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Nonperturbative time-dependent calculations of the resonance-enhanced two-photon dissociation probability
of H, in two frequency laser fields from the groukd'= ; (v=0, j=0) level to the final continua &K 'X ;
andl 1Hg states have been made as functions of the laser frequencies. The two fields are taken to have linear
parallel polarizations with identical sine-squared time dependences of the amplitudes. The first field of fre-
quencyw; is near resonant with the two closely spaced excited intermediate BV&g (v=14, j=1) and
C I (v=3, j=1), which are strongly coupled to each other through nonadiabatic interaction as well as by
radiative Raman coupling. Thus two intermediate levels with mXédIl* character are created. The mol-
ecule finally dissociates through coherent excitation to a number of near-resonant discrete rovibrational bound

levels of HH 12; andJ 1Ag embedded into the continua GK and| states as well as by direct transition to

these continua, by absorption of a second photon of frequencyl he nonadiabatic interactions of the bound
levels ofHH andJ states, with the respective continuum@K and| states, give these levels a predissociating
character. The interference of the direct transition amplitudes to the continua, and those through the various
overlapping predissociating resonances, gives rise to a resultant structure in the dissociation probability with
the variation ofw,. The bound levels used are eiti{ay a group of three closely spaced vibrational-rotational
levels, HH 'S (v=4, j=0 and 3, J *A, (v=4, j=2); and(b) the next group of three closely spaced
levels,HH 12; (v=5,j=0and 2,J 1Ag (v=>5, j=2). Far from resonance with any predissociating level,

the dissociation probability becomes equal to the value obtained by considering only the direct transitions to
the continua. For different fixed values @f , the variation of the dissociation probability agaiast reflects

the characteristics of the excitation of the intermediate resonances with Bi&ed C character. On or near
resonance, the excitation of the predissociating levels of #lectronic state plays a crucial role in determin-

ing the dissociation line shape, whereas the excitation of the predissociating levelsHifl tekectronic state

do not affect the dissociation line shape significant§1050-29479)03208-4

PACS numbd(s): 33.80.Rv, 33.80.Gj

I. INTRODUCTION weak resonant fields to selected set of rovibronic levels, can

be used to explore NA interactions between states not acces-

The study of dissociation dynamics of small diatomicsible by single-photon spectroscopy. In such cases, intense
molecules in laser fields has recently attracted much interesfield effects must not be allowed to dominate these interac-
from both experimental and theoretical points of vigll.  tions so that NA interactions may be able to play a key role
Such studies in the high-intensity range have revealed thg determining the features of the multiphoton transitions. At
presence of a very rich set of highly nonlinear phenomena ifhe same time, whatever effects the radiation fields may have
molecules. Many of these new phgnome_na involve the intergn the structure and dynamics of the system, must be prop-
play between nuclear and electronic motions on a very shorisyly accounted for. Thus experiments and theoretical calcu-

time scale. Of all the diatomic molecules studied, the hydroy,ions of multiphoton excitation and dissociation of iay

gep mtcalecu'le r}astalwaty slocmljp|e? a.fﬁec""g place bgcfu% useful particularly for investigating spectroscopic proper-
eing the simplest neutral molecule, it has been used froM).¢ ¢ ovcited states.

the beginning to clarify fundamental issues related to mo- In two previous works, with these possibilities in view,

lecular dynamics in intense laser fields. At high intensities anerjeeet al. [2] reported time-independent perturbative
however, severe distortion of the electronic charge cloud b;ll:5 1 ' P P pert -
galculatlons of two-photon resonance-enhanced dissociation

the laser field occurs, and this field, in turn, causes stron ; . . . .
radiative coupling between a number of these modified elect’0SS Sections of Hin weak laser fields via intermediate

tronic states. Thus if different aspects of the behavior of€Vels belonging to th@& '3[ and C II, electronic states.
molecular hydrogen are to be related to specific physical inlonization by the two frequency fields was energetically for-
teractions, the excitation and dissociation dynamics at lowebidden, and further multiphoton transitions were ignored at
intensities must be studied. There are still many features dhe low intensities considered. The calculations were made
photon-molecule interactions that are not very well underfor linear and circular polarizations of the two-photon fields
stood even for bl particularly when excited states and their and for different combinations of initial and intermediate ro-
nonadiabatidNA) coupling are involved. In particular, mul- tational levels. However, it is well known that these two
tiphoton excitations of the molecules with comparativelyintermediate electronic states are strongly nonadiabatically
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coupled[3]. In fact, this knowledge was used to demonstrate
interesting effects on resonance-enhanced Raman scatterin
in H, through rovibrational levels of these states close in
energy [4]. Again, the structures in the two-photon

resonance-enhanced semiperturbative dissociation cross se:
tion through levels of thd 3. state due to the NA cou-

pling between the continuum state of nuclear motion belong- ~ ~10000 7
ing to GK 'S and the embedded bound and quasibound

levels of nuclear motions belonging to théH 1Eg and

I 11'[5 electronic states, respectively, were also investigated-—
[5]. The radiative shifts and widths of the intermediate levels
belonging toB 3. were neglected, and the possible NA
coupling of these intermediate resonant levels was absent
Also, the effect of detuning with the intermediate level was
not considered. This study concluded that the presence of the _; 40000 4
predissociatingPD) levels due to the NA coupling generally

causes a large increase of the dissociation cross section 0 -110000
resonance, though in a few cases drastic de-enhancemen

arising from the interference of the transition amplitudes fol- 29990 : : .
lowing different paths were also found. Siebbeg¢sl.[6] in 0 ? 4 6 8
their calculation for photodissociation of,Hrom the meta- R(au)

Stable(.; °T, (V:5’.1 =1) state by excitation to the quasl-  fiG. 1. Adiabatic potential energieg(R) for the pertinent
boundi °IT, (v=5, j=1 and 2 levels have shown that in-  states of H. Excitations from the initial ground level of thé state
clusion of NA coupling of different final electronic states o the two closely spaced nonadiabatically coupled intermediate
g °%g, h®2g, andj *Ag, with thei °IT, state is essential levels of B and C states, then dissociation to the firaK and |
to reproduce the experimental resyifs. states directly and through predissociating levelsl bf/J states are

In the present work, we adopt a more realistic nonperturshown schematically.
bative time-dependent approach. The Holecule in the
X 125 (v=0,j=0) level is dissociated by two synchro- count in any earlier work, has turned out to be very impor-
nized laser pulses with a sine-squared dependence of thient in determining the line shape. The motivation of the
field amplitudes on time. The NA coupling between the in-present work is to study the effects of NA coupling between
termediate near resonantB 3! (v=14,j=1) and the intermediat® '3 andC I states as well as the final
C 'I;(v=3, j=1) levels has been incorporated into the 4y 13+ GK IS* | 1", andJ'A’ states on the two-
calculation. In fact, these intermediate near-resonant |eVe|§hotongdissociati(g)n dynamics of,Hor realistic laser pulses

have been deliberately chosen so that they become strongfg]. To our knowledge, no such calculations were reported
mixed by the NA interaction. For any other choice of inter- ggylier.

mediate vibrational levelg with rotational quantum number
j=1 belonging to theB/C electronic states of §l the mix-
ing of the levels by NA coupling will be negligiblg3]. As
we have shown, this coupling plays a very important role in  The scheme for multiphoton dissociation of kholecule
determining the dissociation line shape with respect to bothhat we have considered is shown in Fig. 1 on the pertinent
frequencies. Hence the resulting line shape will be very difpotential-energy diagram. Molecules initially at the 0 and
ferent in the absence of mixing of the intermediate levelsj=0 levels of the groun& 12g+ electronic statéwhich we
The mixed intermediate levels are coupled by the seconflave designated g6)), successively absorb two photons of
laser pulse both to the continua of nuclear motions offrequencyw; and w, and dissociate as HEL+ H(2s/2p),

GK 'S, and | 'I; states and the embedded PD levelswherev andj are the vibrational and rotational quantum

which now also include, besides the levels of el 125 numbers, respectively. The intermediate near-resonant levels

state, those belonging to the electronic sttt . The  after absorEch)rn of thev, photon are thev=14 andj=1
molecule in the intermediate levels may follow either thelevels of B '3, designated afl), and thev=3 andj=1
direct dissociative paths or the indirect paths through thestevels of C ‘1, designated af). They have a separation
embedded levels. For the frequencies and intensities use@f ~17.2 cmi* in the adiabatic Born-Oppenheimer approxi-
multiphoton ionization is assumed to be insignificant. Themation, but are actually strongly coupled through NA inter-
energy-dependent radiative widths and shifts of the intermeaction[3]. The laser of frequency, couples both the levels
diate levels as well as the Raman coupling between therji) and |2) with the continua ofGK '3 and| 1, states
have been properly taken into account. The final dissociatiowhich we denote in general bl¢). The transition to the
line shapes with respect to either of the two frequencies ardissociative continuum of th&F lEg state was earlier
determined by the interplay of these different radiative andshown to be negligiblg2,5]. The frequencyw, is so chosen
nonradiative couplings. In fact, the radiative coupling of thethat from the leveld1l) and |2), after absorption of aw,

C 1, and theJ *Aj states, which was not taken into ac- photon, near resonance occurs with the bound rovibrational
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levels of HH 12+ with j=0 and 2(levels |3) and [4), re- The two continugwith j=1 and 2 considered here belong

spectively in our notationandv either 4 or 5 and also with {0 theGK and! electronic states, respectively.

thej=2 level ofJ 1A+ (level|5)) andv either 4 or 5. These PuttlngV Vrad(t)+Vna, the equation of motion for the

levels are embedded within the continuaGK and| states, probability amplitudes can be written as

and interact nonadiabatically with them to dissociate as

H(1s) +H(2s/2p), thus providing new pathways of,Hbho- C (t)= _iz V.. C (t)€!En—Em)t

todissociation via these PD levels. The frequengyis such " m o

that ionization is energetically forbidden, and intensity is

chosen so that ionization due to further radiative multiphoton —i 2 '\"/ns.cg.(t)ei(Enfsj)tdg_ , @)

transition can be neglected. Other bound levelkibf andJ i= ! .

states, and the quasibound levels of thstate are highly

off-resonant with1) and|2) and contribute insignificantly to  whereV,,,= (n|V|m> is the interaction matrix element be-

the dissociation dynamics. tween|n) and|m) levels, which is time dependent for radia-
The time-dependent Schdimger equation for the molecu- tive interaction but time independent for NA interaction. The

lar system in the two frequency laser fields is given(loy  radiative interaction is taken to arise from two classical

a.u) pulsed laser field§; and&, of frequenciesw; and w, with

linear parallel polarizations. Thus the total laser field is

V)
| =HI) = (Hmat Vad ) +Vad ). (D) E(D)=Ex(D)cog wit) + Ex(1)cog wst). @
The total wave function is expanded as The field amplitudest;(t) and &,(t) are both assumed to
have a sine-squared time-dependence, a Gaussian-like pulse
_ . shape with a pulse duratiar, and pulse width{full width at
¥) ; Cult)exp —iEq)[n) half maximum 7,/2 [10],

+-212f C.(Dexp—ielepde, () E(t) =& si(nt/my), &) =Esi(at/ry), (5)
=1

where&? and £ are peak amplitudes.
whereE, is the energy of thath level (n=0-5), and|sj> The boundX/Il/A state wave function is represented by
is the jth continuum state corresponding to an enesgy  [4(a),5]

1/2

(2j+1) »
T Ry (RI(2= 840) YA (FRIDIA(6,6,0) £ (1 5,0) - A(T,RIDI 1 (6,6,0], (63

[AViM) =] —,—

and the freex/I1 state wave function if5]

2j¢+1 —_ -
|AtkjiM¢)= % RAfkjf(R)(i)“ef"s"f(Z_5z\fo)71/2[¢’Af(f,R)DJf Moa (P 90)DJ,\,f|fAf(¢k'9k'0)
(1= 8,00 A (BRI}, (6,00D} _\ (d,6:0)]. (6b)

Sxo and 8, o are simply Kronecker deltas used to write the internuclear vector with respect to the same set of ageis.
wave functions in generalized forms with proper normaliza-t€ Phase shift of the scattered wgyand . is the reduced

tion of the statesy/'s are the Born-Oppenheimer electronic Mass of the photofragments.
wave functions with the internuclear separati@ras a pa- The radiative interaction Hamiltonian is of the form
rameter.

Viad= — (1) -d= —[£4(t)cog w1t) + Ex(t) cOg w,t) |2 - d,

5+ ™

R

: jm
128INl KR— —+ 6,

RAkj(R)R:w( o

where[4a]
k is the magnitude of the asymptotic wave vector of relative
motion of photofragments in the directiod,(, ¢,) with re- +1
spect to the space-fixed axis along the polarization vector s.d= 2 deé;(qb 6,0)

of the linearly polarized light.R, 6, ¢) are the coordinates of A
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The electron-nuclear rotational matrix elements of the nona- S(R)={ oL |¢r_1)=(o|L |4 1);
diabatically coupled configuration interaction Hamiltonian
are[11] and
R - L AR+2BR S|, (6a VIR = - [+ D=2 (R), (@0

"dR 2u dR/’ 2uR? ’
where where

d> LL -AA+1) 1 LIR)={t oL |1y =(p_,|L |p_1)=2.0
A(R):< l//O d_RZ_ R2 + Z(V1+V2)2 lﬂo < +2| | +1> < 2| | l>

is independent oR. Using the above equations and operators
and we can find all the parameters.
The level|0) is near resonant with the closely spaced in-
d termediate leveldl) and |2) by absorption of a photon of
dR Yo/, frequencyw, . Similarly, |1) and|2) are near resonant with
levels [3), [4), and [5) and resonant with the continya;)

B(R)=<¢/Io

~r4 1 . after absorption of a photon of frequeney. We apply the
s _
VAT (R)=— ZMRZ{ZJ(J +1}?S(R), (8b) usual rotating-wave approximation. Following Protopapas
and Knight[10(b)] and considering only the resonant and
where near resonant terms, the coupled equations take the forms
|
Co(t)=—iCy(t)Voy(t)e 410 —iCy(t) Vool t)e 420, (9a)

C1(t)=—iV1,Co(t)e212 — iV 15(1) C4(1) €415 — V1 (1) Cy(1) €414 — iV 1o(1) Co(t) e410 — > fVlsj(t)eiAls,-tCEj(t)dsj,
)

(9b)
Calt)= =1V Ca(1) 428~V p5(t) Ca(t)€! 228 — iV (1) C (1) 61224 =V (1) (1) €425 — iV 5 1) Cy( 1) €220
-i> fszj(t)eiAhj‘csj(t)daj, (90
=12

Cy(t)=— V(1) Cy(t)e P13 —iV4y(t) Cy(t) e~ B2 —i > vgsje‘Aéstgj(t)ds,- , (9d)

=12
Cy(t)=—iV4(D)Cy(t)e 214 =iV (1) Cy(t)e 1224~ > V4sjeiA‘,‘€itCej(t)d8j , (9¢)

=12
Cs(t)= —iVey(1)Cy(t)e 418 =iV, (1) Cp(t)e 1428 —i > f Vs, €/455!C, (D)de; (9f)

i=1.2

and

C, ()==1V, 1()Cs(t)e 415~ iV, o()Co(t)e 142~V sCq(t)e 1431/ ~iV, 4Cy(t)e Aar iV, sC(t)e” 45,
(99

WhereAiOZEi_Eo_(ol, Aik:Ei_Ek+ Wy, AiIIZEi_Eh A{(aj:Ek_S]' (|, |:1, 2 andk=3, 4, 5,8]') and’\v/01=V01ei“’1t,

Vig=V,e'e?, vlefzvlsfeiwzt! Vi=Vi,, vsafzvsef’ etc.

Formally integrating Eq(9g) for CEJ_ and substituting in Eqg9b)—(9f), we can eliminate the continuum states to obtain a
set of integrodifferential equations for the coefficie@s(n=0-5). As shown by Protopapas and Kni§hé(b)], using the
Markov approximation, the set of integrodifferential equations can be reduced to ordinary differential equations with a set of
coupling parameters. This approximation will be applicable in our case because the pulse time chosen by us is much larger
than the time scale of evolution set by these coupling parameters and on this scale the fields vary adiabatically. The final
equations in terms of these coupling parameters can be written as

Col(t)=—iCy(t)Vpy(t)e 218 —iCy(t)VAt) e 1420, (108
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Ca(t) = =1V 1,Co(1) €412 — IV 14(1) Ca(1) €415 — IV (1) C4(1) €418 = iV (1) Co(t) €418 = Cy (1) 3 ya1+iS11]

—Co()[ 3 Y12+ islﬂemizt_ Ca(t)[ 5 y13+iS13]€' 413 = Cy(1)[ 5 Y14+ iS14]€' 214 — C5(1)[ 5 y15+iS15]€' 218,
(10b)

Calt) = —iV1Cy(1)e 412~V 55(1) Ca(1) €423 — iV (1) Ca(1) €428 iV (1) C ()€ 428 — iV (1) Co(1) €420~ Cy (1)
X[ 3 yartisaile 412 Co(t)[ 5 yoo+ iSp] — Ca(t)[ 3 vaatiszal€'*2¥ — Co(0)[ 3 vaut is2a]
X e'824 — Cg(t)[ 5 o5t ispsle! 2, (109
Ca(t)=—iVay(t)Cy(t)e 413 =iV 3o(1) Cy(t)e 423 = Cy(t)[ 5 yar+isarle 18— Co(t)[  yaot+iSa]
X e~ 1428 — Cy(t)[ 3 yastisaal, (10d
Ca(t)= =iV () Cy(t)e 414 =iV 4(1) Cy(t) e~ '424 — Cy(1)[ 5 Yar+iSgrle” 214 = Co(t)[ 5 yartiSs]
X e 1824 — Cy(t)[ 5 YaatiSaal, (108

Cs(t)=—iVsi(t)Cy(t)e 1428 — Cy(t)[ § ysy+iSsile 218 = Cy(t)[ § yso+iSsale 228 — Cs(t)[ 3 ¥sstiSssl, (10

where energy-dependent dipole-matrix eleméTmsje*“”2t (1=n
=<5). But the linewidths {§,,,) and line shifts §,,) of the
Yom=27 >, | Voo V¥ 8(E,—ej)de;  (11@  predissociating levelgn)=|3), [4), and|5) will not be af-
=12 b fected by the dipole-matrix element and will be determined
by the energy-dependent NA coupling matrix element

and Vnsj (n=3-5). In Sec. IV, we show how these energy-
Voo VF dependent radiative and/or nonradiative matrix elements af-
Som= > pf ,'—sldsj1 (11p  fect our results. _
j=12 En—egj Equations(109—(10f) are solved numerically. From the

populations|C,(t)|? of the different levelsn) (n=0-5),
whereE[=E,+w, forn=1 and 2, an&E=E, for n=3, 4,  the dissociation probabilit’(t) at any timet can be calcu-
and 5. P indicates the principal value part of the integral. lated as
The diagonal elements withh=n for n=1 and 2 repre-

sent the linewidths ¥44,v27) and line shifts §;4,s,,) of the > 5

levels |1) and |2) due to their radiative interactions,, P(t)zl—nzo |Ca(D)]%. (12
=T/n£]_e*“"2t with the continua of th&K andl states. These

linewidths and line shifts are time dependent, since they de- ll. CALCULATIONS

pend upon the laser field intensities. The off-diagonal ele-

mentss;, and y;, represent the real and imaginary parts, We have calculated the two-photon dissociation probabil-
respectively, of the Raman-like coupling term between thdty of the H, molecule for transitions from the initial ground
two levels|1) and|2) introduced by the fields,. The diag- X '=4 (v=0, j=0) level to the finalGK 3§ +1 *II, con-
onal elements form=n=3, 4, and 5 give the field- tinuum states via two closely spaced nonadiabatically
independentand hence time-independgfinewidths (y,,)  coupled intermediate levelsB '3 (v=14,j=1) and
and line shifts §,,) of the levelg3), |4), and|5) arising from  C I (v=3, j=1) in the presence of two linearly polar-

their NA interactions Y,,, =V, ) with the continua ofGK ized parallel laser fields. For both lasers, the electric fields

and| states. The off-di;]gonalsjelemerﬂﬁq s, and y are supposed to vary with time as a sine-squared function.

Yor With n—é 4, and 5 give the real and i,mazginary planr,ts OfThe Born-Oppenheimer potential energies and the adiabatic
2n T T -

the radiative-nonadiabatic mixed terms, respectively. corrections to them for th¥, B, C, GK HH, |, andJ states

It may be noted here that the linewidthy,(,y,,) and are taken from Wolniewicz and Dressléi2,11(@)] and oth-
line shifts (,1,S,,) of the intermediate leveld) and|2), the ~ €rs [13]. The radial bound and free wave functions for
imaginary part §,), and the real ¢;,) part of the Raman- single-well pote_nt|als are generated by nur_nerlcal_ly solving
like term between the leveld) and|2), and also the imagi- the corresponding radial Schiinger equation using the
nary (yin,7v»,) and real 6;,,S,,) parts (with n=3-5) of  Numerov-Cooley methofl14(a)]. The bound-state eigenen-

the radiative-nonradiative mixed terms, will depend on theergies and eigenfunctions for the double-well potentifiH(
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TABLE I. The radiativeVy,, Vg,, Vi, and nonadiabati¥’,, matrix elements between the bound levels
i andn belonging to different electronic states with 1 and 2 andh=3, 4, and 5. The assignments of indices
i andn are explained in the text. The units of &lare in cm?, with | in W/cn?.

Group 1 Group 2
Vor -6.155 -513/1; Vis -1.07q-5]1, Vis 1.266 —5]\/1,
Vo, 1.396 — 41\1, Via -9.250 - 6]\1, Via 1.129 511,
Vi, —13.06 Vs —1.450 5]\, Vs —-7.320-5]\1,
\ 1.598 — 511, Vs 3.003 -5\,
Vs —2.068 — 4]\, Vs 5.535-5]41,

%.159 —5]=6.155< 10" °.

are ob.tai.ned using t.he Numerov-Cooley methoq modifi(_ad byt higher energw =5, j=0, andj=2 of theHH state and
Wolneiwicz and OrI|kowsk[14b].. The NA coupling matrix ,,—g5 andj=2 of J state. No other bound level exists be-
elements between the electronic staeand C have been tween these levels. They are also far from the quasibound
taken from Wolniewicz and Dresslgt24d and forHH-GK  levels of thel state, which have not been included. Reso-
and J-1 states are obtained from Quadrelli, Dressler, andiance effects arising from both groups are never simulta-
Wolniewicz [11b]. These values are used to compute theneou_sly appreciable, and it is sufficient to mc_lude in the cal-
matrix elements between specific bound levels and/or corulation only one group separately at a time. We have
tinua belonging to these electronic states by integrating therftudied the effect of variation of the second frequengyso

numerically with the generated vibrational and free-statdh@t the final energy is varied from below the group 1 levels

wave functions. The electric dipole transition moments forl® @Pove the group 2 levels. In Table I, we list the radiative

— . . interaction matrix elements between the bound levels desig-
X-B(C), B(C)-GK, andB(C)-HH transitions are obtained nated asl0)—|5). By the rotating-wave approximation, the
from Wolniewicz[15], and Wolniewicz and Dressl¢i6a,  matrix elements between the initial levié) of the X state
and those foiB(C)-1 andC-J are taken from Dressler and anq the intermediate near-resonant leyéisand |2) belong-
Wolniewicz [11(a)] and Wolniewicz[16b]. All the data are ing to theB and C states are proportional tgl; and those

interpolated using the cubic spline methpt7]. We have —
solved the six coupled differential equatiofi®©g—(10f) for between the leveld) (|2)) and|3), |4), and|5) of theHH and

the probability amplitudes of the bound levels, using the? States are proportional 05, wherel, and |, are the
fourth-order Runge-Kutta methdd 8] by imposing the ini- intensities of the first and second fields of frequencigsind
tial condition Co=1 and C;=C,=Cs=C,=Cs=0 at t w,, respectively.Vi,, given in Table |, is the intensity-
=0. For capturing the dynamics of the system, the time grid’ndependent matrix element of the NA interaction between
must be small enough so that there is a sufficiently largd€vels|1) and|[2). Al the coﬁulplmg_ matrix elements are ob-
number of time intervals within each cycle of oscillations t&ined in the same unitgm ). It is to be noted that at the
caused by the exponential terms in E¢s0a—(10f). The peak intensity of the laser pulse we have considered, the
constant time grid in this work is taken to be 12.1 fs, whichradiative matrix element¥o; andV,, are smaller than the
gives well-converged final results. The pulse times taken ~ NA coupling matrix elemenv,, by one order of magnitude,
to be 48.4 ns. The peak field amplitudes of the two laser¥hile the largest radiative coupling matrix element between
used are2=1.0x 10 *a.u. (which corresponds to a peak the intermediate and predissociating levels at the peak inten-
intensity |10:3 51x 1P W/cn?) and £9=8.0x10 °a.u sity is two orders of magnitude smaller thah,. This en-
(which colrres.ponds to a peak Zinte'nsityo—z 25 sures coherent excitations of the two intermediate lejigls
. and|2).

X 10° W/en). We have c_hosen these values of Iaser. pulse Table Il gives the adiabatic energies and NA linewidths
parameters which are quite reasonable from an experimental ; = )
point of view, because it is seen that around this peak inter@Nd line shifts of thePD levels of HH andJ states consid-
sities and pulse time the interplay of the radiative and non€red, as well as the coupling terms of these levels iith
radiative NA interactions becomes most evident. Use ofiNd[2) due to the radiative-NA interaction via the continua
much higher intensities will result in saturation and relatively®f GK and | states. These coupling terms all involve the
structureless line shapes, while at lower intensities offfactor yi,. Only the imaginary partsi,,y2,) of these
resonant excitation will be ineffective. In this sense, we bemixed interaction termén=3, 4, and 5 for each groujhave
lieve that experiments with similar pulse parameters will bebeen tabulated. The values of the radiative shiftg ,6,,)

most informative. and real part of second-order Raman-like ters,£s,q)
were also calculated, but found to be totally insignificant at
IV. RESULTS AND DISCUSSIONS the intensity we have considered. Similarly, the real parts of

the second-order radiative-nonadiabatic mixed tens)s
The six PD levels considered in this work have been di-~s,; with i=1 and 2 anch=3, 4, and 3, arising from the
vided into two groups. The first groulesignated group)1l principal value integrations, were also found to be insignifi-
contains the three PD levels=4, j=0, andj=2 of theHH  cantat the intensity considered. The Iev|5t§are sharper by
state andv=4 andj=2 of the J state, while the second about 25-100 times than level or |4). It is also interest-
group(designated group)Zontains the other three PD levels ing that for levels of theHH state these mixed coupling
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TABLE Il. Adiabatic energies€,,, nonadiabatic linewidthy,,,, line shiftss,,,, and the imaginary parts of the radiative-nonadiabatic
mixed termsy;,, i=1 and 2, of the predissociating levelg andj,, n=3, 4, and 5. Level designations are the same as in Table I. The
energiesE, are with respect to the adiabatic dissociation thresholB/6f states| , is in W/cn?.

State Group n vy in E, (cm Y Yon €M™} Sy (cm ™) yin cm™Y Yan €M™}
HH 1 3 4 0 2274.46 2003  —20.7 -2.87-5141, -1.80-5]\1,
HH 1 4 4 2 2405.80 1995 188 -2.50 -5\, —-8.471-6]\1,
J 1 5 4 2 2188.51 1.85 —2.65 211 -5]41, -4.71-51\1,
HH 2 3 5 0 3829.44 2335  —8.22 4.2 -5]\1, 2.1 -5]\1,
HH 2 4 5 2 3949.44 231.8  —7.28 3.64 -5\, 1.14-51\1,
J 2 5 5 2 3910.30 9.53 1.55 —4.46-6]\1, 3.371-6]\1,

8.8 —5]=2.82x10"°.

terms have the same order of magnitude as the radiative cou- Figures 3a) and 3b) show the plot of the dissociation
pling matrix elements\(;,) with the levels of theéB/C states  probability P(7,) againstw; when w, is held constant at
consideredTable ). However, for the levels belonging to 14879 and 16 633 ciil, respectively. Starting from the
the J state, the radiative coupling matrix elements with the=0 andj =0 levels of the groun& '3 state for the whole
level of C state are larger than the mixed terms by one ordefange ofw, considered, these two values @f make near

of magnitude. o resonance with groups 1 and 2 nonadiabatically broadened
Figure 2 shows that the.rad|at|ve decay terms, vz, and shifted PD levels, respectively. The solid and the dashed

and ;. are orders of magnitude lower tha_n the other deca3fines in each case, respectively, represent the dissociation

teMs y1n, Yan, aNdyyn (N=3-5) shown in Table Il, and 1 ijity with and without considering the NA coupling of

they vary considerably when the continuum eneggys the GK and| continua with the embedded bound levels of
changed by change ab,. Over the range of continuum

energies in Wh|Ch we are interestaq,l and Voo both Vary by HH and\] states. Thé\IA interaction betWeen the two eleC'
more than one order of magnitudabout 30—35 times As tronic states8 andC mixes the two close lying levelg) and
we will show, this variation has important bearing on the|2), i.e., v=14 andj=1 of B3 andv=3 andj=1 of
dissociation spectrum against, and hence it must be in- C!II, states so that two new perturbed eigenstates with
corporated in the calculation if we want even a qualitativelymixed 3" andI1" characters are created. We interpret the
correct picture of the dissociation spectrum against The  peak atw;~ 105663 cm* to be due to a single photon reso-
variation of y;, is relatively small, varying betweery8.42  npance with one of the mixed eigenstates which has about
X10 i ,cm tand~—4.06< 10 1, cm ' in the range of 739 C character and which, for convenience from now on,
continuum energy considered. we will call the perturbecdC level [8]. Similarly, the second
peak atw,~105 694 cm* is interpreted as due to resonance
with the mixed eigenstate with about 73B6character, and
henceforth will be called the perturb&llevel [8]. The po-
sitions of the two perturbed levels thus obtained from the
peaks of dissociation probability curves are accurate to about
2 cm Y, and agree well with the very accurate quantum-
chemical calculationf8] taking into account all possible in-
termediate states including continuum. The respective ener-
gies of the perturbeB andC levels thus calculated are about
E,=—12683cm® andE,=—12714cm? with respect to
adiabatic dissociation threshold BfC states. The dissocia-
tion process is inefficient when the first excitation step is
off-resonance with either of the two perturbed levels, and
remains so even in the presence of resonance with the PD
levels in the second step. However, significant dissociation is
observed for intermediate resonance even in the absence of
the PD levels, as shown by the dashed lines. It must be noted
here, however, that even in this inefficient dissociation prob-
ability far from the individual intermediate resonances, the
1.0 , : , : : : , : effect of both the perturbed levels is discernible. This is evi-
1800 2400 3000 3600 4200 dent from the line shapes shown in Figga)3and 3b). The
presence of a single-photon intermediate resonance is ex-
pected to exhibit a Lorentzian line shape of the dissociation
FIG. 2. Variations ofy;;, v2, and y;, with the continuum  probability with respect tav,. In this case, both the reso-
energy e measured from the dissociation threshold of B&/I nances show significant lack of symmetry. Midway between
state. the two peaks the transition probabilities through these two

4.0 T T T T T T

3.0 +

2.0 4
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Y12
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1.0 tions of the adiabatic levels belonging to the perturBezhd
C levels in different energy regions due to the variation in
their radiative widths. Enhancement of dissociation due to
08 4 | the NA interaction of the PD levels with the continua occurs

throughout the range ab, considered, but is most promi-
nent at the peaks. The dissociation probability at the first
peak at w;~105663cm’ is enhanced from~0.64 to
0.6 . ~0.97, while at the second peak @j~105694 cm? it is

i enhanced from~0.20 to ~1.0 [Fig. 3@]. In Fig. 3b), the
enhancement is from-0.11 to~0.94 for the first peak and
from ~0.40 to~0.71 for the second peak. The widths of the
peaks of dissociation probability increase very significantly
when the NA coupling of the PD levels excited lay is
taken into account.

In Figs. 4a) and 4b) we plot the dissociation probability
P(7p) as function ofw, for two different values ofw;
=105694 and 105663 cm corresponding to the reso-

g . nances with the perturbe8l and C levels, respectively. The
o0 15 : _ Cosdo? _®romg radiative decay termsgq4, v2,, andvyq, are assumed here to
105645 105660 105675 105690 105705 remain constant in the range % considered. The constant

o (em™) values are equal to the values of these quantities calculated at

! w,=14879cm? for group 1 levels and atw,

1.0 . x r . ‘ . ' . ; =16633cm? for group 2 levels. The change of those pa-
rameters with energy has been neglected to ascertain only the
role of predissociating resonances in the dissociation pro-
cess. Over a wider range the energy dependence of the pa-
rameters must be taken into account to obtain a quantita-
tively correct picture ofw, dependence of dissociation
probability as done in Figs.(8-5(d). In the range ofw,
shown, the dashed lines have been drawn considering NA
coupling of only the two PD levels=4 or 5 andj=0 and

2 of HH electronic state. In this case, on resonance the dis-
sociation probability is de-enhanced to a slight extent for
group 1 levels and is slightly enhanced for group 2 levels.
Inclusion of the levely =4 or 5 andj =2 of theJ electronic
state, however, leads to very clear Fano line shapes in each
case and very considerable enhancement of the dissociation
probability near the peaks as shown by the solid lines. Thus,
obviously, the NA coupling of the PD levels belonging to the

J electronic state plays the more critical role in determining
0.0 I" oot the dissociation probability in this region af, compared to

105645 105860 105675 105690 105705 the overlapping PD levels d¢iH state which are too diffuse
to have prominent resonant characters. In contrast, the PD
levels of thel 1Ag state are much narrower, and they can be

FIG. 3. Dissociation probabilityP(7,) againstw, for () w,  €Xxcited much more easily from th€ state (as shown in
=14879cm?’ and (b) w,=16633cm?. The solid lines are ob- Tables | and ).
tained by considering the nonadiabatic coupling of the predissoci- The dissociation line shapes with respectstpcalculated
ating levels. The dashed lines are obtained by ignoring such couy taking into account NA coupling of all the PD levels as
pling. well as the proper variation of the radiative decay tenms

v22, andy;, with the continuum energy have been shown in

intermediate levels interfere and may cancel each ¢thest  Figs. §a)—5(d) by the solid lines for different values af; .
clearly seen in Fig. @], making both the resonance peaksIn each case, the dashed line gives the dissociation probabil-
asymmetric. We can assume that at the far side of each pedly neglecting the NA interaction of the PD levels embedded
the contribution of the other level to the transition amplitudein the continua. In Fig. &), the frequency w;
may be neglected. Thus the small radiative linewidihs ~ =105694cm? is chosen such that an intermediate reso-
and y,, of the intermediate unperturbed levels can have sighance with the perturbel level occurs. Even in the absence
nificant effects. Without the NA coupling of the PD levels, of NA coupling of the PD levels the dissociation probability
the dissociation probability is higher for resonance with thechanges significantly from+0.09 to~0.74 asw, is changed.
perturbedC level in Fig. 3a) and with the perturbe level ~ The peak in this case corresponds to the dissociative con-
in Fig. 3(b). This difference reflects the different contribu- tinuum energy(e) position which gives the peak value of

0.4 - 1

0.2 fooe .

0.8

0.6

0.4

0.2

wl(cm_1)
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. = quency w, is in near resonance with these PD levels, in
a

particular the level belonging to th& state. At the middle
range ofw,, where all the PD levels are far from resonance,
the NA effect is insignificant and the dissociation probability
tends to the value obtained without considering the NA in-
teraction of the PD levels. In this frequency range the mol-
ecule undergoes mainly direct dissociation through the inter-
actions with the continua parametrized by the radiative
linewidths. The dissociation line shape for the range
=14500-15 250 cm' is determined by the combined effect

of the (group 1 PD levelsv=4 andj=0 and 2 of theHH
state and v=4 and j=2 of the J state. At w,
~14879cm?, a prominent Fano-like structure in the disso-
ciation probability is obtained. As shown in Fig(a} the
i resultant structure is mainly due to the inclusion of the levels
v=4 and j=2 of the J state. In the rangew,
=16250-16 750 crt, the resonant enhancement of the dis-
sociation probability is due to théroup 2 PD levelsv

0.0 ' ‘ ‘ =5 andj=0 and 2 of theHH state and/=5 andj=2 of
14700 16000 16500 16800 the J state. Atw,~16601cm?, a sharp Fano dissociation
wy{cm ) line shape is superposed on the direct dissociation probabil
ity. Here also it was found from Fig.(d) that of all the group
10 , : : : : ‘ 2 levels, it is the one belonging to thkstate whose NA
(®) interaction with thel state continuum causes the most sig-
nificant enhancement of the resulting dissociation probabil-
ity. Although the radiative interaction between tBeand J
0.8 o 1 states is forbidden, the fact that inclusion of the PD level of
the J state changes the dissociation probability to a large
extent at this value ob, indicates that strong mixing of the
g o B andC levels has taken place in the perturl®devel.
0.6 "5, In Fig. 5b), the same quantities as in Figabhave been
o S plotted but forw;=105689 cm?, so that the perturbed
| level is now near resonant. Understandably, in this case, the
dashed line drawn with the absence of the NA coupling of
the PD levels shows a much reduced value of dissociation
probability but its overall shape remains more or less the
same as in Fig.®). The solid line showing the dissociation
probability considering the NA effects also has a similar
trend as in Fig. &), though with a much decreased value.
Here also the two resultant Fano-like structures with peaks at
w,~14 884 and 16 607 cnt can be described due to the NA
0.0 ‘ : . . coupling of both the two groups of the PD levels. The small
14700 15000 16500 16800 shifts in the patterns of the peaks compared with those in
o (em™) Fig. 5(a) is due to the small change in, because the same
set of resonant PD levels are excited in both cases.

FIG. 4. Dissociation probabilityP(7,) againstw, for (8) w; Figure Sc) shows the plot of dissociation probability
=105694cm® and (b) w;=105663cm? with fixed values of agdainstw, for a value ofw;=105669 cm*, so that a near-
Y11, Y22 andy;,. The solid lines are obtained by considering the resonance situation now occurs with the perturetkvel.
nonadiabatic coupling of the predissociating levels. The dasheds before, the dissociation probability plot without consider-
lines are obtained by ignoring such coupling of the predissociatingation of the effect of NA coupling of the PD levels is shown
level of theJ state. by the dashed line. The perturb€devel has~73% C char-

acter and~27% B characteff8]. This dissociation probabil-
v11. This is evident by comparison with Fig. 2. The resonantity, determined by the variation of;;, y,,, andy;,, shows
perturbedB level has~73% of B character and-27% ofC ~ two small peaks at the two frequencies corresponding to
character[8]. The variation of the dissociation probability the positions of the peaks ip; andy,,, respectively, at two
with w, is actually due to the combined effect of the varia- different continuum energies in Fig. 2. The effect of the peak
tions of y11, 22, andy;, with the continuum energy. How- in vy, is not as prominent as in Figs(és and §b) because
ever, the effect of the variation af;; is dominant. The effect the intermediate level now has a comparatively small mix-
of the NA interaction between the PD bound levels and theure of theB level. The solid line indicates that sharp en-
continua is interesting and significant only when the fre-hancement of the dissociation probability occurs at frequen-

P(Tp)

0.2 1
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FIG. 5. Dissociation probability(7,) againstw, for (a) w;=105694cm?, (b) w;=105689cm*, (c) w,=105669cm’, and(d)
»,=105663cm?, with the energy-dependent valuesof;, v,, andy;,. The solid lines are obtained by considering the nonadiabatic
coupling of the predissociating levels. The dashed lines are obtained by ignoring such coupling.

ciesw,, which for this value ofw; excite the two groups of perturbedC level from the perturbed level by changing
PD levels resonantly. These enhancements are sharper then.

in Fig. 5(b). This is so because the first exciting frequency In Fig. 5d), we have an on-resonance situation with the
w1 IS now nearer to the energy of the perturl@tevel, and  perturbedC level when the first photon has a frequensy
the intermediate mixed level contains a corresponding=105663cm?. The dissociation probability shown by the
greater proportion o€ character. The PD level belonging to dashed line has dominantly the pattern of direct dissociation
the J electronic state can be radiatively excited from e from the C level. The small peak in the range a$,
state but not from th8 state, and this is the level that has the =14 500—15 250 cm* corresponds to the dissociative con-
optimum NA width to have a significant positive effect on tinuum energy(e) position which gives the peak value 9§,
the dissociation probability. So the enhancement caused byFig. 2. The signature of the presence of the adiabatic
predissociation becomes more prominent as we approach thevel in the intermediate perturbéilevel is the small hump
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in the middle, arising due to the peakjn,; curve(Fig. 2 at  belonging to the former states and degenerate with the con-
the corresponding continuum energy. In the rangewgf tinua of the latter states, predissociating. The NA interactions
=15250-16 250 cm', since y;; is about six times larger of the final continuum states with the bound PD levels en-
thany,,, 27%B character is sufficient to produce significant hance dissociation on resonance. However, the overlapping
dissociation to make this hump in the dissociation line shape?D bound levels influence the dissociation probability in a
As before, when the NA coupling of the PD levels is takencompletely different way depending on their NA widths and
into account, the change of the dissociation probability in thd@diative coupling with the intermediate resonances. The fi-

range ofw,= 14 500—15 250 cmt is due to the coherent ex- nal result is determined by the coherent excitations of all
citation ofzthe(group 1 PD levelsv=4 andj=0 and 2 of such levels which are sufficiently near each other and broad-

. o . ened by the NA interactions with the continua. On reso-
theHH state and/=4 andj=2 of theJ state. Similarly, in  nance, with the PD levels, the dissociation line shape is de-
the range ofw,=16 250—15 750 cn, the combined effect termined by the interference of the transition amplitudes
of the (group 2 PD levelsv=5 andj=0 and 2 of theHH  along all Fhe path;. Far from resonance, direct radiative de-
state and/=5 andj =2 of theJ state causes a peak. In both c&y from intermediate Ievc_als dominates. PD leweis4 or 5 .
cases it is the level belonging to thestate, which is respon- andj=2 of the J electronic state generally cause a promi-
sible for the very significant enhancement of the dissociatiof€Nt Fano line shape with a significant enhancement of the
probability, as is evident from Fig.(8). In particular, the ~dissociation probability at the peak, whereas4 or 5 and
excitation of the(group 2 PD levels causes an interesting j=0 and 2 levels of thélH electronic state are very diffuse,
and significant sharp enhancement of the dissociation protnd by themselves only cause a much less significant sym-
ability since the direct dissociation probabilitgs given by =~ metric and broad de-enhancement or enhancement of the dis-
the dashed linein this region is negligible. We note that the sociation probability.
sharpness of the Fano line shapes due to the predissociation For photodissociation of fHfrom the ¢ *IT; (v=5, |
resonances is very different from the case shown in K@, 5 =1) level, Siebbelest al. [16] found that while the NA
stressing that the dissociation line shape is a very sensitiveoupling of the quasibound 3Hg(v=5,j =1) level with
function of ;. theg 33y (v=5,j=1) andh 33 (j=1) states does not
have significant effect on the photodissociation cross sec-
V. CONCLUSIONS tions, the NA coupling of thé °II; (v=5, j=2) quasi-
bound level with thej *A; (v=4,j=2) level greatly en-

We have presented a calculation showing how NA con- .
. o i . o hances the agreement between the theory and experimental
figuration interactions affect two-photon dissociation prob-

ability of H, in two pulsed laser fields for both on- and results of photodissociation cross sections. In our present cal-

off-resonance conditions. The NA interactions are present aciulanon of two-photon dissociation probability, we have not

two stages of the excitation proce¢s). Two closely spaced found significant effect of the NA coupling of tH¢H '3/
levels belonging toB and C states are mixed by the NA (v=4,5,j=0, 2 levels with theGK X continuum on the
coupling between these levels, and it is always a mixture oflissociating probability, whereas NA coupling of tﬂléAg

two levels, rather than any one of them, that is excited by thév=4, 5, j=2) levels with thel 11'[;r continuum plays a
absorption of a photow; . In particular, we have seen that very prominent role. Similar conclusions about the effect of
this NA coupling between the intermediate states has an imNA coupling on the dissociation cross sections and prob-
portant bearing on the line shape with respect to absorptioabilities are obtained in the two cases because of the similar-
of photonw,, when the energy dependence of the radiativeity of the dynamics and potential-energy curves of the singlet
matrix elements between the continuum and intermediatand triplet states. However, it may be pointed out here that
near-resonance levels is taken into account. The radiativenlike the NA mixing between the intermedia@e!Il, and
mixing, though not negligible, is dominated by the NA mix- g 3 * states in our work, there is no NA coupling between
ing at the intensities concerned. This effect of mixing of theipe ¢ *[1; andb 33 states in the work of Siebbeles al.

intermediate levels is an important feature which emergess] We hope that experiments with values of laser param-

from our calculations. The contribution of each of these adiagiers similar to those we have used will soon be feasible. The
batic levels to the dissociation probability depends upon th‘ihterplay of such experiments and further theoretical work

excitation frequencyw; . (b) The NA interactions between st reveal many of new features and enhance our under-
the HH and J states, on the one hand, and 6& and | standing about the dynamics of excited states of molecules
states, on the other hand, make the resonant bound levelgke H..
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