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Using the concept of light-induced potentials introduced by Garraway and Suoffthgs. Rev. Lett80,
932 (1998], we study alternative schemes of adiabatic population transfer in a diatomic molecule from the
lowest vibrational level of the ground electronic state to the lowest vibrational level of a third electronic state
via allowed optical transitions from the ground and third electronic states to a second electronic state. Our
chirped-pulse rapid adiabatic passage scheme is implemented with short-duration optical pulses, and can be
understood in terms of “road design engineering” of the light-induced time-dependent adiabatic potential upon
which the dynamics occurs. We explicitly show that complete adiabatic vibronic population transfer occurs
using chirped picosecond-duration pulses in the sodium dimer example.

PACS numbegps): 33.80—b, 42.50—p

Adiabatic passage between states of a three-level system We explicitly consider a system similar to the sodium-
via stimulated Raman adiabatic passa@¥IRAP) using  dimer three-electronic-level model used by Garraway and
long pulse-duration optical pulses is by now a well-knownsSuominen, with transitions from the'S; ground state to
technique for population transfer in atoms and moleculegne first excitedAS ! state, which is in turn coupled to the
[1-12. It might seem that this method cannot be used to; 1Hg state(Garraway and Suominen used théng state

move pop.ulapon in molecules from one vibronic state t()£113]). The object is to totally move the population from the
another with intense short-duration optical pulses when th Lo (TR - .
%round vibrational level oX Eg , With a minimum in the

ulse-duration becomes comparable with or shorter than th : N
P b potential at 5.8 bohr, to the ground vibrational level of the

vibrational (or rotational period of the molecule «,; ) - : .
~200x 10‘£5s for Na). ILOI\C/)vever Garraway and Suo?nli?]en 1 ', state, with a minimum in the potential at 9.0 bohr, by

[13] suggested that adiabatic wave-packet passage from tif@upling these states to t#é3, state, with a minimum in
ground vibrational level of the ground electronic state to thethe potential at 6.8 bohr. The molecular potential parameters
ground vibrational level of a third electronic, having the are taken from Ref§14,15. The electromagnetic field takes
same symmetry as the ground electronic state, can be impl#gie form of short-duration light pulses with frequencies cen-
mented with short optical pulses when both ground and thirdered atw; and w,, which are roughly resonant with the
electronic states are optically coupled with a second elecx's 7 —A'S [ and A'S;-1'1, transitions, respectively.
tronic state. Their method can be understood using the corfhe temporal duration of the pulses we have studied is from
cept of adiabatic passage on light-induced time-dependert fraction of a vibrational period up to many picoseconds.
potentials. The order of the pulses in the pulse sequencehe two pulses can be temporally delayed, relative to one
adopted by Garraway and Suominen was the counterintuitivgnother, and chirped. Our use of chirped pulses is inspired by
sequence familiar from STIRAP. Complete adiabatic transfeprevious work{11,12 that demonstrated total adiabatic pas-
was implemented thrOUgh the adiabatic Eigenstate thaage in a many-|eve| system with |Ong-pu|se-durati0n
Smoothly goes from the gI’OUﬂd state to the third state, Whl|%h|rped pu|se5{the dynamics there was independent in the
the second electronic state is not populated during the wholgibrational coordinateR, because of the averaging over vi-
process. . brational periods The electric field can be written in the
Here we expand Garraway and Suominen’s conf&gt  form E(t) =[A,(t)exp(—iwit)+c.c]+ [ Ay(t)exp(—iwyt)
and show that adiabatic passage on Iight'induced timeq_c'c'], where the S|0w|y Varying enve|0pe of each pulse,
dependent potentials is an effective means of moving POPUA, (t) (k=1,2), is a complex functiorin order to incorpo-
lation in a controlled manner using other types of pulse serate chirp and turns on and then off in magnitugiee., rises
quences. Our method uses short-duration chirped opticaom and falls to zerp The instantaneous frequency of pulse
pulses; an acronym for the method is chirped-pulse rapig takes the value of the central frequeney, at time t
adiabatic passage€CHIRAP). The pulse order need not be =T,, and changes with time as,(t) = w,+ (de, /dt) (t
counterintuitive here; it can be intuitive or counterintuitive, T : K
. X . . W+ ---. The peaks of the magnitude of the two pulses
depending upon whether the chirps are positive or negative . "
: A ; . rhay be temporally displaced h)t=t,—t,. We take the
with the timing of the pulses not being the central issue. Our,
o . Ay(t) to have the form
approach to determining the nature of the optical pulses nec-
essary for complete controlled rapid adiabatic passage in-
volves “road design engineering” of the light-induced time- (t—ty)?
dependent adiabatic potential; the wave packet for thé'(t)=Aox€Xp — o2
. . . O'k
system moves on the relevant adiabatic potential much as a
school bus on a mountain road with an S curve that is prop-
erly banked. The quantities controlled and manipulated in th&hereAq, is the magnitude of thkth field componentt, is
design problem are the pulse intensities, durations, relativehe time at which it peaks, ang is its temporal width. The
timing, and chirp rates. form of the chirped frequency is taken as

t
—ijdt'(wku')—wk)l, 0
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(1) = wy+ dw(1/7 arctar] (t— T )/ 7]), 2) Here U; are the Born-Oppenheimé&BO) potentials for the
X'z, , A3, and 1'I14 states, and are the detunings of
the pulses from resonance with the molecular transitions.
The time-dependent coupling®,(t) are taken to have
smooth Gaussian magnitude and smooth chirps, thereby
avoiding the complications arising in optimal control meth-
ods whose solution to the population transfer problem can
involve extremely rapidly varying pulses.

By making a phase transformation to the wave function

where dwy is the frequency width of the chird;, (not nec-
essarily equal tay) is the time at which the frequency equals
its central frequencw, , and 7, is the temporal width of the
chirp. It is convenient to define the Rabi frequendiggt)
that couple the molecular stateQ,;(t)=uxaA.(t)/A and
Q,(t) = uanA,(t)/4. After making the rotating-wave ap-
proximation, the Hamiltonian for the molecule is

H= w7z 1+U(R,t 3 [11.12,
- 2m 5R2 ( ’ )! ( ) :
where1 is the 3x 3 unit matrix andU(R,t) is the electronic Wa(1) lﬁl(t)exl{—if dt/wl(t,)}
potential matrix, including the Rabi frequency coupling by
the chirped time-dependent light fields, Vo) | = Pa(t) ' 5
t
Ux(R)+7A;  7ifd4() 0 W4(t) %(t)exp{—if dt’wz(t’)}
U(R,t)= Q7 (1) Ua(R) hiQdy(t) .4
0 AQ5 (1) Up(R)+hA, the potential-energy matrix can be written in the form
|
Ux(R)+7(A1+ w1(t) —w1)  A[Q(1)] 0
URb= 7| Qa(1)] Ua(R) | Qa(t)] , (6)
0 AlQo(0)]  Un(R)+2(Ax+ wy(t) — wp)
|
where now the off-diagonal matrix elemer{tee Rabi fre- Adiabatic surfaces,(R,t), a=1, 2, 3 are obtained by

guenciey are real, and therefore the Hamiltonian matrix isdiagonalizing the potential-energy matrbi(R,t) at each

real-symmetric. The chirped frequencies now appear in thgme v ang coordinatd These adiabatic surfaces are plotted
diagonal elements of the potential-energy matrix and the

coupling between the potential surfaces occurs through thg> @ fgnctmn oR andt.m 1F|g+. ](b)'. The h-|ghest adlabgtlc
time-dependent Rabi frequency magnitud@s(t)|. In this potential gorrelgtes withx Eg at initial tlme'_s and V\(lth
basis, it can be seen that the chirps lower or raise the firsk Tlg at final times. Hence, as— —, the highest-lying
[Uy(Rt)] and third [Dss(R,t)] diabatic potentials as a adiabatic surface correlates with th; diabatic surface,
function of time, depending upon whethé®, and Sw, are  whereas as— o, it correlates with théJ ;5 diabatic surface.
negative or positivébut do not influence the coupling terms Thjs s different from the case considered by Garraway and
between the surfacpsThe chirp shape has been taken to begominen where the adiabatic surface correlating with the
an arc-tangent functiopEq. (2)]. With 6w,<0, Uy4(R,t)  initial and final electronic states is the middle adiabatic sur-
decreases with time, while takin®v,>0 in U33(R,t) yields  face. In our case, the highest adiabatic surface contains a
a potential that increases with tihgee Fig. 18)]. The inter-  small admixture of the second electronic sta#&y. !, for a
section pf the diabatic time.-dependent surfaceg depends Qport period of time. Consequently, théS.* state becomes
our choice ofTy and detunings\y. For convenience, We ., jated for a short period of time during the dynamics, as
take_Aleg, t,=1;=0, andT,=T,=0, so that the inter- oo ipeq below. However, decay from A& | electronic
section of Uy (R=01) and Usy(R=01) occurs att=0,  giate cannot take place during the population transfer pro-
while U, (R=0) is below this intersection af=0. The cess, since the duration of the process is much shorter than
parametersy, control the chirp durations. Increasing ths  the A'S [ lifetime. Note that the dynamics can be viewed as
enhances the smoothness of the surfaces, which increases g urring entirely on the highest adiabatic time-dependent
region of proximity between them and prevents an undesiredyrfaceif the dynamics is adiabatic.

sharp intersection. The resultant three diabatic time- \we solve the time-dependent Sctimger equation,
dependent surfaced;;(R,t) [the diagonal elements of the ih[a\lfj(R,t)/(?t]=Ekﬁjk(R,t)\I’k(R,t), using the Crank-
matrix U(R,t) in Eq. (6) are plotted as a function ¢ andt Nicholson method16]. Figure Za) shows the contour plots

in Fig. 1(@]. The parameters used afi€),=0.004 hartree, of the magnitude squared of the wave functions,
AA=0.0015 hartree,T,=t,=0 ps, o,=5.2 ps, andr, |\Ifj(R,t)|2, j=1,2,3, as a function of time and space. Fig-
=12.2 ps, fork=1,2, and% 6w,=—0.0173 hartreef Sw, ure 2b) shows the probability to be in thgh BO state,
=0.0484 hartree. JdR|¥(R,1)|? (solid curve, and the peak of the magnitude
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a) diagonal elements of Eq. (6). b) eigenvalues of Eq. (6).

energy [hartree]

0

X ====== ====c 5
20 __310 ?ime [:;;] 20 10R bohi] 20 t?me[pS] % 10R[b0hr]
- S N FIG. 1. (a) Diabatic time-dependent potentials
[diagonal elementsU;(R,t), U,(R,t) and
Uss(R,t) of Eq. (6)]. The chirps are responsible
for the time variation of these surfacegh)
Dressed-state time-dependent adiabatic surface

.01 ==
10 potentials[eigenvalues of Eq6)].
time [ps)

energy [hartree]

energy [hartree]

10 -
time [ps] time [ps]

of the wave packet, mak¥,(Rt)]?] (dashed curve versus  with 1'I1 and does not contain a®y'S | (nor anyX'S. ;)
time. The disappearance |oF ;(R,t)|? over a narrow region character.
of coordinate and time for whicl;,(R,t) and Uas(R,t) The repulsion between the adiabatic states is proportional
intersect, in conjunction with the appearance of the wavdo the Rabi frequenciefQy na,{ when theUy;(R,t) and
packet in the 11, BO state is clearly evident. Some tran- U,4(R,t) diabatic surfaces cross, which they do due to the
sient population appears in thé3 ! state using our scheme, chirps. Hence, choosing)y ., too large can lead to a bar-
whereas in Garraway and Suominen’s scheme no populatiofier on the upper surfacéhe relevant adiabatic surface
of the second state results during the STIRAP process. HowHowever, if the|Q, na4d are too weak, the couplings be-
ever, since the pulse durations are short compared with thigveen the electronic states are turned off, a deep seam on the
A3 " decay time, no population is lost due to spontaneousipper adiabatic time-dependent potential surface results
emission during the process. At sufficiently large times,wherein crosses the next highest adiabatic surface, and elec-
when no further population is transferred between electronitronic and vibrational adiabaticity are not maintained. Figure
states, only the ground vibrational mode of the third elec-3 shows examples for such changes. The top panel in Fig.
tronic state is populated. The time-dependent wave packeXa) replots the surface in Fig. 1, and the next two panels
does not oscillate in time as it would if a superposition ofshow the surfaces after being modified. In the middle panel
several modes were populated. the Rabi frequencies |0 nad =7%|Q2mad Were decreased
The results in Fig. 2 can be understood in terms of motiorfrom 0.004 to 0.0004 hartree. The adiabatic surface exhibits
on the adiabatic surface correlating at early times \Mﬁﬁg a sharp seam in the coupling region where the first and third
and late times with the ?ll'[g BO states. In order to “engi-

neer” an adiabatic potential-energy surface upon which the_ 2°[1%,RoF w =
population can evolve adiabatically from the initial to the% 0 € 5
final state, four control parameters are at our dispgsathe £ W E £
detuningsA;s, (2) the chirp ratesdw,(t)/dt, (3) the field ‘204 - 113 0 5 =
strengthspeak Rabi frequencid$)y nax), and(4) the pulse

durations. These parameters were determined so that the m 2o ! =
tion of the wave packet is in fact adiabatic in the sense thag o 5;05 5
the system wave packéd) stays on thehighesj adiabatic £ % ’ A2\ K
surface andb) remains as a ground vibrational wave packet -zo = h s
on this surface during the dynamics. The determination o * ° A T
the field strengths, detunings, chirps, and pulse durations {_ 20f g | = ! =
accomplish this can be viewed as road design engineering c% 0 5,0_5 =
the time-dependent adiabatic surface in the top panel of Ficg < gr
1(b). It contains features in the coupling region belonging to -204 = =

10 20

all three BO surfaces. Hence, it should not be surprising the(a) >0 ;[bohrs] " (b) 20 timeo[ps]
all three BO states are populated during the process. Never- F|G. 2. (a) Contour plots of ¥;(R,t)|2, i=1,2,3 versuR andt.
theless, population does not remain in & BO state (b)) P;(t)=[dRW;(R,t)|? (solid curve and may¥;(R1)]
because at late times the adiabatic surface corretaiths  (dashed curvesversus time.
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a) Highest adiabatic surface for different parameters b) Max; [¥,(R,b|? for the surfaces of (a) viation from smoothness of the surfaces, the larger the de-
3 L = ! viation from adiabaticity and admixing of higher vibrational
5 Sus levels. Nonadiabatic couplings result from off-diagonal ma-
5 . e F trix elements of the kinetic-energy operator. We are led to
5 % 0 o o1 —="1¢ =, the following interpretation: when the adiabatic potential sur-

! R [bohr] -20 -10 0 10 20 H T

time [ps] . time [ps] face is not smooth enough or not spfﬂaently decoup{faq
3 =0 ] enough awayfrom the other adiabatic potentials, population
3 505 ’ can transfer between adiabatic surfaces and the final popula-
& g’ M/wmwxw tion can be distributed among several vibrational levels. Al-

%0 10 o“ 10'""20"” 10 beng 20 100 10 20 ternatively, if the c_oupli.ng is too large anq a pptgntial barrier
e [pe] time (pe] results on the adiabatic surface, nonadiabaticity can result.
These features occur in the central and lower panels of

energy [hartree]

Fig. 3.
o L= ; . To summarize and conclude, our “road design engineer-
-20 10 Omell 2 Ribon] ~-20 -10. 0 10 20 ing” approach for choosing the desired parameters for con-
il

structing adiabatic light-induced potentials has led to the

FIG. 3. (a) Highest time-dependent adiabatic surface. The UppeEomplete and adiabatic transfer of population from one vi-
panel is for the parameters used in Fig. 1; the middle and botto

. ronic state to another using picosecond-duration and
panels haVégl £(,=0.0004 and 0.01 hartree, respectivel. W/cn? intensity laser pulses. Hence, complete adiabatic
maxq | W5(Rt)|“] versus time corresponding to the parameters use . X . . L .

. : . . ransfer is obtained with reasonable laser intensities. This
to obtain the surfaces i@). The dashed curve in the middle panel . R .
; _ approach allows physically intuitive design concepts, such as
is for Q,,=0.001 hartree. . L
the need to bank an S curve, to be used in the determination

_ of the light pulses necessary for complete adiabatic popula-
diagonal elements dJ(R,t) in Eq. (6) intersect. The third tion transfer. An extension of the road design approach to

panel shows the surface WhéfQ; a4 =7%|Qomax are in-  more than three electronic level systems may be possible,
creased to 0.01 hartree. A strong repulsive barrier is nowhereby generalizing previous results for transferring popula-
present due to the strong Rabi frequency coupling. The solidon of many-level systems by long-pulse sequerjdds1Z]
curves in Fig. 8) show the respective values of to the short-pulse regime. Generalizations to more than one
max{|W5(R1)?]. In the top panel, mak|Ws(Rt)[?] climbs  nuclear degree of freedom, as in polyatomic molecules, seem
smoothly to a maximum and no oscillations as a function ofto be much more complicated; difficulties in visualization of
time are present after it reaches a maximum. This feature ithe time-dependent potential-energy surfac&in-R space
consistent with a complete adiabatic transition as explainedlinder our ability to heuristically carry out the “road design
above [the expectation value$V;(R,t)|R|¥;(R,t)) also  engineering.” Our intuition will need to be further devel-
vary smoothly with timé In the lower two panels of Fig. oped, and perhaps also coupled with auxiliary mathematical
3(b), the curves depicting maklV4(Rt)|? of the resulting  optimization methods.

wave packet exhibit wild oscillating time dependenitiye This work was supported in part by grants from the James
solid and dashed curves in the middle panel correspond to Branck Binational German-Israel Program in Laser-Matter
change offi|Qy mad =% |Qomad from 0.004 to 0.0004 and Interaction and the National Science Foundation through a
0.001 hartree, respectivglyThis indicates nonadiabaticity, grant to the Institute for Theoretical Atomic and Molecular

and reflects the admixing of higher vibrational componentsPhysics at Harvard University and the Smithsonian Astro-
due to the nonsmooth adiabatic surface. The larger the dghysical Observatory.
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