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Efficiency and robustness of coherent population transfer with intense, chirped laser pulses
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We discuss electronic population transfer in diatomic molecules. By analyzing time-dependent wave packets
on electronic potential-energy surfaces, we investigate the efficiency and robustness of population transfer with
intense, chirped laser pulses. Recently, the magnitude of the population transfer was observed to have a
remarkable dependence on the sign of the chirgCao, C. J. Bardeen, and K. R. Wilson, Phys. Rev. 18éit.

1406 (1998]. In this work we explain the reason for this asymmetry, and show how the frequency detuning,
intensity, and chirp rate affect the results. In particular, we demonstrate efficient, robust population transfer for
both positive and negative chirps. A Landau-Zener model of multiple avoided crossings is invoked to model

the results.
DOI: 10.1103/PhysRevA.63.043415 PACS nuntber42.50.Hz, 32.80.Qk, 33.80.Be
[. INTRODUCTION for all of these transitions simultaneously. Thus, in the com-

monly used sense of the term, no ultrafagpulse is possible

A variety of methods, both experimental and theoreticalfor a molecular system. However, all is not lost. Numerous
have been implemented to achieve population transfer itheoretical schemes using chirped adiabatic passage have
atomic and molecular systemgl-7]. Efficient, robust been proposed for moleculg3,23—-25, and rotational popu-
schemes to invert population selectively have applications iation transfer has now been observed experimenfzlB6—
a number of areas, such as improved lasing efficig@ly  29].
induced transparendy, 10|, preparation of initial states for Recently, Cao, Bardeen, and Wils6@BW) suggested a
spectroscopy[1,5,7], Bose-Einstein condensat¢$l], and  general method for population transfer in molecul@s].
quantum contro[12-17. In this paper, we concentrate 0N Thejr method, which they termed the moleculas ‘pulse,”
electronic population transfer in diatomic molecules, USingrequires a pulse with a large bandwidth, a high intensity, and
ultrafast, chirped laser pulses. We investigate the effects of large positive chirp. They noted a strong dependence on the
intensity, chirp rate, and frequency detuning using a dressedsign of the chirp, both with respect to the efficiency of popu-
state picture to determine the optimal conditions for vibroniciation transfer and the robustness of the results to small
population inversion. . changes in the magnitude of the chirp. Their explanation for

Population transfer in two-level systems is now well Un-the mechanism of such pulses is based on the classical idea
derstood 18,19. Several different strategies to do this havethat the wave packet is created initially with the low-
been demonstrated in experiments. In one, the center frgrequency components of the pulse, which are on resonance
quency is resonant with the transition frequency, and thgyith the desired transition frequency. As the wave packet
pulse aredthe integral of the pulges set tor. This scheme,  eyolves on the excited state, the high-frequency components
which is used commonly in magnetic resonance, for examplgf the pulse become off-resonant, and the population is
[20,21], can achieve 100% population transfer. The result§rapped on the excited state. CBW find that their results are
are not sensitive to the detailed shape of the pulse, but argpyst to changes in the laser parameters, and suggest that
extremely sensitive to the area. This can lead to experimentghis method may be quite general. Experiments have now
difficulties in implementing such methods, particularly in the yerified their predictions on systems ranging from molecular
ultrafast regime. ) ) ) iodine to laser dyes and green fluorescent protein-33.

Population transfer by adiabatic passafe?] is a more In this paper, we analyze the results of CBW in a dressed-
robust scheme than the use @fpulses with respect to the state picture using a Landau-Zener model. We analyze the
pulse parameters. In chirped adiabatic passage, the laser figapendence of the results on intensity and frequency detun-
quency is tuned belowor above the transition frequency, ing and find that, depending on the sign of the detuning, a
and the frequency chirp is swept through resonance. Alternaqegatively chirped pulse can be as effective as a positively
tively, the laser pulse can be transform limitembro chirp,  chirped pulse. The dressed-state picture enables simple pre-

and a Stark switching technique can be used to sweep thfictions of the optimal conditions for population transfer.
transition frequency through resonanfds?2]. In both cases,

as long as the process is performed adiabatically, the desired
final state can be populated with 100% efficiency.

Electronic population transfer in molecules is in general
much more complicated than atomic or magnetic t(es-) In this work we concentrate on electronic population
level systems. In the ultrafast regime, the bandwidth of theransfer in diatomic molecules. The theory for this situation
excitation laser creates a coherent superposition of many vis well developed. In this section we sketch the formalism
brational states on the excited potential surface. It is practibriefly to define the parameters and specify the model
cally impossible to satisfy the resonance and area conditiondearly.
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The theory proceeds by integrating the time-dependentoment and the laser field is described by a pulse envelope
Schralinger equation for the coupled electronic states on &(t), peak amplitudeéE,, and time-dependent phaggt).
numerical grid using a split-operator method. The general A short-time evolution operator is used in the fof8#]
form of the dynamical equations is

a(llfl(t)) T+V; —W lﬂl(t)) eXF{_E T Y
ifi— - NG Al =W TV,
at\ (1) —W  TH+Vo)\ gp(t)
B At V. —W iAt(T O
where B Y R VYRR VAR o R N ¢
h? 52 [
B At V -W
T__ﬁﬁ (2 xgx;{—%(_\j\/ v, +O(At)3. (4

is the kinetic operatomn is the reduced mas¥,; (i=1 and

2) are the electronic potential-energy surfaces, and We use a fast Fourier transform to convert between the co-

ordinate space and momentum space representations, which
W=E(S(t) 1o X)coge(t)) (3) allows a facile evaluation of the kinetic-energy terms. By
using unitary transformation, it is straightforward to show
is the coupling operator. In this equation,, is the dipole that

+.At(V2_V1) , 2W
cosB+i——=———sin i ——sin
At Vi -w|] p( _m(v1+v2)) o 4D A p SinA )
P2 —w V, —exp 4h 2W CAt(Vo—Vy) - ©
|Fsm,8 cosﬂ—lTsm,B
|
where B=AtD/4#% and D?=(V,—V;)?+4W?. Using Eq. Ill. CHARACTERISTICS OF CHIRPED LASER PULSES

(5) allows the method to proceed without numerical diago-

nalization of the potential-energy matrickSs). We consider a Gaussian functional form for the laser

The time-dependent phase of the laser pujge), is ex- pulse,
panded in a Taylor series. Our interest in this work is the {2 {2
effect of the linear chirp, so the series is truncated after three E(t)=E, ex;{ ———iwgt—ia=|, (10)
terms, 272 2
o(t) = po+ wot + L at?, 6) where 7 is pulse durationw, is the center frequencyy is

the temporal linear chirp, and, is the peak amplitude. The

where g, is an irrelevant phase constanty is the center Fourier transform of Eq10) gives the field in the frequency

. : : domain,
frequency, andv is the temporal linear chirp.
Using Eq.(6) and applying the rotating wave approxima- (0— wp)? (0— wg)?
tion (RWA) the Hamiltonian in Eq(1) takes the form E(w)=E} ex;{ _ 2o tig! A ol
2r

+ —
H(t)= T+Us 2oS(t)/2 (77 whereT is the bandwidth of the pulse and is the spectral

—QeS(H)2  T+U, /) linear chirp. Note that the full width at half maximum
_ (FWHM) duration of the pulse isgyyu= 7VINn 16, and the
whereU;=V;, Up,=Vy—7i(wot at), andQo=Eou1X) IS FWHM of the bandwidth id" ryuy=I"vIn 16. For simplicity

the peak Rabi frequency. Below we present results obtainele suppress these numerical constants in the following dis-
in the RWA using the evolution operator in E&) with the  cyssion.

simple transformations The relations between the pulse duration and the band-
width are
V1—>U1,V2*>U2 (8)
1
2_ 2.4
and r —?(14-01 7) (12
W—QS(t)/2. 9 and
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1
72=E(1+a'2r4). (13

0.
The relations between the temporal and spectral chirp rate §

are
74
a'= am (14
and
4
= a’m. (15

Equations(12) and(14) are valid for the case of fixed pulse
duration, 7, while Egs.(13) and(15) are valid for the case of
a fixed bandwidth".

Chirping a laser pulse reduces its peak intensity. To con

serve the integrated intensiBy= E(Z)T for a given bandwidth
I', the intensity of a chirped pulse is
=1 ! (16)
N

In this equation,| is the peak intensity of the transform-
limited pulse, and” = 1/7 is the bandwidth of the transform-
limited pulse with durationrg.

Figure 1 illustrates how the intensity pulse durationr,
and temporal chirpx depend on the spectral chigp’ at a
fixed bandwidthI". In this figure, the duration of the
transform-limited pulse isrp=13.55 fs. This figure illus-
trates concisely several features of chirped laser pulses th
will be important in the following discussion. Note, first, that
while the range ofx’ is unlimited (that is, @’ can take any
value from —« to =), the range of« is finite (for a fixed
bandwidth, with the chirp produced via linear opjick is
simple to show that the maximum value @fis related to the
transform-limited pulse duration and bandwidth by

r

Xmax— ~ _ -+
27'0

17
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FIG. 1. Dependence of the scaled intensity, duration,r, and
temporal linear chirpx on the spectral linear chirp’ for a pulse
with fixed bandwidth™. The duration of the transform-limited pulse
Tg is 13.55 fs.

pulse with a laser bandwidth larger than the initial,
transform-limited pulse. This is impossible with linear op-
Hes.

IV. POPULATION TRANSFER
A. Numerical results

As a specific example of population transfer, consider the
iodine molecule, as depicted schematically in Fig. 2. The
molecule begins in the=0 vibrational level on the ground
X electronic state. An ultrafast laser pulse creates a wave
packet composed of vibrational levels on the electronically
excited B state. For simplicity, we invoke the Condon ap-

This relation implies that the maximum amount that a pulseroximation and neglect the position dependence ofBhe
can be stretched in the time domain by using a temporal—X transition dipole moment. That is, we assume flagtis

frequency chirp ista= 7ov2. However, with a spectral
chirp, a pulse can, in principle, be stretched infinitely long.

a constant. Our goal is to determine under what conditions
the population transfer to th state is maximized.

This is, of course, the principle behind the chirped pulse Figure 3 shows the population transfer to fBestate at

amplifier now in common usg86]. Note, too, that the region
in which a changes rapidly corresponds to the region in
which the pulse duration and intensity are changing slowly
It is clear, in this figure, that to derive the maximum physical
effect from the chirp, the value af’ will, in general, corre-
spond to the relatively narrow range in whiahis changing
rapidly. Finally, as we demonstrated previou$B37], al-

asymptotic timesi.e., after the pulse is oveas a function of

the peak Rabi frequenc§), and spectral linear chirp;’. In

this figure, the laser pulse has a constant bandwidth corre-
sponding to a transform-limited pulse duration of 13.55 fs,
and the center frequency is chosen to be on-resonance with
the vertical transition energy. Under these conditions, as can
be seen in the figure, negatively chirped pulses are distinctly

though it is possible mathematically, and is sometimes desitess effective at population transfer than positively chirped

able, to use values af larger thana,,y, this results in a

pulses. For negative chirps, some “islands” of moderate
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FIG. 4. Population transfer as a function of the peak Rabi fre-
quency,Q),, and spectral linear chirgy’. The detuning of the cen-
ter frequencyw, from the vertical transition energy is equal to
—0.012 a.u(2634 cm1), and the transform-limited pulse width is
13.55 fs. The isolines in the plot represent final yields of @<8id
line), 0.80 (long dashed ling 0.50 (dashed ling and 0.10(dot-
dashed ling They axis labels the peak Rabi frequency of the
transform-limited pulse. The thick solid line demarks the region of
peak intensities of X 10" W/cn?.

V(x) (a.u.)

negative chirps, are identical to those presented previously
by CBW [30].
x (au) To investigate the sensitivity of the results to the laser
center frequency, we repeated the calculations of Fig. 3 with
a frequency detuningfrom the resonance conditiprof
—0.012 a.u.(2634 cm1). As seen in Fig. 4, the detuning
(=60%) population transfer exist, but for positive chirps changes the _results significgntly. Large areas of nearly com-
Blete population transfer exist for both positive and negative

there are large areas of nearly total population transfer. Th hi N lso th h K Rabi f h
results in Fig. 3, showing robust population transfer for posi-C Irps. Note also that as the peak Rabi frequency approaches

tive chirps, and comparatively poor population transfer foro'l au., chwped pulses offer no advantage com.pared o a
transform-limited pulse. However, for smaller Rabi frequen-

cies, using either a positive chirp or a negative chirp in-

FIG. 2. Electronic potential energy surfaces for after Ref.
[42].

0.1 T T T
/ creases the transfer efficiency significantly.
. As a way of analyzing the robustness of the population
0.08 [ . ;
—_ transfer with respect to the center frequency, we choose a
:E fixed Rabi frequency of)=0.1 a.u., and vary the detuning
S 006 T and the chirp ratéwhile holding the bandwidth constant
© . P : The results are shown in Fig. 5. Note, in the figure, the large
G 0.04 | ; 8 area of efficient population transfer for positive chirps, and

the smaller area of efficient transfer for negative chirps.

While positive chirps are clearly more robust, at a chirp rate

0.02
_____________ of —1x10 %cm 2, for example, the center frequency can
I e be varied by as much as 0.006 &1817 cm ) while main-
4 8 2 taining a population transfer of 98%. Note also that large

positive detunings tend to favor large positive chirps. It is
clear, in this figure, that experimental studies of population

-5 -2
o’ (10 /em )
FIG. 3. Population transfer as a function of the peak Rabi fre-tr":me(':'r can employ either positive or negative chirps, de-

quency,Q,, and the spectral linear chirp, . The center frequency PENding on the Rabi frequency and detuning. ,
of the laser is on resonance with the vertical transition energy, and One factor that must be considered when analyzing results

the transform-limited pulse width is 13.55 fs. The isolines in theSUch as those in Figs. 3—5 is ionization. If the ionization rate

plot represent final yields of 0.9&olid line), 0.90 (long dashed IS high enough, the molecule will not experience the intensi-
line), 0.70 (dashed ling 0.60 (dotted ling, and 0.40(dot-dashed ties required for efficient population transfer. A simple esti-
line). They axis labels the peak Rabi frequency of the transform-mate based on Ammosov, Delone and Kraif&dK) [38]
limited pulse. The thick solid line demarks the region of peak in-or Keldysh[39] theory for |, indicates that ionization be-
tensities of X 10" W/cn?. comes a dominant factor at intensities above 1
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FIG. 5. Population transfer as a function of the detunihgpf
the center frequency, from the frequency of the vertical transition
energy, and the spectral linear chigp. The peak Rabi frequency is
0.1 a.u., and the transform-limited pulse width is 13.55 fs. The
isolines in the plot represent final yields of 0.@®lid line), 0.90
(long dashed ling 0.60(dashed ling and 0.3(dotted ling.

X 10 W/cn? (a peak Rabi frequency of 0.05 a.uFigures

3 and 4 show the boundary corresponding to peak intensitie:
of 1x10" W/cn?. Our estimate based on ADK theory (b)
shows that 50% of the molecules will be ionized by a
transform-limited pulse with a width of,=13.55 fs, and an
intensity of 1x 10 W/cn?. However, chirping the pulse
reduces the peak intensity, which allows a larger fraction of
the molecules to survive. For example, with a chirpadf
=5X 13~3X10 %/cm 2, 95% of the molecules survive.
With higher chirp rates, all of the molecules survive. Clearly,
large areas of parameter space exist below the limiting
curves in Figs. 3—4 in which the mechanism suggested her:
is valid.

B. Theoretical analysis of results X2
The asymmetry in the dependence of the final-state popu /
lation on the sign of the chirp can be understood easily be
1

considering a dressed-state picture. In this model, the vibra
tional levels on the ground state, dressed by the laser field /

undergo a series of avoided crossings with the vibrational <l _

levels on the excited state. The degree to which the popuIaXO — s

tion passes through these regions determines the magnituc 2

of the population transfer. As an example, two cagesi- 7 a

tive and negative chippare shown in Fig. 6. In this figure; 7

andB; represent vibrational levels in théandB manifolds, FIG. 6. Schematic of multiple crossings of vibrational levels of

respectively. Diabatic states are represented by solid lineshe electronic potentialX and B of I,. The solid lines represent
and adiabatic states by dashed lines. As can be seen in thbatic states, and the dashed lines represent adiabatic states. Panel
figure, a clear difference exists between the dynamics of vita) illustrates the effect of a positive chirp, and pafi®lthe effect
brational level populations for positive chirpSig. 6(a)] and  of a negative chirp. The symboks b, and c label representative
negative chirpgFig. 6(b)]. crossing points.

In Fig. 6, the population is initially iy, thev =0 level
on theX state. As the pulse proceeds in tirfieft to right in  laser frequency sweeping through resonance in the presence
the figure, the vibrational manifold of the excited sta®, of the light-induced coupling. For appropriate values of the
slopes dowr(up) as a result of the positivenegative chirp.  intensity and temporal chirp rate, all crossings of the diabatic
Many crossings and avoided crossingsme of them indi- curves(solid lineg can be considered independently. In this
cated by a, b, and c in the figyrappear as a result of the case partial population transfer by adiabatic rapid passage
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occurs at the time of each crossing. However, the populatior
for positive and negative chirps follows different routes. In
the case of the positive chirp, the population is transferec
sequentially to the vibrational leveB,, B;, B,, etc. The g
amount of transfer to each level can be determined using thi
Landau-Zener formul§40,41]

Pi_,jzpi_ex%_’ﬂ 2w

where P; is the population before the avoided crossing,
Qj; (1)) is the Rabi frequencyassumed to be constant during
the transition at the time of crossing, and is the temporal
linear chirp.

By applying this consideration to each crossing we can
see that for a sufficiently long pulse and properly chosen
Rabi frequency all of the population from tikemanifold can
be transferred to th& manifold for a positive chirp. The
same is not necessarily true for the negative chirp. In this
case, the route to population transfer is more complicated
and less direct. As can be seen in the figure, population trans
ferred to theB state at early times can transfer back to the
higher vibrational levels of th¥ manifold[crossings labeled
a, b, andc in Fig. 6(b)] at later times. It is clear that only . .
under special circumstances can the entire population b 0 100 200 300 400
transferred to thé state with a negative chirp, and remain
there after the laser pulse is over.

For the scenario discussed above to be valid, several re
lations among the pulse parameters and vibrational energ
spacing must be satisfied. To allow the possibility of several
crossings during the pulse, the vibrational spacifigg and
temporal chirp rate must obey the relation

D W

D oW

(18)

aT> 5)(' B (19)

where 7 is the duration of the chirped pulse. To maintain
adiabaticity, and to apply the Landau-Zener model, the fol-
lowing inequality must be satisfied:

Sy 5> Qo= a. (20)

If Egs. (19) and (20), are obeyed, successful population
transfer can be achieved with either a positive chirp or ag \ i
negative chirp. \ /
The scenario presented above has several limiting case: \ I
depending on whether or not the relations in Ed®) and \ /
(20) are satisfied. First, if Eq20) is obeyed, but Eq19) is Vo !
not, the system is effectively a two-level system, and only \ ! (b)
one crossing of two diabatic states occurs. By choosing ¢ v
proper detuning, a simple avoided crossing exists in the adia NS
batic representation, and successful population transfer i - - -
possible for either positive or negative chirps. In this case  © 100 200 300 400
population transfer is also selective. That is, the transfer oc- t (fs)
curs from a.SIr.l'gIe initial state to_ a smg!e flr}al S.tate', FIG. 7. Schematic of multiple crossings of vibrational levels of
Another limiting case results is the situation in which the ihe electronic potentialX andB of I,, when the Rabi frequency is
Rabi frequency is large compared to the vibrational energyrrger then the vibrational energy spacings. In this figude,
level spacing. In this case, the simple dressed-state picture Qf&x,sf and the frequency detuning is0.012 a.u.(2634 cni'%).
individual crossings must be revised. The various vibrationabanel (a) illustrates the effects of a positive chirp af’=2
states have quite different shifts due to the varying Frank=10-3/cm™2, and panel(b) the effect of a negative chirp af’
Condon factors and detunings from resonance. This results ia —2x 10" %/cm™2.
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a very complex dressed-state picture consisting of an enotransfer for negative chirps do exist, as shown in Figs. 3-5,
mous number of crossings and avoided crossings. Howevethey are considerably smaller than those for the positive
even in this case the differences between positive and negahirp case.
tive chirps can be demonstrated clearly.

Figure 7 shows the dressed pqtentlal-energy curves corre- V. CONCLUSIONS
sponding to the case of population transfer from a ground
vibrational manifold to an excited vibrational manifold using  In this paper we analyze the effects of the intensity, chirp
strong chirped pulses. Figuréay illustrates the situation for rate and frequency detuning on vibronic population transfer.
positive chirps, and Fig.(B) that for negative chirps. Once We show, in agreement with the results of CB80], that in
again, at early times the population is assumed to be in ththe case of zero detuning, with fixed bandwidth pulses, posi-
stateX,. For positive chirps, as seen in the figure, a directtive chirps are more efficient and robust than negative chirps
route exists between population that correlates Wghat  in achieving optimal population transfer. However, with an
early times tdB at later times. This route is indicated in Fig. appropriate choice of frequency detuning, negative chirps
7(a) by a solid line. However, if, at the time of the first can also produce efficient transfer. The regions of robust
avoided crossing betweexX, and B, the laser field is not transfer are in general smaller for negative chirps than for
strong enough to maintain adiabaticity, the population carpositive chirps, but are nonetheless large enough to be sig-
follow alternative routeglong-dashed and dot-dashed lines nificant for experiments.
as well. These routes correlate to excited vibrational levels of To understand the mechanism of population transfer we
the excited state at later times. Eventually, all of the populause a dressed-state picture and a Landau-Zener model of
tion is transferred to the excited surface. This mechanisnmultiple crossings of vibrational levels. Depending on the
explains the large areas of efficient, robust transfer as a funcelative size of the Rabi frequency compared to the vibra-
tion of the detuning, Rabi frequency and chirp rate in Figstional energy spacing, the transfer can be considered to pro-
3-5. ceed via individual, sequential crossings, or via multiple,

In the case of a negative chirp, as shown in Figp),7an  nearly simultaneous crossings. The dressed-state model pro-
extremely different dressed-state picture emerges. In fact, thédes a simple framework for understanding population dy-
negative chirp picture is simply the time reverse of the posi-hiamics in which the dominant effects of the laser parameters,
tive chirp, but the population transfer dynamics are quitetime scales, and adiabaticity are treated consistently and with
different. As seen in the figure, the initial population in the appropriate emphasis.
X, state does not have a direct route to vibrational levels on
the B state. Th.ree po_tentially important routes are shown on ACKNOWLEDGMENTS
the plot by thick solid, dashed, and dotted lines. At later
times some of those routes correlate to excited-state vibra- We thank D. Reitze, K. Schafer, and P. Bucksbaum for
tional levels, while others correlate to ground-state vibra-helpful and stimulating discussions. This work was partially
tional levels. The competition among these routes leads to supported by the National Science Foundation through Grant
sensitive dependence of the transfer on the pulse parameteMo. CHE-9875080. This research was supported by an award
As a result, while some areas of robust, efficient populatiorfrom Research Corporation.
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