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Polarization and intensity effects in two-photon dissociation of H2 in two-frequency laser fields

Avijit Datta and S. S. Bhattacharyya
Atomic and Molecular Physics Section, Department of Materials Science, Indian Association for the Cultivation of Science

Jadavpur, Calcutta 700032, India
~Received 2 May 2000; published 17 January 2001!

We present a detailed calculation on (111)-photon resonance-enhanced photodissociation of molecular
hydrogen. The first field of frequencyv1 is tuned to excite the ground levelX 1Sg

1(v50,j 50) to either one
of the two strongly nonadiabatically coupled intermediate vibrational levels belonging to the electronic states
B 1Su

1 andC 1Pu . These two levels can absorb a second photon of frequencyv2 and connect to the continua

of the GK 1Sg
1 and I 1Pg states as well as to the embedded discrete levels of theHH̄ 1Sg

1 andJ 1Dg
1 states.

These embedded discrete levels predissociate into the continua ofGK and I states. The differing transition
amplitudes to the continua through the different pathways interfere, giving rise to a dissociation line shape as
v2 is varied. The complex interplay between the mixture of bound and continuum states is reflected through
this line shape. Further complexity is introduced by the radiative Raman-type coupling between theB andC
state levels due to the second field. We have shown how the line shape changes with the change in relative
polarizations of the two fields and their intensities in addition to the variable laser detuning. The polarization
effects are very different depending on whetherv2 is near resonance or off-resonance with the predissociating
levels. The polarization dependence has been explained with reference to the variations in rotational factors of
the matrix elements concerned and the consequent change in the dissociation amplitudes through different
pathways. It has also been shown that the second field is much more effective than the first field as far as
dissociation is concerned.

DOI: 10.1103/PhysRevA.63.023410 PACS number~s!: 33.80.Wz, 33.80.Gj
ic
re

a
e
ee

e
s

g
ls

d
tr

ia
d

ula

we
tw

o
d

. O

th
t

tic
te

-
ent
was
-

ch
he
the
of
me

-

in-
ced

er
rom
trix
dy-
n.
r-
in-
po-
the
the
ns;

on

into
I. INTRODUCTION

Multiphoton dissociation dynamics of small diatom
molecules in intense laser fields is of fundamental inte
and has attracted much attention recently@1#. Dissociative
processes in the region of moderately intense laser fields
have their own intrinsic interest as they may prove to b
convenient tool to explore nonadiabatic interaction betw
excited electronic states@2#. H2 is the simplest molecule
whose potential-energy curves and couplings between
cited electronic states have been most thoroughly inve
gated both theoretically and experimentally@3–5#. In par-
ticular, double-resonance experiments have yielded ener
of several high-lying levels, including the vibrational leve
lying in the outer wells of excited electronic states@3#. These
double-resonance experiments are similar to the situation
scribed here. In spite of such extensive work, the spec
scopic properties of all the excited states of H2 are not known
in every detail. In particular, the above-mentioned nonad
batic interactions between such states can be crucial in
termining two-photon dissociation line shapes and ang
distributions, as shown by early work of Siebbeleset al. @4#.

Recently, with the aim of investigating these effects,
have theoretically investigated resonance-enhanced
photon dissociation of H2 from the groundX 1Sg

1 state to the
final continua of theGK 1Sg

1 andI 1Pg electronic states for
linear parallel polarizations of the two laser fields@2~b!#.
Nondiabatic interactions between the electronic states in b
the intermediate and final stages of the process were foun
have an important bearing on the dissociation line shape
or near resonance, the predissociating levels of theJ 1Dg

1

electronic state were found to play a crucial role, whereas
predissociating levels of theHH̄ 1Sg

1 electronic state did no
1050-2947/2001/63~2!/023410~12!/$15.00 63 0234
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affect the dissociation line shape significantly. Nonadiaba
mixing @5,7# between the two closely spaced intermedia
resonant levels of theB 1Su

1 andC 1Pu states was also re
flected in the final dissociation line shape. The most rec
and most accurate spectroscopic study of this aspect
made by Hinnenet al. @5~a!#, where a deperturbation analy
sis was performed yielding a matrix element from whi
mixing can be determined. Here, with information on t
energy-level structure of the excited state, we investigate
effects of different polarization and intensity combinations
the two laser fields on the dissociation line shape of the sa
process, i.e., the resonant two-photon dissociation of H2 from
theX 1Sg

1(v50,j 50) level through the predissociating lev

els belonging to theJ 1Dg andHH̄ 1Sg
1 states to the continua

of the GK and I 6 states. The intermediate resonance
volved are the two nonadiabatically coupled, closely spa
levels v514,j 51 of the B 1Su

1 state andv53,j 51 of the
C 1Pu state @6#. The changes in polarization of the las
fields cause changes in the geometrical factors, arising f
rotation, in various radiative matrix elements. These ma
elements enter into the description of the dissociation
namics in different ways and mostly in a nonlinear fashio
They interfere with each other differently for different pola
ization combinations at particular fixed frequencies and
tensities of the two fields. Thus we have found that the
larization dependence may give interesting insight into
nonadiabatic mixing of various levels. Here we present
dissociation line shapes for four polarization combinatio
~i! linear-linear, ~ii ! circular-circular ~same sense!, ~iii !
circular-circular~opposite sense!, and ~iv! circular-linear of
the two laser fields, for the fixed peak intensity combinati
I 1

053.513108 and I 2
052.253106 W cm22. We found that

the polarization dependence may give interesting insight
©2001 The American Physical Society10-1
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AVIJIT DATTA AND S. S. BHATTACHARYYA PHYSICAL REVIEW A 63 023410
the nonadiabatic mixing of various levels. The relative inte
sity variations of the two laser fields for a fixed polarizati
combination (circular1linear) with changing Rabi frequen
cies have been studied for their effect on the dissociation
shape.

II. THEORY AND FORMULATION

The scheme for multiphoton dissociation of the H2 mol-
ecule that we have considered here is shown in Fig. 1 on
pertinent potential-energy diagram. Molecules initially in t
v50,j 50 level of the groundX 1Sg

1 electronic state~which
we have designated asu0&! successively absorb two photon
of frequency v1 and v2 , and dissociate as H(1s)
1H~2s/2p), wherev and j are the vibrational and rotationa
quantum numbers, respectively. The near-resonant inte
diate levels that are coherently excited after absorption
photon of frequencyv1 are thev514, j 51 level of the
B 1Su

1 electronic state, designated asu1&, and thev53,j
51 level of theC 1Pu electronic state, designated asu2&.
They have a separation of 17.2 cm21 in the adiabatic Born-
Oppenheimer approximation, but are strongly coup
through nonadiabatic~NA! interaction@7#. The laser of fre-
quencyv2 resonantly couples both levelsu1& andu2& with the
continua ofGK 1Sg

1 and I 1Pg states, which we denote i
general byu«&. The transition to the dissociative continuu
of the EF 1Sg

1 state is negligible and has been neglec
@2,8#. The range of frequencyv2 is so chosen that from th
intermediate levelsu1& and u2&, after absorption of av2 pho-

FIG. 1. Adiabatic potential energiesV(R) for the pertinent
states of H2. Excitations from the initial ground level of theX state
to the two closely spaced nonadiabatically coupled intermed
levels of theB andC states and then dissociation to the final co
tinua of GK and I states directly or through predissociating leve

of HH̄/J states are shown schematically.
02341
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ton, near resonance may occur with the bound rovibratio
levels of theHH̄ 1Sg

1 state withj 50 and 2 andv either 4 or
5 ~levels u3& and u4&, respectively, in our notation! and also
with the j 52 level of theJ 1Dg

1 state~level u5&! andv either
4 or 5. These levels are embedded within the continua of
GK and I states and interact nonadiabatically with them
dissociate as H~1s)1H~2s/2p). Thus additional pathways o
H2 photodissociation are provided via these predissocia
~PD! levels. Other bound levels of theHH̄ andJ states, and
the quasibound levels of theI state, which may act as pre
dissociating levels, are highly off-resonant withu1& and u2&,
and are not effectively coupled to the intermediate levels
the photon of frequencyv2 . Hence they contribute insignifi
cantly to the dissociation dynamic at the laser intensities
are interested in.

As the dissociation scheme considered in this pape
essentially the same as in our previous paper@2~b!#, we
present here only a brief outline of the formulation.

The time-dependent Schro¨dinger equation for the molecu
lar system in the two-frequency laser fields is given by~in
a.u.!

i
]uC&

]t
5HuC&5@Hmol1Ṽrad1Ṽ~ t !1ṼNA#uC&. ~1!

Ṽrad and ṼNA are the radiative and nonradiative interacti
operators, which are time dependent and time independ
respectively.

The total wave function is expanded in the adiabatic ba
as

uC&5(
n

Cn~ t !exp~2 iEnt !un&1 (
j 51,2

E C« j
~ t !

3exp~2« j t !u« j&d« j , ~2!

whereEn is the energy of thenth level (n50 – 5), andu« j&
is the j th continuum state corresponding to an energy« j .
The two continua~with j 51,2) considered here belong t
the GK and I electronic states, respectively.

Putting Ṽ5Ṽrad(t)1ṼNA , the equation of motion for the
probability amplitudes in the base of the above five discr
states and the continua can be written as

Ċn~ t !52 i(
m

ṼnmCm~ t !ei ~En2Em!t

2 (
j 51,2

E Ṽm« j
C« j

~ t !ei ~En2Em!td« j , ~3!

where Ṽnm5^muṼun& is the interaction matrix element be
tween un& and um&, which is time dependent for radiativ
interaction and time independent for NA interaction.

The radiative interaction is taken to arise from two cla
sical pulsed laser fieldsE1 and E2 , of frequenciesv1 and
v2 , with different polarizations«̂1 and «̂2 . Thus the total
laser field is

te
-
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POLARIZATION AND INTENSITY EFFECTS IN TWO- . . . PHYSICAL REVIEW A 63 023410
EW ~ t !5E1~ t !cos~v1t !«̂11E2~ t !cos~v2t !«̂2 . ~4!

The field amplitudesE1(t) and E2(t) are both assumed t
have a sine-squared time dependence with a pulse dur
tp and pulse full width at half maximumtp/2 @2,10#, E1(t)
5E1

0 sin2(pt/tp) andE2(t)5E2
0 sin2(pt/tp), whereE1

0 andE2
0

are the peak amplitudes.
The bound-stateS/P/D wave functions, free-stateS/P

wave functions, and time-independent electron-nuclear r
tional matrix elements of the nonadiabatic coupl
configuration-interaction Hamiltonian were defined in o
previous paper@2~b!# in detail. The radiative interaction
Hamiltonian in this case is

Ṽrad52EW ~ t !•d52@E1~ t !cos~v1t !«̂1•dW

1E2~ t !cos~v2t !«̂2•dW #, ~5!

where@9#

«̂•dW 5 (
l51

11

dlDpl
1* ~f,u,0!~122dp1!. ~6!

Hereu andf are the directions of the internuclear axis wi
respect to the space-fixedZ axis. The peak amplitudeE0 and
peak intensityI 0 are connected by the relation

I 05
c~E0!2

8p
. ~7!

~where both I 0 and E0 are in a.u.!, i.e., I 0

53.511 89310163(E0)2 ~whereI 0 is expressed in W cm22

and E0 is expressed in a.u.!. We indicate the polarization
indices of the two fields of peak intensitiesI 1

0 of frequency
v1 andI 2

0 of frequencyv2 by p1 andp2 , respectively. The
polarization index isp50 for parallel linear andp561 for
02341
ion
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the two senses of circular polarization. The four combin
tions of polarization (p1 and p2) we have used here are a
follows.

~i! Both the fields are linearly polarized parallel to th
space-fixedZ axis. For this case, onlyDM50 transitions are
involved, whereM is the projection of the angular momen
tum j on the space-fixedZ axis and polarization indices ar
p150,p250.

~ii ! Both fields are circularly polarized in the same sen
and the direction of propagation of both is parallel to t
space-fixedZ axis; the polarization vector lies on theX-Y
plane. For this caseDM51 ~or 21! will be involved and we
takep151 andp251.

~iii ! The same as the combination~ii !, but the senses o
polarization of the two circularly polarized fields are opp
site to each other. Herep151 andp2521.

~iv! The field of frequencyv1 is circularly polarized and
is propagating parallel to theZ axis and the second field o
frequencyv2 is linearly polarized along this space-fixedZ
axis ~and hence is propagating in the space-fixedX-Y direc-
tion!.

Using the corresponding values ofp1 andp2 for the dif-
ferent polarizations we obtain the values of the matrix e
ments and the required parameters for our model. The ra
parts of the matrix elements involved are independent
radiation field polarizations. However, the integration ov
the angular coordinates will give different radiative matr
elements for different polarizations. The relevant magne
quantum numbers of the resonant intermediate levels and
final levels will be different for different polarization comb
nations. The expressions for the relevant radiative parame
~e.g., radiative widths and shifts of the intermediate leve!
are evaluated from the bound-free matrix elements by in
gration over all the directions of motion in the continua.

The matrix element of the operator«̂•d̄ between any two
bound levels~say,g→ i , characterized by quantum numbe
j i ,Mi ,L i and j g ,Mg ,Lg) can be written as~at a laser field
E51 a.u.)
d

es,
^ j iM iL i u~ «̂•dW !u j gMgLg&5@~2 j i11!~2 j g11!#1/2@~22dL i 0!~22dLg0!#21/2(
l

~21!p2l~21!Mg2Lg~122dp1!

3F H S j i , 1 j g

M i 2p 2Mg
D J 1S j i 1 j g

L i 2l 2Lg
D 6~12dLg0!S j i 1 j g

M i 2p 2Mg
D

3S j i 1 j g

L i 2l Lg
D J 6~12dL i0

!H S j i 1 j g

M i 2p 2Mg
D S j i 1 j g

2L i 2l 2Lg
D 6~12dLg0!

3S j i 1 j g

M i 2p 2Mg
D S j i 1 j g

2L i 2l Lg
D J GQL i , v i , j i :Lg, vg, j g:

~l!

5~angular part!3~radial part! , ~8!

where we have definedQL i , v i : j i , Lg, vg, j g:
(l)5*RRL i , v i , j i

* (R)QL iLg

l RLg, vg, j g
(R)R2dR as the radial part of any bound-boun

matrix element and the rest is the angular part~or factor!. Again, QL i , Lg

l (R)5*RCL i
* (rWe ,R)dl(rWe ,R)CLg

(rWe ,R)drWe are the

electronic transition moments between two statesLg and L i , rWe and R are the electronic and relative nuclear coordinat
respectively, anddl is the dipole moment operator.
0-3
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The transition matrix element between any intermediate bound level and a continuum state~say,i→ f ) can be written as~at
a laser fieldE51 a.u.)

^ j fM fL f u~ «̂•dW !u j iM iL i&5F ~2 j f11!

4p GF ~2 j i11!

4p G1/2

~2 i ! j feid j f~22dL f0
!21/2~22dL i0

!21/2

3(
l

~21!p2l~21!Mi2L i~122dp1!E
u,f

†@DM fL f

j f ~f,u,0!DM fL f

j f ~fk ,uk,0!

6~12dL f0
!DM f2L f

j f ~f,u,0!DM f2L f

j f ~fk ,uk,0!#

3D2p,2l
1 @D

2Mi2L i

j i ~f,u,0!6~12dL i0
!D2MiL i

j i ~f,u,0!#sinu du df‡QL f v f , j f :L i , v i , j i :
~l!, ~9!
y
t

av
a

at

a
re

end

ely,

t

whereQL f , v f : j f , l i , v i , j i :
(l) is defined as the radial part of an

bound-free matrix element and the rest is the angular par~or
factor! of the bound-free matrix element.

As shown in our previous paper@2~b!#, we can obtain
seven coupled differential equations using the rotating-w
approximation, considering only the resonant and ne
resonant terms. Continuum states can then be elimin
from the basis set expansion of the Schro¨dinger equation
and, using the Markov approximation@11#, the problem is
formulated in terms of a set of six coupled differential equ
tions involving only the resonant discrete and quasidisc
levels:

Ċ0~ t !52 iC1~ t !V01~ t !e2 iD10t2 iC2~ t !V02~ t !e2 iD20t,
~10a!

Ċ1~ t !52 iV12C2~ t !eid12t2 iV13~ t !C3~ t !eiD13t

2 iV14~ t !C4~ t !eiD14t2 iV10~ t !C0~ t !eiD10t2C1~ t !

3@ 1
2 g111 is11#2C2~ t !@ 1

2 g121 is12#e
id12t2C3~ t !

3@ 1
2 g131 is13#e

iD13t2C4~ t !@ 1
2 g141 is14#e

iD14t

2C5~ t !@ 1
2 g151 is15#e

iD15t, ~10b!

Ċ2~ t !52 iV21C1~ t !e2 id12t2 iV23~ t !C3~ t !eiD23t

2 iV24~ t !C4~ t !eiD24t2 iV25~ t !C5~ t !eiD25t

2 iV20~ t !C0~ t !eiD20t2C1~ t !@ 1
2 g211 is21#e

2 id12t

2C2~ t !@ 1
2 g221 is22#2C3~ t !@ 1

2 g231 is23#e
iD23t

2C4~ t !@ 1
2 g241 is24#e

iD24t2C5~ t !

3@ 1
2 g251 is25#e

iD25t, ~10c!

Ċ3~ t !52 iV31~ t !C1~ t !e2 iD13t2 iV32~ t !C2~ t !e2 iD23t2C1~ t !

3@ 1
2 g311 is31#e

2 iD13t2C2~ t !@ 1
2 g321 is32#e

2 iD23t

2C3~ t !@ 1
2 g331 is33#, ~10d!
02341
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Ċ4~ t !52 iV41~ t !C1~ t !e2 iD14t2 iV42~ t !C2~ t !e2 iD24t2C1~ t !

3@ 1
2 g411 is41#e

2 iD14t2C2~ t !@ 1
2 g421 is42#e

2 iD24t

2C4~ t !@ 1
2 g441 is44#, ~10e!

Ċ5~ t !52 iV52~ t !C2~ t !e2 iD25t2C1~ t !@ 1
2 g511 is51#e

2 iD15t

2C2~ t !@ 1
2 g521 is52#e

2 iD25t2C5~ t !@ 1
2 g551 is55#,

~10f!

where D i05Ei2Eo2v1 , D ik5Ei2Ek1v2 , d i l 5Ei2El ,
dk« j

5Ek2« j ( i ,l 51,2 and k53,4,5,« j ), Ṽ015V01e
iv1t,

Ṽ135V13e
iv2t, Ṽ1« f

5V1« f
eiv2t, Ṽ125V12, Ṽ3« f

5V3« f
, etc.,

gnm52p (
j 51,2

E Vn« j
V« jm

* d~En82« j !d« j , ~11a!

and

snm5 (
j 51,2

PE Vn« j
V« jm

*

En82« j
d« j , ~11b!

whereEn85En1v2 for n51,2 andEn85En for n53,4,5. P
indicates the principal value part of the integral.

The diagonal elements withm5n for n51,2 represent
the linewidths (g11 andg22) and shifts (s11 ands22) of the
levels u1& and u2& due to their radiative interactionsVn« j

5Ṽn« j
e2 iv2t with the continua of theGK andI states. These

linewidths and shifts are time dependent, since they dep
upon the laser field intensities. The off-diagonal elementss12
andg12 represent the real and imaginary parts, respectiv
of the Raman-like coupling terms between the two levelsu1&
and u2& introduced by the field of frequencyv2 . The diago-
nal elements form5n53,4,5 give the field-independen
~and hence time-independent! linewidths (gnn) and shifts
(snn) of the levelsu3&, u4&, and u5& arising from their NA
interactionsVn« j

5Ṽn« j
with the continua ofGK andI states.
0-4
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The off-diagonal elementss1n ,s2n , and g1n ,g2n with n
53,4,5 give the real and imaginary parts of the radiati
nonadiabatic mixed terms.

Equations~10a!–~10f! are solved numerically using th
fourth-order Runge-Kutta method@12# by imposing the ini-
tial condition C051 and C15C25C35C45C550 at t
50. From the populationsuCn(t)u2 of the different levelsun&
(n50 – 5), the dissociation probabilityP(t) at any timet
can be calculated as

P~ t !512 (
n50

5

uCn~ t !u2. ~12!

TABLE I. Radial parts of the matrix elements of the dipo
moment operator between different radiatively interacting bou
levels.

State Radial part

X-B 0.182 03
X-C1 20.291 98

B-HH̄(v54) j 50 j 52

0.031 62 0.030 58

C1-HH̄(v54) j 50 j 52

20.030 32 20.074 72
C1-J1(v54) 0.558 29

B-HH̄(v55) j 50 j 52

20.037 43 20.037 33

C1-HH̄(v55) j 50 j 52

20.153 13 20.140 416
C1-J1(v55) 20.149 47
02341
-

The mode of calculation of the parameters from data av
able in the literature has been discussed in our previous p
@2~b!#.

III. RESULTS AND DISCUSSION

As in the earlier work@2~b!#, the six predissociating level
considered in this work have been divided into two grou
The first group~designated as group 1! contains the three PD
levelsv54, j 50 and 2 of theHH̄ state andv54, j 52 of
the J state, while the second group~designated as group 2!
contains the other three PD levelsv55, j 50 and 2 of the
HH̄ state andv55, j 52 of the J state. As the second fre
quencyv2 is varied, the final continuum energy increas
from below the group-1 PD levels to above the group-2
levels.

The direction of the space-fixedZ axis, the direction of
the polarization vectors with respect to this axis, and
selection rules for the magnetic quantum number have b
discussed earlier. In Tables I and II, we have listed the ra
and angular parts, respectively, of the allowed radiative
teraction matrix elements between the bound levels. W
the radial parts are polarization independent, the angular
tors are different for different polarizations of the two las
fields. The polarization of thev1 photon only is involved in
the transition matrix element between the initial level and
bound levels belonging toB and C states. In the case o
transition from these intermediate bound levels to the
levels, the transition matrix elements depend on both
polarizations since the polarization ofv1 determines the in-
termediatem state ~m representing the magnetic quantu
number! from which the transition occurs. Thism depen-

d

lar-
TABLE II. Angular factors involved for different bound-bound radiative transitions for different po
izations of the two laser fields.~The two indices denote thej andM quantum numbers respectively.!

State

Circular-
linear
~11,0!

Same-sense
circular
~11,11!

Opposite-sense
circular
~11,21!

Linear parallel
~0,0!

X-B 2
1

)
2

1

)
2

1

)

1

)
(0,0)→(1,1) (0,0)→(1,1) (0,0)→(1,1) (0,0)→(1,0)

X-C1
2
&

)
2
&

)
2
&

)

&

)
(0,0)→(1,1) (0,0)→(1,1) (0,0)→(1,1) (0,0)→(1,0)

B-HH̄
1

A5
2
&

A5

1

A15
2

1

)

2

A15

1

)
(1,1)→(2,1) (1,1)→(2,2) (1,1)→(2,0) (1,1)→(0,0) (1,0)→(2,0) (1,0)→(0,0)

C1-HH̄
1

A10
2

1

A5

1

A30

&

)

&

A15
2
&

)
(1,1)→(2,1) (1,1)→(2,2) (1,1)→(2,0) (1,1)→(0,0) (1,0)→(2,0) (1,0)→(0,0)

C1-J1 )

A10
2
)

A5

1

A10

&

A5
(1,1)→(2,1) (1,1)→(2,2) (1,1)→(2,0) (1,0)→(2,0)
0-5
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dence causes the intermediate bound-PD level matrix
ments to be different for different combinations of polariz
tion. In Table III, we have listed angular factors for a
radiative bound-free matrix elements that arise for differ
polarization combinations of the two laser fields. The pe
intensities of the two laser fields have been kept fixed aI 1

0

53.503108 and I 2
052.253106 W cm22 in this calculation.

The rest of the required parameters are the same as in
previous paper@2~b!#.

In Fig. 2, we have plotted the radial parts of all the use
bound-free matrix elements against the kinetic energy of
dissociated fragments. We note that for bothB-GK and
C-GK transitions, the matrix elements forj 50 and 2 of the
GK state are nearly equal in magnitude but opposite in s
This is a general phenomenon observed in work with eit
H2

1 or HD1. The extrema in theB-GK matrix elements are
at the continuum energy position 3411 cm21. The radial part
of the C-GK( j 50,2) bound-free matrix element decreas
almost linearly in absolute value with increase in continu
energy in the region shown. The radial matrix element of
B-I ( j 52) bound-free transition varies with energy in an o
cillatory manner as shown in the figure. On the other ha
the radial part of the matrix element ofC-I ( j 52) first de-
creases to a minimum value at continuum energy 2195 c21

and then decreases in magnitude continuously with incre
in continuum energy.

The NA interaction between the two electronic statesB
and C mixes the two close-lying levelsu1& and u2&, i.e., v
514 andj 51 of B 1Su

1 andv53 andj 51 of 1Su
1 states so
02341
e-
-

t
k

the

l
e

n.
r

s

e
-
,

se

that two new perturbed eigenstates with mixedS1 andP1

character are created. These two perturbed eigenstate
denoted as the perturbedB and perturbedC states. They have
about 73%B character~and 27%C character! and 73%C
character~and 27%B character!, respectively@2~b!#.

In Figs. 3~a!–3~d!, we show the dissociation probabilit
as a function of the second frequencyv2 for four different
combinations of polarization of the two laser fields at diffe

FIG. 2. Variations of the radial parts of the matrix elements
intermediate bound levels to free levels of the continua with
continuum energy« measured from the dissociation threshold of t
GK/I electronic state.
TABLE III. ~Angular factor!3~complex conjugate of angular factor! for different bound-free radiative
transitions for different polarization combinations of the two laser fields.

State

~Angular factor!3~complex conjugate of angular factor!

Circular-
linear
~11,0!

Same-sense
circular
~11,11!

Opposite-sense
circular
~11,21!

Linear parallel
~0,0!

B-GK
1

5

2

5

1

15

1

3

4

15

1

3
(1,1)→(2,1) (1,1)→(2,2) (1,1)→(2,0) (1,1)→(0,0) (1,0)→(2,0) (1,0)→(0,0)

B-I 1 3

20

3

10

1

20

2

5
(1,1)→(2,1) (1,1)→(2,2) (1,1)→(2,0) (1,0)→(2,0)

B-I 2 1

4

1

4
(1,1)→(1,1) (1,1)→(2,0)

C1GK
1

10

1

5

1

30

2

3

2

15

2

3
(1,1)→(2,1) (1,1)→(2,2) (1,1)→(2,0) (1,1)→(0,0) (1,0)→(2,0) (1,0)→(0,0)

C1-I 1 3

40

3

20

1

40

1

5
(1,1)→(2,1) (1,1)→(2,2) (1,1)→(2,0) (1,0)→(2,0)

C1-I 2 1

8

1

8
(1,1)→(1,1) (1,1)→(1,0)
0-6
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ent fixed values of frequencyv1 . The first field of frequency
v15105 694 and 105 689 cm21 creates on resonance an
near resonance with the perturbedB level in Fig. 3~a! and
Fig. 3~c!, respectively. Again,v15105 663 and 105 669
cm21 produce on resonance and near resonance with the
turbed level of theC state in Fig. 3~b! and Fig. 3~d!, respec-
tively. The perturbedB level has 73%B character and 27%
C character due to strong nonadiabatic mixing between
unperturbed B(v514,j 51) and C(v53,j 51) levels,
whereas the perturbedC level has 73%C state character an
02341
er-

e

27% B state character for the same reason. At the mid
range of frequencyv2 , the predissociating levels are far o
resonance and direct dissociation to the continua of theGK
andI states from the intermediate levels of theB andC states
is the only possible path. An important and significant d
ference in dissociation probability due to the change in
larization of the two laser fields is obtained in this range
v2 although the peak intensities of the two laser fields
main fixed atI 1

053.513108 and I 2
052.253106 W cm22.

As shown in Fig. 3~a!, for far off-resonant excitation by
FIG. 3. Dissociation probabilityP(tp) againstv2 for v15~a! 105 694,~b! 105 663,~c! 105 698,~d! 105 669 cm21, for four polarization
combinations of the two laser fields.
0-7
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AVIJIT DATTA AND S. S. BHATTACHARYYA PHYSICAL REVIEW A 63 023410
the second frequency, the linear-linear and circular-circu
same-sense polarization combinations give the highest
lowest dissociation probabilities, respectively. Circula
linear and opposite-sense circular-circular polarization co
binations have intermediate values, the latter being gre
than the former. We see from Fig. 2 thatB-GK( j 50) and
B-GK( j 52) transitions have larger radial parts of th
bound-free matrix elements than the other transitions in
region. B-I 6 bound-free matrix elements also have cons
erable magnitude of the radial part. Since the intermed
perturbed level of theB state has 73%B character, at this
middle range of frequencyv2 all the above four matrix ele
ments should contribute significantly in Fig. 3~a!. The high-
est value of dissociation probability for the linear-linear p
larization combination in this region is due to th
considerably larger values of the angular factors for all
relevant matrix elements for this combination compared
the other polarization combinations. For the opposite-se
circular-circular polarization, the degenerateI 2 state be-
comes accessible from the intermediate state and h
opposite-sense circular-circular polarization combinatio
have four dissociative pathsB-GK( j 50), B-GK( j 52),
B-I 1, and B-I 2. Again, the matrix elements ofB-GK( j
50) andB-I 2 have large values of the angular factor. S
the opposite-sense circular-circular polarization combina
gives a large dissociation probability, although it is low
than the linear-linear polarization combination, in spite of t
fact that theB-I 2 path is radiatively forbidden for linear
linear polarization. Same-sense circular-circular polarizat
has the lowest dissociation probability due to low values
the angular factors ofB-GK and B-I 1 matrix elements.
Circular-linear polarization gives a slightly higher dissoc
tion probability than same-sense circular-circular polari
tion, mainly due to the extra pathB-I 2, which is forbidden
for same-sense polarization.

In Fig. 3~b!, the intermediate resonance occurs with t
perturbedC level ~with 73%C character! by absorption of a
photon of frequencyv1 . Since the matrix elements ofB-GK
andB-I transitions have larger values than those forC-GK
andC-I transitions, in this case the magnitude of the dis
ciation probability is smaller than in the preceding ca
Since most of the angular factors of the matrix elements
linear-linear polarization have larger values than for ot
polarization combinations, it again gives the largest disso
tion probability as in Fig. 3~a!. For other sets of polarization
variation of all the radial and angular parts of all the mat
elements gives comparable resultant dissociation proba
ties. Since at the middle range of frequencyv2 the resultant
dissociation is due to the net effects of all the matrix e
ments and the matrix elements themselves vary nonline
with energy, these line shapes can intersect each othe
different polarization combinations of the two laser fields,
seen in Fig. 3~b!. This is made more complicated by the fa
that the dissociation through theI 2 state is radiatively al-
lowed for circular-linear and opposite-sense circular-circu
polarizations but forbidden for the other two polarizati
combinations.

The first field of frequencyv1 has been made slightly of
resonant with the perturbed level of theB state in Fig. 3~c!.
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At the middle range of frequencyv2 , comparative values o
the dissociation probability for different polarization comb
nations show the same features as those in Fig. 3~a!, where
v1 was on resonance with the perturbed level of theB state.
At near resonance with group-2 predissociating levels
ordering for different polarization combinations remains t
same as that in Fig. 3~a!. For near resonance with th
group-1 predissociating levels the peak values of the dis
ciation probability are in decreasing magnitude for sam
sense circular-circular, linear-linear, circular-linear, a
opposite-sense circular-circular polarization combinatio
These features are same as for near resonance with gro
predissociating levels in Fig. 3~b! for intermediate resonanc
with the perturbed level of theC state by the first field of
frequencyv1 .

For near resonance with the perturbed level of theC state
by the first field of frequencyv1 , we notice from Fig. 3~d!
that at the middle range of frequencyv2 the ordering of
dissociation probability magnitudes is quite similar to that
Fig. 3~b!. The ordering of the peak values of the dissociati
probabilities at near resonance with the group-1 and grou
predissociating levels shows the same features as thos
Figs. 3~c! and 3~b!, respectively.

Thus, at on resonance and near resonance with the pr
sociating levels, some features, in particular the ordering
the peak heights, are changed from those obtained when
second frequency has no resonance with any PD level.
larization change of the laser fields affects the line sh
because of a change in angular factors of the intermed
bound to predissociating bound matrix elements, or of
intermediate bound to free matrix elements, or both. In Fi
4~a! and 4~b!, we have magnified the portions of the diss
ciation line shapes of Figs. 3~a! and 3~b! that are on and nea
resonance with the two groups of predissociating levels.

Figure 4~a! shows the near-resonant line shapes with
two groups of predissociating levels for intermediate re
nance with the perturbed level of theB state. In the region of
resonance with the group-2 predissociating levels, the in
mediate level of theB state has an appreciable radiati
width and so direct radiative dissociation and dissociat
via predissociating levels both contribute considerably to
dissociation probability. The 27% unperturbedC character of
this level and dominance of theJ-I predissociation cause th
matrix element forC-J transition also to play an importan
part in determining the dissociation probability, which is al
consistent with the results of our previous work@2~b!#. Thus,
a change of the angular factor of the matrix element of
C-J transition for different polarizations changes the diss
ciation probability for the predissociating path. Same-se
circular-circular polarization has a larger angular factor
the C-J matrix element than linear-linear polarization. Th
factor induces strong predissociative decay for same-se
circular-circular polarization. But direct dissociation is mu
more facilitated for linear-linear polarization than for a
three other polarization combinations. The resultant of
two processes gives a higher peak value for linear-linear t
for same-sense circular-circular polarization. Althou
opposite-sense circular-circular polarization should caus
large direct radiative decay, the angular factor of theC-J
0-8
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POLARIZATION AND INTENSITY EFFECTS IN TWO- . . . PHYSICAL REVIEW A 63 023410
matrix element for this polarization combination is ve
small. The resultant gives a small peak because of the fe
predissociating effect. The angular factor of theC-J matrix
element for circular-linear polarization has an apprecia
value, which results in a considerable increase in the dis
ciation probability for this combination due to the presen
of predissociating effects. At exact resonance with
group-1 predissociating levels, the dissociation probabili
for all the polarization combinations except opposite-se
circular-circular polarization reach unity, becauseC-J ma-
trix elements are huge and total saturation occurs through
PD path. The opposite-sense circular-circular polarizat

FIG. 4. Dissociation probabilityP(tp) againstv2 for near-
resonance positions of the two groups of predissociating levels
v15~a! 105 694,~b! 105 663 cm21, for four polarization combina-
tions of the two laser fields.
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combination has the lowest dissociation probability, whi
does not saturate due to the low angular factor of theC-J
matrix element. Since the perturbedB level has 27%C char-
acter and the unperturbedC level has large radiative width a
the position of the group-1 predissociating levels, the dis
ciation probability around group-1 predissociating levels
higher than around the group-2 predissociating levels.

The dissociation line shapes at near resonance with
two groups of predissociating levels for intermediate re
nance with the perturbed level of theC state by the first field
of frequency v1 are shown in Fig. 4~b!. Now at near-
resonance positions with the group-2 predissociating lev
predissociating paths dominate over direct dissociation ch
nels, since here the radiative width of the unperturbed le
of the C state is very small. Thus, the structures are de
mined almost solely by the different angular factors of t
C-J matrix elements for different polarization combination
On resonance, same-sense circular-circular polarization g
the highest dissociation probability due to the highest an
lar factor of the C-J matrix element. Opposite-sens
circular-circular polarization gives the lowest dissociati
probability on resonance for the corresponding reason.
linear-linear and circular-linear polarization combinatio
give values in between, due to intermediate values of
angular factors for these polarization combinations. Of th
two, the values for the linear-linear polarization are sligh
higher. At on or near resonance with the group-1 prediss
ating levels both direct radiative decay from the intermedi
level of theC state and dissociation via the PD levels co
tribute significantly to the dissociation probability. Howeve
the angular factor of theC-J matrix element and the angula
factors of the bound-free matrix elements determining p
dissociative and direct radiative dissociation change with
change in polarization in different ways. Thus, the vario
polarization combinations give different line-shape structu
whose widths are sensitive to the polarization combinati
In the region of near resonance with the group-1 prediss
ating levels, the widths of the peaks of the dissociation l
shapes of Fig. 4~b! are much larger than those of Fig. 4~a!,
since perturbed intermediate levels of theC state have 73%
unperturbedC character, with large radiative width in thi
range of frequencies.

In Figs. 5~a! and 5~b!, we have plotted the dissociatio
line shapes with variation of the frequencyv2 for a circular-
linear polarization combination of the two laser fields for tw
fixed frequencies ofv1 on resonance with the perturbed le
els of theB andC states, respectively. Here we have cons
ered five intensity combinations of the two laser fields
obtain their relative intensity effects on the dissociati
probability. In both figures at the middle range of frequen
v2 we notice that the intensity of the second field of fr
quencyv2 has a much more pronounced enhancement ef
on the dissociation probability compared to the intensity
the first field of frequencyv1 . In Fig. 5~a!, where resonance
occurs with the intermediate perturbed level of theB state, at
the middle range of frequencyv2 , the dissociation probabili-
ties are much higher than the probabilities at correspond
frequencies in Fig. 5~b! where the perturbed level of theC
state is on resonance with the field of frequencyv1 . This is

or
0-9
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AVIJIT DATTA AND S. S. BHATTACHARYYA PHYSICAL REVIEW A 63 023410
because for this range ofv2 radiative widths of the unper
turbed level of theB state have large values.

At on or near resonance with the predissociating lev
the intensity effects are more interesting due to the simu
neous contribution of nonadiabatic and radiative decay to
continua. The resultant dissociative line shape is due to
interference among all these nonadiabatic and direct ra
tive decay paths.

In Figs. 6~a! and 6~b!, we have plotted the dissociatio
probabilities at on or near resonance with the two groups
predissociating states. Here, due to the variation of inte

FIG. 5. Dissociation probabilityP(tp) against v2 for v1

5~a! 105 694,~b! 105 663 cm21, for different peak intensity com-
binations of the two laser fields.I i are the peak intensities in
W cm22.
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ties of the two laser fields, the radiative matrix eleme
change, causing change in the resultant structure of the
sociation line shape. In Fig. 6~a!, for resonance with the two
groups of predissociating levels we notice that a rise in
tensity of the first field, keeping I 2

0 fixed at
2.253106 W cm22, does not change the dissociation pro
ability much, whereas rise in intensity of the second fie
keeping the first field intensity fixed at I 1

0

53.513106 W cm22 changes the line shape considerab
There is a particularly notable change for intensityI 2

0

51.413107 W cm22. This is due to the fact that the secon

FIG. 6. Dissociation probabilityP(tp) againstv2 for near-
resonance positions of the two groups of predissociating levels
v15~a! 105 694, ~b! 105 663 cm21, for different peak intensity
combinations of the two laser fields.I i are the peak intensities in
W cm22.
0-10
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field interacts with the continua and continuum-embedd
predissociating levels, but the first field does not. A simi
feature is also visible in Fig. 6~b!.

IV. CONCLUSIONS

We have presented polarization and intensity effects
the resonance-enhanced two-photon dissociation of H2 in a
two-frequency field where nonadiabatic interactions p
crucial roles in the dissociation dynamics. Our calculat
has taken into account the complex interplay between
bound and continuum states due to radiative and nonra
tive interactions. This demonstrates that the interference
tween different pathways leading to resonant multipho
dissociation gives rise to complicated variations of the d
sociation line shape with the polarizations of the lasers c
cerned. The specific features of the process obtained in
case are as follows.

~i! At far from resonance in the second step, where p
dissociating levels do not contribute to the dissociation l
shape, the relative magnitudes of the dissociation probab
for different polarization combinations are determin
mainly by the bound-free matrix elements. The radial pa
of these matrix elements at a particular kinetic energy
different for the bound levels ofB andC states. In general
matrix elements from both these levels are involved in
dynamics due to their nonadiabatic mixing. For fixed valu
of intensities I 1

053.513108 and I 2
052.253106 W cm22,

the dissociation probability interestingly varies greatly f
different polarizations of the two laser fields when interm
diate resonance with the perturbed level of theB state is
achieved by the first field of frequencyv1 . On resonance
with the perturbed level of theC state, the variation is some
what less. This difference is because in the two cases
bound-free matrix elements from the bound levels of theB
and C states are involved differently. In both cases, t
linear-linear polarization combination gives much higher d
sociation probability compared to the other polarization co
binations. These results can be explained in terms of
different angular factors involved in each radiative mat
element due to the change in polarizations of the two la
fields.

~ii ! Completely different polarization dependence of t
dissociation line shape is obtained on or near resonance
far from resonance, of the predissociating levels with
second field of frequencyv2 . On or near resonance with th
predissociating levels, nonadiabatic decay ofHH̄ andJ elec-
tronic states and direct radiative dissociation both contrib
d

v
a-
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in general to the dissociation process. But one of these
fects can dominate over the other, depending on the po
ization combination of the two fields. It is interesting to no
that decay through these predissociating levels largely
pends on field polarizations. Due to the strong Fran
Condon overlap between the wave functions ofC and J
states, theC-J matrix elements play a more important role
the dissociation process thanB-HH̄ andC-HH̄ matrix ele-
ments. Thus the variation of angular factor of theC-J matrix
element with changing polarizations of the two laser fie
explains most of the variation of nonadiabatic predissoc
tion for near resonance with the two groups of predissoc
ing levels. Again, dissociation through the electronic stateI 2

is forbidden for certain polarization combinations but a
lowed for others. This also causes a relative change of
dissociation probabilities when the polarizations a
changed.

~iii ! We also see that intensity variation of the second fi
causes more drastic changes in the dissociation probab
than variation in the first field. It is interesting to note that,
the lowest intensity of the first field used, on-resonance
citation of only one of the intermediate perturbed levels c
cause complete dissociation, and only when one of the
groups of predissociating levels is excited.

Of course, the laser parameters used in the calcula
cannot be presently obtained in standard off-the-shelf las
This makes the experimental use of such pulses with
proposed parameters rather difficult. However, we wo
like to point out that the parameters are not very far fro
those of state-of-the-art lasers, thus making such experim
at least conceivable. In particular, this kind of intensity pr
file for the first VUV frequency field may be available in th
near future allowing experiments on this type of system
Also, interesting experiments@13# on the polarization depen
dence of different dissociative ionization channels of sim
molecules in intense fields have begun very recently. So
of the results show very different polarization dependence
different channels. Although our work does not cov
intense-field effects, one plausible explanation becomes
dent from this work. It might be possible that, for differe
polarizations, different intermediate levels are involved
dominant resonances and each of these levels has diffe
angular factors in the matrix elements involved in the tra
sition for different polarizations. Thus, it would be of gre
interest to investigate the possibilities of exploring comp
cated intramolecular dynamics in the presence of str
fields, through multiphoton processes. These calculati
could be of importance in such situations.
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