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Fopulation transtct between molecular vibrational levels T
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The feasibility of a novel technique {(STIRAP = stimulated Raman.
adiabartic passage) for efficient and selective population transfer
from a thermally populated level 1 via an intermediate state 2 to
level 3 is experimentally demonstrated. It is shown for sodium
dimers that the process of on- or near resonance stimulated Raman
scattering with only partially overlapping laser beams is in par-
ticular useful for the selective population of high vibrational
levels of particles in a molecular beam. This is achieved when the
interaction with the Stokes laser, coupling levels 2 and 3, begins
garlicr than the interaction with the pump laser. The phenonenon,
which 1s closely related to the formation of "trapped states™, is
quantitatively explained using the basis of eigensctates of mole-
cules strongly coupled to the radiation fields. The similavicy and
difference to related techniques such as rapid adiabatic passage

{RAP}, stimulated
Raman scattering (OSRS). or srimulated emission pumping (SEP) 1is

phenomena  in two level systems off-resonant

discussed,
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S el be o expetiments provide sery derarbed fnforvation about
v Aynoscios ot
trong rediction of the temperarur- relevant for Che populat ton of
vl ntar levels during the supersonic eXxpansion is successtully
crpiesited in such experiments [4) . AS 4 Consgquence, the vast

A 1ity <t These edperiments deals with molecules in rheivr vi-

P ol nraundstate . Invesrtiadation of  The eftecn of Lt 1l
St wtaenal excirtarion in collision dynamias 15, howeyvor ., aporft s
iht 16r a4 berrer understanding of .9, hiah remperature copbnsting
ced11 i5) or atmospheric processes under non squilibriuvie condi-

tions  [6]. The attempt to better understand the rvole of higt
vibrational excitation on the collision dynamics is hampered by
the lack of convenient technigues for the generation of beams with
a sufficiently high flux of vibrationally excited molecules.

Trons beams scattering experiments with highly vibrat - 'y
exclted molecules were first tried a long time ago [7]. A more
systematic approach had to await the development of laser nethods
[8]. Techniques such as IR excitation [9), off-resonance stimula-
ted Raman scattering (OSRS) [10-13], or pumping of wvibrational
svertones [14], have been successfully applied in the bulk. Stimu-
latwd emnission pumping {SEP) [15-16] or population of vibratio-

nally excited levels by ("Franck-Condon

spontaneous emission
pumping” . FCP) [{17-21] are other methods now being used in mole-
cular bean experiments as well. Most of these experiments exploit
the vfticiency and selectivity of IR-excitation to the first wi-
hrationally excited level, v"=1 [22-261. Population of vibrational
levels v > 1 in beams by SEP holds promise of becoming a routine
wethod {27, 28). Also., the FCP -~ method has been used successfully
in beamws for rthe measurement of integral (18, 19], as well as Jdif-

ferenrial cross sections [17, 20, 21).
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A b bhestaliona saputed by transitoon probabibities arogeleo
o sl ome phecton iF -cocitat ion atel Q3RS allow the popitlation
o 1l first o vibratlonally oxcited level only. Therefore, syste-
wal i experim ntal ctudy ot the variation of the collision dy

ami.s with vibrational oxcitation 1s scarce. Up to date. Hhe most
complizte study of this type 1s the pioreering work of Toennies and
cowurkers 118, 191, Some data recently became available from this

laboratory as well [20, 31,

An ddeal method should allow officient and selective population ot

4 larqge range of vibratienal levels in diatonic or polyatamic
modoecules . T the context of this work, which essentially deals
withh a modified 3I-level systoem (see Fig. 1), the efficiency

Eiv”,i"t is defined as the fraction of the thermal pepulation of
the level (v”=06, 31" ), summed over the orientational gquantum num-
her mw", which 1Is transferred to an excited level (v", 37).
Eiv",j") = 1 describes complete population transfer between these
lovels., The selectivity S(v",3") is given by the ratio of the po-
pulation transferred to the level {(v",3") and the population
transferred to all levels in the electronic ground state by the
npticdl process, Forp S{v7,3") = 1 we alsae have Elv”,j") = 1 , if
level 1 is completely depopulated and there are no competing
processes {see Fig. 1)}, snwch as multiphoton ionization or dis-

sociation, Otherwise, we may have E ¢ 1 but sti1ill 5 % 1,

High =zelectivity S{v".4") is impertant, in particular, for the
study o redctive rollision processes., S{v", 3"} = 1 is furthermore
Jdesirable for the investigation of vibrational transitions or col-
Iis1on indnced dissociation involving levels v" > 1. High selec-
tivity of the optical excitation process 1s not viral e.g. for
cxperiment s aiming  at the measurement of total integral cross
sectlons in o crossed bheams experviments [18, 19], For the latter
vupetiments, the FOP - method lias been successfully applied. In
this cass the selectivity S{(v", ") is essentially given by the
Franck-"ondoen factor for the transitions betweon the level (v', 1)

in the electronically excited state and the level (w",3").

Tt has beeo demonstrated recently, that efficlient population of
the level v = 4 of the DH - radical (29} is possible with SEP
despite the revlatively small Franck-Condon factors for the rele-
vant optical transitions. Vibrational levels of the NO molecules
in the electronic ground state as high as v" = 25 have been popu-
lated [30) using tunable excimer lasers. An efficiency of the
order of E = 0.3 has been reported. Although these experiments
demprnstrrate significant progress towards gaining more complete
conlrol over the vibrationmal dJdegree of freedom in collision
expriments, they still suffer from a lack of a high selectivity.
Inevitably, a significant fraction of the transient population in
the electronic state will be transferred to other vibrational

levels by spontaneous emission.

In this paper, we discuss a new laser technigue which is based on
the stimulated resonance or near-resohance Raman scattering pro-
cess [31, 322] induced by two partially overlapping laserbeams.
715 m hod allows one to combine a very high efficiencv with a
s.lecti.1ty $ & 1 for the population of leveas v* > 1. The tech-
nique can be considered an exceedingly simple version of popula-
tion transfer by (passive) pulse shaping [32 - 38]. Im fact, it
has been reccgnized (39-48] that a high efficiency for population
transfer may be achievable with appropriate timing of the inter-
action with the pump - and Stokes laser. Preliminary results of
our approach have been reported previously [49]. These results
have been confirmed for three-level systems coupled by IR-radi-

ation field by Reuss and coworkers [50].

Here, Lthe technique is demonstrated for sodium dimers in a mole-
cular bkeam, interacting with two spatially displaced cw-laser
beams. It is shown that the process can be considered as a three-
level analegue of the adiabatic passage phenomenon in two-level
systems. Adiabatic¢ passage processes in two-level systems have
been studied theoretically {51-53] and experimentally {54-56].

Popnlation of e.g. molecular vibrational levels v* = 1 [54] or



Corenlat ot o s oatops hoas bBeen oachieved  [5e] . Exrension Lo

sl tl- v Lonye b ons wan o alue consi bered and caperinentally  ope
Getsed (R LL]. WY tropose The Lare STTREAP - techuigue istlmu-
Tt Faman cil et 10 passadge) Tor The corresponding process in a
threr-level syston. We uote Fhat it was attempted previously (59,

A0t to wexplere rhe use of stimulated Raman scattering with cw
lasers for rhe population of high vibrational levels. In those
¢raperiment s, however. one of rthe crucial paramecters, namely the
spatial overlap betwo.on the pump and Stokes laser beams, was not
varjed. The eharacteristic fearures of this transfer precess ars
discussed in the framcwork ot the muelecular eigenstates dressed by
fhe radiation Fie=ld [6l]). The closec relation of our approach tc
previous work leading to the observation of “trapped states” in
three - level systems interacting with two laser fields {62-68]
will become obvious. Actually., for the first time, trapped states
are observed and experimentally characterized for molecules 1in

this work.

Because ol Lheir extracrdinary large electronic transition dipol
moment (~ 10 debye, [63]) sodium dimers are ideally suited for the
cxploratory studies reported here. Transition dipole moments of
molecules, such as RO or OH, are typically two oders of magnitudes
smaller. Presently commercilally available cw lasers are not suffi-
ciently powerful for the application of the STIRAP vechnique to
these species. Thuretore, the prospects of implementing this
method with puls=d las rs will be considered, based on the results
from numerical studies, in a forthcoming paper, hereafter referred

to as paper TT.

ln the present paper, we riscuss in Sections II, III and IV some
general aspectrs of throe-level systems, relevant for this experi-
ment, the experimental set-up 4and results, respectively. The dis-
cussion in Sect. Vo oprovides a4 comnprehensive explanation of the
observed phenomena. Some fteatures of the STIRAP method are com-
pared to thosce of other technigues in Sect VI. A brief summary and

outlook conclude this paper.

il Pr.oe FRERAE U I |

L1
Ik population  transter procvess discuss.el in this  papor te oA
et cric thtee - level phenomencn., Alrthouah the rransf.or cprocesas
w1ll be ubservable in any three-level system, we will foous oo roe

vpecitic example o9fF a A-type level system {sec Fig. 1) reptesocn-—
ring a diatomic wolecule. In this context, icvels 1 ant 1 are
ro-sibrarional levels in the electronic ground state while lewvel

voa level 3o oan electronically excited state. Level 4 comnrises
1 wrner ievels of the #lectronic ground svare, rthat can e
tearhed by dipele- allowed transitions from level 2. They dare not
coupled to the laser fields. The population in ievel 3 is probed
by laser-induced ftluorescence by excitation with a third laser to

level & in the electronic state.,

Thee levels 1 and 2 are coupled by the pumplaser, the power., fre-
gue-ncy and wavelengrh, of which are P, #p and |, rvespectively.
The Jdetuning of the pumplaser frequency from the transition fre-
Mency « g+ 1s denoted jp = Wy - &,. Levels 2 and 3 are coupled by
thy Stokes-laser . The corresponding gquantities carry the 1index s.
Pupiilation established in level 2 will decay to the levels k = 1,3
Aand 4 with rates A.,. We assume, that there are no additional com-
peiring channels such as multiphoton ionization or dissociation
Ivading out of the level system shown in Fig. 1. Radiative decay
nt levels 1, 3 and 4 is considered to be nedligible during the
inmeraction time of the molecules with the laser {in nur case less
rhan 200 nsi. For a homo-nuclear molecule, radiative decay of
fowel 3 1g forbidden [70). Most data shown below are obtained with

th.  laser frequencies tuned to resonance with the respective

ohe -photon transitions, lp,s = 0. Two-photon Raman resonhance is
st ablished ror Y, - X, = 0.
Th.- radiative coupling of two levels 1is characterized by the

Fuabil-freguency [71]
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where g is the dipole matrix element tor the corresponding tran-
sition and E is the time dependent field of the laser radiation.

When the lasers are detuned from the one-photon resocnance, the

"
effective Rabi-frequency is d(dy = (% + 32, The assumption of a
periocdic modulation of the population of individual levels in the
two-level system with a well defined Rabi-frequency 1implies a

sufficiently lung cohervnce length of the radiation [71]).

The experimental results discussed below are obtained in the col-
ljsion free regime of the molecular beam. It is in particular
important that the decay rate 7,3 of the c¢oherence established

between levels 1 and 3 is small compared to the inverse of the

interaction time of the molecules with the laser beams, Ar_l. The
rate of spontaneocus decay of levels 1 and ) as weli as the rate of
collision processes affecting all levels is negligible on the
timescale of the interaction with the lasers [72]. The damping
processes that remain operative under our experimental conditions
are the radiative decay of level 2, the "time-of-flight
relaxation” due to the finite interaction time of the molecules
wilh the laser beams {73}, and the effect of the finite coherencs

length of the lasers.

The spectroscopic data relevant for this particular experiment are
summarized in table T. The data for the probe laser which is used
io monitor the poputation established in level 13 is also given in
this table. The linestrength factor L for the R-transition used

Here is L o= 0.55% |see e.g. refs. 70, 76 and 771} .

Kelevant Rabi-frequencies are summarized in Table II. hn intensity
ot 10°mW/mm’ is obtained for a power of 80 mW focussed to a beam

af 1710 pm radius (wb). We note that the interaction time is long

compared to Lhe Rabi-frequency under lypical experimental condi-
tions. This implies i1hat perturbation theory toeatment i e

radiat ive interaction is not appropriate.

Tt is alse important to realize that under our experirmental con-
ditions the interaction time of the molecules, travelling with a
speed of u & 1000 n/s . Wwith the lasers exceeds the radiative
lifetime by about one order of magnitude. Thus. the population in
level 1 can be partially or fully depleted by optical pumping be-
fore the molecules reach the center of the taser beams [787. This
observation suggests to position the Stokes laser upstream of fthe
pump laser. In such an arrangement the probability of stimulated
processes 1s strong as soon as the molecules interact with the
radiation field of the pump laser. In fact, it was argued that
lack of flexibility of the spatial displacement of the pump- and
Stokes laser beams in previously related experiments [60, 791,
prevented us from achieving an efficiency E > 0,75, even under the
most  favorable conditions. For the population transfer to the
tevel v" = 5, considered here, no more than E = 0.2 was realized

in that work [60].
TIT Experimental

The experimental set-up is schematically shown in Fig 2. The va-
cuum chamber consists of three segments, the source chamber [(ty-

pical pressure 10_4 mbar}, a differential pumping stage (10_5

mbatr) and the main chamber with the preparation and detection

6

region (10" ° mbar). The diameters of the collimating apertures as

well as their spatial separation are given in the figure.

The vven is a stainless steel cylinder heated by thermoceax wires
te a temperature of about 930 K, which corresponds to a vapor

pressure of about PUNa= 65 mbar. The sodium expands through a

nozzle of 0.2 mm diameter together with Ar (PUAT=SOO mbar) as

carrier gas anid passes through a heated skimmer. The temperatures



tor the translationat rotatienal and vibrat tonal degree ob KFiee -
don oarse about 10 K, v B and 70 K. respectively [80, &1]1. At
Phese tempactat s the maximum Lhermal population in the vibra-
tiondd ground st e 18 tound near JY = 5. This lovel 1s chiosen as
leved 1. The thermal  population of level 3 (v"=5, )"} is
negligibly small. From previous experiments [(80] we conclude that
the dimer molefraction is about 20% under these conditions. The

flow velocity is u & 16Y m/s. From these data we estimate the flux

at dimers  at the sKimmer, the preparation region and at the en-

rrance slit of the detector to be about 2 10'% g-!, 5 10'! s5-! and
10t s+, respectively. About 8% of the dimers are found in the
level (v" = 0, 3" = 5). The molecules cross the pump- and the

Stoukes laser at right angles, These laser beams originate from two
stabilized single-mode dye-lasers (Coherent 699-21 and 699-29)
with a linewidth of the order of 1 MHz. They are transmitted to
the apparatus through polarization preserving single- mode optical
fibres. The linear polarization as well as a nearly Gaussian in-
tensity profile is maintained. The beams exiting the fibres are
collimated with lenses. For both beams, the focus of L 170 gm
radius is located at the molecular beam axis., The Rayleigh length
(82] is about 140 mm. Thus, in the vicinity of the molecular beam
axis, the wave fronts of both beams c¢an be considered, to a very

guod approximation, as being plane,

The Stokes laser 1s reflected from the mirror M1 before being
superimposed with the pump laser at a dichroic mirror M2. The
position of the former is controlled with a micreometer to an
accuracy of 10 upm. The small angle of incidence allows accurate
contrul of the spatial separation D of the axes of the Stokes -
and pump laser beams. The position of full overlap D = 0 ({(coin-
ciding laser beam axes), is determined by observing the expanded
beam profiles about 1 m beyond the vacuum chamber. The direction

of linear polarization of the two lasers is the same.

The detector assenbly DL {77, 83] s located 240 wn dowhs! reamn
teom Lhe interacilion reglon with the punp gand Stokes lasers. A
small  clrvular  aporture (0.3 mm diganeter} assured Uhal unly
woleoules tiying near the molevular beam axls are detecred. 3

thitd stabilized single-mode laser (Coherent 599-21) 1s used to
induce tluorescence which is collected and transmitted via « fibre
Lundle to a photomultiplier (Hamamatsu R943-02) outside the vacuum
chanmber. An auxiliary detector assembly D2, consists of a collect-
ing lens, a fiber bundle and a photomultiplier. It allows us to

also monitor the fluorescence from the preparation region.

TV. Fxperimpental Results

A) Faw Data and Normalization Procedure

Typical raw data are shown in Fig. 3. They display both commonly
known features of Raman processes and laser-induced fluorescence
signals under strong pumping conditions as well as the phenomenon
of enhanced population transfer with only partially overlapping
pump- and Stokes laser beams. In this particular run, the power of
the lasers was 200 mW and the diameter of the beams was 1.5mm. The
pump - and Stokes laser axes are coincident for the data shown in
Fig. 3a while the optimum displacement Dy, With the Stokes laser
preceding the pump laser, is used for Figs. 3b and c. The laser-
induced flucrescence is observed with the probe laser frequency
tuned to resonance for the trausition between the levels 3 and 5
{see Table I and Fig. 1} while the frequency of the Stokes laser

1s tuned across the 2 - 3 resonance.

The pump laser freguency is tuned almost to resonance (Ap ~ 0O}
with the transition between levels 1 and 2 for the data shown in
Fig 3a and 3b, while we have A,/2x = - 240 MHz for Fig. 3c. Level
3 15 populated by spontaneous emission from level 2, induced by
the pump laser. The interaction of the Stokes laser with the mole-

cules is negligible for detunings exceeding ]A,|/2r = 1 GHz. For a

Lo
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detuning 1o8s Lhan the saturation broadened linewidth E}JH 20K

et MHz Y Fhes pepulAat son Lstablished in level 3 is depleted by op-
tyoal pumping. When the two-photon (Famau-~) resonance R TR
\s mert, an enhanced population in level 3 is observed for a small

yange of Jdetuning M, due to the copttibution of the stimulated
paran process. This contribution is drastically enhanced for suil-

tably displaced luser beams  Sav Fiz. 1 b.

ape ta the larone saturatrion broadened linewidth of the one photan
{pansition. come peopnlarion is ot ablished hy spontraneous cmission
e for pnmp laser deruning as large Aas |Agl/2w = 240 MHzZ (see

Fig. lci. In this case, the maximum depletion of the population by
Stokes laser pumping is again observed for Y, = 0, while the Raman
resonance, leading to efficient population transter, is observed
for A, = ),. The tine shape associated with the optical pumping
depletion is a complex function of both laser intensities and the
averlap of their prafiles. The latter quantity was not controlled
when these data were recorded. Therefore, the line shape of the

stion signal. near Ay = 0. seen in Fig. 3, carrie little

useful information.

The data of Fig. 3 suggest a convenient method to determine the
absolute transfer efficiency E. The power of the pump laser 1is
suffivient ly high to deplete the thermal population of level 1 to

A nedgliaible level isee e.g. ref. [8}, Fig. 12.4). A residual po-

prulation of less rhan 9 10.1 n, was routinely assured. The bran-
chinsr yario B oof the apontaneous emission into level 3 is given hy
{, F.4. the produact wf the linvstrength factor L and the Franck-
ropdon facter F.;. The traction L F,. of the molecules in level 2

returns to level 1 and can be pump=d again. The rates of processes
competing with spontaneous emission, such as collisional energy
transter or excitation to hiagher lying electronic levels or pho-
toionizatinn, are negligikble. Therefore, the efficiency of the
populaticn transfer without the Stokes laser is given by B = L Foy
i1 + 1, F. ). From the data of Table 1 we find B = 0.03}. The en-

hancement V of the population in level 3 due to the stimulated

Ramon process compared to the spontaneons emission level B is
wni1ly obtatned from dara such as thaose given in Fig.o 3b. The
1 anster eificiency as well as the selectivity § = E is then given

hy F =B V.

B The Transfer Effi

sfer ERfficiency

Absolute transfer efficiencies E are shown tor lpf2: = ( and AP/EI
- 400 MHz in Fig. 4 and 5, respectively as the spatial overlap of
rhe punp laser and Stokes laser beam is varied. The displacement D
f the lasel beam aXes 1§ glveh 10 units of thr beam waist

W, 17¢ pm. Typical configurations are depicted in the uppet pane]
~f the fiqures with A, B, and C corresponding Lo no overlap, opti-
mum overlap and full overlap with coinciding laser beam axes

(h = 0}, respectively, The molecules 1interact £irst with the
Stokes laser in configuration A and B, while the pump laser beam
axis is placed upstream of the Stokes- laser, partially over-

lapping the latter, in configuration D.

The Stokes laser is ineffective in configuration A because it
interacts with the initially empty levels 2 and 3 before any
pojulation is removed from level 1. Therefore, the fraction B =
0.01 of the thermal population of level 1 {see preceding Section}
is rransferred tco level 3 by spontaneous emission. This fraction
is monitored by the detector D1 far downstream (see Fig. 2). The
dramatic enhancement of the transfer wfficiency for optimum over-
Jap (D, ¢ 0O, configuration B), with E & 0.95 is obvious. For
~uineidinag beams, configuration C, the efficiency E & 0.2 still
exceeds B by a factor of approximately 7. The molecules interact
fir«t with the pump laser 1in configuration D. In this configu-
ration, optical pumping by the Stokes laser or a STIRAP transfer
process from level 3 back to ievel 1 {(see Sect. V B4) depletes any

transient population in level 3, leading to E = 0.



Fig. % shows Jdata samilar to thuse =f Fig.4 . however, wilh pump

el Stoke: laser letuncd by doopfdn = 400 MHz. This detuniug 1s
Tarse  compaated Lo the nattlal linewidth f 13.% MHz: and even
erceods Lhe saturat bon Ltotdened linewidth, See Fig., 3. The two-

photon resohabive 15 st11l maintained. The excitation efficiency

from level 1 to ifevel 2ois significantly reduced becausu af the
large Jdetuning 3, frum the resonpance freguency. Theretore, E X O
i1s observed in contiguration A. A transfer efficiency E > 0.7 is
ayain observed for optimum overlap, D € 0. For configuration C
the efficiency reduces to E ® 0.2 and reaches another maximum for
D > 0. The transter officlency related to this latter maximum 1is
consistently smaller than the one observed for D < 0. The maximuw
for D > 0 appears as soon as the detuning of the lasers, A,=A,#0.

is sufficiently large.

Fig. 6 shows the variation of the transfer efficiency with the de-
tuning A, of the Stukes laser for optimum displacement., D ... of
the beam axes and 4, = 0., An efficiency of E % 0.95 is again ob-
served for Raman resonance Ap-ds = 0. Further data about the vari-
ation of the efficiency with Ap and A, is summarized in Table III.
Although the maximum efficiency E decreases with increasing lﬂp‘,
it still exceeds the value given by B (see Section A) for detuning

as large as |Ap|/2n = 1 GHz.

The width (FWHM) of E(A,} decreases from about 40 MHz to about 10
MHz with increasing detuning 4,. Tt is this small linewidth which
causes the relatively large fluctuations of the observed transfer
cfficiency {(see alsc Fig. 4 and 5). Even for 4, = A, = 0, the fre-
quency difference between the two lasers must remain constant to
within a few MHz, {see Fig. 6}). Thus, for optimum performance,
esch of the two lasers should be stabilized to 1 MHz or better.
Active frequency stabilization cf both the absolute frequency of
the pump laser and the frequency difference between pump and
Stokes lasers, based on a novel concept [8B4], is curtently under

development in this laboratory. This device will be in operation

1 the near future and should lead to signibicant improvemsnt of
fhe quality of the data and render the STIRAF Technigue applicable
POt chtllegiing capel boephs. HoWewel . LGE ShGd i of vie data e

Sented i Lhis work, 1s tully adeguate for the discussiun o1 the

teatures of the STIRAP method as well as a detalled comparinon

with theory.

We conclude Lhis section by discussing the data of Fig.7. where
the: fluorescence from the preparation region was observed with the
quxiliary detector D2 in parallel with the transfer efficiency.
Fo: optimum overlap of the laser beams and ), = 0, 4, is tuned
ACI O5S the Raman resonance. As expected, thes fluorescence
intensity (Fig. 7a) decreases as soon as the transfer efficiency
increases (Fig. 7b). The close correlation of this phenomenon as
well as those shown in Figs. 4-6 with "dark resconances” and the
selective population of “trapped states” (63 - 68] will be dis-
cussed in the following Section. The intensity of spontaneous
emission does not decrease to zero level because E ¢ 1. Further-
more, the auxiliary detector D2 collects light from a large area
pecause no spatial filtering [85] is employed. rhus, fluorescence
from molecules cressing the far out wings of the laser beams,
where the conditions for efficient populatjon transfers are not

satisfied, may also contribute.

V Discussion

It has been emphasized in Section II {see also Table II} that we
arv dealing with a strong field phenomenon. Therefore, the eigen-
functions |1>, 12>, and |3> of the molecules are not a convenient

basis set for the description of the population transfer process.

Rather, the eigenfunctions of the molecules coupled to a strong
radiation field (sev e.g. {34, 62, 67, B86]), labeled Ia+>, ta”),

and |a > are preferred. These eigenfunctions, the relevant fea-

turves of which will be reviewed in Section A, can be expanded in

g

-



the basis of the sigenstates |1>. |2> and 1y of the molecule Ln
Lhe presence of weak fields ... = 0. Under the conditions ot our
experiment , the coefficients nf this expansion are explicitely
time dependent, We consider the case in which particles in a mole-
cular beam interact with cw laser fields. Alternatively, statio—
nary molecules may be exposed to laser pulses. In part B, the time:
dependence of the coefficients. as well as the conditions for
selective population of specific states, will be discussed. Neces-
sary criteria for maintaining the population in these states are
given in Part ¢, while inherent limitations preventing us from

realizing the efficiency E = 1 are discussed in Part D.

A. Molecular eigenstates, strongly coupled to radiation fields

The Hamiltonian of a three-level system with states |1), |2> and
1y (see Fig.l) interacting with two laser fields is given by

Hpop = Fyp + H where Hye = By 0+ Hpiog

of the free molecule and the radiation fields, while the molecule-

combines the Hamiltonians

fiel1l intraction is given by H. Only the latter one is of interest
here. It reads, using the rotating wave approximation (see e.g.

ref. [52., B8]1).

24, 2,(6) 0
w=21n Lagn o (0, () (2)
0 f, () -24,

2

The strength of the interaction, given by the Rabi frequencies
W, .. see eq. (1}, is vxplicitly time dependent. The time depend-
enere is induced by the directional flow of the molecules through
the laser beams or results from the interaction of stationary
molecules with laser pulses. The detuning of the laser fregquencies
from the respuctive transition frequencies, given by Ay, see
Fig.1), is constant. We restrict the discussion toc the case of
two photen resonance, ), A, = 0, which is the most relevant

under »ur experimental conditions. We note, that radiative decay

and callisienal dampina are not o included

Conitie. o Loes nb Lhkg tact will be dliscusnsed b low.

Frois wasy teowerify 144 620 £4) tha

42 = 205 2 1> - sin B | D

10 6 = and rcos 9

is an elgenfunction of H, eqil) 1

coupled to the radiation fields.

.

I

AT

explioito iy

H. The

4

.e. of the three-level system

The eigenfunction given by eq.(3) is of particular importance. It

includes nn contribution from the

have ¢ 2]la’ > = 0,

It can furthermore bhe verified that

ar-
1> = sine s51nB |1> +  cosy ]2> +

by oy o« cremn sin® !]) - sin> !2) +

The eigenvaluss ot &= and La‘) are

intermediate

level 2,

i.e. we

the other two eidenfuncticns

sin, cos6 ii)

g el I33

A



The aligde o 13 aiven by

i

N + . .
The wvariation ol Lhe cigenvalues o7 ' - with the reduced Cime
~ t/Mdr is shown in Fig. & tor on-resonance and cff-resonance

pumping, Jp - v and 4, ¥ U. respectively. Here, Ar is defined by

i
(VI R T [ AL L-"[_STl‘

11 the eigentunctiotis of the Lull Hamiltonian HTOT are of inter-

est, the photon numwbers n, and n, need to be considered. Instead

of |a“'z> Wwe then have a“’x. .. n, >, the so called dressed
states {34, 61, 62]. The variation of the laser fields is, how-

ever, net of interest here. Therefore, n, and n, are omitted.

. . +
B. Selective Population of the States a'’ >

The wavefunction of the molecule, coupled to the radiatien

fields, can be Written as
+, o+ -
|v(t)> = aaltly 4 et fat(tl> o+ |a {(t)». (8}

) s .

The eigenstates |a“ {t)> are time dependent because the molecules
propagate through the laser fields, characterized by fh,,.(t).
Furthermore, the coupling between these eigenstates due to non-

adiabatic transitions can be calculated from the time dependent

. . o S .
schr..dinger eguation. Thus, the coefficients o' may be tTime
dependent as wuell.

Worbout collistonal or radiative damping whivh lead to the popu-

Lol lwun of e levels 4 or Ltaor b0 - u, we have
o , =
(o V2 4 (a™)y" + (&} = 1. (9}
Tl state |a“> is formed by a coherent superposition of state \1)

Al §J>. Seleclive population of this particular state requires

' = 1, and 2% = 0. Before interaction with the lasers (i.e. for
1 - .} the molecule is in the state |1>. If it emerges in the
crgenstates ia“) and the evolution of |w(t)> 1s adiabatic, the
molecule is "trapped” in this state, since 1t is not affected by
properties of the intermediate level 2. In particular, this state
is not affected by damping due to spontaneocus decay. If the un-
stable states |a* » or ]a‘> are populated, the molecules will
ducay to the levels 4, due to spontanecus emission. The decay rate
depends on the value of ](2!3’)! or |<2|a‘>|, given by the mixing

angle y.
31 Selective population of laV», D < O

Inspection of eq.{3) reveals a straightforward and the surpri-
singly simple recipe for the selective population of the stable
state |a”>. If Gy »> B is valid for t - - w but 4, > 4, for
t - + a , we have cos©® ® 1 for early times, but sin® & 1 at later
times. Thus, when the Stokes laser precedes the pump laser, we
have |<1|a“>|2 1 at early times, which implies a vanishingly small
probability for the population of the "unstable™ states |a’) and
a ». It is only through the decay of these unstable states that
the population could leak out of the three - level system into
level 4, see Fig.l. These conclusions are also valid when the
laser frequencies are detuned from the one-photon resonance, i.e,

M..s ¥ 0., because the mixing angle © does not depend on 4.

e
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1 is iastiuctive te consider the mixinag angle €, sce eq. (3}, for
vt lappitg fields, When the axes of the laser beams overlap and
the stape of the heaw profiles as jdentical, the ratio of the Rabi

frequencices and thus Lhe mixing angle © does not vary in time, see

i3, 04Y . For instance, for = I, we have cos® = sin@ = 1/ 2
leading 1o ‘<I|4”>}‘ « 0.5. Thus, only 50% of the inivial
popnilaticn ol lewvel ]l) emerges in the stable state a'» the rest

will be shared betwe n 1a‘> and La > depending on the detuning 3.

Far + + 1 unly 50% »f the popularicn of ia”) will be found in

state |3, besause we have |(a”|3>|2 = 0.5. For A, = 0, most of

the population in |at> is lost by radiative decay and the transfer
efficiency is E = |<1|a“tt = - m)>|? |<au(t = + m>|3>|7 = 0.25. In
fact, ., = i, was assumed in the numerical calculations (see also
Ref. 149), Fig. 2,) and is approximately valid in the experiment
{see Fig.d4 and 5). Humerically and experimentally a transfer

vfficiency E & 0.25 was indeed found for D = 0 and 4 = 0.

B3 Selective Popnlation of |a * >, D » 0.
The transfer efficiency E for the configuration D » 0 {(pump laser
preceding Stokes laser), varies from E = 0 to E ¢ 1 with increa-
sing Jdetuning )., see Fig. 4 and 5. For D > 0 we have initially i},
33 Y. leading 1o cos® <¢ 1 and only a negligible fraction of the

thermal population n, in state 1> emerges into the stable state

A"y since <1|d” > & 0, see eq. (3}, Thus only the unstable states
|at> will be populated. From eqs. (4-6) we find tane = 1 for on-
resonance  pumping, J“ = 0. The mixing angle ¢ = 45° implies that

both states a*> are evqually populated.

+
For aff-resonance pumping, *AP} 4 0, the states [a- > are again

populatet, although unevenly. tlsing eqs. (4) and (B} in eg. (6)

for large pusitive detuning, AT ) 0,7+ 007 we find for lp > 0

tan o X 2 lp/JU“*+Q,? or 4 o 90°. Therefore, we have inivially
+ - +
|(1!a >| %~ 1 and |<1|a >( % 0 but also l(2|d >| % 0. The popu-
, + . .
lation umerges almest completely 1nto state |a >, wWith little

. . . . +
contributrion of the intermediate level. At later tinmes |<3|a >

approaches unity and efficient population transfer 1is again

: . +
possible. Thus, for very large detuning Av>0 the state !a > de-

velops the same character as the stable state la“). For Ay ¢ 0 the

population transfer occurs via the state 1a—>.

B4 Evolution in time and summary of Part B

Fig. 9 shows the population pi; of levels 1 as a function of the
reduced time r = t/Ar as obtained by numerical solutions of the
corresponding density matrix equations in rotating wave- and

slowly varying envelope approximation. A maximum local Rabi

irequency 1V, = 1V, = 109 s°! at the axes of the laser beams with
a power of about 80 mW and a waist of 170 gm was assumed. The
transit time of the molecules travelling along the molecular beam
axis with 1000 m/s across the laser beams is 170 ns. Spontaneous
decay of level |2> {lifetime 12.5 ns) has been included in the
calculation. The smooth and complete transter of population from
state |1y to state |3> for optimum displa -ment is cbvious. For
complete overlap, D = 0. the maximum transient population of the
intermediate state, level 2 is as large as 10% while it does not

exceed 1074 for Duope.

It is interesting to note, that a STIRAP prucess is also discer-
nible for D > 0, pump laser preceding the Stokes laser, see Fig. 9
right hand side. The pump laser depletes the population of level 1
and populates level 3 by spontaneous emission. This process is
casentially completed at t = - 2Ar. Therefore, the molecules enter
the overlap region with some population in level 3 but no popula-

tion in level 1 and population transfer back to level 1 occurs.



This 13 demonstrated by the insert. Thus, 1t 1s not the procvess ol
Lptival puaping but the "twverse” STIRAP- process that leads to a
comp lete puputation deplotion of level 3 rur A, = O and b » {0, see

also Firg. 4.

The flow of the populavion trom the initially populated level [1>

+ .
via the states |d“’~ > inte the level l1» and |3» is schematically
shown 1n Fig. 10 for the various combinations of displacement D

and detuning 4,. The wide and small arrows indicate fast and slow

damping of the states als through radiative decay, respectively.

Further details are given in the figure caption.

Summarizing the conclusions from part B, we realize that the
“counter intuitive" arrangement of the Stokes and punmp laser
assures smooth transfer of the molecules from state |1> to state

3 by selective population of a% . In a sense the Stokes field,
which couples the initially unpopulated levels 2 and 3, prepares
the -nlecule for a smooth transfer of population from level ' to 3

upon «nteraction with the pump laser.

¢ Criteria for Adiabatic Evolution

We recall that the evolution of the wavefunction |w(t}> of the
molecule 18 determined by the Schradinger equation. For given

laser intensities, or Rabi frequency {,,,, and location in the

+
beams, the states a’'~>» {egqs. 3 - 5) are eigenstates of the
molecules coupled to the radiation fields. Since the Hamiltonian

H, eg. (2}, is explicitly time dependent, the rate of change of

H{t} determines whether or not coupling between the states a-+-’u >
is vanishing small as the molecules propagate through the laser
beams. If the adiabatic following condition is satisfied through-
out the interaction time between the molecules and the fields and
if the molecules are initially placed into e.g. state |a%», i.e.
if

i{HJ}Q‘. a (L) {10}
bo ovalld gt warly times, eg. €10} 1s valbld also ap idibep Vioes Ald
the time vvolution of the population transier between The stales

il) and | 3> is given by eq.(3).

It is well knouwn that adiabatic evolution of the states 1s assured
when the rate of nonadiabatic coupling is small compared to the
separation of the corresponding eigenvalues [88), see Fig. 8, 1i.e.

when

[eal |Glamr]? <<t - @ T (11

It is easy to show, using eqs.(3) and ({5} that |(a+|g€|a0)|3 +
481,
atcl -
change of the mixing angle © is sufficiently small, i.e. when

|<a'|g¥|a“>|9= Adiabaticity is maintained when the rate of

|QI < |d“ R p {12)

is valid. This criterion is evaluated for particles in a meolecular

beam propagating through spatially displaced laser beams .

From eq.(d4) we find the rate of change of the mixing angle to be

6y « [ s - , 4, 1)

0,2 + 01,2

We also assume that the intensity prefile of the laser beams, as
experienced by the molecules travelling with the velocity u
through the fields, is reasonably well approximated by

hs 2
4, (1 =0, e 700
and

g = 0.5 D/lu drt. (14)

with the reduced variables 7 = t/Ar

P
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The + and - sign apply ro the punp and Stokes lasol, I=spoclively.

From ws.ilad aarnd 114 wWe find for = 2. the wcenter ot t e
averliap reulon wWhers the vate ol change of €071 1s largest,
I 15
O the other hansd Wwe have (see ed. (R
- + P ) ;
[ = = ]”r' LERTN for A, = 0 {16]
and
[T ) s
et 2 % AL for A ' > Hpt o+ 4 (17}
2 [
\,
which teads for {, =1, = Q4 and r = 0 to
+
e =] o= Hpalihe g AT
! 1 4 -25"
with G = ;é% f'oand g = 5 Xﬁ ! for \, = G anu R
0, respectively.

The optimum displacement of the laser beam axes faor maximum trans-
fer «fficiency is found for ¢ % 0.5. Thus, we find usina egs,.
{(15-17) and eq.(12) that adiabaticity is maintained in the center

of the overlap region, if

A7 > F (18}
with

I)
F=1for ), = 0 and F = gy for IAP|>> 15

Higher laser power is needed for efficient population transfer
under cff-resonant pumping conditions. On the other hand. when E~1

iz achieved tor on-resonance pumping, a high transfer efficiency

a0 be maintained when LYR increases as long as eq. f18) is
I

satisfied.

The Rabi freguencies under typical conditions for our experiment

(p - BC mW, w = 170 sam, transitions specified in Table 1) are of

t e ordetr of 107 snl. With u = 1000 m/s, we find t"dr = 170. Thus,
fur parameters typical for this experiment, the adiabatic follo-
wing vondition is very well satisfied. Molecules that do not «ross
the laser beam axes are exposed to weaker fields and the relevant
Rabi frequencies are reduced accordingly. Nevertrheless, a cransfer
efficiency ot BE % 1 will be effective, as long as eq. (18} is
catisfied. Particles, crossing the laser beam axes not exactly at
right angle will experience a Doppler shifted laser frequency. The
maximum shift ky+v {v = the velocity component parallel to the
laser beam axes) which is tolerable without reducing E increases

with increasing WY Ar.

These observations are in particular important for the application
5° he STIRAP technique to scatterinc experiments. When eq. (18} is
satisfied by a sufficiently large margin, all molecules in level 1
that cross a scattering regionm with a typical diameter of abkout 1

mm? can be efficiently and selectively excited to level 1.

D Limits of the transfer efficiency E

In this paragraph we mention inherent limitations preventing one

from reaching an efficiency of exactly unity.

For a given displacement of the laser beam axes p < 0, we have

B(r - - a) = 0" and B{r -+ + 1) = 30° leading to

|<1|a“(;=wm]>l"|(a“(r=+m)|3>lﬂ = 1, However, this does not neces-
sarily lead te E = 1 because for !Tl s m, eq.(12) is not satisfied
since |J”‘ ¢+| decreases more rapidly with increasing |r| than
does |B}. The maximum transfer efficiency is determined by the

ﬁzdg



* .
sixing angle i7e) ar thel position op time 7 when eyg.(12) 1s

atintied and Che wystoen Cloewkuw” o ointo the state a v, Therefore,
an oapper limit o1 the ctficiency is given by
, x . . * B 19
Vs - J«Jl¢‘(:<}>l |<u‘(r) )Ij)l {19)
oL
” ., Y
Epan = CcoOs? O{r(! sin® B(r)) (20)

*
where the adiabatic evolution is assured for 1, < 17 < 7y The

* N
smaller G(r:) and the larger G(r)), the larger 1is Emai.

The efficiency will increase with increasing “P's for given
separation § of the beam axes, For given flp,s but increasing jy the

value of 9(r:) decreases and Gtr:) increases, leading to a larger
Ensx. However, with increasing 3, eq.(12) is less likely to be
satisfied (see eg.(l16) and (17}} in the center of the overlap

region, r = 0. Counsequently, the transfer efficiency E may de-

. . . + .
crease due to nonadisbatic coupling to the states |a-> as shown in

Fig. 11 for on-resonance pumping . For A, = 0, and using egsisé),

* s
{13} and {14) wWe numerically determine the value of T and - for

iy + . . .
which we have iBi = zld“ - 4-| with the somewhat arbitrary cholice

z = 5. Epus 15 then derermined from eq.(20).

Also shown in Fig. 11 is the result of the evaluation of the adia-

baticity critevion, eqg. (12}, for r = 0. With j#" - =g g {4,

1. 4, and iel = h (4, r)/d7r we find instead of eqg. {18)

flydr »> Flg,r. )

with F = h/g. For qgiven !, and Ar, adiabaric following is main-

L L]
Ladaesd, a5 beng as F‘qusﬁp) ¢ F . The waridation of F/F with ¢ 1y
shown i Fig., 11 for ¢ = 06 and jp = 0 with the somewhat arbitrary
L] L3 3
chuive F = 5, We have E & E,,, as long as F/F < 1. For F/F > 1,

Ui transfer efficiency is reduced due non adiabatic coupling to

the mtates |dt > around r = 0. Fig. 11 shows that the transfer ef-
ficiency remains small for small displacement p<<l because of a
reduced selectivity in the population of the state |a“> at early

A
times r & 7 , while for ¢ > 1 an efficiency E ¢ 1 results from

et

nonadiabatic coupling at r & 0.

The transfer efficiency E is insensitive to radiative decay or
other loss processes from the intermediate level 2. This is true
for the optimum configuration Dgpy ¢ 0 and as long as nc other

damping processes are relevant. In fact the maximum Lransient

population established in level 2 is <« 10_30f the thermal popu-
lation n, in level 1 (see Fig.9). This implies that dissociating
electronic states could be used ags the intermediate level 2, the
purpose of which is merely to provide the coupling between the
levels 1 and 3 via the Raman process rather than to temporarily
store population. However, radiative decay of levels 1 and 3, col-
lisional processes affecting these levels and the coherences in
the system and phase fluctuations of the laser beams will reduce

the efficiency E.

¥I Comparison with other concepts or technigues

4 Adiabatic passage and r-Pulse method

It is instructive to compare features of the STIRAP technique with
those of other methods. For instance, population inversion can be
achieved in & two-level system by an adiabatic passage process or
the 1 - pulse appreoach [51, 52, 76]). These phenomena are conven-

ienrly described in the Bloch-vector model, a powerful tool for

-

T



Fhe antlynis of coherent processes in two or multi level systemns.

I 1t BLoosh-veotor w30l the two-lerel system 15 characteria=l by
the stoate sectar plth < pa (8 pott), g (th) Wwith the dispersion.
abucrption and dittercnce of population in. - n;}/In; + n) being
proportional rta the x . y-, and z- components, respectively. The

laser fiwvld is characterized by the vector

* +
Fir) = {(-0{ct), 0 .A{t11. The evolution of plit} in time is given by
[52]

Ap (rredt s Foitl % pird (21
fnitially the normalized state vector is p = (0,0,~1). For de-
tuning 4 = ©, the field vector F(t} evolves parallel to the

+
x-axis. Thus, the two vectors are at right angle and plt} pre-

cesses arovund F in the y-z plane {see Fig. 12a). This motion of

the state wector shows clearly the Rabi escillations. Complet.

inversion, pl(t)] = {0,0 +1), is reached at a well defined time ty

given by \ t o= if @ is constant or when the variation of {1 {t)
+

is controlled in such a way to yield r» = | {l(t}dt. Realization of
=

such a r -pulse requires caretul control of the evolution of the
Fabi-freguency {see eq. (1)), For a given shape of 1{t) a 7r-pulse
can be realized only for a specific transition dipel moment g
(38]. As a consequence for a realistic system with j" » 0
population inversion can be achieved for only one of the degene-
rate m'- levels.

A more practical scheme for achieving populatieon inversion in a
two leve]l system is the adiabatic passage technique l(see e.g. ref.
{51, %4-%7, 49}, where Yit) is usually held constant, while the

detuning A1) evolves in time trom e.g. negative to positive defu-

R . X *
ning with ‘A(t 1| >» § for t = 1+ o. The consequences are obvious

-

from ¥ig. 12b. The angle between Fit = 0) and ;(t = 0} is

- . . } )
ceall and o precwesses around F avcordina to =g 0210, with the

cf e etive babi frequency e = 0 + 17 . as soon as the detuning

- . !
{5 rodueiet. the angle between F increases. It the roupling between
-

-
these two vectors is sufficiently strong. the vector p follows F

adiabatically by evolving along a small precession cone, the axis
-
af which coincides with F. At later times the state vector approa-

ches ; = (0,0,+1), corresponding to complete inversion of popu-
lation. Decay processes of level 2 with the rate 1o will not in-
telfere as long as the sweep time A7 is sufficiently rapid,

Ar <o o ].

Extension of this model to a three-level system discussed in this
paper regquires, in principle, the representation cf the Bloch-
vector in nigher dimensions [90]. Hioe and Carrall [46] have shown
how to reduce the problem to three dimensions for & =0. For large
detnuning, iip|>> {l the system can be reduced fo an effective two
level system [57, 58]. oOnly this case is discussed here.
Grischkowski et al. [58] have shown that for large detuning Ap the

veotor F has the form

F o~ 4%7 (- 0, 0,0, 1,7 - (22)

We consider the motion of ; and ; for spatially displaced laser
beams. The variation of Fy and F,; 1s shown in Fig. 12c¢ . The
former is given by the product of the Rabi frequencies, which is
imitially very small. The component F., however, 1is initially

dominatl ed by 17, (t), which is large as soon as the moliecule inter-~
- -
arts with the Stekes laser. Therefore, the andle between F oand p

i dnitially wvery small. As the molecules propagate through the

laser beams. F, increases before decreasing aguain while F, changes



.
=ign. The time wvolution of F is shown in Fig. 12d. Provided that

+ * .
the coupling between p ond F oas sufficiently strong, 1.e. if

Yoyry > |A|, the state vector follows F adiabatically by evolving
along a small precession cone, the axis of which coincides with F,
just as in the case of the Two-level system .

In Lhis STIRAP concept, no active treguency swWeep 1s required in
order to induce the adiabatic following process. Merely, the time
wvolution of the Rabi frequencies, controlled by the intensity
variation of the lascrtields, is important. In contrast to the
rapid adiabatic passayge processes in a two-level system, the
interaction time of the molecules with the laser needs not to be
small compared with the decay of the level 2, since this level is
not significantly populated during the STIRAP - process. Rather,
the decay of levels 1 and 3} should be sufficiently slow, a
requirement easily satisfied for vibrational levels of particles

in molecular beams.

One may speculate that sequential application of two r-pulses for
the transicion between levels 1 and 2 and level 2 and 3 may be
feasible and useful tor «fficient population transfer between
levels 1 and 3, as well. We emphasized, however, that population
inversion can only be achieved for carefully controlled time evo-
lution of the field, when the 7-pulse technique is applied. When «
high transfer efficiency is in fact realized for meolecules in a
specific state {(v",3",m,") travelling with a specific velocity u,
then mnolecules in levels m* # m", or travelling at velocities v #
u, will not experience complete population inversion. In contrast,
the STIRAP-approach for a three-level system allows one to achieve

populacion inversion for all m" -~ levels, provided the adiabati-

city criterion, eq. (18}, is satisfied for the transition with the
smallest transition dipol moment. Also, the inversion process is
insensitive to a variation of the interaction time of molecules

with the laser beams undfor the intensity or shape of the latter.

B_Off-resonance Raman Pumping {(OSRS)

Ot -resgnance stimylated Ramapn acattering (OHkE} 1s o well eslab-
lished technique for the population of rotational levels in the
first vibrational level of the electronic groundstate {10-13]. At
first glance the STIRAP method seems to merge into the OSRS pro-
cess for very large detuning. However, for very large J,, the
evalution of level populatiens can no longer be treated by a
three- level model. Unlike for STIRAP the detuning 1, from level 2
is no longer small compared to the detuning from other levels alsc
aciessible by dipol transitions from level 1. When these levels
41w included, the matrix of the Hamiltonian, eq.(2), increases in
size and the eigenfunctions are no longer given by egs. (3} and
{%}. Superposition of all the relevant contributions restricts the
vibrational gquantum number of accessible levels 3 to v; = v; = 1
[91]. A well defined Rabi frequency no longer exists and the
coherences are damped. Therefore, coherence properties of the
lasers are no longer important when applying the OSRS method and

broad band lasers can be successfully used.

C_ Stimulated Emission Pumping (SEP}

some features of the STIRAP technique are distinctively different
from those of the well known SEP method (1%, 16, 2%, 30]. Most
importantly, the transient population of level 2 1is negligible
when the STIRAP method iz applied, while generic stimulated emis-—
sion pumping requires a significant population in level 2. SEP is
routinely applied with broadband pulsed lasers. Thus, 2 photon-
cohervnces are damped. They are usually neglected, and the popu-
lation transfer can be treated using the rates for absorption as
wi:ll as for stimulated and spontanecus emission. For a sufficient-
ly long radiative lifetime, SEP is conveniently applied by firing
the pump laser earlier than the Stokes laser with no overlap
between the two. When saturation occurs 50% of the population ny
in level 1 will end up in level 2. Disregarding any deviation of

the ratio of degeneracy factors from unity, the Stokes laser will

om0
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branstict bt oaf these molecules (1.« 29%% of o) inte dewvel 3,

dhiidTe Do o owa LD e Aiwrributed cver all lewvels by SpontAansons
caslssiidr. When borh lasers are fitend at the same time and tliee Rabid
freocuencgs ape wsgqual, about 1/3 of ny can be transferred to level

3. This 1s consistent with recent experimental results chtained
with high power broad band pulsed lasers [29,30]. If the bandwidth
t these lasers were always down to the transform limit, coherent
phenomena would become important. Under these conditions SEP would
be the same as STIRAP with overliapping laser beams, D = 0, and 1},
= f). The most efficient population transfer using STIRAP is, how-
sver. achieved for D < 0, or when the Stokes laser 1is fired

warllier than the pumrp laser.

VI1 Conclusion

We have demonstrated and analyzed a novel concept (STIRAP} for
afficient and selective population of molecular vibrational levels
using the stimulated Raman process with only partially overlapping
1aser "ields. The specific timing of the interaction seg ~nc- is
crucial. The interaction with the Stokes laser should preccue ..aat
with the pump laser, provided there is sufficient overlap between
the two. With STIRAP, the etficiency of the population transfer
from an initially populated level toe an unpopulated one may
approach unity. This method is in particular promising for mole-
cul4r bram experiments since all molecules in a thermally popu-
latred level that fly through a scattering region of a typical s5ize
will underae the transfer process. The population of all degene-
rate levels fle.q. all m,~levels of a rotatiocnal state} may bhe
transferred at the same rime. Furthermore, the efficiency is not
very sensitive to experimentally controllable parameters such as
the L low velor-ity u, Lhe laser power P, the frequency detuning A,
and details of spatial profile or pulse shape for cw or pulsed
lasiers, respectively. The poputation transfer by the STIRAP method
in alse insensitive to damping processes affecting the intermed-

iate 1wevel, such as intra-molecular transfer in polyatomic mole-

cules. The technigue ran be applied in the bulk as well as long as
the- collision rates r,x are small enough, 71,k dr<<¢l. Criteria
- 31 -

e il the copditions for efficient troanster Were prteselted
il the Eernares of the STIRAP method wero corpoar o with thos f
bt b ool gquies .,

We cmplasize that some restirictions apply. Coherence phenomena are
jmportant in the STIRAP concept. Therefore zivgle mode ow lasers

with neqgliqible phase fluctuations during the inferaction time &7
or pulsed lasers with nearly transform limited radiation are nee-
ded. raotivrent processes are conveniently described in the Bloch

vectar picture (see Sect VI A). We note that fthere are many routes
-
of the state vector p{t) in the Bloch vector model leading to

population inversion., The route imposed on the state vector ;(t)
by the STIRAP methcd seems to be the most relevant one when imple-
mention of this technique for collision dynamics experiments is
considered. We also note that, in the concepr of the “optimum con-
trol" of Rabitz et. al. {33}, our approach may be considered as an

exceedingly simple method of passive pulse shaping.

The transition dipol moments of many molecules of interest are too
small for successful application of the STIRAP technigue. Current-
1y available cw lasers are not powerful enough to induce a suffi-
ciently large Rabi-frequency for transitions between the relevant
levels for many of these molecules and the condition given by eq.
(18) are difficult to meet. Therefore, it is of significant inter-
¢st to explore the feasibility of this method when pulsed lasers
arr involved. This will be done in paper IT [92], based on nume-
ri¢al results. in that paper, further numerical results as to the
dependence of the transfer efficiency E on the various parameters,
such as Rabi-frequency, detuning. separatjion of the laser beam
axis and collision rates will be presented. Furthermore, it will
L. shawn rhat the STIRAP method can be conveniently used to pre-

pare 4ligned molecules in levels v > 1.
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Table Upectiancopio data

for

reloevant tor Lhis cxperiment, The

12.5 ns corresponding to an electronic transition dipol

)

% 10 debye”' . The line strength

here is L = 0.55.

the Nao

lifetime of the

transition

is ap

noment p.

factor for the R-transition used

transition (v, 3" ={v" 1"} wavelength FCFb)
1 - 2% (0.5 - (7,6} 646.790 0.113
3 —- 29 (5,50 - (7,6 680.852 0.051
3 -~ 5! (5,5) - (12,6) 656,240 0.038
al b} o] L.

ref [£9]; ref.[74, 75} pump laser transition;
d)

Stokes laser transition:

413

probe laser transition.

. . . . -1 S
Tat 1 [0 ¥abi-trequencies in units of 10" s -1 transitions

sprcified in Table I

Intensity 1072mW/mmJ 1 wmW/mm- 107 mW/mm?

transitrion



Fasle Til Etticaiehiey sod width of Evd,) tor various detunings

Y, and Rav treqguensies , =, = 0.7 L0 s

(WSS E(d, =01 ) width of E(4,)°
[MHz] (MHZ |

9 75% 15

500 ® 20% 20

540 X 15w 15
1120 X 10% 10

a) These data are likely to be improved with better frequency
stability of the lasers.

k) Full width at half maximum. The uncertainty is about b 3 MHz.

Figqure Captions

Figp. L Represeniqtive j-level system wWith levels 1.2 and 3,
coupled by the pump and Stokes laser. The relevant Rabi
frequencies i,y and detuning i, of the laser trequencies from

the transition frequencies as well as the spontaneous decay rates

A., of level 2 are indicated. Two-photon (Raman-) resonance
requires 3, = ),. Level 4 summarizes all other levels accessible
by dipole radiation from level 2. Under our exXperimental

conditions, the rate k,, for collisional coupling between levels 4
and 1, is zero. The rate ks, of removal cof population from level 2
by processes such as ionization or predisscociation (see dashed
arrow} is alsc assumed to be zero. The population of level 3 is
probed, at a different location, by laser induced fluocrescence via
level &.

Fig.2: Schematic experimental set-up with the molecular beam and

the pump-, Stokes- and probe laser beams, delivered to the
apparatus from the lasers by single mode polarization preserving
optical fibres. Distances as well as the diameter of collimating
apertures are given in mm. The main and auxiliary detecters Dl and

D2, respectively, as also shown.

Fig.3: Typical raw data with the pump laser frequency tuned to
near resonance with the transition from level 1 to 2, {a)
and (b}, or 240 MHz off resonance (c} as the Stokes laser frequen-
ey is tuned across the resonance (see Table I and Fig. 1}. The
axevs of the pump- and Stokes laser coincide for the data shown in
{(a) but are suitably displaced for those shown in {(b) and {c}. The
dasned line ygives the intensity level related to the population of

level 3 by spontaneous emission only.

Fig.4: The efficiency of population transfer from level 1 to
level 3 for 4, = A, = 0 as the spatial separation D of the
laser beam axes is varied. D is measured in units of the beam

Walst W, Negative values of D correspond to a configuration with

L2

I

e T



Ve Stoker baser proeceoding the pump laser, see upper panel of rhe
fy tute . Whono ooceensmaddoring propazation times of molecules t hrough

e breeans wWee Baaves . e sy, ld4) . opo= - 0.5 tor D/w! = ~-1.

Fig.%: Same as Fig.4 but with both lasers tuned 400 MHz oft

resanance,

Fi1a.6: Variaftion of the transfer efficiency 1in the case of

optimum displacement of the laser beam axes as the Stokes
facer frequency 1s tuned across the resonance. The base line is
<1ughtly  asympeetric because the pump laser detuning i, 1is not

wractly zZern tser oalso Fig. 3.

Fig.7: Observation of the correlation between the population
transfer wvfficiency and the decrease in the fluorescence
from the interaction region of the pump and Stokes laser with the

molecular beam, observed with detector D2, see Fig. 2.

Fig.8: From top of the bottom, the variation of the Rabl fre-

: . +
guencies {1, ., and of the eigenvalues +" and «- for A, > 0,

Y, = 0 and }, < 0. see eq.{b), is shown as a function of the
reduced time ¢ o= 1/
Fieg.%: Evolution of the population in levels 1, 2 and 3, given

by the correspondinag density matrix elements for aptimum
displacement of the laser beam axes {left panels), coinciding axes
imiddle panels) and reverse ordering (pump laser preceeding Stokes
laser, right panels). The spatial separation D and the delay in
terms of the propagaticn time are related by eq. (14}, with |a{ =
0.6 rcorrespondding to !DI = 1.2 L The insert shows an enlarged
portion of the main figure, using the same scale r. The vertical
scale runs from O to 0.03. The “"reverse" STIRAP process
(population transfer from level 3 back to level 1} is clearly

sSeeT .,

Fig.10: Summary of the flow of population from fhe initially

. . N
populated Tevel Y otng 2 100) via the states |d“) and a-

tiv o the levels 1 oand 3 for sharacteristic geometric arrangments (D

0, I = @ and {* » 0) as well as characteristic detuning Ao o0,
Y = 0 and M < 0 with 4, = 3, = )). The asymptotic value of the
rolevant mixing angles is alse given. The diagrams are explained

in the upper left panel. The step in the lines connecting state

. + . . . £ :
}J) with a > indicates which oane of thue level a > 1is non
dinencrarte with the others for Hp., = 0, seer Fig. 8. The width of
. . I . .
thi= arrows leading out of the states |a > corrvelates gualitatively
i

with the radiative damping »f these states. The arvrows leading out
o1 level 3 for D » O relate to the optical depletion process dis-—

cussed in Sect V B4 and seen at the right hand side of Fig. 9.

Fig.l1l: Variation of the calculated maximum transfer efficiency
*
Em.« and the quantity U, dr (sew eq.(18), F = 5 for H, =
-1 )]
“ = =
16Y s and Jh,, 0 as the overlap ¢ ITAYS {see eq. {(14)) of the
laser beams is varied. The function F/F‘ is discussed in Sect. VD.

*
Adiabatic following arcund r = 0 is maintained as long as F/F <«
1.

Fig.12: Compariscn of the STIRAP process in a three level system
(d) with the s-pulse technigue {a) and rapid adiabatic
passage method {b} in a two - level system 1in the Bloch-vector
pilcture. The variation of the first and third component of the
vector F (see eqg.(22)) for the STIRAP process 1is shown in part

[ I
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