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Coherent population transfer in NO with pulsed lasers: the
consequences of hyperfine structure, Doppler broadening
and electromagnetically induced absorption
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Abstract. Coherent population transfer between vibrational levels of the NO molecule induced by the
interaction of two delayed laser pulses, also referred to as stimulated Raman scattering involving adiabatic
passage (STIRAP), is studied experimentally in a molecular beam and in the bulk. The consequences of
hyperfine splitting and Doppler broadening are discussed in detail. Unlike in previous studies of this kind,
transfer occurs simultaneously between more than one group of non degenerate levels. In a molecular beam
or in the bulk, the transfer efficiency of STIRAP exceeds that obtained by Stimulated Emission Pumping
(SEP) by a factor of 3.6 or 15, respectively. We estimate the absolute transfer efficiency 7" in the beam
to be T =~ 60%, while T' &~ 18% is found in the bulk. In both cases, this is 60% of the maximum value
expected from numerical studies. Possible reasons for this discrepancy are discussed. Finally we show that
the absorption of a pump pulse in a weakly absorbing medium is significantly enhanced by the presence
of a copropagating Stokes pulse when the Rabi frequency s of the latter is smaller than the width of the
Doppler profile Avp. The relation of this observation to the phenomenon of Electromagnetically Induced

Transparency (EIT), which is observed for Qs > Avp, is also discussed.

PACS. 33.80.Wz
42.65.Dr Stimulated Raman scattering; CARS

1 Introduction

Coherent population transfer by a stimulated Raman pro-
cess involving adiabatic passage (STIRAP) is now an estab-
lished technique for manipulating the population distribu-
tion in atoms and molecules [1]. After the first demonstra-
tion with continuous lasers [2] and the subsequent imple-
mentation with pulsed lasers [3—5] numerous applications
have been proposed or demonstrated. New elements for
atom optics [6-8] were developed, applications to atom
interferometry [9,10] and laser cooling were reported [11—-
13] and a concept to use this method to prepare and
probe the state of the radiation field in optical cavities has
been proposed [14]. The technique was also used to study
the collision dynamics of vibrationally excited molecules
[15,16]. With some modification the method was further-
more applied for spectroscopic studies [17].

In its simplest form, the STIRAP technique is imple-
mented for a three state system [2,18,19]. Initially state 1
carries the population. The objective is to transfer all the
population to a state 3. This is done by suitably timed
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Other multiphoton processes — 33.80.-b Photon interactions with molecules —

coupling of an intermediate state 2, typically a state in a
different electronic level, to the states 1 and 3 by radiation
from a pump laser and a Stokes laser, respectively. Nearly
complete population transfer is achieved provided the in-
teraction begins with the Stokes laser and ends with the
pump laser. The laser frequencies may be detuned from
the resonance with the transition to the intermediate level.
However, the two—photon resonance must be maintained.
With these conditions met, the system is prepared in a su-
perposition state (called trapped state, discovered in 1976
[20]) with contributions from the bare states 1 and 3, but
no contribution from bare state 2. In the adiabatic limit
level 2 is not populated in the course of the transfer pro-
cess and radiative losses from the intermediate state 2 are
efficiently suppressed.

The timing of the interactions is done either by pulsing
the radiation or, when molecular beams in combination
with continuous lasers are used, by spatially shifting the
axes of the lasers. In the latter case the particles are ex-
posed to a time dependent radiative coupling as they cross
the laser beams. The losses during the transfer process
are small, if the evolution is (nearly) adiabatic. Adiabatic
evolution depends on several conditions. Firstly, the pulse
area of the interaction must be sufficiently large [1,2,21],

i.e. QoAT > 1, where Qp = /Q3, + Q2, and Qpo, 5o are
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Fig. 1. The level scheme for the NO molecule, relevant for the
transfer and the detection.

the peak Rabi frequencies of the pulses [22], which mea-
sure the coupling strength induced by the lasers; At is the
relevant interaction time. Secondly, the frequency fluctu-
ations during the interaction with the atom or molecule
with both lasers must be small [3]. Also, deviations from a
smooth pulse shape are detrimental. Therefore special care
must be taken when implementing the method with pulsed
lasers, which wusually exhibit inferior coherence
properties. In fact, nearly transform limited radiation is
required for successful application of the STIRAP tech-
nique [4].

Early studies [23] and recent theoretical [24-26] and
experimental [27] work has carried the method beyond
three level systems. It was found [27] that efficient trans-
fer in multilevel systems can be achieved, subject to some
restrictions with regard to the choice of the polarization,
frequency and power of the lasers. Also, the consequences
of detuning from the two—photon resonance have been an-
alyzed [3,19,28].

In the present work, we expand on previously reported
results on coherent population transfer with pulsed lasers
applied to the NO molecule [4] as well as on some aspects
relevant for population transfer in multilevel systems [27].
We consider in particular the consequences of the hyper-
fine structure of the molecular levels and the consequences
of Doppler broadening.

2 Background
2.1 Some spectroscopic and experimental details

Figure 1 shows the relevant transitions in NO including
the level splitting due to A-doubling, which is character-
istic for molecules in a II-state. We consider the trans-
fer from the A-component with negative parity [29-31]
of the lowest rotational state (j” = 1/2) of the vibra-
tional level v” = 0 in the 2II; /2 electronic ground state
to the (57 = 1/2,v” = 6) level. The intermediate level
is (' = 1/2,0" = 0) in the A2X* electronic state. The
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Fig. 2. Details of the level scheme for NO, relevant for the
transfer, including the hyperfine structure. Since only the
amount of My is shown, all the levels are doubly degenerate.
The levels are numbered from 1 to 9, for convenient reference
in the text.

wavelength of the pump and Stokes laser is 226 nm and
300 nm, respectively. This coupling leads to the popula-
tion of only one parity component in the v” = 6 level.
The population of this level is monitored by fluorescence
induced by excitation to the v’ = 4 level via a Q1 or SRo1
transition. Collisional transfer to the adjacent level of dif-
ferent parity is monitored by R; or ®(Qs; transitions.

Pulsed radiation with nearly transform limited band-
width is obtained by pulse amplification of cw radiation
[4] with a typical energy of 1mJ for each of the pulses.
The pulse width was A7 = 3.0ns according to
E(t) = Epexp|—(t/A7)?] while the power spectrum had
a width (FWHM) of Avpr, = 125 MHz. Very high lying
vibrational levels (e.g. v/ > 20) can be populated when
coupling occurs to the B—state, which requires radiation
with A < 200 nm [32]. A spatially smooth intensity pro-
file is needed in the region where the laser and molecular
beams cross, in order to assure the validity of the con-
dition for adiabatic evolution near the laser beam axes.
Therefore the radiation was spatially filtered, at consider-
able expense in pulse energy. Typically 0.1 mJ/pulse was
delivered to the molecular beam.

2.2 The hyperfine structure

The nuclear spin of 14N'60 is I = 1 leading to levels with
total spin of F' = 1/2 and 3/2, see Figure 2. Therefore,
what is shown in Figure 1 as a three state system encom-
passes actually 18 states. Such hyperfine splitting could be
detrimental for efficient population transfer since the laser
frequencies may not be in two-photon resonance with all
radiatively coupled pairs of initial and final levels. How-
ever, for linear polarization, when Ep is parallel to Fy
(this state of polarization was used throughout this ex-
periment), the system decomposes into four independent
systems, one each for mp = £1/2 and mp = £3/2. The
latter two are three state systems while the former consist
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Fig. 3. Laser-induced fluorescence of the Q1(1/2) level of the
X—A -transition. The hyperfine splitting of the ground state is
well resolved. The gaussian fit to the profiles reveals a differ-
ence in the width of 17 MHz, which is close to the hyperfine
splitting of 15 MHz in the upper state. This difference is re-
lated to the variation of the linestrength for transitions between
(F, mr)-states, given in Table 1 of the appendix. The ratio of
the transition strength ' — F' =1/2 and F"' — F' = 3/2
is 1:8 for F"" = 1/2 but 4:5 for F"" = 3/2. Therefore, the profile
of the peak labeled F"' = 1/2 is dominated by the transitions
to only one hyperfine component of the upper level, while tran-
sitions to both hyperfine levels contribute nearly equally to the
peak labeled F"' = 3/2, giving rise to a broadening equivalent
to the upper state hyperfine splitting.

of six states each. They reduce to effective three level sys-
tems since the hyperfine splitting in the electronic ground
state is 214 MHz [33] and is spectrally resolved, see Fig-
ure 3. The hyperfine splitting in the intermediate state
of 15 MHz [34] is small compared to the laser linewidth.
The precise value of the difference frequency of the pump
and Stokes laser radiation determines between which pairs
of levels (F,|mp| = 1/2) the transfer occurs. Following
the numbering shown in Figure 2, transfer may occur be-
tween one of the states 4 and 5 to one of the states 9 and
8. When the two-photon resonance is established for the
pair of states 4 and 8, the same is true for the pair 5 and
9, since the difference Ax — A¢ (see Fig. 3) of the hyper-
fine splitting in the levels v” = 0 and v” = 6 is negligibly
small.

In cases (not encountered here) where the hyperfine
splitting in the X-state is not fully resolved additional
complications may arise, since transfer from any one of
the thermally populated levels 4 and 5 may be transferred

to any one of the levels 8 and 9. Such a situation was
not encountered in previous studies. In the recent work
involving multilevel systems, the initial state was always
a single quantum state [27], or the initial level consisted
of degenerate quantum states [2].

2.3 The Hamiltonian and dressed state eigenvalues
With reference to the detunings, defined in Figure 2, the

Hamiltonian (in rotating wave approximation) [22] for the
three-state system, relevant for the |mp| = 3/2 states is

A —2Ap — Ap Q19 0
Hs = —3 Q21 —Agp Qa3 , (2.0)
0 Q30 —2As5 — Ac

while the six—state Hamiltonian, relevant for the
|mp| = 1/2 states reads

see equation (2.2) above.

The Rabi frequencies and their dependence on the quan-
tum numbers are explicitly given in Appendix B. It is
instructive to inspect the variation of the dressed state
eigenvalues for various ratios of the Rabi frequencies and
the hyperfine splitting. However, one can not adapt the
approach used in [27] because only diabatic crossings arise.

Figure 4 shows the variation of the dressed state eigen-
values for four Rabi frequencies Q¢ with /2 much larger,
slightly larger, equal or smaller than the ground state hy-
perfine splitting. The calculation was done for parallel lin-
ear laser polarizations with the laser frequencies tuned to
the two-photon resonance for the 4, 8 and 5, 9 pairs of lev-
els. Initially, when only the Stokes laser is present, the sys-
tem evolves along the horizontal (thick) lines correspond
to the trapped states which are, at early times, identical
to the initially populated levels 4 and 5. For large Rabi
frequencies (Fig. 4a and 4b) a crossing of eigenvalues oc-
curs at early times when the pump laser intensity is zero
(or very small). At this time the trapped states have not
acquired yet a contribution from the level 8 resp. 9, and
the coupling with the states that correlate asymptotically
to state 6 resp. 7 is zero. Therefore the crossing is not
avoided (or only very weakly avoided) and the system fol-
lows the horizontal paths. The dressed states correspond-
ing to these paths correlate to state 8 resp. 9 at late times.
The situation is equivalent at the second crossing and thus
complete transfer to states 8 and 9 is possible.

For small Rabi frequencies (Fig. 4d), there is no cross-
ing of eigenstates and adiabatic transfer from 4 to 8
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Fig. 4. Evolution of the dressed state eigenvalues of the Hamil-
tonian (Eq. 2.2), for various ratios of the Rabi frequency and
the hyperfine splitting of the ground state level. The horizontal
thick line is the adiabatic path for the transfer. The numbers of
the bare states (see Fig. 2) which correlate with the eigenvalues
at very early and very late times are also given.

(or 5 to 9) is possible, provided the conditions for adi-
abatic following are met.

Only in the intermediate case (Fig. 4c) where the Rabi
frequency matches the hyperfine splitting, the eigenvalues
become degenerate near t = 0. At this time, the trapped
states are superpositions of states 4 and 8 (resp. 5 and
9) and some population will be transferred to the states
which asymptotically correlate to 6 resp. 7, from where
they will be lost by spontaneous emission.

3 Population transfer in a molecular beam
3.1 Numerical results

Unlike for Nas and Ne* used in previous studies with cw
lasers, the electronic lifetime of the NO A-state (200 ns) is
long compared to the overall interaction time of 10-20ns.
Therefore, radiative losses from the intermediate state are
small during the interaction time with the laser pulses and

numerical calculations based on the Schrédinger equation
(rather than on the Liouville equation) are adequate. How-
ever, any population which reached the intermediate state
due to nonadiabatic coupling during the transfer process
will later on be lost by spontaneous emission.

The state vector prior to the arrival of the laser pulses
is

). (31)

It should be emphasized again, that unlike in our previous
studies, more than one non-degenerate quantum state is
initially populated. The state vector (3.1) is propagated
to

| (late)) =

| (early)) = ﬁ(e“ﬁ1 1) + e'¥4|4) 4 %>
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n

with |[#(t)) = T3/ (t = 0)), leading to

@ (t) =

Levels 1, 4 and 5 are each doubly degenerate. They are
thermally populated lacking any fixed relative phases
amongst them. Therefore the population in state |n) is
given by

1 iy T ipart ips T
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since cross terms vanish.

The transfer efficiency obtained from numerical sim-
ulation studies is shown in Figure 5. The panel (a) rep-
resents the transfer efficiency as a function of the pump—
and Stokes laser detuning on a gray-coded scale. Along
the diagonal, the two-photon resonance (Ap = Ag) is
maintained while the frequencies are detuned from the
one-photon resonance (Ao # 0). The solid line in Fig-
ure bb shows the transfer efficiency “along the diagonal”
(Ap = Ag) as Ag is changed. The dashed line shows the
two photon line shape, “perpendicular to the diagonal”,
i.e. for Ap = —Ag.

The panels (c) and (d) show the related fluorescence
intensity. Because the upper state lifetime is long com-
pared to the laser pulse duration, most of the fluorescence
is emitted after the population transfer is completed. The
pronounced dark resonance, associated with efficient pop-
ulation transfer is obvious from panel (c). Panel (d) shows
a horizontal cut (Stokes laser tuned while the pump laser
frequency remains on resonance, Ap = 0) through the
structure of panel (c). The details of the lineshape depend
on the pump laser detuning Ap and are similar to the Fano
profiles [35] which were also observed by Neusser [17].

The transfer efficiency is slightly reduced for Ag = Ap,
which is even more pronounced when only the transfer
from state 4 to state 8, shown in Figure 6, is considered.
The loss on resonance is caused by the coupling to states
which correlate to level 6 and 7, as discussed in the pre-
vious section. Figures 6a and 6b show the transfer from 4
to 8, while the transfer from 4 to 9, which requires tun-
ing of the Stokes laser frequency by 214 MHz, is shown
in Figures 6¢ and 6d. For the latter the relevant Rabi fre-
quencies are smaller (see Appendix), and the condition for
adiabatic following is no longer satisfied.
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Fig. 5. Numerical simulation of the transfer efficiency (T)
shown in (a) and excitation of the intermediate level (IL) shown
in (c) as a function of the detunings Ap and Asg, respectively, in
the beam. The solid line (b) shows the transfer efficiency along
the contour Ap = Ag (Raman resonance), while the dashed
line refers to Ap = —Asg. For Ap = 0 a pronounced dark res-
onance is observed (d). The center of the dark resonance is
shifted from zero by 107 MHz in the latter panel, because the
detunings are measured with reference to the middle between
the ground state hyperfine levels (see Fig. 2).

3.2 Experimental results

The overall features of the coherent population transfer in
NO, observed in the simulation studies discussed in the
previous section are well reproduced in the experiment.
The population transfer and the related dark resonance
is shown in Figure 7 as a function of Stokes and pump
laser detuning. The maximum of the Stokes pulse preceded
that of the pump pulse by 3ns. The pump and Stokes
laser energies (and beam diameters) were Ep = 17 ulJ
(2 mm) and Eg = 340 pJ (4 mm), respectively. The
corresponding peak Rabi frequencies for Am = 0 tran-
sitions from the magnetic sublevels m = +1/2 are both
Qo = 27 330 MHz (neglecting the hyperfine splitting, see
also appendix A as well as Table 2). With A7 = 3 ns, this
leads to QAT ~ 6.3, falling short of the desirable value
of QoAT > 10.

Figure 7a shows the population in the final state, mea-
sured by probe laser induced fluorescence. The signal
along the diagonal is related to the STIRAP process. The
horizontal structure seen for Ap = 0 (Ag # 0) results
from those molecules which are excited to the intermedi-
ate level by the pump laser and which decay during the
short time interval of 300ns set for detection about 1 us
after the STIRAP pulse sequence. This fluorescence is a
small fraction of the time integrated total fluorescence
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Fig. 6. Numerical Simulation of the transfer in the beam from
level 4 to 8 ((a) and (b)) or level 4 to 9 ((c) and (d)) with
the frequencies adjusted accordingly (see also the caption of
Fig. 5).

shown in panel (c), representing the decay from the in-
termediate level after the excitation to all accessible vi-
bronic levels. Since the simulation studies are based on
the Schrodinger equation, the total loss out of the system
by spontaneous emission is included, while the population
of the initial or final levels by spontaneous emission is not.
Therefore the horizontal structure of Figure 7a is not seen
in Figures 5a, 6a and 6c.

The transfer efficiency along the ridge of the diagonal
structure is displayed in the lower left panel. The maxi-
mum transfer efficiency is observed, as expected, very close
to the one-photon resonance. The two photon lineshape
(recorded for Ap = —Ag, i.e. along a line which is per-
pendicular to the “STIRAP-ridge”) is also shown.

3.3 STIRAP signature and transfer efficiency

Figure 8 shows the variation of the fluorescence induced by
the probe laser as the delay between the pump and Stokes
laser is changed from about AT = —8ns (Stokes laser pre-
cedes the pump laser) to about AT = +10ns (pump laser
precedes the Stokes laser). The maximum of the transfer
efficiency near AT = —3.5ns is significantly higher than
that for AT = +2.5ns, which is a typical signature of
the STIRAP process. For large positive delay, the transfer
is caused by Stimulated Emission Pumping (SEP). Obvi-
ously, the STIRAP signal exceeds the SEP signal by more
than a factor of three.

Experimental determination of the absolute transfer
efficiency requires a calibration procedure. When cw lasers
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Fig. 7. Experimentally determined transfer efficiency (T) in
the beam as a function of the Stokes laser and pump laser
detunings shown in (a) and the fluorescence from the inter-
mediate level (IL) shown in (c). Cuts along Ap = As ((b),
solid line, Raman resonance), Ap = —Ag ((b), dashed line),
or for Ap = 0 ((d), exhibiting the dark resonance) are also
shown. The horizontal structure seen in (a) shows that the
spontaneous emission of the population from the intermediate
level still contributes to the fluorescence signal. Most of these
molecules do not reach the final level and therefore this process
is not included in the numerical studies (Fig. 5).
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Fig. 8. Experimentally determined ratio Tstirapr/Tsep of the
population transfer efficiency T in the beam as a function of
the delay between the pulses (STIRAP-signature). Negative de-
lay corresponds to the STIRAP configuration (Stokes pulse pre-
cedes the pump pulse) while positive delay relates to the SEP
configuration (pump pulse precedes Stokes pulse). The results
from two different runs are combined. The transfer observed at
large positive delay is used to calibrate the absolute transfer
efficiency.

are used for the transfer via an electronic state, the ra-
diative lifetime of which is short compared to the inter-
action time with the laser, the normalization procedure
is straightforward and unambiguous [2,27]. Under those
circumstances the pump laser alone will deplete all the
population of the initial state by optical pumping. The
fraction of the population, which reaches the final state
by spontaneous emission is determined from the known
transition strength. Thus, the ratio of the laser-induced
fluorescence out of the final state for the STIRAP transfer
to the fluorescence when only the pump laser is present
provides an accurate measure of the transfer efficiency.

The attempt to use the pump laser induced sponta-
neous emission to the final state for calibration fails here,
because pump laser induced Rabi oscillations occur which
are not damped during the interaction time. Therefore
the fraction of molecules residing in the electronic state
after the pump laser pulse is over depends sensitively on
the pulse area QpgAr. In fact, it may range between zero
and 100%. However if QpgA7T > 1, and pulse-to-pulse
fluctuations are large enough, on the average 50% of the
molecules will be in the excited state at the end of the
pump pulse. Thus 50% of the molecules (rather than 100%)
will radiatively decay, the fraction of molecules reaching
the final state is again known and can be used for the
calibration, as demonstrated in the recent work on SOo
[5]. Here, we adopt a different approach. When the pump
laser precedes the Stokes laser with no overlap between
the two but the delay AT is still small compared to the
radiative lifetime, molecules are first excited to the in-
termediate state by the pump laser and then transferred
to the final state by stimulated emission pumping. If the
pulse areas of both lasers are large enough and the signal
is accumulated for a sufficiently large number of pulses,
the pulse-to-pulse fluctuations will average over the Rabi
oscillations and a known fraction of the molecules will be
found in the final state.

For this experiment the collimation of the molecular
beam is such that the residual Doppler width related to
the motion perpendicular to the molecular beam axis is
small compared to the laser linewidth. Therefore the de-
tuning of the laser frequencies from their respective tran-
sition frequencies is the same for all the molecules in the
beam and the consequences of the hyperfine splitting for
the normalization procedure need to be carefully consid-
ered. In the Stimulated Emission Pumping (SEP) config-
uration (AT > 6ns, see Fig. 8), the molecules are excited
to the intermediate level by a pump laser induced one-
photon process, in which the hyperfine structure of the
initial state is resolved, i.e. only the population of one hy-
perfine component is transferred to the intermediate state.
Here we tune the pump laser frequency to the F” = 3/2
level which carries 2/3 of the total population accessible
for coherent population transfer. The fraction of 25% of
that population, i.e. 16.7% of the total population of the
initial j” = 1/2 level, will be transferred to the final level
in the SEP process. The STIRAP process will transfer the
population of both levels F/ = 1/2 and 3/2 since the Ra-
man resonance for transitions out of these levels is the
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same. Since the STIRAP signal exceeds that one obtained
with SEP by a factor of 3.6, the transfer efficiency of the
STIRAP process is 60%.

There are several possible causes which may have pre-
vented us from reaching a transfer efficiency closer to unity
than actually observed. We first mention two aspects which,
at first glance, seem to contribute to the difficulties. Closer
inspection shows, that they can’t be the major cause of
the problem:

e the line strength factors, see Table 3, vary by nearly
one order of magnitude with mp and at first glance it
may seem that the mean Rabi frequency overestimates
the value of QAT for transfer out of same levels and
thus non adiabatic coupling may have been stronger
than expected. However, when the line strength factors
are summed over the F/ = 1/2 and F’ = 3/2 levels in
the upper state, which are not resolved, the effective
linestrength factors are independent of mp;

e the bandwidth of the laser were larger than measured
when the data in the SEP regime was taken, trans-
fer out of the F' = 1/2 level would have been possible.
The higher transfer efficiency in the SEP regime would
increase the transfer efficiency in the STIRAP regime
accordingly. We emphasize, however, that saturation
broadening does not occur for excitation with coher-
ent pulses, i.e. for radiation with transform limited
bandwidth (see Append. C).

The lower than expected transfer efficiency could have
been caused by the following:

e despite spatial filtering, the profile of the laser beams
may have been less uniform than anticipated. This
would locally lead to an effective Rabi frequency
smaller than estimated;

e depending on the alignment of the Nd:YAG laser, the
pump pulse could have been of asymmetric shape. If,
for instance, the fall time is longer than the rise time,
the ratio Qg/Qp would not approach zero as needed.
Therefore, some of the population in the dark state
would coherently return to the initial levels. On the
other hand, for large negative delay (Stokes precedes
pump, with no overlap expected), an asymmetric pulse
shape would lead to a transfer signal which is larger
than expected from pump laser induced fluorescence
(Franck-Condon pumping). Such enhanced transfer is
indeed observed for AT = —8ns, see Figure 8.

4 Population transfer in Doppler broadened
media

Here we consider the feasibility of efficient population
transfer in the bulk. We show that Doppler broadening is
detrimental to the success of STIRAP when exciting high
lying vibrational states of the NO molecule, but that it
might be applied successfully in other cases with a small
energy difference between initial and final levels.

We examined NO at a pressure of p = 0.1 mbar and at
room temperature. For T = 300K, we have kT /w, ~ 0.1
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Fig. 9. Comparison of the results of numerical simulation
studies of the transfer efficiency in the beam (T, shown in
(a) and (b)) and in the bulk (7p shown in (c) and (d)) for
QoAT = 9 and A7 = 3ns. The cuts along the Raman res-
onance (Ap = Ag, solid lines, see also thin line in (a)) and
perpendicular to it (Ap = —Ag, dashed lines) are also shown.

and only the vibrational state v = 0 of the electronic
ground state X2IT carries significant population. There
is, however, a broad rotational distribution with its max-
imum at j” = 10.5. In the experiments we use j” = 5.5.

4.1 Numerical results

The transfer efficiency To(Qp, 25, Ap, Ag) depends on the
Rabi frequencies and the detunings. In a Doppler broad-
ened medium, the effective detuning depends on the ve-
locity component along the direction of the laser beam

AST = Ap +u/dp AT = Ag +v/)s. (4.1)

The overall transfer efficiency

TD(AP, As) = /f(v)To(Ap + ’U/)\p, Ag + ’l)/)\s)d’l)
(4.2)

is obtained by integration over the velocity distribution

1 _
F@)dy = —— o= (/5) gy,

Vpr/T

(4.3)

Results are shown in Figure 9 for o, = 408m/s,
Ap = 226 nm and Ag = 300 nm, in comparison with those
for a collimated molecular beam (o, = 0). Obviously, the
Doppler broadening reduces the overall transfer efficiency
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Fig. 10. Simulation of the STIRAP transfer efficiency in
Doppler broadened media as a function of the ratio As/Ap and
the product ATAvpeppler- The relevant As/Ap ratios for the
population of specific vibrational levels v” in the NO molecule
are indicated. Here we have A\p = 226 nm and v” = 6 is excited
with ATAvpoppler = 9, therefore a transfer efficiency of 29% is
expected.

to less than 1/3 as compared to the beam results. It is,
however, significantly higher than for SEP, see below.

For Ap = Ag, the two photon resonance is maintained
independent of the detuning due to the Doppler shift. The
integration (Eq. (4.2)) is then along the two photon reso-
nance line (the diagonal in Fig. 9). With increasing veloc-
ity, the frequencies are detuned further from the resonance
with the intermediate level and a higher Rabi frequency
is needed to guarantee adiabatic following.

For A\p # JAg, the Doppler broadening is significantly
more detrimental, since the Doppler shift of the pump
and Stokes laser is only partially compensated. With in-
creasing velocity, the system will tune off the two photon
resonance, and adiabatic following is no longer possible.
The integration (Eq. (4.2)) is along a path which is tilted
with respect to the diagonal, see Figure 9.

The dependence of the efficiency Tp(Ap = Ag = 0)
on the ratio Ag/Ap and the product ATAvpeppler, Where
Avpoppler i the Doppler width, is depicted in Figure 10.
Almost complete inversion of a three level system can be
achieved for Ag/Ap — 1 and/or for higher peak Rabi
frequencies (not available for this experiment).

The STIRAP efficiency for excitation of v" = 6 would
increase to 85% when the product ATAvpeppler is reduced
by a factor 5. This could be achieved either by cooling or
by using shorter pulses. If the pulse length decreases the
pulse energy must increase in order to maintain the pulse
area.

4.2 Experimental results

The transfer efficiency Tp from (v = 0,j” = 5.5) to
(v =6,5" = 5.5) via v" = 0 in the A-state in the bulk
is shown in Figure 11 as the time delay of the pulses is
changed. The STIRAP signature is again clearly seen.
From the laser pulse energies (Ep = 60 puJ,
Es = 300 pJ) and the beam diameters (Dp = Dg =
3 mm), we estimate the Rabi frequencies to be
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Fig. 11. Experimentally determined ratio Tstirap/TsEp of
the population transfer efficiency T' in the bulk as a function
of the delay between the pulses (STIRAP-signature). Negative
delay corresponds to the STIRAP configuration (Stokes pulse
precedes the pump pulse) while positive delay relates to the
SEP configuration (pump pulse precedes Stokes pulse). The
results from two different runs are combined. The transfer ob-
served at large positive delay is used to calibrate the absolute
transfer efficiency.

Qpg = Qg0 = 27 480 MHz, averaged over the magnetic
sublevels of NO.

Figure 11 shows a dramatic enhancement of the trans-
fer efficiency in the STIRAP regime as compared to the
SEP regime. This enhancement is significantly larger in
the bulk than in the beam. In the bulk, only a small
fraction of the molecules, essentially given by the ratio of
the laser linewidth over the Doppler linewidth (~ 4.7%),
participates in the SEP process (concerning the absence
of power broadening in this experiment, see append. C).
Since partial Doppler compensation occurs in the STIRAP
process, a larger fraction of the molecules is addressed in
this case.

Detection of the molecules in v/ = 6 is done by laser
induced fluorescence. The bandwidth of the excimer laser
pumped dye laser used in this case was large compared to
the Doppler width. Therefore the detection efficiency is in-
dependent of the velocity of the molecules. The hyperfine
splitting is more than one order of magnitude smaller than
the Doppler width and can be neglected here. Therefore
the SEP process reaches an efficiency of

Espp ~ 0.25 x 4.7% = 1.2%. (4.4)

The transfer efficiency of the STIRAP process is 15 times
larger than for SEP, i.e. EsTirap = 18%. As in the beam
experiments, this is only 60% of the value expected from
the calculation.

5 Stokes laser induced absorption in a
Doppler broadened medium

Pulse propagation effects in absorbing media have recently
attracted much interest [36-39]. Harris and coworkers [40]
as well as others (see e.g. [41]) demonstrated the phe-
nomenon of Electromagnetically Induced Transparency



A. Kuhn et al.: Coherent population transfer in NO with pulsed lasers 65

0,6 -
05 H
04 |-

03 |- —

transmission

02 - —

01 —

rel. fuorescence

0 6 1 I 1 I 1 I 1 I 1 I 1
-3 2 -1 0 1 2 3
Stokes-Detuning A, [GHZ]

Fig. 12. Transmission of the pump pulse embedded in the
Stokes pulse (i.e. zero delay), upper panel, and laser induced
fluorescence from the intermediate level, lower panel, as a func-
tion of the Stokes laser detuning Ag. The pump laser was
tuned to resonance Ap = 0 while the Rabi frequencies were
Qpo ~ 27 140 MHz and Qg =~ 27 370 MHz.

(EIT) in lead vapor. In their experiment, strongly absorb-
ing lead vapor was made transparent for pump laser radia-
tion when its pulse envelope was embedded in the envelope
of a powerful Stokes pulse. The Rabi frequency of the lat-
ter was (g > 27 160 GHz and thus much larger than the
Doppler width. Therefore a Doppler shift has only a negli-
gible effect. Here we show that a related mechanism, which
leads to EIT when Qg > Avp, results in Electromagneti-
cally Induced Absorption (EIA) when we have Qg < Avp.
The connection of EIT and STIRAP is discussed in some
more detail in [42]

5.1 Experimental results

In the experiment, we observe the transmission of a pump
laser pulse (p = 27 140 MHz) after propagation through
a 300 mm long cell containing NO at 7" = 300 K. A pres-
sure of 0.4 mbar was chosen to adjust the absorption of the
pump pulse resonant with the Q1(5.5) line of the (0, 0)
band to 50%.

We compare the absorption of the pump laser pulse
(A7p = 2.7ns) with and without copropagating Stokes
laser pulse (A7g = 3.1ns, g = 27 370 MHz, no time de-
lay). Figure 12 shows the transmission of the pump laser
as the Stokes laser frequency is tuned. On two photon res-
onance, the transmission drops from 50% to about 15%.
This confirms that the pump laser pulse is indeed more
strongly absorbed when embedded in a copropagating res-
onant Stokes laser pulse. In parallel, we also observe a

Soy i 8,200
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A x f(v) dv
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Fig. 13. Velocity distribution of the molecules in the cell (solid
lines). The fraction of molecules contributing to absorption is
shaded, with the pump laser alone (tuned to resonance) and
the pump laser together with the Stokes laser (tuned to the
Raman resonance) are shown on the left and right side, re-
spectively. With the Stokes laser present, molecules with v =~ 0
do not absorb the pump laser radiation anymore (EIT). How-
ever, otherwise inactive molecules in a large range of velocities
|v| > 0 may contribute (EIA). The net result is a significantly
enhanced absorption.

v/A [GHZ]

significant reduction of the fluorescence from the interme-
diate level about half way along the absorption path. This
signifies that the absorption due to resonant one photon
excitations of the intermediate level is reduced, whereas
the enhanced overall absorption must be a result of two
photon processes, i.e. Raman excitations to v” = 6.

5.2 Induced transparency vs. absorption

Figure 13a shows the range of velocity which leads to a
Dopplershift of no more than the laser bandwidth. These
molecules (a fraction of about 5%) contribute to the ab-
sorption. With the Stokes laser present and tuned to res-
onance, pump laser radiation can not be absorbed by
molecules with v /& 0. This group of molecules experiences
electromagnetically induced transparency, like in the ex-
periments by Harris. In those experiments, the range over
which absorption is eliminated is of the order of 150 GHz
and thus covers all of the Doppler width. In our experi-
ments, however, the Rabi frequency is of the order of the
Doppler width and molecules in a large range of velocities
are tuned, because of their Doppler shifted frequencies,
into resonance with the components of the Stark doublet
(the fraction of molecules is shown in Fig. 13b). The net
effect is a strongly enhanced absorption.

In order to observe the EIA process discussed here, one
typically needs a medium with an initial transmission of
about 50% which can be reduced to a much smaller value
when the Stokes laser pulse is copropagating.

It is interesting to see, that it is the magnitude of
Qs/Avp which controls the consequences of the presence
of the Stokes laser; EIT is observed for Qg/Avp > 1,
while Qg/Avp < 1 leads to EIA. Obviously, there is a
value of Qg/Avp for which the Stokes laser has no effect
on the transmission of the pump laser.
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Fig. 14. Comparison of the pump laser absorption under the
influence of the Stokes laser in the beam (Ao shown in (a))
and in the bulk (Ap shown in (c)). The lower panels show the
absorption for Ap = 0 as a function of Ag. In the beam ((b),
no Doppler broadening), the absorption vanishes at the Raman
resonance. In the bulk ((d), Doppler broadening), the absorp-
tion reaches a maximum when Ap = Ag = 0. The integration
path used to determine Ap(Ap = Ag = 0) is indicated in (a).

In Figure 14, the pump laser absorption without
Doppler broadening (left hand side) is compared to the ab-
sorption of a Doppler broadened medium (right hand side)
as a function of pump- and Stokes laser detuning. The pa-
rameters for the numerical simulation correspond to the
experimental conditions (see section 5.1). It is seen that
the absorption drops to zero without Doppler broadening
but raises up to 16% in the Doppler broadened medium.
Due to the dynamic Stark shift, the peaks of the absorb-
ing Stark doublet are shifted towards the Raman reso-
nance line Ap = Ag. The path of the Doppler integral,
indicated in Figure 14a, runs almost parallel to this line,
thus increasing the number of molecules participating to
the absorption process. The ratio Ag/Ap determines the
direction of the integration path and controls the relative
contribution of EIT and EIA. For the parameters used
here, the medium becomes transparent for Ag/Ap < 0.7.

6 Summary and conclusion

We have expanded our previous studies of coherent pop-
ulation transfer to a vibrationally excited level of the NO
molecule. In particular we have analyzed the consequences
of hyperfine splitting and Doppler broadening for the
transfer efficiency.

In previous STIRAP studies, the initial level consisted
of a single quantum state or of a group of degenerate sub-

levels. Here we transfer simultaneously population from
two groups of non-degenerate levels to two such groups in
the vibrationally excited state. Since the hyperfine split-
ting is larger than the bandwidth of the laser and both ra-
diation fields are linearly polarized parallel to each other,
complications, such as demonstrated and analyzed by
Martin et al. [27], do not occur. We have also discussed,
in some detail, the normalization procedure needed to de-
termine the absolute transfer efficiency. A discrepancy be-
tween the expected and observed efficiencies is found, the
reason for which has not yet been identified unambigu-
ously.

We have also studied population transfer in the bulk
with a Rabi frequency €2y smaller than the Doppler width
Avp. The STIRAP transfer efficiency is more than an or-
der of magnitude larger than that obtained by Stimulated
Emission Pumping (SEP), since a partial compensation of
the Doppler shift occurs in the coherent two photon pro-
cess, allowing a larger fraction of molecules to participate
in the transfer.

Finally we considered the effect of a Stokes laser pulse
copropagating with a pump laser pulse in a weakly ab-
sorbing medium. While the phenomena of Electromag-
netically Induced Transparency (EIT) is observed when
Qs > Avp, we observe an enhanced absorption (EIA),
since Qs < Avp, since the number of molecules which
are able to absorb a photon increases due to the Stark
shift and splitting at resonance. Thus, the EIT or the EIA
phenomena could be used to open or close, respectively, a
light path in a laser controlled optical gate.
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and partial support by the EU (HCM network ERB-CHR-
XCT-94-0603) is acknowledged. A.K. is indebted to the
Alexander von Humboldt-Stiftung for support.

Appendix A: Rabi frequencies

The population of a two level system exposed to coherent,
resonant radiation oscillates between the levels with the
Rabi frequency Q = p - E/h, where E is the amplitude
of the radiation field. Evaluation of the dipole matrix ele-
ment g is a non trivial task because of the large manifold
of rotational sublevels and the mixtures of Hunds cases a
and b in the X2IT state of NO. Therefore, we compile the
necessary information in this appendix.

A.1 Dipole moments of NO

The coupling schemes in the A and X states of NO are dif-
ferent. This leads to different sets of quantum numbers,
(', 5, m' k') and (v", 5", m"”, Q) respectively, which spec-
ify the rovibronic substates. The parity splitting in the
X state and the hyperfine splitting are not considered in
equations (A.1 and A.2). The squared dipole moment of
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Table 1. Honl-London factors and dipole matrix elements for the various pump and Stokes transitions of the NO ~(0,0) and
~(0,6) bands, assuming linear polarization (Am = 0) for j” =1/2 and j” = 3/2.

p070[10_31 Asm)] ,u0,6[10_31 Asm)]
4" | Transition | Line | HLF | £1/2 +3/2 +1/2 +3/2 +—m”
Q1 | 0.667 | 2.135 - 0.968 -
1/2 2yt Q21 | 0.667 | 2.135 - 0.968 -
) Ry | 0.333 | 1.510 - 0.684 -
21,5 Ro1 | 0.333 | 1.510 - 0.684 -
P 0.362 | 1.573 - 0.713 -
2yt Py | 0.306 | 1.447 - 0.656 -
) Q1 | 1.112 | 0.872 2.616 0.395 1.186
2H1/2 Q21 | 1.022 | 0.836 2.508 0.379 1.137
Ry | 0.616 | 1.590 1.298 0.721 0.588
3/2 Ro1 | 0.582 | 1.545 1.262 0.701 0.572
Py | 0.972 | 2.578 - 1.169 -
2yt P, | 1.028 | 2.652 - 1.202 -
) Q12 | 0.756 | 0.719 2.157 0.326 0.978
I3/ Q2 | 0.846 | 0.761 2282 | 0.345  1.034
Ry2 | 0.184 | 0.869 0.709 0.394 0.322
Ry> | 0.218 | 0.946 0.772 0.429 0.350
a specific A — X transition reads [43] Table 2. Rabi frequencies of the pump- and Stokes transitions
for several pulse energies W with R = 1.5 mm beam radius
ﬂ2 _ |<A,v',j’,m',k’|dq|X, v”,j”,m”,ﬂ)|2 (A.1) and pulse duration A7 = 3ns. Qp and Qs are scaling with

= le FCFv’v” |<jl7m/7 kl|dq|j”7m”7 Q>|2
-/

. 2
J J ) K g7 P,

= Mé FCFyr (m/ “Amm”

where d, is the dipole operator (¢ = 0 for excitation with
linearly polarized light) and |(j’, k|d,|5", Q)|? is equiva-
lent to the Honl-London Factor (HLF).

The Einstein coefficients A,/ for individual vibra-
tional transitions v — v’, needed to determine the elec-
tronic and vibrational contribution to the dipole moment
i, are known [44]

Ay 3hegAd
Mvib(’U/; ’U”) = pe1/ FCFyryr = 1)101670

(A.2)
The algorithm to calculate the HLF for a mixed coupling
scheme is given in [45]. It relies on the ratio 7 of spin—orbit
coupling coefficient A to the rotational constant B. With
A and B from [46] using the fact that B is only weakly
dependent on v/, we use here an average value of v = 74.5.

The renormalized Honl-London factors for the
32X+ —21I, 5 transitions with j” = 1/2 and j” = 3/2 are
given explicitly in Table 1. Using the Einstein coefficients
from [44]

Ao,o =1.002 x 108571 — to.0 = 6.406 x 10731 Asm
AO’6 = 8.801 x 104 871 — Ho,6 = 2.904 x 10731 Asm

and linear polarized light (Am = 0), the dipole matrix ele-
ments of the NO (0, 0) and (0, 6) bands were calculated
and are also given in Table 1.

Q° /WuJ] where Q) = 27 54.2 MHz and Qf = 27 24.7 MHz.

Wipd] | Qp/2n [ MHz | Qg/27 [ MHz |
1 54.2 24.7
5 121 55
10 172 78
50 383 174
100 542 247
A.2 Laser fieldstrengths
Assuming laser pulses of gaussian envelope

E(t) = Egexp(—(t/A7)?), an homogeneous intensity dis-
tribution within a circular area of radius R and a pulse
energy W, the electric field amplitude Ey at the center of
the pulse is given by

B W 2v2
O\ T32R2ceg AT

Typical Rabi frequencies for the pump— and Stokes tran-
sitions (j” = 1/2) (2171/2(1/’ =0) —2 Y+ (v = 0) with
p=2.135x1073! Asm, and 2XH(v' =0) — 2 IT; ;5 (v"' = 6)
with u = 0.968 x 1073! Asm, respectively) are given in
Table 2. The Stokes pulse energy needs to be a factor of
five larger than the corresponding pump pulse energy to
equalize both Rabi frequencies.

(A.3)

Appendix B: Relative transition strengths

For a full treatment the consequences of hyperfine splitting
need to be considered. We determine the dipole moments
for transitions between levels in the X—state with quantum



68 A. Kuhn et al.: Coherent population transfer in NO with pulsed lasers

—2Ap + Aa 0 :Qp \/8/9Qp 0 0
0 —2Ap — Aa /8/90p  1Qp 0 0
He— 30 V8/90r  Agp 0 30s V/8/9%2s (B.A)
2 V/8/9p 10p —Ag  /8/90s 1Qs '
0 0 3Qs  /8/90s —2As + Ac 0
0 0 V8/90s  1Qs 0 —2As — Ac

Table 3. Relative transition strengths S, in units of
|(5',k'|d|5”, Q)| for linear polarization ¢ = 0 (see Eq. (B.1
and B.2)) with ;' =5 =1/2and I = 1.

X F"=3/2 F'=1/2
A Mg | 3/2 1/2 -1/2 -3/2| 1/2 -1/2
3/2 | 9/54 - - - - -
P=|1/2 | - 1/54 - - | 8pma -
3/2 | -12 | - - 1/54 - - 8/54
3/2 | - - - 9/s4| - -
F=| 1/2 | - 8/54 - - 14 -
1/2 | -1/2 | - - 8/54 - - 1/54

numbers (v, Q, I, j”, F”, M{) and the A-state with
quantum numbers (v', k', I, j', F', M[). The electronic
and vibrational contributions may be separated according
o ([22], Chap.21)

Haip = Her/ FCF(v', ")
X <k/7 I?j’? Fl? M{:‘|dq|Q7 I’ j/” F”’ M{:‘/>

(B.1)

= pe/FCF(v',v") HLF(j, k', j", Q)

) - o1 F"
N\ HIH2F —ML+1
x(=1) o <—M{, AMM{,’)

4 /
x/EF 1 D(2F + 1) x { 27 f,, } :

The ratios of the relative transition strength factors

Sy =K', 1,5, F', M{|dg|, I,5", F", M{")|*  (B.2)
to the Hoénl-London factors HLF (', k', j", ), calculated
from equation (B.1), are given in Table 3. With these re-

lations the Hamiltonians in equations (2.1 and 2.2) read
explicitly

p [ —20p—Aa Qp 0
Hy = —— Qp A Qg (B.3)
2 0 Qs —2Ag — Ac

and see equation (B.4) above
where the coupling strength is given with reference to the
Rabi frequencies in the three—state system, 12 = Qp and
Q30 = Os.

Appendix C: Coherent population return

The dynamics of the interaction of coherent radiation with
a two level system is well known [22]. Here, we explain

why a strong pulse of coherent radiation with smooth en-
velope does not lead to substantial saturation broadening.
The understanding of this phenomenon is important for
the normalization procedure of the transfer efficiency in a
three level system.

Pulsed laser excitation with large pulse area and an
interaction time much shorter than the lifetime of the ex-
cited state leads to Rabi oscillations. Figure 15 shows the
population of the upper state after the interaction with a
gaussian pulse or a pulse with a rectangular shape, both
of them having the pulse area [ Q(t)dt = /TQi2A7. The
half width at 1/e with respect to the maximum of the for-
mer is A7, while the duration of the latter is \/7TA7. For
on resonance tuning (A = 0), the variation of the excita-
tion probability is the same for both pulses. However, for
A # 0 the excitation dynamics is dramatically different.
While substantial saturation broadening is observed for
excitation with a pulse of rectangular shape, such broad-
ening is not observed for a gaussian pulse.

The eigenstates of the Hamiltonian of the system

= (&ﬁ) QX)>

are written in the basis of the bare states |1) and |2)

(C.1)

laT) = cos O[1) — sin O|2) |a”) = sin O|1) + cos O|2)

(C.2)
where

Q _ VP AZ-A
V2 + A2+ A Q

and the corresponding eigenvalues are

tan® =

(C.3)

1
w:t :i§ QQ+A2.

For A # 0, we have tan©®@ = 0 at very early and very
late times (Q(t) < |A]). Therefore |[(a™|1)| = 1 at early
and late times and no population remains in state |2) at
the end of the pulse, provided the evolution is adiabatic,
i.e. |©| < |w*|. This phenomenon is known as “Complete
Population Return” (CPR) [47]. For Gaussian pulses, the
condition for adiabatic evolution is well satisfied and only
little population is transferred from the initially populated
state [a™) to the state [a~). Some of the population which
reaches the latter will be in state |2) at the end of the
interaction. For a Gaussian pulse excitation will only be
observed for A < 1/Ar.
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Fig. 15. Comparison of the excited state population in a two

level system for gaussian pulses (a) and square pulses (b) of

same pulse areas (square pulse duration /7TAT), as a function
of the Rabi frequency Q12 and laser detuning Ajs.

The sudden increase of the Rabi frequency in case of
the rectangular pulse leads to strong nonadiabatic cou-
pling of the states |a™) and |a~) at the beginning and
the end of the interaction. In the beginning the angle ©
increases suddenly to a value determined by the Rabi fre-
quencies and the population in |1) is distributed accord-
ingly to the dressed |a™) and |a~) states. At the end, the
phase relation wt between the dressed states determines
how the population projects back onto the bare states.
Averaging over this relative phase, the final population in
the upper state

2sin? ¢ cos? ¢ sin®(wtt)
0?2
2(02 + A2)’

|21 (t > 0))? (C4)

shows the expected Lorentzian line profile with full width
at half maximum Apwam = Q.

Appendix D: Dependence on the pulse
shape

The envelope E(t) of laser pulses often derivates from a
gaussian shape. Here we examine the detrimental effect
of asymmetry of the pulse shape. Such an asymmetry
could be caused by a slow decay of the inversion in the
Nd:YAG rod or nonlinear effects in the pulse amplifiers or
the doubling crystals. Also Nd:YAG lasers with an inter-
nal phase conjugate mirror exhibit an intrinsic asymmetric
pulse with a fast rise time and a slow decay.

For the purpose of demonstration, we assume the
asymmetric pulse shape shown in Figure 16. The tails
prevent the increase of the mixing angle to ©® = 90° as
needed for complete transfer. Figure 16 shows the simu-
lated time evolution of the population due to such pulses.
Although at t =~ 3 ns, the population is transferred almost
completely to the final level, a large fraction of it returns
to the initial state. Furthermore, we note that the small

2,0 1

154

1,0+

Q,, Qg [rad/ns]

Population

Population

Time t [ns]

Fig. 16. Comparison of the population evolution (b) during
the STIRAP excitation using a pulse envelope with tails (a) to
the evolution using gaussian shaped pulses (c). The maxima
of the Rabi frequencies ng p = 27 320 MHz were chosen to fit
the measured two photon linewidths.

Rabi frequencies in the tail do not assure adiabatic follow-
ing and some population is lost by non-adiabatic coupling.

It is interesting to note that the determination of a
pulse shape for most efficient transfer by the optimal con-
trol theory [48] leads to asymmetric forms. However, the
optimal shape of the Stokes laser shows a slower rise and
a faster fall, while the optimal shape of the pump laser is
one with a faster rise and a slower fall.
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