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Nonadiabatic interaction effects on population transfer in H, by stimulated Raman transition
with partially overlapping laser pulses

Swaralipi Ghosh, Sanjay Sen, S. S. Bhattacharyya, and Samir Saha
Atomic and Molecular Physics Section, Department of Materials Science, Indian Association for the Cultivation of Science, Jadavpur,
Calcutta 700032, India
(Received 26 August 1998

We have theoretically investigated the population transfer in a four-leyadybtem by stimulated Raman
transition from the grounX 1E$(vg=0,Jg=O) level to higher rovibrational levels/,J;) of the X 12$ state
via the excited intermedia® 13} (v;=14J;=1) andC I} (»,=3,J;=1) levels coupled with each other by
nonadiabatic interaction, using time-dependent overlapping pump and Stokes laser fields. The density-matrix
treatment, which permits the convenient inclusion of the spontaneous emissions from the intermediate levels,
has been employed to describe the dynamics of the two-photon Raman resonance process. The present study
performs the calculations of final populatiof@ter both the pulses are oyaf the ground and terminal levels
for Q-branch g;=0) fundamental ¢;=1) and first overtone;=2) transitions and th&branch §;=2)
fundamental ¢;=1) transition as a function of time delay between the two pulses for the cases of on-
resonance as well as off-resonance excitations in a wide rangé@2-2x 10’ W/cn?) of peak intensitiesl;‘F’>
(ICS’) of the pump(Stokes fields. Both fields are assumed to have the same temporal shape, duration, peak
intensities, and linear parallel polarizations. The accurate values of spontaneous radiative relaxation rates of the
intermediate levels to the initial and final levels, taking into account thamdM dependence, are explicitly
included in our calculations. The pulse widffall width at half maximum 7, is taken as 170 ns so that total
spontaneous decay can occur during the pulse duration. The transfer efficiency is found to be very sensitive to
the peak intensities of the laser pulses in each case of transition considered. Special attention is paid to the
effects of the nonadiabati®NA) interaction betwee(14,1) andC(3,1) levels on population transfer effi-
ciency. Calculations are also done in some particular cases using the adiabatic Born-Oppe(Biter
approximation. The results with ABO approximation are found to differ remarkably from those obtained
including NA interaction. Our calculations for the four-leve) i/stem reveal that almost complete population
is transferred in counterintuitive pulse order for both on-resonance and off-resonance excitations with inter-
mediate and high values b& (|g). For intuitive pulse sequence also a large population transfer is achieved for
on-resonance excitation at intermediate valuekofl2) and for off-resonance excitation at intermediate and
high values of % (12). [S1050-2941©9)02205-2

PACS numbd(s): 42.50.Hz, 33.80.Be, 42.65.Dr

I. INTRODUCTION out a detailed analytical investigation of this STIRAP pro-
cess in three-level model systems. They have presented an
The problem of selective and efficient population transferanalytically solvable model for this process with intermedi-
to excited atomic or molecular levels not accessible by oneate level resonance. Various features of population transfer
photon transition is of great interest in many applicationsby delayed pulses in this model were deduced analytically
e.g., collision dynamics, spectroscopy, and optical control ofvith particular emphasis on the effect of the pulse order on
chemical reactions. One of the most reliable techniques fotransfer efficiency. They have also analyzed the effect of
selective excitation is the process of stimulated Raman adiantermediate level detuning as well as irreversible dissipation
batic passagéSTIRAP), which has been intensively studied from the intermediate level on the efficiency of the STIRAP
numerically[1], analytically[2], and experimentally3] in process. The effect of dissipation was found to be more pro-
recent years. In its realization in a three-levelsystem, nounced for the intuitive pulse sequence as the intermediate
STIRAP requires three conditions{i) two-photon reso- level becomes significantly populated during the transfer.
nance between the initially populated level and the fitet  The spontaneous decay of the intermediate level to the initial
minal) level, (ii) counterintuitive pulse order in which the or final level was not considered. Stenholm and co-workers
Stokes pulse, driving the transition between the intermediatbave also examined analytically and numerically the role of
and final levels, precedes the pump pulse, though they mustcoherent ionization channels, Stark shifts, and the nonzero
overlap partially, andiii ) adiabatic time evolution. Fano parameter on the efficiency of population transfer be-
Band and Juliennfl] were the first to report the numeri- tween two discrete states via a common continuuth
cal results of calculations for Nanolecules describing the Bergmann and his co-worke[8] first demonstrated experi-
dynamics of the STIRAP process using a full density-matrixmentally and analyzed the novel concept of STIRAP for ef-
method. The results compared well with the experimentallyficient population transfer of vibrational levels in Nenol-
measured valugs] for on-resonance and off-resonance ex-ecules. In spite of the fact that the excited state has a decay
citations. Recently, Vitanov and Stenho[i2] have carried time shorter than the laser pulse duration, almost complete
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population transfer occurred for counterintuitive sequence of Vi2
pulses when the pump and Stokes frequencies were tuned to _  (vi=14, J;=1) s
resonance. These experimental findings were described in ™ === -——R———f5-—a=~————- ciAg

terms of the adiabatic passage, wherein an electric-field- (vi=3, %i=1)

dressed eigenstate evolves from the ground molecular state
to the final state as a time-dependent linear combination of
the ground and final states with zero amplitude of the inter- 4, Dout
mediate excited state. However, this adiabatic passage de-
scription treats the system within the context of an adiabatic
Hamiltonian approximation without the explicit inclusion of
the spontaneous decay rate of the intermediate state. Inclu-
sion of the spontaneous decay back to the initial or final level
cannot be properly carried out within a wave-function pic- x'sg: 10>
ture. A density-matrix description is appropriate in which (vg=0,Jg=0)
decay mechanisms can be explicitly incorporated by intro-
ducing decay terms into the Liouville equati¢®ometimes
called the Bloch equatign

In the present paper, we have investigated the populatio
transfer in a four-level System innolecule in the Preésence ing matrix element for Rabi transition from leviél to level|j) by
of pump and Stokes laser fields. TO our knowledge, this i he pump or Stokes field.V, is the nonadiabatic interaction ma-
the first work where such calculations are done for a reajy element betweet) and|2). yo; (742 andys; (s denote
four-level system in which the two very close intermediatee spontaneous radiative decay rates from Iédel|2)) to levels

!evels are strongly coupled.with ea_ch other _by nonadiabatiqy) and|3). Your1 (Yourd denotes the decay rates of leyal (|2))
interaction. The full density-matrix formalism has beento other levels out of the four-level system considered.

adopted for this study. It is a well-known method for treating

the dynamics of multilevel systems interacting with externalSection Il develops the necessary density-matrix formalism
time-dependent fields in the presence of all possible relaxfor the four-level system with the NA interaction to evaluate
ations. The decay rates of the intermediate levels due to thidae population transfer. In Sec. Ill, the way the calculation
spontaneous radiative emission to the initial and final levelfias been done is presented. Section |V discusses the numeri-
along with the relaxation out of the four-level system havecal results of various transitions for different values of de-
been incorporated explicitly. Specifically, the calculation oftuning and intensities of the laser fields. The paper ends with
population transfer has been performed from the groune brief conclusion in Sec. V.

X137 (vg=0J4=0) level to the final X 'S (vf,Jf)

level via the intermediateB '3 (»;=14J,=1) and Il. FORMULATION

1 + _ _ . . .
C "I, (»=3.;=1) levels of H. We have studied in detail  Thjs section describes the density-matrix formulation of
the dependence of the population transfer on the time delab’opulation transfer in Kusing time-dependent overlapping

between the pump and Stokes pulses for the cases of ofymp and Stokes laser fields by stimulated Raman transition
resonance and off-resonance excitations in a wide range ¢f,, the groundX 1E§(vg=O,Jg=0) level to higher rovi-

peak intensities (X10°—2x10"W/cn?) of the pump , I+
(Stokes fields. The two fields are considered to have tePrational levels ¢, Jy) of X X stlate+. Thf nearl_y degener-
same peak intensity, pulse shape, duration, and linear parallgfel ercned intermediate leveB °%,, (»=14J;=1) and
polarizations. C Hu(Vi:3aJi_:1) are strongly cou_pled to each other
The present paper reveals interesting features of the inflijhrough nonadiabatic electronlc-rotgtlonal interaction. Th(_e
ence of the nonadiabati®NA) interaction between the two four—lt_avell system under consideration is shown sche_man—
bare, nearly degenerate intermediate levels on the transf&R!lY in Fig. 1 where all state labels, the relevant Rabi fre-
efficiency. This electronic-rotational coupling between thedUencies, as well as the spontaneous decay rates are indi-
intermediateB(14,1) andC(3,1) levels due to intramolecu- cated- Here0) and|3) specify the ground and finalermina)
lar configuration interactiof§] is seen to play a very impor- 1€Vels, r?seectlvely. Among the two intermediate
tant role in determining the population transfer ip. Ho Ievels+, B X, (»=14J;=1) is denoted by [1) ‘Wwhile
assess the effects of NA interaction on the population transC ‘Tl (=3J;=1) as[2). Level |0) is coupled with two
fer, calculations are also done for some special cases usin@termediate levell) and(2) by the pump field whereas the
the adiabatic Born_OppenheiméABO) approximation. It Stokes field drives the transitions fro)ﬁ) and |2> to final
should be stressed here that the nonadiabatic interadion 'evel [3). |0) and[3) being the levels of same parity, the
considered in this paper is not to be confused with theransition between them is electric dipole forbidden. It may
“nonadiabatic coupling” used1(c),3(b)] in the context of be noted here that the intermediate le@f'I (»=3J
STIRAP. Our nonadiabatic interaction arises due to the ef=1) is not optically accessible from the groub(dlEg(vg
fect of molecular nuclear motion on neighboring Born- =0J,=0) level. As we have taked,=0 (henceM,=0)
Oppenheimer electronic states even in the absence of radiand linear parallel polarizations of the laser fields, the Rabi
tive coupling and is very significant for light molecules like transitions involvingM; =0 only (sinceAM =0) will be al-
H, [6]. lowed and the other optical transitions with;= =1 (since
The remaining part of the paper is organized as followsJ;=1) will vanish. Hence, the K system considered by us

FIG. 1. Schematic diagram of the four-leve} Biystem interact-

ing with the pump and Stokes lasers where all state labels, the
relevant Rabi frequencies, as well as the spontaneous decay rates
fre indicated. Q;; denotes the time-dependent one-photon cou-
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reduces to a four-level system. Using the Liouville equatioril), the optical Bloch equa-
The Liouville equation for the density-matrix operator tions for the elements of density-matrix operagdt) gov-

(p(t)) of the four-level system interacting with two time- erning the time evolution of the four-level system, within the

dependent laser fields including phenomenologically decayotating wave approximation, can be written as

(I') due to spontaneous emission, is given(loya.u)

dp(t dogo(t) . _
%=—i[H,p]—Fp, (1) dt =—1(Q01010~ Q10001 —1 (202020~ 2 200°02)
where H(t)=Hg+H,(t)+Hy, is the total time-dependent *Y01011F Y2022, (63
Hamiltonian of the system.Hg is the Hamiltonian of the
unperturbed molecule.H,(t) denotes the interaction doyy(t)
Hamiltonian between the molecule and the fields, which in a - —1( Q19001 Q1010) = 1(V12021— V21019)
the electric-field or length-gauge fortwith dipole approxi-
mation can be expressed as —1(Qq303— Q31019 — 1044, (6b)
Hi()=—Ep(t)-d—Eg(t)-d. 2
R N dogy(t) .
d denotes the transition dipole operator wherBagt) and g Qa0 Qox020) —1(V21015~ Vaa02)
Es(t) are the time-dependent electric field vectors of the .
pump and Stokes lasers, respectively. The classical forms of —1(Q 23030~ {)320729) = '20722, (60)
Ep(t) and Es(t) for linearly polarized light, are given by
= 1 0 raiopty a—iwpt dosy(t) ; ;
Ep(t)=zfp(t)Fpeple' P +e7'“F] (3a at =~ (231013~ Q13031) —1(Q 32023~ 2230737
and + v31011t V32022, (6d)
Eg(t)=3fs(t)Fgedews+e s, (3b)
dog(t) . , ;
wherewp andwg are the frequencies of the assumed single- =10 o(0117 000) —1(V12020~ Q20012 — 1€ 13030
mode fieldsgp ande g represent the unit polarization vectors
of the incident linearly polarized pump and Stokes fields, ) r,
while fp(t) andfg(t) express the time variation of the field +| 181~ 5 o0, (6¢)
amplitudes of peak valueB% and F2, respectively. The
functional forms off p(t) andfg(t) are taken to be Gaussian
[1], doyg(t) , .
dt =1Qo0( 02~ 000) ~1(V21010~ Q10021) — 18223030
fo(t) =ex — (t—ty)%/277], (4a)
I,
and +|1Ay— )020, (6f)
fs(t) =exp —{t—(t,+ At)}2/272], (4b)
with full width [full width at half maximum(FWHM)] 7, dgé’(t’(t) —i(Q31010— Q10031 — 1 (Q 32020~ D oo030)

and time delay between the pulskt t, is the pulse scaling
time. At>0 specifies the intuitive pulse order in which the +iAos, (69)
pump pulse preceeds the Stokes pulse, whetdas0 cor-

responds to the counterintuitive sequence of interaction,

which begins with the Stokes pulse and ends with the pump d(er(t)

pulse. Hya is the nonadiabatic interaction Hamiltonian due  — gt —1(Q20001~ Q01020 ~1V21(011~ 02)
to electronic-rotational coupling between intermediate levels
|1) and|2). Its matrix element is given b5] Hi(@1— @) = 3(Tp+ T 1) ]op—i(Qps03;
V12:<1|HNA|2>:<2|HNA| 1> _Q310-23)1 (Gh)
\/J (J

1|{S(R)/R?}|2 (58 dog(t) _
< ! 2) Udai =1Q31(033— 019 —1(Q3021— V21037)

where S(R)=21’2(\IIB(A=O)|L+|\IIC(A=—1)) .
— 2V (A=0)|L | We(A=+1)). + i{(wl_wS)_wS}_7 031 1+1Q01073,
(5b) (6i)
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dosy(t) of the levels, viz.P,=opo(°), P;=033(0), etc., after the
32 . . g 00! 33
gt~ Qe 0337 029) ~ (2310157 V12031) pulses are over can be evaluated.

+ i{(wz—wg)—ws}—?z et i Qs IIl. CALCULATIONS
We have calculated the final populationafter the
(6)) pump and Stokes pulses are gvef the ground and final
levels of H, for Q-branch §;=0) fundamental ¢;=1) and
The rest of the 16 equations are obtained by usindirst overtone ¢;=2) transitions as well as th&branch
the relation;;= o7, . o(t) is the slowly varying matrix op- (J;=2) fundamental ¢;=1) transition from the ground
erator whose elements are related to thosg(@j by the X ‘=4 (v4=0J4=0) level to the finalX '=; (v¢,Jy) level
defining equationg;;(t) =i (t), p1o(t) =0 1o(t)e 'p!, etc.  via the intermediateB '3 (v;=14J;=1) and C 11 (»;
Q;; denotes the time-dependent one-photon coupling=3J;=1) levels coupled by nonadiabatic interaction with
matrix element for Rabi transition from the stdieto the each othef6]. We have investigated in detail the dependence
state |j) by the pump or Stokes field and is given by of population transfer on the time displacement between the
_%fpys(t)Fg’SU|(§P’S.a)|i>_ It should be noted here that in Pump and Stokes pulses for the cases of on-resonance and

Egs. (66 and (6f), A;, A, are the detunings of the pump- Off-resonance excitations in a wide range X(20°-2

laser frequency from the adiabatic energy difference betweett 10" W/cn) of peak intensitie§l p s=c(Fp 9)%/8] of the
(unperturbedl levels|1), |2), and|0y and are given by\; pump(Stokes fields. To assess the effects of NA interaction
=fhw,—(E;—Ep), Ay=hw,—(E;—Ep). Ey is the energy 0N the population transfer, the same calculations are also
of the ground level0) while E? and EJ are the adiabatic done using the ABO approximatidine., clamped nuclei or
energies of level§l) and|2). The expression foA is given ~ BOrn-Oppenheime(BO) approximation with adiabatic cor-

by A=(w,— ws) — (Es—Eo) whereEj is the energy of the rection] for some specific cases. The transition wavelengths
final level[3). For two-photon Raman resonande in Eq.  ©f the pump laser for resonance to the perturb€tf) and

(69), is 0. In Egs.(6), the diagonal matrix elementsyy(t), C(3,1_) levels are about 94.6 nm. The twp laser pulses are
o15(t), o), andoa(t) denote the populations of the cor- considered to have the same peak intensity, shape, duration,

responding levels whereas the off-diagonal elementgt), anq linear parallel polarizations. The pulse widEAWVHM)
o,9(t), etc., are interpreted as the coherendes.and T, 7, Is taken as 170 ns so that total spontaneous radiative re-
represent the total radiative decay rates of leyBlgand|2), laxation from the intermediate levels can occur during the

respectively. The termB,; andI’, introduce a coherence loss pulse duration. . . . . .

in the transfer process. Along with the spontaneous decay t% The BO potential energies and thg adiabatic corre_ctlolns to
the ground and final levels, the levél$ and|2) can decay to  them forB, G andX states are obtained from Wolniewicz
other levels out of this four-level system. The spontaneou§nd Dresslef8] and otherg9]. Electronic transition dipole

emissions from levell) (|2)) to levels|0) and|3) are explic- ~moments forX—B(C) states are taken from Wolniewicz
itly represented by the decay rates; (o) and yay (vso). [10]. The potential and dipole moments are interpolated us-

The relaxationsyou 1 and o2 to other levels out of the ing the cubic spllne interpolation meth({dl]._The radiql

four-level system considered here are taken into account ifoUnd wave functions are generated by solving numerically

Ty (= vort ¥a1+ Yourd and Ty (= voo+ Yart Yours. We the radial Schrdinger equation with the well-known
out, out,?/ -

have neglected photodissociation/photoionization of the mol!_\lumerov-COOIey methoEtL_Z]. The Slmpson Integration rule
ds used to carry out the integrations for _the single-photon

level of fluences that we have considered. The two-photo atrix elemgnts. The nonadiabatic .energlesB()14,1) and

dissociation/ionization channel out of the ground state will(3:1) are given by Senn, Quadrelli, and Dres$ls]. The

not contribute either. Since we are concerned here only wit@lUeés Of the spontaneous decay ratgs, and you» are

the on-resonance or near-resonance excitations and the intét2téined from Dalgamo and co-worke[4]. The radiative

sities of the two pulsed fields are not too high, the ac StarePOntaneous emission from any discrete rovibrational level

shifts of levels|1), [2), and |0) have not been taken into couples different possible rotational levels and their mag-

consideration. We have also neglected the collisional relax?€tic sublevels and each of them contributes differently in
ations of the level1), |2), and|3) since they are negligible in determining the values of the decay rates. We have incorpo-
a beam experimeng]. ratedJ andM dependence properly in the values)@f, yai,

The set of Eqs(6) can be written in a matrix form as L1, €t¢. The values of);;, v, I';, andVy, are given in

Table 1.
oc=Mag. (7)
IV. RESULTS AND DISCUSSIONS
It may be noted that her®l is a non-Hermitian and asym- In Fig. 2, the populations of the ground and final levels
metric matrix thougmijzﬂi*j andV,=V7,. designated as?, and Py, respectively, for theQ-branch

Equation(7) can be solved in a similar way as discussed(J;=0) fundamental ¢;=1) transition from the initial
in our earlier papef7]. The evaluated diagonal elements X ' (v4=0J,=0) level of H, molecule are shown as a
oii(t), i=0—3 describe the populations at tihef the four-  function of the reduced time delayDE At/7p) for on-
level system interacting with the two laser fields in counter-resonance excitation to the nonadiabatically perturbed
intuitive or intuitive pulse order. Thus the final populations B 13} (v,=14J;=1) level (A;=1.79cm%). The profiles
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TABLE I. Values(in cm™!) of Rabi frequencies@®;;), state-to-  aroundD = + 3. At these high intensities the second peak is
state spontaneous decay rateg), and total spontaneous decay more like a shoulder than a peak.
rates ;) for different transitions. The nonadiabatic interaction ma- It may be pointed out here that even with a 170-ns pulse,
trix element between the level$) and|2) is Vy,=—13.06 cmiL, much longer than the spontaneous lifetimes, the spontaneous

Ip (I9) is in Wicn. decay does not play a larger role in either the counterintui-
tive or intuitive region at low intensitiedd (19)=2
Q-branch (;=0) Sbranch 0= 2) X 10° W/en? [Fig. 2(a)], as shown by the fact that the final
fundamental first overtone fundamefntal and ground-level populations add up to unity here, with neg-
(0;=1) (0=2) (0;=1) ligible population losses. This may be explained as follows.
For low intensities, Rabi frequencies are not large and the
Q0  -615-5% I, -6.15-5 I, —6.15-5) Ip intermediate levels are never significantly populated
Qs 1.39-4) JIp 1.39-4) JIp 1.39-4) JIp throughout the pulse duration. This gives rise to negligible
Og 5.26-5) \lg 1.89-5) \lg 4.88-5) \ls overall population loss, even for such a long pulse. But for
Qs —287-5 \ls —121-4 ls  1.5§-5) \le intermediate  and  higher intensities|$  (19=1
You 1.32-3) 1.32-3) 1.32-3) X 10° —2x 10" Wicn? [Figs. 2b)—2(e)], there is appreciable
Yoz 6.80—3) 6.80(—3) 6.80—3) population loss in the whole intuitive regio¢0) and in
a1 8.5 —4) 9.84-5) 7.32-4) the counterintuitive region where the two pulses have negli-
Ve 2.55—4) 4.47-3) 7.36-5) gible overlap in time, e, wher® <0. The sum of the flnal
r, 2.78-2) 2.871-2) 2.76-2) and_ groundjle\_/el populations does not become unity in thesg
T, 3.73-2) 3.74-2) 3.71-2) regions. This is a consequence of the fact that larger Rabi

frequencies cause accumulation of some population in the
4-6.15(—5)=—6.15x 107 5. intermediate levels at some point in time, which then decay
by spontaneous emissions out of tfeur-leve)) system dur-

are studied for different values of peak intensitifsand12  ing the pulse duration. This gives rise to significant popula-

of pump and Stokes laser fields having linear parallel polartion loss there. However, the populations of the excited in-

izations and pulse widthlFWHM) 7, as 170 ns. termediate levels remain virtually zero at the end of the
Figure Za) exhibits the variation of the, andP; against pulses because the spontaneous decay times of these levels

D for low intensitiesi % (19)=2x 165 W/cn?. The final level ~ @re shorter than the pulse duration. ,
population is observed to possess two maxima, one for the FOr higher values of peak mf[ensm?as, tﬁ? prﬁflles ex-
counterintuitive pulse ordefX<0) and another for the in- tend to more negative and positive valuesxofin the region

tuitive pulse order>0). ThePs profile is almost symmet- of D<—5, whatever small tfaf_‘s“?f oceurs, takes plgce only
fic aboutD=0, though the optimal population transfer is as a result of spontaneous emission of the intermediate levels

only ~63% aroundD =¥ 1.5. P; becomes almost zero for to the final level. Also folD > +5, the molecules excited to

D=<-4 orD=+4 as the overlap of the intensity profiles of the intermediate levels by pump pulse decay mainly to other
the two lasers is very small there and population remainéeve'S.than the final one by spo_ntapeous emission before they
totally in the ground level experience the Stokes pulse yielding a very small population

; s - transfer into the final level.
Figures 2b) and Zc) present the?; and P; profiles with o ) 0N
0 for mermeiste nenstes? (911 Wt ana U MOSSITG 0 ot at (19 narease fom 2
2 X 10° W/cn?, respectively. With the increase of intensities ; pop

from low to intermediate values, the maximum valudPgfis o toﬂ;he .];'r?al Ie.\éel occulis lat mo;e a?? Tr?re ne%?t'v? t\;]al—
enhanced enormously but the profiles begin to show asyrqqes ot with a wider peak. In contrast fo the results ot the

metry aboutD =0, which is more prominent forl (1% =2 hree-level systenfviz., Na) studied earlief1,3], we see

) that for our four-level system () with two intermediate
X 10° W/en?. For 13 (19 =1x10° W/en? [Fig. 2b)], total ; .
) . ’ coupled levels, large population transfer also takes place in
transfer is achieved arourid=—2 and about 92% popula- b g Pop b

. ) 0 5 intuitive pulse orderD>0) for on-resonance excitation and
tion is transferred aroundD=+2. For Ip (Ig=2

F TP [Ei T intermediate values df} (12). This is an interesting feature.
X 10°W/enr [Fig. 2c)], complete population is transferred 1o \ngerlying physics behind this may be explained as fol-
to the final level when Stokes pulse precedes the pump pul

by 27, (D= —2) and the population transfer is about 84%ﬁ§v¥§.:T2ﬁdl\éA1E?r;ﬁgce)2 ?he;vz\?vinctlgzgv;/;nzle:ggn|Icevsé<|’;lstes
aroundl_:) =2 ) 0 v=14 andJ=1 of B state andv=3 andJ=1 of C state so
Oln Figs. 7Zd) and Ze), we present the profiles fofp 4ot two new perturbed eigenstates with mixed and IT+
(I9=1x10 wicm? an(g 210 chmz’ respectively. Al characters are created. The perturtBtbvel is one of the
these high values df; (19), there is a dramatic change in the mixed eigenstates, which has73% B character and-27%
final-state population with almost complete destruction of theg character while the perturbed level is the other mixed
symmetric nature of th@; profiles. Also asip (19 is in-  eigenstate with~73% C character and~27% B character
creased to higher value, transfer efficiency begins to fall fo[13]. The respective energies of the perturlieandC levels
D=0. At 13 (19 =1x10"W/cn? [Fig. 2d)], total transfer are E,=—12687.87 cm! and E,= —12716.44 c® while
occurs with a broad peak aroulm= —2.5 and the transfer our calculated adiabati®@BO) energies of the unperturb&l
efficiency is about 43% aroun®=+2.5 Forl® (I9=2 and C levels are E{=-12689.66cm' and E9=
X 10" W/cn?? [Fig. 2(e)], complete transfer is achieved with a —12706.88cm?, respectively with respect to the ABO
broader peak around = —3 and the transfer is only18% threshold of theB/C state. The population transfer due to the
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FIG. 2. Populations of the groundPf) and final (P;) levels(after the pump and Stokes laser pulses are)gvleited againstreduced
time delay D=At/7,) between the pulses for th@-branch (;=0) fundamental ¢;=1) transition fromX(v4=0,J4=0) level for
resonance with the intermediate perturtigd4,1) level forr,=170ns and different values of (12 including the NA interaction {;5)
betweenB(14,1) andC(3,1) levels. (a) 1% (19=2x10° W/cn?, (b) 12 (19=1x10° Wicn?, (c) 18 (19=2x10° W/en?, (d) 12 (1D
=1x10" Wicn?, and(e) 13 (19 =2x10" Wicn?.

on-resonance excitation to the perturti2tevel may, there-
fore, be viewed to result from a mixture of off-resonancethree-level system like Naor our four-level unperturbed
excitations to the unperturbed ABB level with ~73% B
character and unperturbed ABDlevel with ~27% C char-

acter. Thus, as in the case of off-resonance excitation for the

ABO H, system as discussed later in this section, we get a
large or significant population transfer for intuitive pulse or-
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FIG. 3. Same as Fig. 2 except for the frequency of the pump laser detunetilogt0 cm * with respect to the nonadiabatically perturbed
B(14,1) level. (@ 1% (1)=1x10° Wicn?, (b) 13 (19=2x10° Wicn?, (¢) 18 (19 =1x10"W/cn?, and(d) 13 (19)=2x10" W/cn?.

der also for on-resonance excitation to the pertuBéelvel.  95% population transfer occurs for this case of two com-
Like the three-level system, total transfer is achieved inpletely overlapping pulses)(=0). This may also be inter-
counterintuitive pulse sequencd €0) for on-resonance ex- preted within the framework of the standard STIRAP theory.

citation with intermediate as well as high valued pf(12) in Further increase ofl% (19 to high values of 1
our four-level system. The interpretation of this follows from x 10" w/cn? [Fig. 3(c)] or 2x 10° W/cn? [Fig. 3(d)] leads
the formulations of STIRAP given ifl—3]. to destruction of the symmetry in the profiles and the transfer

In Fig. 3, P, andP profiles are shown_flor the pump laser propapility is reduced to some extent Bt>0. At 12 (1)
detuned by—10.40 cm = (A,=—8.61cm ™), with respect  _ 1. 157 \w/cn?, total transfer occurs with a broad peak
FO the nona_dlab_atlcally perturbdi(14,1) level, correspond- aroundD = — 2.5 while the transfer is about 87% aroubd
ing to the situation when the pump laser reaches midway the_+2 5 a0ain with a wide bpeak Atl° (IO )
unperturbed ABOB(14,1) andC(3,1) levels. Here also the _ ™ g peax. p (Is)=

\/ H H —
population versus delay profiles are found to be very sensiZ 10 W/cn®, complete transfer is obtained arouriti=

tive to the change of intensities. —2.5 and~76% transfer occurs around=+1.5 with a

At intermediate peak intensities ofx110° W/cr? [Fig. ~ Shoulder rather than a peak. It is to be mentioned here that
3(a)] or 2x 10° W/cn? [Fig. 3(b)], the P; profiles are nearly ~ for the high intensities considered, the population transfer at
symmetrical aboub=0. At 19 (12)=1x 10° W/cn?, maxi- D>0 is larger relative to the corresponding values for on-
mum 95% population transfer is obtained aroube: ¥2. ~ fésonance excitation. The reason may be the loss mecha—
But at19 (19 =2x10° W/cn?, the final level population is NiSMS due to the 'def:ay terms, which are less effective for
increased to a maximum value of about 99% arolind  Off-resonance excitation. _ _
+2. In Fig. 3b), an interesting feature is the appearance ofa e final population profiles corresponding to the
prominent third peak in th®; curve at zero time displace- Q-branch (;=0) first overtone {;=2) transition for on-
ment ©=0). Though theP; value at this third peak is resonance excitation to the nonadiabatically perturbed
somewhat smaller than those at the major peal@-at-2, C I (»,=3J;=1) level (A,= —9.56 cm }) are exhibited
still it is much larger than thé; values atD=*1. About in Figs. 4a) and 4b), with 13 (12)=1x10°W/cn? and 2
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FIG. 5. Same as Fig.(8) except for theS-branch §;=2) fun-

1.0 : .
(b) damental ¢;=1) transition.

0.9
tion are not presented as they are almost similar to those for

R [ fundamental ¢;=1) transition. The corresponding off-
I resonance profiles fol;=0 andv;=2 (A;=—8.61cm?)
are also not presented because of very insignificant popula-
tion transfer.
0.5 L Figure 5 shows the population profiles f8tbranch (;
=2) fundamental ¢;=1) transition for on-resonance excita-
tion with the perturbedC(3,1) level (A,=—9.56 cm}) for
03 - 19 (19 =2x10° W/cn?. Almost total population transfer
i (~99%) occurs to the final level d@d=—2 and about 75%
P, transfer takes place @ =+ 2. It should be noted here that
0.1 4 i the population profiles for th&branch fundamental transi-
0o b Nevod T tion for on-resonance excitation to the perturb@(l4,1)
-7-6-5-4-3-2-10 1 2 3 4 5 6 7 level (A;=1.79cm') are almost the same to the corre-
Time delay D spondingQ-branch fundamental transition and hence are not
hown.
In Fig. 6, the population profiles are drawn assuming the
ABO approximation(i.e., makingV,,=0) for on-resonance
and off-resonance excitations lgt (12)=2x 10f W/cn? for

0.7

0.6

Populations P

0.4

0.2 A

FIG. 4. Populations of the groundPg) and final Ps) levels
(after the pump and Stokes laser pulses are)oplkatted against
(reduced time delay O=At/7,) between the pulses for the

Q-branch (;=0) first overtone {;=2) transition from theX(v4 -~ - -,
=0,J,=0) level for resonance with the intermediate perturbedthe Q-branch 0;=0) fundamental ¢;=1) transition.

C(3,1) level forr,=170ns and different values 6§ (12 includ- Figure §a) shows the population profiles when the pump-
ing the NA interaction betweeB(14,1) andC(3,1) levels. (a) 1% laser frequency is tuned to resonance with the unpe_rturbed
(19 =1x10° Wien? and (b) 13 (1) =2x 1¢P W/cn?, ABO B(14,1) level A;=0). The profiles for both the final
and ground levels are remarkably changed from those ob-
. 0,10 tained in Fig. Zc) where the NA interaction between the two
x10° Wien, respectively. Forp (1) =1x10°W/en?, the  intermediate levels is taken into account. Thus it is seen that
Py profiles show strong asymmetry with double and broadhe electronic-rotational coupling between leva$14,1)
peaked structur¢Fig. 4@]. Transfer efficiency is 100% and C(3,1) due to intramolecular configuration interaction
aroundD = —2 while the transfer is about 70% aroufid  plays a very significant role in determining the population
=+2. For I3 (19=2x10° W/cn? [Fig. 4b)], complete transfer efficiency. When the Stokes pulse precedes the
population transfer occurs with a broader peak aroDrd  pump pulse by more than7§ (D=-6), the final level
—2 but the transfer is reduced to about 50% with a shouldepopulationP; evolves because of spontaneous emission from
aroundD=+2. It is important to mention here that for the intermediate levels to the final level. This process ac-
Q-branch fundamental =1) transition the population counts for the constant small value @& —6. The popula-
transfer is negligible for resonance with the perturli¢8,1)  tion P of the ground level is almost zero because the pump
level for all values of 3 (12) considered. This is an interest- intensity depletes it. Optimal transfér-98%) is obtained
ing feature. This fact arises basically from the different tran-when the Stokes pulse precedes the pump pulse by abgut 2
sition matrix elements between the intermedi@,1) and (D=—2) and partially overlaps the pump pulse. Fd«=0
final levels in the two cases correspondingrie=1 and v; the final level population is significantly reduced relative to
=2 as seen in Table |. The population profiles correspondinghe optimal and appreciable populatior20%) remains in
to the on-resonance excitation to the perturB¢dl4,1) level the ground level. Fob >0 there is no significant population
(A;=1.79 cm}) for Q-branch first overtoney;=2) transi- transfer to the final level.
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FIG. 6. () Same as Fig. @) except for the ABO approximation
(V1,=0) and resonance with the unperturfd@0O) B(14,1) level,
(b) same as Fig. @ except for resonance with the unperturbed
(ABO) C(3,1) level, and(c) same as Fig. @) except for the fre-
quency of the pump laser detuned by 1.79 ¢mith respect to the
unperturbedB(14,1) level.

the results considering NA interaction reveals the critical ef-
fect of the NA interaction on population distribution in the
final level. As we have mentioned earlier, the profiles for
on-resonance excitation to ti{3,1) level with NA interac-
tion are not presented because of the insignificant transfer
efficiency. No appreciable population transfer takes place for
D>0 in this case also.

Figure Gc) displays the population profiles when the
pump-laser frequency is detuned Ay=1.79 cm ! with re-
spect to the unperturbed AB®(14,1) level. Complete
transfer is achieved arourdd=—2 with a wide peak and
about 58% population resides in the final level aroln
+2 with a shoulder.

The population profiles using the ABO approximation
(i.e., withVV4,=0) for the four-level H system as depicted in
Fig. 6 are similar to the profiles presented by Band and Juli-
enne[1(a)] for the three-level Nasystem. The distortions
(ups and downsaroundD = — 2 in the profiles in Figs. &
and &b) are due to the presence of two intermediate levels
(assuming no NA interaction between thefor our H, sys-
tem.

V. CONCLUSION

We have investigated the population transfer from the
ground to higher rovibrational final levels via two interme-
diate levels (belonging to electronically excited states
coupled with each other by nonadiabatic interaction in H
molecule in the presence of time-dependent overlapping
pump and Stokes laser pulses. We have shown in detail the
dependence of the final populations of the ground and final
levels on the time delay between the two pulses for the cases
of on-resonance as well as off-resonance excitations and for
a wide range of peak intensiti&$ (12) of the pump(Stoke$
fields. Two-photon Raman transitions to different final levels
have been considered. For each case of excitation, the trans-
fer efficiency is found to be very sensitive to the variation of
peak intensities of the fields. Our calculations for the four-
level H, system reveal that almost complete population is
transferred in counterintuitive pulse order for both on-
resonance and off-resonance excitations with intermediate
and high values of$ (12). In intuitive pulse sequence also a
large transfer is achieved for on-resonance excitation at in-
termediate values of% (12), which is in contrary to the
results of three-level systertviz., N&). For off-resonance
excitation also a large transfer occurs at intermediate and
high values ofl} (12 in case of intuitive pulse order. To
examine the effects of electronic-rotational coupling between
the intermediate levels on the transfer efficiency the same
calculations are done in some particular cases using ABO
approximation. The results with ABO approximation differ
remarkably from those obtained including NA interaction. It
is to be mentioned that population profiles with ABO ap-
proximation are similar to the profiles presented by Band and
Julienne[1(a)] for the three-level Nasystem. In our study
we have included the contributions of all possible rotational
and magnetic sublevels into the calculations of state to state
spontaneous radiative decay rates as the spontaneous emis-

Figure @b) exhibits the population profiles for resonance sion couples different magnetic sublevels of the molecules in

with the unperturbed AB@(3,1) level @,=0). The maxi-
mum transfe~98%) occurs aD = —1.5. Comparison with

a different manner. It may be mentioned here that the cross
coupling of differentM levels by spontaneous emission will
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not occur in our calculation since we have takég=0 vuv (vacuum ultraviolettunable lasers of 55-ns pulse dura-
(hence,My=0) and linear parallel polarizations of the two tion and 1.6 10°-W/cn? peak intensity were generated with
laser fields. 193-nm wavelengtf16]. We hope that with the advance-

About a decade ago, XUVextreme ultraviolet lasers  ment of current technology, experiments with the values of
(<100-nm wavelength of 50-ns pulse duration and 3 laser parameters similar to those used by us will soon be
X 10'2-W/cn? peak intensity were generat¢ds]. Earlier, feasible.
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