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Stimulated hyper-Raman adiabatic passage. Ill. Experiment
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We report the experimental realization of coherent population transfer from ¥8estate to 2P fine-

structure levels of helium, using the technique of hyper-Raman adiabatic passage, in which the pump-laser
coupling involves a two-photon transition. We discuss the dependence of population transfer upon pump and
Stokes detunings, and show that by suitably setting the detunings one can transfer population efficiently as
either a two-step process to final states or as a single-step two-photon transition to an intermediate state. We
use an adiabatic-state picture to interpret these experimental results. Since the optimum detuning depends on
the pump laser intensity the transfer efficiency is compromised by the variation of the intensity across the
spatial profile of the laser beam. Our experimental data agree well with numerical simulation based on density-
matrix equations, including all 15 magnetic sublevels.
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I. INTRODUCTION detuning. If the two laser frequencies are initially tuned to
two-step resonand® wp— ws= (E;— E;)/% ] with respect to
Coherent population transfer via the stimulated Ramarhe initial- and final-state energie§; andE;, respectively,
adiabatic passage meth@®TIRAP) [1] allows efficient and this resonance condition cannot be maintained throughout
selective population transfer into a specific excited state in athe interaction and therefore the well-known dark sfdte
atom or molecule. In this technique two laser pul§msmp  will not exist at all times. The efficiency of the traditional
and Stokeg timed in counterintuitive sequence of Stokes STIRAP process relies on the continued existence of a dark
preceding pump pulse, couple the initial state to the targestate. Therefore the lack of such a state can hinder the trans-
state via a Raman-type linkage through an intermediate  fer process. Furthermore one-photon ionization of the inter-
tially unpopulated state. If the pulse shapes and pulse enermediate or final states may be a problem, if the ionization
gies meet certain general conditions it is possible to transfegnergy of these levels is less thawp or #iws.
100% of the population into the target state, and to do so In paper Il we have shown that it is possible to maximize
without populating the intermediate state. The STIRAPthe transfer efficiency when the time-dependent detuning is
method has been demonstrated experimentally for atoms afudirtially compensated by an appropriate static detuning of
molecules using cW1,2] as well as pulsed lasef8-5]. pump and Stokes lasefise., when the carrier frequencies of
In previous applications of STIRAP, both the pump andthe pulses are suitably chogeivith this approach a dark
the Stokes couplings were one-photon transitions. For mangtate does not exist throughout the interaction and so some
molecules of interest the coupling to the first electronicallytransient population reaches the intermediate state. Therefore
excited state requires relatively short-wavelength pump phoa high transfer efficiency can be achieved only if the decay
tons (UV or vacuum ultraviolet Sufficiently intense radia- rate I's, out of the intermediate state is sufficiently small,
tion sources for this spectral region suffer usually from poor’s,<T ', whereT is the interaction time.
coherence properties. The need for short-wavelength photons In this article we describe the experimental implementa-
can be avoided when a two-photon transition is used for théion of the stimulated hyper-Raman adiabatic passage
pump excitation[6]. That is, the usua(1+1) Raman cou- (STIHRAP) technique using metastable helium as an illus-
pling scheme&one pump photom,, one Stokes photomg)  trative example. The paper is organized as follows. In Sec. II
is modified to a(2+1) hyper-Raman coupling schenevo ~ we describe the radiative coupling scheme, the laser system,
pump photons, one Stokes photoihe relatively high in- and the experimental apparatus. In Sec. lll we present ex-
tensity required for the two-photon transition usually re-perimental data and compare the measured line shape to re-
quires pulsed lasers. sults from numerical simulations. In Sec. IV we use adiabatic
Although the two-photon linkage permits use of longer-states to interpret these results. We also use the semidiabatic
wavelength light, complications arise from unavoidable dy-states of paper Il to discuss the pulse conditions that allow
namic Stark shifts. These have been discussed theoreticalpnnection of the initial state to the target state.
in two earlier papers, referred to as papgfr]land 11[8]. The
main problem, induced by the relatively intense pump pulse, Il. EXPERIMENT
is that the dynamic Stark shifts lead to a time-dependent . .
A. Atomic couplings
Figure 1 shows the triplet energy levels of metastable he-
*Permanent address: Institute of Physics, Ukranian Academy dium. The two-photon pump transition, together with the

Sciences, Prospect Nauki 46, Kiev-22, 252650, Ukraine. Stokes transition, form a\-type hyper-Raman coupling.
"Permanent address: Lawrence Livermore National LaboratoryJwo pump photons of wavelength 855 nm couple the meta-
Livermore, CA 94550, stable initial state 3S to the intermediate state®$, and one
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200 He" TABLE I. Calculated values of Rabi frequencies and dynamic
i Stark shifts induced by the pump laser, in units of angular fre-
T quency(rad/9. Intensities of pump ) and Stokes I(g) laser in
A 3 817 nm wient.
190} 4 3P — . .
~ + 47s State Shift Rabi frequency
m% ggg - 2 251 1415 )
g 338 43236 ns probe 375 118p Qp=152p
1801 587 nm 2°%pP, —-143, 0P=1.611CF g
g pump | |Stokes 23P,, M==1 — 209, Q=09 1C%\I5
855 nm| |706 nm 23P,, M=0 —-2205p 02=22810 g
i 1 ,J=0. 23%p,, M==+1 —145, 02=0.910°\I¢
170. 23P 14 T 29.6 GHz
pump jz;; {23 GHz place within a three-level system when the Stokes laser is
855 nm tuned close to resonance will+= 0. However, in the experi-
160 3a ¥ ment all magnetic sublevels in the initial state are populated
L 2°§ =—— and coupled to the intermediate state, but khe =1 sub-
of levels of the intermediate state are not coupled toJthd®

target state due to the selection rules for the Stokes transition
FIG. 1. Energy levels of the triplet manifold of metastable he- (PUMp and Stokes laser are linearly polarizethis means

lium showing two-photon pump linkage, one-photon Stokes link-that, although complete population transfer is possible within
age, weak probe laser, and strong ionization laser. the system of the three coupled quantum states, no more than

33% of the entire population in the initial state can be trans-
Stokes photon at 706 nm couples théS3state to the target ferred to the target state. Fdr=1 only the magnetic sublev-
state 22P. None of the states involved can be ionized by oneelsM = =1 are coupled to the target state. Ber2 all three
pump photon. The Stark shifts induced by the pump laser argagnetic sublevels are coupled. We focus attention on this
of the order of magnitude of the effective two-photon Rabicase. Additional complications arise here because of the vi-
frequency. The intermediate state lifetime is 36(nsuch  cinity of theJ=1 level and because of the dependence of the
longer than the 4.9-ns pulse duraticso that there are no Stark shifts and Rabi frequencies on the valugviof
significant losses by spontaneous decay during the interac- As shown in paper Il the balance of the relevant Stark
tion time. We note that the target state is not metastable, sshifts and Rabi frequencies is crucial. Table | presents the
there are losses before probing of the transferred populatiopasic parameter&Stark shifts and Rabi frequencjethat fill
takes place. Its lifetime of 98 ns is long enough to permitthe Hamiltonian matrix for this system. These were calcu-
buildup of coherence during the pulse duration and so tdated using a model-potential approach described in detail in
avoid detrimental effects on the transfer process. Ref.[9].

Three different fine-structure levels can be chosen as tar-

get states. The Stokes couplings between the magnetic sub-
levels depend on thé value of the target statesee Fig. 2

For J=0 the advantage is that it is well separated from ad—ssg 2; I\?vsair Sésgsgésbshomgeg allzr;?.Ii?i.c;t?:n%:‘Thpe pcl\j\llssu?_t
jacent states and that the STIHRAP processMot 0 takes P yp P

put of a single-mode Ti:sapphire ring laser in a pulsed dye
amplifier. The amplifier was pumped by the second harmonic
of an injection-seede®-switched Nd:YAG(Yttrium Alumi-
num Garnet laser (Spectra Physics GCR4The Stokes
pulse was generated by amplifying the radiation at 706 nm
from a cw single-mode ring dye laser in another pulsed dye
amplifier also pumped by the second harmonic of the same
Nd:YAG laser. Typical pulse energies were 1 mJ at 706 nm
and up to 11 mJ at 855 nm; the duration of the pulses was
4.9 ns(full width at half maximum of laser intensity The
pulses were delayed by a variable optical delay line and spa-
tially overlapped in the interaction region inside the detec-
tion chamber. Both laser beams were copropagating and had
parallel linear polarization. The probe and ionization pulses
(see Sec. Il Dat 587 nm and 817 nm were generated in two
FIG. 2. Pump and Stokes couplings between the magnetic suilifferent multimode dye laserd ambda Physik LPD 3000
levels for linearly polarized light. Encircled numbers show our in- pumped by the same excimer lasékambda Physik
dexing schemésee the Appendijx LPX 220). Typical pulse energies used were 1 mJ at 817 nm

B. Lasers
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FIG. 3. Experimental setup. The pump and Stokes pulses are & 1
generated by pulse amplification of cw radiation, the probe and ‘_3
ionization pulses are produced by two excimer-pumped dye lasers. 5 8 -
w
and 30uJ at 587 nm. The probe- and ionization-laser beams ~ §
were copropagating with respect to each other and antiparal- 4t .
lel with respect to the STIHRAP lasers. Pump and ionization
laser were slightly focused and the four laser beams spatially
overlapped in the interaction region, where the beam tatlii oL . . . 7 . . . . ™ 7
-12 -8 -4 0 4 8 12

1/e of peak intensity were about 0.6—1.0 mm for the pump
beam, 6 mm for the Stokes beam, 0.8 mm for the ionization
beam, and several mm for the probe beam.

Pump detuning Dp (GHz)

FIG. 4. Variation of the ion signal as a function of the pump-
laser frequency with the detection laser tuned to probe the popula-
C. Metastable source tion in the J=1 and J=2 target states!p=200MW/cn?, |g

A pulsed beam of helium was expanded through a nozzle 0-21 MW/en?, and A7=—3.3ns.(a) without Stokes laser(b)
(general valve; opening diameter 0.8 inwith a stagnation W|th Stokes Iager. The numbers in squares mark speglflc pump de-
pressure of 1200 mbar. The atoms were excited from th&unings for which we present the dependence of the ion signal on

ground state 1S to the metastable triplet state’s by elec- the probe-laser frequendgee Fig. % or calculated adiabatic states

tron impact in a pulsed gas discharge that was injectior{S¢€ Figs- 9-11

seeded by a continuous current of electrons to strongly ens within the 6-GHz bandwidth of the probe laser. Therefore
hance the stability and efficiency. The discharge was opetthe variation of the ion signal with the probe-laser frequency
ated 4 mm behind the nozzle. A skimmeliameter 0.8 mm  typically shows two peakésee Sec. Il A

was placed 40 mm away from the nozzle to collimate the It is a specific feature of the chosen level scheme that the
atomic beam and to separate the source chamber from tlietermediate state 3S can decay to all fine-structure levels
region of interaction and detection. The metastable source isf 2 3P (in fact, these are the only radiative decay channels
described in detail elsewhef&0]. As a consequence it is possible to simultaneously monitor
the population in the target and the intermediate state after
the STIHRAP process by tuning the probe-laser frequency
o across the resonance with thé[3 state. If, for example, the

The population in the target state’® was detected by  stokes laser induces population transfer to dre2 level
two-color resonant-enhanced multiphoton ionization 75 nshen all population inJ=0 must originate from atoms that
after the STIHRAP interaction. To detect helium-ions massyere excited to the intermediate state and decayed from
selectively we used a short time-of-flight segment terminateghere.
by a double-thickness microsphere pléig Mul Technolo-
gies. The output current of the microsphere plate was am-
plified with fast broad-band amplifiers and was integrated in
a boxcar-gated integratgEG&G 4121 B.

In order to resolve thé=0 level from theJ=1,2 levels a The experimental detunings are defined as follows. The
weak probe laser at 587 nm was used to excite thi 8tate.  pump detuningDp=vp— (E3s— E,o)/(2h) is the detuning
From there the atoms were ionized by 817-nm photons. Thef the pump-laser frequency, from two-photon resonance
excitation and ionization pulses overlapped in time. Dependwith the 23S—33S transition. The Stokes detuninBg
ing on the frequency of the probe laser either the population= vs— (E3s— E;p 3-1)/h is the detuning of the Stokes-laser
inJ=0 orinJ=1 andJ=2 was detected. Th&=1 andJ  frequency vs from the one-photon resonance with the
=2 levels could not be resolved; their separation of 2.3 GHA 3S— 2 P, transition.

D. Detection scheme

Il. RESULTS
A. Line shape

023404-3
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Figure 4a) shows the dependence of the ion signal on the 12 .
pump-laser frequency with the Stokes laser blocked. The - (a)
probe laser detects populationds=1 andJ=2. When the § ol J=1.2 |
pump laser is tuned to two-photon resonanBg€0) the 8 ’
ion signal originates from atoms that are excited to tH& 3 £
state and decay to the target states. Figus Shows the E 4t
associated dependence of the ion signal on the frequency of 3 =0
the probe laser with the Stokes laser blocked. The ratio of the &
two peaks is determined by the values of the Einstein A Ot
coefficients for the transitions to the three fine structure lev- 12 .
els. ~ (b)

Figure 4b) shows the variation of the ion signal over the § J=12
same pump frequency range with the Stokes laser on. The g 8¢ l
line shape changes dramatically. There are two peaks, one at S
negative and one at positive pump detuning. The associated g 4l
dependence on the probe-laser frequefEigs. 5b) and 3
5(c)] reveals that — depending on the pump detuning — the s
Stokes laser induces two entirely different processes. When ot
the pump laser is tuned to the peak at negative det|fing 16

5(b)] population is transferred td=2 and the intermediate
state is not populated, as verified by the disappearance of the
ion signal out of thel=0 level. This is the STIHRAP pro-
cess. We note that there will always transientpopulation

in the intermediate state as discussed in paper I, but this is
not detected when probing after the STIHRAP interaction.
When the pump laser is tuned to the peak at positive detun-
ing [Fig. 5(c)] the probe laser-induced ionization frof

=0 andJ=1,2 is enhanced. This indicates a Stokes laser-
induced efficient population transfer to the intermediate state

-
N

.

lon signal (arb. units)
o]

from where the atoms decay to all target levels. 0] S , . ™
The experimental results are nicely reproduced by a nu- 587.60 587.65 587.70 587.75
merical simulation of the systefsee the Appendjx Figures Probe wavelength (nm)

6(a) and Gb) show the calculated population in the target

states and the intermediate state immediately after the FIG. 5. Variation of the ion signal as a function of the probe
STIHRAP interaction(5ns after the pump pulseFor a wavelength for three different pump detunings marked by numbers

. . i in Fig. 4. The detuni f the Stokes | is fixed. Th
pump detuning ofDp=—6.5GHz theJ=2 target state is In squares in Hg € detuning of e S10kes 1aser 1S 1ixe °

o . _ probe laser is scanned across the one-photon resonance with the
efficiently populated Fig. 6@)], for Dp=+0.3 GHz about 2 3P-3 3D transition. The height of the peaks is a direct measure for

85% of the population is in the intermediate sttey. 6b)]. e population in the fine-structure levels of the target stitel
Figure Gc) shows the sum of the population in the-1 and  cannot be resolved from=2. The probe-laser wavelength is accu-
J=2 target states at the time of probiri@5ns after the rate to within=0.08 nm.(a) The pump-laser frequency is tuned to
pump puls¢. As compared to Fig. (@) the population trans- p,~0 (see tex}, the Stokes laser is blocked. The population of the
ferred by STIHRAP(at Dp=—6.5 GH2 has decreased due target state is generated by spontaneous decay of the intermediate
to the finite lifetime of the target state; the population atstate.(b) The pump-laser frequency is tuned b= —6.5 GHz.
positive pump detuning originates from the intermediate-Population is transferred to the=2 target state via STIHRAP. The
state populatior{see Fig. )] that has decayed into the intermediate state is not populated, the signal fromJtsé® target
much longer lived target states. state disappeargc) The pump-laser frequency is tuned Byp=

The position of the STIHRAP peak is as expected from+0.3 GHz. The intermediate state is efficiently populated, the sig-
the discussion in paper Il: Depending on the value of thenal in all target state levels is enhanced.
dynamic Stark shift there exist static pump and Stokes de-
tunings so that population transfer to the target state is suc-
cessful. The optimal choice of the pump frequency is powestrong decay from the intermediate state to the target state.
dependent and does not coincide with either the two-photoithis process is similar to the Stark chirped rapid adiabatic
resonance conditiondr=0) or the(2+1)-resonance condi- passagdSCRAP [11]. In that scheme efficient population
tion. transfer to the intermediate state is induced by Stark shifting

The process of efficient population of the intermediatethe energy separatioAE, , of the initial and intermediate
state was not discussed in paper Il because there attentistate through resonances with the energy of two pump-laser
was focused on the target state. The fact that this procegghotons while the pump-laser intensity is high. At this time
appears as a dominant feature in the data presented heretli® population is transferred to the upper state by adiabatic
due to a particular property of the chosen level scheme: thpassage. The energyE, , is swept again through the reso-
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£ ol FIG. 7. Variation of the ion signal depending on the pump laser

frequency for four different Stokes detuninBs (indicated in the
upper left cornex 1,=80 MW/cn? and 1s=0.04 MWi/cnf, At
=—5ns. The population in 3P J=1 andJ=2 is detected. The

line shapes strongly depend on the value of the Stokes detuning and
can be explained as horizontal intersections through the connectiv-

-10 -5 0 5 10
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FIG. 6. Numerical simulation of the population as a function of
the pump detuning for the parameters of Figb)4 For negative | .
pump detuning the population is mainly transferred to the targe{ty plot (Fig. 1.
state(STIHRAP), for positive pump detuning the intermediate state ) o
is efficiently populated. The fast oscillations of the target-state/ation transfer[3]. In the case discussed here the finite
populations are caused by the interference of two possible ways difetime of the target staté98 n9 has to be taken into ac-
population transfer due to nonadiabaticitg) Population in the —count: even if the target state is efficiently populated some
target states 5ns after the interaction with the STIHRAP lasersfraction of the population will be lost between the end of the
Solid line: 23P,, dashed line: 2P;. (b) Population in the interme- STIHRAP interaction and the arrival of the probe pulse. The
diate state (3S) 5 ns after the interactioric) Sum of the popula-  evolution of the population during this time interval when no
tion in the target states¥P, and 23P, at the time of probing, 75ns lasers are present is described by a set of differential equa-
after the interaction with the STIHRAP lasers. The population attions for level populations coupled due to spontaneous de-
positive pump detuning is generated by spontaneous decay from theay. These can be solved analyticdliee Eqs(1) and(2)].
intermediate state. This frame models the experimental lineshapEhe population in the target state is probed 75ns after the
shown in Fig. 4b). pump pulse. From this value we calculate the population that

was in the target state immediately after the STIHRAP inter-
nance, as the intensity of the Stark shift laser decreasesgtion.
when the pump-laser intensity is small or zero. Therefore, If att=t.,qthe population in stateis denoted b)NiO and
the reverse process, adiabatic passage to the ground statesre is no further laser interaction then the populahipft)
does not occur. In the case observed here the efficient popat timet is given by
lation transfer to the intermediate state does require an
additional, strong, Stark shifting laser. N,(t)=NSe T2t", (1)

Both processes can be understood by investigating the
adiabatic energietsee Sec. IV A
Nz(e—l‘&]t' _ e—lﬂzt/) + NgJe—l‘&]t"

B. Transfer efficiency 2)

The transfer efficiency is calculated by comparing the de-
tection signal from the target state in STIHRAP configura-wheret’=t—t.,q. HereI'; denotes the total decay rate of
tion (Stokes laser onwith the detection signal when the statei, I',_.3; denotes the rate for the decay of the interme-
Stokes laser is blocked and the pump laser is tuned to resdiate state into the 2P, state. Our notation is=1 for the
nance with the pump transition. If the target state is metainitial state 2°S, i=2 for the intermediate state33, andi
stable, this enhancement can be directly converted to popu=3J for the target state 2P;.
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FIG. 8. Variation of the ion signal depending on the Stokes-laser ®
frequency for four different pump detuningsdicated in the upper 2 5l
left corney. 1 =80 MW/cn? andls=0.04 MW/cnf, A7=—5 ns.
The population in 2P J=1 andJ=2 is detected. The line shapes D.=-3.4 GH
- p=-3. z
strongly depend on the value of the pump detuning and can be IM[=1
explained as vertical intersections through the connectivity plot 101 , \ , ]
(Fig. 12. __40F .
€ r S >< P ]
Without the Stokes laser the intermediate state will be g i k
populated by the pump laser. If the transition is saturated 0 . . 2

then 50% of the population will be in the upper state after the -5 0 5

interaction.[For coherent excitation the term “saturation” Time (ns)

means that for sufficiently high Rabi frequencies averaging g 9. Time evolution of the energies of the adiabatic states in

over the pulse amplitude fluctuations and over the spatiahe four-level system 3s,, 33s,, 23P,, 23P, (M = — 1) for vari-

profile yields a 50% population of the upper stat€his  ous pump detunings as marked by numbers in squares in (. 4

population decays into the target state and from the targethe Stokes detuning is kept fixed Bt;= — 4.5 GHz. The numbers

state back to the initial state. From E@) we calculate the in circles(compare Fig. Rto the left side of the curves denote the

fraction of the population that will reside in the=1 andJ bare state to which the adiabatic states connect when both lasers are

=2 levels at the time of probing. This value corresponds tooff. |,=200 MWi/cn?, Ig=0.21 MWi/cn?f, and Ar=—3.3ns. The

the ion signal from thel=1 andJ=2 levels measured in vertical dashed lines indicate the peak values of the Rabi frequen-

Fig. 4(a) for Dp=0. cies. (a) STIHRAP configuration. The population is transferred to
The presence of the Stokes laser enhances the ion sigrihe J=2 target state. Some population remains in the initial state.

slightly [compare the peak @p=—6.5GHz in Fig. 4b)]. (b) Although the two-step resonance condition with respect to the

The enhancement yields the fraction of the population that i§itial state and the=2 target state is fulfilledone of the prereq-

residing in the target states 75 ns after the STIHRAP interac¥isites for successful population transfer in conventiofiat 1)

tion. Using again Eq(2) we calculate the population that STIRAP] there is no efficient population transferde-2. (c) Pulse

was placed in the target state immediately after the?®duence.

STIHRAP interaction. From the data shown in Fig. 4 we

derive a transfer efficiency of (535)%. The comparison of the intensity of the pump laser because the required static

the maximum ion signal in Figs(d) and §a) shows that the detunings depend on the value of the dynamic Stark shifts

pump laser was slightly detunébly about 80 MHzfrom the  and these are proportional to intensity. For a power variation

two-photon resonance with the pump transitidDpE0)  across the diameter of the pump beam it is not possible to

when the data shown in Fig(& were taken. Therefore those have optimum parameters across the entire beam. Even if the

data must not be used for calibrating the transfer efficiencytransfer efficiency is 100% in the center of the pump beam
The deviation from 100% is due to the fact that the transthere will be lower efficiency in the wings and the integrated

fer efficiency is averaged over the spatial profile of the pumpefficiency will drop significantly.

laser. The success of the transfer process is very sensitive to We confirmed this by a numerical simulation. Assuming a
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Gaussian spatial profile(r)=1,exp(—r?w?) for the pump @ ' — @)
laser and assuming that all atoms up to a radius of @.8% 0_% |
detected by the ionization laser, we decomposed the pump- — IX \/_
laser profile into rings of equal intensities, ran the simulation T
(see the Appendixfor the intensities associated with every o; ©)
ring and averaged the resulting transfer efficiencies with their 2 51 |
respective weights. For the static detunings used in the ex- s N
periment, which yield an 84% transfer efficiency in the cen- 2
ter of the pump beam, the averaged efficiency dropped to a § -10r .
value of 55%, which is in good agreement with our experi- g
mental data.

The sensitivity to laser intensity is one of the major dif- 15- Dp=0.3 GHz |
ferences tq1+1) STIRAP. In the latter case Stark shifts can [M|=1

be neglected, and it is sufficient to work with power levels -
that guarantee adiabatic evolution; power variations across '

dimensional connectivity plotsee Sec. IV R

the beam are not detrimental as long as the minimum power or ®" D ——
is above the adiabaticity limit. TIsT /
T 5@ N——
C. Sensitivity to detuning g 3
j o
As expected from paper Il the process is extremely sensi- “9’ _10_\ i
tive to the chosen values for the pump and Stokes detuning. 5 @
Figure 7 shows the variation of the population transfer as a 2 \
function of the pump detuning for different values of the < 45t .
Stokes detuning. Figure 8 shows the dependence on the
Stokes detuning for various pump detunings. The resulting Dp=2 GHz
line shapes can be understood as intersections through a two- 201 |MJ=1 ]

IV. DISCUSSION 207 /
A. Analysis of population transfer using adiabatic states § \
The understanding of a multilevel system evolving in time o; 107 T
under the influence of a time-dependent Hamiltonian can of- >
ten be facilitated by viewing plots of diabatic energidmg- % 0 ® X/\ L
onal elements of the Hamiltonian mafriand adiabatic en- L _':/o\\
ergies (eigenvalues of the Hamiltoniarversus time: when § ® — ]
adiabatic conditions hold, the statevector is aligned with one g -10} -
of the adiabatic eigenstates and follows an adiabatic curve
through avoided crossings.
The line shape in Fig. ®) is discussed in the adiabatic -20r Dp=2 GHz \ 1
- g : M=0 (el
state picture. As shown in Fig. 2 the system under consider- L L s

ation decomposes into three independent four-level systems:
two identical systems foM==1 and one forM =0. Fig-
ures 9-11 show the time evolution of the adiabatic ener_gies FIG. 10. The two independent four-level systemS2, 335, ,
in these four-level systems for several pump detuning$sp  and 23p, for M=—1 and 23S;, 33S,, 23P,, and 2°P,
marked in Fig. 4b). The adiabatic states are labeled as infor M =0 are considered. Parameters, labels, and pulse sequence as
paper II: ®,(P,,®3,P,) denotes the adiabatic state thatin Fig. 9. (a) Efficient population transfer to the intermediate state.
connects to the bare state’® (3°S, 2°P;, 2°P,). The  (b) For M=—1 population remains in the initial staté) For M
ordering is such that during the process the relative order 6£0 there is still transfer to the intermediate state.
adiabatic eigenvalues is unchanged. The index refers to the
encwclfad nl_meers in Figs. 9—11. With this definition differ- ther (minor) details of the line shape will be described in
ent adiabatic energy curves can toutie degeneraje but
cannot cross. The static detunings are revealed in thgec' IVAS3.
asymptotic behavior of the adiabatic energies. In all cases of
Figs. 9—11 the population is initially i®.

The two key features in Fig.(d), population transfer via ~ The adiabatic states for the STIHRAP configuratisee
STIHRAP and efficient population transfer to the intermedi-the peak marked 2 at a pump detuningdgf=— 6.5 GHz in
ate state, will be discussed in Secs. IVA 1 and IV A 2. Fur-Fig. 4(b)] are shown in Fig. @). Initially, the population is

Time (ns)

1. STIHRAP
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1of ' ' ' @) nance between the initial state and the2 target stateare
M\ displayed in Fig. ), to illustrate that population transfer is
\_’_ . .

= not efficient for exact two-step resonance.
5 At crossing Il part of the population remainsdm,, while
< 9 ® part of the population makes a transitiondg. At crossing
g .
2 IV part of the population makes a transition frgly, to ®
o L : . -8
o K VI VI and fromCI>3 to CI>1._The remaining fr_actlon will stay in their
2 ope= 5 1 respective adiabatic states. There is no pathway for popula-
o) @ v\ VII tion transfer fromd, to ®,. The signal foDp= —3.4 GHz,
& see Fig. 4b), is significantly smaller than at the STIHRAP

5l peak. It originates from the fraction of populationJs1.

Dp=-4 GHz _ ) .
[M|=1 2. Population transfer to the intermediate state

40F : : ' : The peak atDp=0.3GHz in Fig. 4b) originates from
5 L S = ()] efficient population transfer to the intermediate state and
= 1 subsequent decay to the target state. Figuf@) ldhows an
S ok 1 \ ] early crossingIX) between adiabatic statds, and®,. In a

-5 0 5 diabatic transition nearly all population is transferred from
Time (ns) ®, to d, and is found in the intermediate state at the end of

FIG. 11. Same as Fig.(8. The major part of the population the process.

remains in the initial state, some is transferreditel. (b) Pulse ) )
3. Further details of the line shape

sequence.

The wing at the high-frequency side of the peak marked 3
in ®,. At the avoided crossing | the eigenvaluedf is well  in Fig. 4b) shows some structure. This structliearked 6
separated from those df,, and®;. Therefore the population in Fig. 4b)] is explained in Figs. 1®) and 10c). For Dp
remains in®,. =+ 2 GHz the early diabatic transition for thé=*=1 mag-

At the avoided crossing Il the eigenvaluesd®f and®,  netic sublevels does not exist any mdsee Fig. 1(b)].
approach each other more closely. The diabatic transitiollowever, for the same detuning this transition is still pos-
required for population transfer may take place here. There isible for M =0 [see Fig. 1(c), crossingX].

a nonvanishing probability for the population to remain in  Figure 11a) explains the structure in the wing at the high-
®, or to make a transition td5. During the entire process frequency side of the STIHRAP peak shown in Figb)4
the eigenvalue of the adiabatic stabe is far removed from HereJ=1 is populated. The signal is much smaller than for
that of ®,. This means that even when the condition forDp=—6.5 GHz; the major part of the population remains in
adiabatic evolution is poorly fulfilled the intermediate statethe initial state. Here the evolution is along various path-
will not be populated. The adiabatic states forways. Atthe avoided crossing V there is a diabatic transition
Dp= —3.4 GHz (which corresponds to exact two-step reso-from @, to ®,. While passing through the avoided crossing
VI the probabilities to remain i, or to make a transition

to &5 are both nonzero.

At the avoided crossing VII the population i3 either
remains in that state if the condition for adiabatic following
is satisfied or it makes a diabatic transitiondtq. The popu-
lation that was ind, between crossings VI and VIl either
~~~~~~~~~~~~~~~~~~~~~~ remains there or makes a diabatic transitiorbtg

Crossing VIl is an avoided crossing with very small
spacing; there is a diabatic transition fraby to . In this
configuration many pathways are possible. The overall effect
is a high probability for the population to remain in the initial
state and a low probability for population transferJte 1.

" : B. Connectivity regions
4 2 0 2 4 -4 2 0 2 4 .
Dp (GHz) At each moment there is a list bfadiabatic eigenvectors,
P ranked by increasing energy. If the evolution is adiabatic,

FIG. 12. Connectivity plot as a function of pump and Stokesthen always the state vector is aligned with the same adia-
detunings.l =55 MW/cn? and 1s=0.03 MW/cn?. The shaded batic state, say thath one. But the composition of these
areas indicate the state that connects to the initial state. Dashed linggliabatic states varies with time. If the evolutiomat adia-
indicate detunings for which we present experimental data in Figsbatic then one must determine which adiabatic state is asso-
7 and 8. ciated with the state vector after a nonadiabatic interval.
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The connection between prior- and post-adiabatic statesical dot lines correspond to the pump detunings on Fig. 8.
around a time interval during which the evolution is not adia-For example, on Fig. (@) a peak aDp=—4.5 GHz corre-
batic, we refer to asonnectivity sponds to STIHRAP to the 2pP, state for all magnetic

In paper Il we showed that it is often useful to considersublevels, the second peak Bip=—-2.5 GHz is due to
“semidiabatic” energies, which are obtained by consideringSTIHRAP to the 3P, state forM = = 1. The third peak at
the action of only one of the two laser pulses. In this ap-Dp=0 GHz originated from population transfer to the upper
proach adiabatic evolution is required during the time be3s 3S; state followed by spontaneous emission to the target
tween pulse maximdpeak-to-peak connectivitywhile di-  states. All other peaks in Fig. 7 and Fig. 8 can be explained
abatic evolution is assumed for times earlier and later thagimilarly by examination of the intersections of the dotted
pulse maxima, despite the presence of both pulses during thises with the filled regions on the connectivity plot in

time. Fig. 12.
The level scheme used in our experiment is more compli-
cated than the three-level case considered in paper Il. As was V. CONCLUSION

already mentioned, the system under consideration consists
of three independerfour-level systems: two identical sys- he
tems forM==1 (23S, 33s,, 2°P,, and 2°P,) and one
system foM=0 (23S, 33S;, 23P,, and 2°P,). Thus, we
have to consider two independent plots of connectivity re
gions(for M==1 and forM =0). The procedure is as fol-
lows.

We have demonstrated experimentally, with metastable
lium, the successful coherent population transfer via the
STIHRAP mechanism, whereby the pump excitation in-

volves a two-photon transition. We confirmed that the effect

‘of the dynamic Stark shifts induced by the pump laser can be
partially compensated by choosing appropriate static detun-
. ings (pulse carrier frequency offsets from resongndénese

. CO”S'deT for example the system .fMZ__l' We are detunings can be predicted theoretically. We achieved a
interested in the Stokes semi-diabatic eigenvalues of thg,,ster efficiency of 53% averaged over the spatial profile of
four-level Hamiltonian (A4) for Q=0 and for Q5"  the pump laser. In addition to detuning choices that allow
=k, 03=02 whereQ andQZ. are the maximum high population transfer to the final state, we found that there
values of the Stokes Rabi frequencies for the transitiongxist other choices of static detunings that allow efficient

33S,+23P, and 33S,+23P,. In this case the eigenvalue population transfer to the intermediate state. This process is

that corresponds to the initial state’® is wy=—#AA,(t  Similar to SCRAF11].
=tys)/2, Wheretys is the time of the peak value of the ~ The experimental results are in good agreement with the
Stokes pu|se_ To find the numbiErof this state we calculate numerical simulation of the System in the density—matrix for-
numerically the three other Stokes semidiabatic eigenvalueghalism and with the analysis using adiabatic states. The sen-
Then we consider the pump semidiabatic eigenvalues, i.eSitivity to detuning was demonstrated and shown to be in
the eigenvalues of the HamiltonigA4) for Qp=Q,,,, and gopd ?r?reement ;N'tfh the%r.etéce:.l connEc;tlvny ckonS|deratt.|o.rt1s
T1_ 21_ ; - using the concept of semidiabatic peak-to-peak connectivity.
for 25=0, 05=0 ((may is the maximum, value 3Of the Fgr practical application of the STIHRAP technique, for
pump Rabi frequencies for the transition°Q«3°S,). . . X . ;
~ ~ example in studies on reaction dynamics, there are two im-
They are—1A3/2, —hA4/2, portant conclusions. First, the process is very sensitive to the
-~ o~ = 2 > intensity of the pump laser. Power variations across the
1R+ Ko+ V(R +K5)%+402,)/4, pump-laser beam are detrimental and have to be avoided in
order to achieve uniform excitation everywhere in the mo-
lecular beam. Therefore it is necessary to work with large
- - — beam diameters, which requires high pulse energies to satu-
(R +3,— V(R +K5)%+402 )4, rate the two-photon transition. Second, the process is very
sensitive to the static detunings. In order to predict the set of
According to the peak-to-peak connectivity concept thedetunings for good population transfer it is crucial to calcu-
eigenstate with the eigenvalue numbérfrom these four |ate the dynamic Stark shifts. For complicated molecular sys-

eigenvalues is connected with the initial statdS2. Using  tems this may involve considerable theoretical effort.
the assumption of the diabatic evolution after the maximum

of the pump pulse we find the bare state that is connected
with the initial state.

The connectivity plot can be used to explain the experi- We acknowledge support from the Deutsche Forschungs-
mental results shown on Fig. 7 and Fig. 8. Note that in thegemeinschaft and by the European Union Research and
experiment the pump-laser intensity is radially inhomoge-Training Network COCOMO, Contract No. HPRN-CT-1999-
neous with maximum valué,=80 MW/cn?. So we should 00129, as well as INTAS, Project No. 99-00019. L.P.Y.,
use the connectivity plots calculated for some smaller averB.W.S., and K. Bergmann acknowledge support through the
age intensity. Figure 12 shows the connectivity regions foNATO collaborative research grant. B.W.S. acknowledges
M==1 [Fig. 12a)] and forM=0 [Fig. 12b)] calculated the support of “Laserzentrum,” University of Kaiserslautern.
for peak pulse intensitiesp=55 MW/cn? and |s=0.03  His work at Livermore was supported in part under the aus-
MW/cm?. The horizontal dot lines show intersections thatpices of the U.S. Department of Energy at Lawrence Liver-
correspond to the Stokes detunings from Fig. 7 and the vemore National Laboratory under Contract No. W-7405-Eng-

and
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The indices of the levels are chosen as indicated by the en-
circled numbers in Fig. 2. The two-photon pump Rabi fre-
The time evolution of the population in the 15 magneticquency is denoted bylp, the Stokes Rabi frequencies

sublevels is computed by numerically integrating the Liou-Q%IMI are labeled with the quantum numbdrandM of the

APPENDIX: NUMERICAL SIMULATION

ville equation for the density matrix respective target level of the®P state and the Stark shift of

dp i _ _ statei is denoted b_;Si . Thel\{aluezslare listed in Table I. Here
T %[H,p]+pre|ax+ Pexc- (Al)  we have the special caﬂgs =05". _

The angular frequencie®p and wg denote the carrier

The relaxation and excitation matrices are defined by frequencies of the pump and Stokes laser fields. The static

pump detuning is given bW p=w3s— wos—2wp, Where

. 1 . w;=E; /% is related to the energl; of the respective state.
Loretadii= =5 (vit7)pij, - Lpexdi :5”Ek AxiPuic: We define the static Stokes detunings &&= wss— w5
(A2)  —wg (for example,A2 is zero for resonance with the®$

—2 3P, transition. The experimental detunind3p andDsg
in Sec. lll are given in units of frequency and have opposite
sign. The relation to the detunings used hére units of
angular frequendyis —4mDp=Ap and —27Dg=A%. The
energy spacingfl3] of the J=1 andJ=2 levels with re-
spect to theJ=0 level are denoted b w1=w;j—g— wj=1
IITMAM|J13 M2 and Aw,=w;_p—wj-, (see Fig. 2 The dynamically
_ o o shifted detunings(compare paper 1AM denotes the
The rotating-wave approximation Hamiltonian has the blocksigkes detuning with respect to the magnetic sublevel with

where y; is the decay rate of leveland A;; is the Einstein
coefficient for the transition— j. The coefficients\;; for the
individual magnetic sublevels were calculated from the over
all decay rates listed if12] by using the square of the re-
spective Clebsch-Gordan coefficient

structure quantum numberd andM of the 2°P state
H) 5
H@) Ap=Ap+5,— S,
H= (A3)
(3) ~
: Rg°=A%+S-S,
H#)
with L A5'=A%t A0 +5,-S;,
A, Qp O 0
~ ~ T21_ A0
Al Qp A, ozt 02t AST=A%+ Awy+ S-Sy,
H(1)=—§ 0 all X Nk (A4)
s K20= A%+ Awy+ S5 Ss,
o 05" o A&,
lead to the following expressions for the diagonal elements
As O, O O A
= Y 00 (20
il Qe A Qs” O O G & SR X K11
H(2):_E 0 0% 3, o | (A5) Aj=Ap—Ag™, A,=—Ap—AgT,
0 Qéo 0 ZS 33:_51, Z4Z_Zp Zél-l-ZAgl,
5 8 00 GO O CUI QU S (1
h Op Ry 05t agt X X X X _X00, 5%20 (A%
H(3):_E 1 , (AG) A7:_A5, A8:_AP_AS +2A ,
0 Os" Ay O
5 Ag=A;, A=4,,
0 Q%l 0 Alz 9 1 10 2
and Ap=—-1K,, R,=A,,
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The detuningsA3,A;, and A5 of the levels that are not Is(t)=12xd —41In(2) (t—A7D?72,],  (A10)
coupled are arbitrary. We set them to zero.
In the simulation we use Gaussian pulses given by where the pulse delak 7 is positive when the Stokes pulse
0 i follows the pump pulse. The full width of the laser pulses at
Ip(t)=1pexd —4In(2) t/ 7, (A9)  half maximum of intensity is;,,=4.9 ns.
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