)

and

ég(R )= %{(Ezpa +E;;, —o)

b2 2
-\ (B = B ra= ) er).

(55)
and the adiabatic radial coupling matrix element becomes

[

(B = Brae 0= 2) L1} [ (Bare — Bras + 0~ 2] + 107) (56)
por o @ 4R 2po 3do © ’
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where

=— 5('/’2,00 T[54, ) « Eo(@ = 90° ,6 = 0°).
Here the factor |b |*/w is responsible for the lowest order
correction to the simple rotating wave approximation, and
the quantity || is not only a function of R, but is also a
function of the impact parameter p.

In Figs. 3(a) and 3(b), we depict, respectively, the diag-
onal and off-diagonal matrix elements of the potential ma-
trix V(R ) in the diabatic DQMS basis. The diagonal matrix
elements cross each other at a certain internuclear distance
R, which is determined by the relation

é(R,)=E ({63 [-Z|es))ar==Z. 7

This can be readily seen from Egs. (43) and (44). The off-
diagonal matrix elements become larger as the laser intensity
increases since they are proportional to the difference of the
two adiabatic DQMS energies which become more separat-
ed from each other at stronger laser fields. One also sees that

(au)

Diabatic DQMS Energy

50 60 70

0.01

1

Ve (R) (&U.)
o
o
o
B

0.00

1 Il "
50 60 70 80 90 100 11.0 120
R (auw)

FIG. 3. The diabatic DQMS energies [Fig. 3(a)] and the corresponding off-
diagonal potential matrix elements [Fig. 3(b)] as functions of the internu-
clear separation R, for three different laser intensities. Curve notations are
the same as in Fig. 2. Note that the diabatic curves cross at R, [Fig. 3(a)].
The off-diagonal matrix elements, which are strongly intensity dependent
[Fig. 3(b)], in general are small in magnitude and smooth functions of the
internuclear separation R [in sharp contrast to the adiabatic radial coupling
matrix elements which peak at R,, cf. Fig. 2(b)].

these off-diagonal matrix element are in general small in
magnitude and are a smooth function of the internuclear
distance. It is the smallness of these off-diagonal matrix ele-
ments of the diabatic potential, i.e., Eq. (45), which enables
one to pursue either exact numerical integration of Egs. (50)
and (51), or to adopt some sort of perturbative scheme to
evaluate the transition probability of the laser assisted
charge transfer reaction (29).

B. Charge transfer transition probabilities and total
cross sections

In this section we shall evaluate the charge transfer
transition probabilities and total cross sections based solely
upon the diabatic DQMS basis, i.e., solve the diabatic cou-
pled equations (50) and (51) subject to the proper initial con-
ditions. The reason for this choice has been given previously.
We shall now first examine some symmetry properties of
Egs. (50) and (51). Since the field is assumed to be perpendic-
ular to the impact velocity, we have

qu(—t): qu(t) (58)

and
t —1
J; (Vo — Vogldt' = —f (Vop — Vo)t . (59)
0

Thus the time evolution operator U(z,2,), which obeys the
equation

i% Ultto) = Vit )UlKto),  with Ultgto) =1 (60)

has the following time-reversal symmetry:
U*( —1,0) = U{1,0). (61)
Equation (61) leads to the following equality relations:
U(+ o0, — o) = U(e0,0)UT(0,0) (62a)
=U"(0, — 0)U(0, — ), (62b)

where U7 denotes the simple transpose. Equations (62) sug-
gest that the integration of Egs. (50} and (51) needs to be
carried out only for theinterval 0 < < + oo Or — o0 <2 <0.
Furthermore, if we write down the unitary matrix U(oo,0)
explicitly as

U(oo,O)=(VI——‘.Deim _‘/’;e‘h?z), (63)
‘/;e”lz \/T_—pe*"’h

we can express the charge transfer transition probability as’

Py 300 (P Vo Eqw) =2(1 —plp -2 sin® (9, +7,),
(64)
where p may be considered as the probability that the system
makes a transition in a single passage through the crossing
region. 77, and 17, are the phase shifts which are responsible
for large oscillations of the transition probability when ex-
pressed as a function of the impact parameter p. It will be
seen that the less oscillatory part, i.e., 2(1 — plp, of Eq. (64)
alone can describe nicely the averaged behavior of the transi-
tion probability P,,, _ ;,,, especially whenp < R,,.
Besides exactly solving Eqs. (50) and (51), various ap-
proximate schemes can be invoked. Here we shall only pres-
ent our data in the following four versions: (i) the exact calcu-
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lations by integrating numerically Eqgs. (50) and (51),
incorporating the symmetries just mentioned; (ii) the first
order Magnus M 1 calculation, i.e., the time evolution opera-
tor U(t,t,) is approximated as®®

Ult,to) = exp[ —i L Vit ')dz’] , (65)

so the transition probability can be expressed as

Py ZJO dtV,,(t)

2po — 3do

(P V5 Eqw) = sin’

(66)

13
xexp[i J- (Vo — Vo)t ’}
)]
for the two-state approximation; (iii) the ordinary first order
perturbation (P 1) calculation, i.e., the transition probability
can be written as®®
PEY

2po — 3do

(p, Vo Epw) = 4

J: dtV,(t)

2

» (67)

xexp{if Vo — qu)dt']
0

and finally; (iv) the expression

Py, 140 (P VosEe@) = 2p(1 — p) (68)
from Eq. (64). Here we note that although further approxi-
mations can be made on the preceding derivations, e.g., the
nonperturbative Landau-Zener model*® on Egs. (50) and
(51), or the stationary phase approximation (SPA)*' on Eqgs.
{66) and (67), it is not our current concern.

In Figs. 4(a), 4(b), and 4(c}) we present the scaled laser
assisted transition probabilities pP,,, ,,, as a function of the
impact parameter p for the reaction (29). We note that: (i) the
incident velocities under study fall in the region where pure-
ly a collisional transition between the states 2po and 3do is
not probable; and (ii) the calculations are performed using
the converged Floquet Hamiltonian equation (53) for all the
intensities considered. It is understood that the RWA may
suffice at a relatively weak laser field, .g., below 1 TW/cm?.
From Fig. 4 we can conclude that: (i) the transition probabil-
ity, in the range of the velocities of our interest, is a fast
oscillatory function of the impact parameter p; the smaller
the impact velocity, the more rapid the oscillations; (i) the
exact, M 1, and P 1 results agree on the way they oscillate as a
function of p; (iii) the M 1 data are in good agreement with, in
magnitude, the exact ones at all of the intensities and the
impact velocities we consider; (iv) the magnitude of the P 1
calculations deviate more and more from the exact ones as
the intensity gets larger, or as the impact velocity gets
smaller; and (v) the Epa _ 10 Of Eq. {68) does give a satisfac-
tory description of the average behavior of the fast oscillat-
ing quantity P,,, _ 3., of Eq. (64); the tails of the ﬁzpo_ 1dor
which survive beyond the crossing point, i.e., R, ~6.0 a.u.
for A = 3000 A in this case, may introduce some error, but
the error is small as can be seen later.

It is thus instructive to study the quantity pﬁzpa _ 3do 8
a function of the impact parameter p in more detail. Figures
5(a) and 5(b) depict p - sza _ 340 at the laser intensity 7 = 1.0
TW/cm? and wavelength A = 3000 A for the impact veloc-
ity ranging from 1.55X 107 to 5X 10° cm/s. One observes
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FIG. 4. The scaled charge transfer transition probabilities p - P,,, 3., of
the process (29) as functions of the impact parameter g at (a) I = 0.4 TW/
cm?, 1 = 3000 A, and ¥ = 1.0X 107 cm/s; (b) 1 = 1.0 TW/cm?, A = 3000
A, and ¥=1.0x10" cm/s; and (c) /= 1.0 TW/cm?, A = 3000 A, and
¥V = 5% 10° cm/s. Solid curves, the exact results; dotted curves, the M 1 re-
sults; long-dash—dotted curves, the P 1 results; and short-dashed curves, the
average results.

that at first, as one decreases the impact velocity, the whole
profileof p - P,,, _ 1,,, as a function of the impact parameter
p, grows higher and the associated maximum peak moves
toward p~R,. As this trend continues, the average
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FIG. 5. The scaled average charge transfer transition probabilities
P '7’2,,% 340 Of the process (29) as functions of the impact parameter p at
I=1.0 TW/cm? and A = 3000 A. In Fig. 5(a), ¥ =0.155X 10® cm/s,
dashed curve; 0.05 X 10° cm/s, long-dash—dotted curve; and 0.01 X 10° cm/
s, solid curve. In Fig. 5(b), ¥ = 0.10X 10® cm/s, dashed curve; 0.02 X 10°
cm/s, long-dash—dotted curve; and 0.005 X 10% cm/s, solid curve.

Ep,, _ 340 Can represent the exact Py, _,,, of Eq. (64) better
and better. Then when one further reduces the impact veloc-
ity, the profile is shifted backward and becomes lower and
broader. Moreover, although the EW _ 140 Still oscillates
and oscillates more, but considerably less than that of the
exact P, at slower impact velocity, the wiggling structure is
diminishing except nearby the region around p~R,. This
behavior of the average Ep,, _ 345 Will reduce the amount of
the calculations tremendously when one computes the total
charge capture cross sections which are to be seen below.
The total charge transfer cross sections of the reaction
(29) are illustrated in two ways: (i) as a function of the laser
intensity, and (ii) as a function of the impact velocity ¥,
while keeping all other parameters fixed. At higher impact
velocity, ¥, = 1.0X 107 cm/s, and the wavelength A = 3000
A (the same for the rest of the presentations), i.e., Fig. 6(a), we
find that: (i) the P 1 result is (almost) linearly dependent upon
the intensity; (ii) the M 1 results give a rather good agreement
with the exact ones, (iii) the average results, ie.,

c=27fy dp- pﬁ, follow very closely to the exact ones; and
finally (iv) the exact total cross section shows a strong nonlin-
ear dependence upon the laser intensity. In Fig. 6(b) we show
the same dependence of the cross section on the intensity,
but at a smaller impact velocity, i.e., ¥, = 2 X 10° cm/s. At
this velocity, we see that the P 1 calculations still remain lin-
early as a function of the intensity and become very much
deviated from all other three predictions.

In Figs. 7(a) and 7(b), we show the dependence of the
charge transfer cross sections on the impact velocity at the
laser wavelength A = 3000 A and laser intensities of (a) 0.4
TW/cm? and (b) 1.0 TW/cm?®. The P 1 results exhibit strong
linear dependence on the reciprocal of the impact velocity,
while the other three follow closely to each other. At the
higher velocity end all four calculations are in good agree-
ment with each other. The deviation of the approximate re-
sults, i.e., P 1, M 1, and the average from the exact ones be-
comes pronounced at the lower velocity end. It is interesting
to see that among the three approximate calculations (P 1,
M 1, and the average), the average results maintain the best
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FIG. 6. The total charge transfer cross sections of the process (29) as func-
tions of the laser intensity , in TW/cm?, at (a) 4 = 3000 A, V= 1.0x 10’
cm/s, and (b) A = 3000 &, ¥ = 2 X 10° cm/s. Curve notations are the same
as in Fig. 4.
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FIG. 7. The total charge transfer cross sections of the process (29) as funs:-
tions of the impact velocity ¥, in cm/s, at (a) I = 0.4 TW/cm?, 1 = 3000 A,
and (b} = 1.0 TW/cm?, A = 3000 A. For curve notations see the caption of
Fig. 4.

resemblance of the exact results except at the higher velocity
end where the dependence of the cross section is linear in the
reciprocal of the impact velocity and P1 and M 1 serve as
better approximations.

V. CONCLUSIONS

We have presented a nonperturbative semiclassical
coupled dressed quasimolecular state theory for the general
treatment of slow atomic collisions in the presence of an
intense laser field. The theory was illustrated by a study of
laser-assisted charge transfer processes of the bare heliums
slowly impinging on ground-state neutral hydrogen atoms.
It is found that the fast oscillating transition probability, as a
function of the impact parameter, at slow impact velocity
can be adequately described by an average and much less
oscillatory quantity. In the diabatic DQMS basis, the first-
order Magnus approximation generally gives a good account
of the nonlinear dependence of the total capture cross sec-
tions, while the ordinary first-order perturbation calcula-
tions always show a linear dependence, on both the laser
intensity and the reciprocal of the impact velocity. Although
for the (He-H)* * system of current interest, it has been
shown'? that the two-state model provides a good descrip-
tion of the collisional dynamics, our approach can be readily
extended to a multistate basis. The assumption of a rectilin-

ear trajectory for the nuclear motion, though a reasonable
approximation for the velocity range under consideration,
has to be relaxed for even slower collision processes. More
accurate treatment of the nuclear trajectory is currently un-
der consideration. Extension of the current approach to sev-
eral laser-assisted charge exchange processes is in progress.
Finally, we are also currently developing a quantum-me-
chanical (time-independent) close-coupling approach, in
dressed-quasimolecular states, for the exact nonperturbative
treatment of laser-assisted charge transfer processes.
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