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Population transfer via adiabatic passage in the rubidium quantum ladder system

D. J. Maas, C. W. Rella, P. Antoine, E. S. Toma, and L. D. Noordam*

FOM–Instituut voor Atoom- en Molecuulfysica, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands
~Received 13 July 1998!

Generally, high optical intensity is required for effective multiphoton excitation of quantum systems to
highly excited states. In certain situations, however, lower-intensity, chirped pulses can provide more efficient
transfer of population to the upper states by the process of adiabatic passage. We have studied the relative
importance of these two mechanisms in the anharmonic 5s-5p-5d quantum ladder system of rubidium using
frequency chirped laser pulses from an amplified Ti:sapphire laser~l5780 andDl510 nm!. We measure
simultaneously the three-photon ionization signal due to the Ti:sapphire and the population that remains in the
5d state with a postionizing 532-nm Nd:YAG pulse~where YAG denotes yttrium aluminum garnet!. At low
infrared fluences~80 mJ/cm2!, the transfer to the 5d state is significantly enhanced when the pulse frequency
is swept from the red to the blue, such that it follows the frequency spacing of the rubidium ladder. Counter-
intuitively, population is also transferred efficiently for the blue-to-red chirp at high fluences~.5 mJ/cm2!. We
attribute both of these effects to adiabatic passage from the 5s state to the 5d state. Even at the highest
fluences, more efficient transfer occurs for either direction of chirp than occurs at zero chirp, where the
intensity is maximal. A comparison to theoretical predictions reveals striking agreement in both absolute
magnitude and functional form. These results have important implications for the understanding of population
transfer in complex ladder systems, such as molecular anharmonic vibrational ladders.
@S1050-2947~99!01502-4#

PACS number~s!: 42.50.Hz, 32.80.Bx, 32.80.Qk, 42.65.Re
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I. INTRODUCTION

The manipulation of quantum systems through applicat
of carefully shaped optical pulses has been an area of int
research in recent years. The advent of ultrafast laser sys
that provide wide bandwidth transform-limited pulses, co
bined with the simultaneous development of powerful me
ods for the shaping and subsequent characterization of
pulses@1#, has lead to the experimental realization of ma
early steps toward control of complex quantum-mechan
systems@2#. One important goal of quantum manipulation
the attempt to bring an ensemble of molecules into a spe
highly excited vibrational state. This would facilitate the s
lective breaking of chemical bonds and thus allow contro
chemical reactions@3,4#. There are several obstacles to ove
come before this goal can be reached. Direct single-pho
excitation of a highly excited vibrational state is not practic
due to the small overlap between initial and final stat
Therefore, stepwise excitation up the vibrational ladder
required, introducing other complications. Vibrational pote
tials are never purely harmonic, resulting in different tran
tion frequencies for successive steps of the ladder and h
demanding the use of several excitation frequencies. Furt
more, the time scale for vibrational energy redistributi
within the molecule is in the picosecond range.

Ultrashort laser pulses potentially represent a solution
these problems since the bandwidth of the pulses may
large enough to contain all the frequency components of
ladder and picosecond time resolution is readily obtained
first glance, however, it may seem that selectivity cannot
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sustained with this approach and even if the purpose is m
tiphoton dissociation, it turns out that the intensities need
to dissociate an appreciable fraction of the molecules are
beyond those leading to ionization. One possible solution
the problem is to employ frequency chirped ultrashort la
pulses@5#. Population transfer to the upper states is m
efficiently accomplished when the instantaneous freque
of the laser pulse follows the spacing of the anharmonic
brational ladder. This process is an example of chirped a
batic passage. Observed in magnetic resonance, adia
passage~or adiabatic following! @6# is the process by which
the quantum state of a system is changed by a slowly ev
ing, predominantly off-resonance optical field, rather than
direct on-resonance excitation, as is the case for Rabi pu
ing. Adiabatic passage is an attractive approach for obtain
efficient population transfer@2,7# primarily because, unlike
Rabi pumping, it is relatively insensitive to inhomogeneiti
in the ensemble of molecules or variations in the opti
field. Recently, population transfer via chirped pulse exc
tion has been experimentally studied in vibrational excitat
of gas phase NO, where it was shown that population tra
fer to then53 vibrational level was enhanced by a factor
10 by chirping the pulse appropriately@8#. In another series
of measurements, the role of adiabatic passage was inv
gated in the cesium Rydberg series using chirped ultra
far-infrared pulses@9#.

However, due to the complexity of molecular systems a
high quantum number Rydberg atoms, combined with
experimental difficulties inherent to the excitation and ch
acterization of infrared transitions, it is impractical to stu
adiabatic passage throughout a full range of experime
conditions. For this reason, it is instructive to study in det
a theoretically and experimentally simpler system, thes
→5p→5d anharmonic quantum ladder in the rubidiu
:
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PRA 59 1375POPULATION TRANSFER VIA ADIABATIC PASSAGE . . .
atom. In recent years, this system has been characterized
number of experiments over a limited range of experimen
conditions@10,11#. The results presented here, however, r
resent measurements made at both positive and neg
chirps and throughout the full range of fluence, from t
perturbative regime to saturation. Thus the role of adiab
passage in population transfer in the rubidium anharmo
ladder system has been studied in a systematic way.

A simplified energy-level diagram of Rb is depicted
Fig. 1~a!. Only the levels that play an important role in th
experiment are shown. We label the 5s, 5p, and 5d states
u1&, u2&, and u3&, respectively. Note that these three sta
indeed form an anharmonic ladder, though both transiti
can be accessed easily with a single Ti:sapphire laser p
~see Fig. 3!. In the experiment described here, the dep
dence of the population transfer to the upper levelu3& on both
the chirp of the laser pulse and the fluence is investiga
We find that the transfer to the upper state can be dram
cally enhanced over the zero chirp~high intensity! case for
bothdirections of chirp: red to blue~positive chirp!, in which
the instantaneous frequency follows the energy ladder in
vals, and, counterintuitively, also blue to red~negative
chirp!, for which the frequency does not follow the ladde

The effect of chirping the optical pulses on the efficien

FIG. 1. ~a! Simplified energy-level diagram of rubidium, show
ing the three levels of the anharmonic ladder and the continu
The two transitions in the ladder can be driven by the same
trashort optical pulse.~b! Dressed-atom diagram of the same leve
dressed asu11\v&, u2&, and u32\v&. The dashed lines show th
unperturbed energies as a function of the photon energy of
dressing field. The full lines show the dressed-atom energies w
dipole coupling is included, for a laser intensity of 1
3107 W/cm2. The arrows indicate the different routes of excitati
of the upper level (5d), as described in the text.
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of population transfer can be visualized using the dress
atom picture@12#, shown in Fig. 1~b!. The horizontal axis
shows the excitation frequency, while the vertical axis d
plays the energies of the ladder states when ‘‘dressed’’ w
a photon energy. The dashed lines in the figure portray
unperturbed dressed atom statesu11\v&, u2&, and
u32\v&. When the dipole coupling between statesu1&↔u2&
and u2&↔u3& is included, as well as the second-order dipo
coupling between statesu1&↔u3&, the dressed-atom energie
are modified as shown by the solid lines in the figure. In
chirped pulse, the instantaneous frequency changes du
the pulse, which corresponds to a traversal of the dres
atom diagram from left to right~red-to-blue chirp! or right to
left ~blue-to-red chirp!. The precise manner by which th
avoided transitions are traversed depends strongly on the
citation intensity and the rate of frequency sweep. At lo
intensity or rapid frequency changes, traversals tend to
diabatic and follow the dashed lines. However, at high
intensities and slower frequency sweep, the system can m
an adiabatic traversal, for which the quantum state follow
the solid curves.

For the three-state ladder system, there exist several p
by which to transfer population to the upper state 5d. The
most intuitive path is when the frequency is chirped from t
red to the blue. Population transfer then occurs if the at
follows the fully adiabatic dressed atom curve, marked
path I in Fig. 1~b!. It is important to note that essentiall
100% population transfer occurs once the conditions
adiabatic passage have been met or exceeded~i.e., suffi-
ciently high intensity and sufficiently low-frequency swee
rate!. This is in marked contrast to population transfer v
Rabi pumping, which is extremely sensitive to excitation
tensity. For the intuitive chirp, another path is also importa
denoted in the figure as path II. Here the system make
diabatic traversal of theu1&↔u2& transition, crosses tou3&
adiabatically at theu1&↔u3& two-photon transition, and then
recrossesu2& diabatically. This path is important only a
lower fluences, when path I does not lead to full transfer.
this case, paths I and II contribute to transfer to the up
state. The relative importance of the two routes depends
experimental parameters, but in general, a quantu
mechanical interference between the two routes will occu

For counterintuitive blue-to-red chirped pulse, the situ
tion is substantially different. Population cannot be tran
ferred via sequential absorption of single photons. Howev
population can still be efficiently transferred via adiaba
crossing of theu1&↔u3& two-photon transition, marked pat
III in the figure. Again, essentially full transfer to the upp
state can be realized for all experimental parameters
meet or exceed the condition for adiabaticity for path III.

After the population is transferred tou3&, another photon
can be absorbed to leave the atom ionized. This process
responds to a four-level ladder, with the top level in t
continuum. The three-photon ionization signal is then us
as a monitor of population transfer to the upper levels of
system. Two regions of parameter space have previo
been studied experimentally in this ladder system. In one
of experiments, the low-intensity, perturbative limit was e
plored using amplified pulses from a Ti:sapphire laser@10#.
The nature of the quantum-mechanical interference betw
paths I and II was investigated and it was shown that, fo

.
l-
,

e
en



e
u
o
e

ar
f

no
I
y

c
rie
de
. W
a
lts
ie
on

th
ag
ic

on

y
on
ir
th

th
tio
lly

ly
ve
ity
th
as
v
ith
r

n
. I
ifi

en
us
a
e

ile
da
um

ig
(

is
ser
he

d to

um

r is
ng

the
on-

ive
iris

m
ty
on
s
po-

ion
a

g a
cy-

flu-
the

with
or.
lse
po-

pa-
h is
to

ter-
ly
n ir
ach

ser
was

1376 PRA 59MAAS, RELLA, ANTOINE, TOMA, AND NOORDAM
Gaussian spectrum, the interference lead to a sinusoidal b
ing of the upper-state population as a function of chirp. F
population transfer was not experimentally verified due t
lack of available laser fluence. In a separate series of exp
ments@11#, the high-fluence regime was studied using squ
spectrum pulses. Full population transfer was measured
both directions of chirp. However, the spectrum was
broad enough to fully excite all transitions of the ladder.
was therefore necessary to change the center frequenc
the laser when the laser chirp direction was changed.

In this paper we present measurements made on the
bidium quantum ladder as a function of excitation fluen
and chirp. No other experimental parameters were va
during data collection. Consequently, it is possible to mo
the results using a single set of experimental parameters
have been able to theoretically reproduce, in absolute m
nitude and in functional form, the experimental resu
throughout the full range of conditions. In contrast to earl
studies@9,10#, we were able to achieve complete populati
transfer for intuitive and counterintuitive chirp at thesame
settings of the laser and to investigate the transfer from
interfering pathway regime up to the adiabatic rapid pass
regime. To present a clearer and more intuitive physical p
ture, we highlight the results from three important transiti
regimes.

~i! In the low-intensity limit, efficient transfer occurs onl
for intuitively chirped pulses. Furthermore, the modulati
depth in the upper-state population as a function of ch
remains constant with increasing fluence. However, once
u1&↔u2& crossing becomes fully adiabatic, path~I! will
dominate at the expense of path II and will thus lead to
reduction and eventual disappearence of the popula
modulations. This transition is explored both theoretica
and experimentally.

~ii ! At intermediate fluences, population is efficient
transferred for both the intuitive and the counterintuiti
chirp. For the intuitive red-to-blue chirp, the adiabatic
condition is independent of chirp; thus the population in
upper state approaches a constant level as chirp incre
However, theory predicts that the population transferred
the counter-intuitive chirp should tend toward zero w
larger chirp values. This expectation is experimentally ve
fied.

~iii ! At very high fluences, essentially full populatio
transfer is achieved with either direction of chirped pulses
all cases, the efficiency of transfer is expected to be sign
cantly higher than for the highest-intensity~zero-chirp!
pulses. Experiments and theory confirm this picture.

This paper is organized as follows. In Sec. II we pres
the experimental technique and describe the apparatus
to perform the measurements. The experimental results
presented in Sec. III, along with an intuitive theoretical d
scription of adiabatic passage. In Sec. IV we give a deta
comparison between theory and experiment, choosing
that highlight the three points enumerated above. We s
marize our conclusions in Sec. V.

II. EXPERIMENTAL METHODS

The experimental setup is depicted schematically in F
2. Rubidium atoms are evaporated in a vacuum systemP
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'1027 Torr). In the interaction region the atomic beam
crossed with the linearly polarized laser beam. The la
source is based on a home-built Ti:sapphire oscillator. T
self-mode-locked laser runs at;780 nm with a bandwidth of
;9 nm. These infrared pulses are stretched and then use
seed a multipass Ti:sapphire amplifier@13#. After amplifica-
tion, the pulses are recompressed. The position of maxim
intensity~i.e., the position of zero chirp! is measured using a
single-shot autocorrelator. The power spectrum of the lase
continuously monitored during the experiment with a grati
spectrometer and a linear photodiode array.

By adjusting the distance between the two gratings in
compressor, the linear chirp of the laser pulses can be c
tinuously varied over a wide range of positive and negat
chirp values. The amplified pulses are passed through an
3.7 mm in diameter~much smaller than the incident bea
diameter! in order to provide an approximately flat intensi
profile. A lens is used to image the iris onto the interacti
plane with a magnification of12. Before the lens, the beam i
passed through a rotatable half-wave plate and a linear
larizer in order to control the laser fluence in the interact
region. The relative fluence is monitored continuously with
fast photodiode; the absolute fluence is measured usin
calibrated large area pyroelectric detector. The frequen
doubled output of aQ-switched Nd:YAG pulse~where YAG
denotes yttrium aluminum garnet! is used to postionize any
remaining population in the 5d state. The fluence of this
pulse was carefully chosen such that it was of sufficient
ence to saturate the postionization signal, but lower than
fluence necessary to ionize the 5s or 5p state with a two-
photon process. The photoionized electrons are pushed
a small electric field toward a multi-channel plate detect
The delay of the postionizing 532-nm pulse after the ir pu
is such that the two pulses of photoelectrons can be tem
rally resolved by the detector. All data presented in this
per, however, consist of a sum of these two signals, whic
highly representative of the total population transferred
the 5d state. These data were collected using a compu
controlled digital oscilloscope. At each chirp point, typical
60 shots were recorded, of which only those shots with a
fluence within 20% of the average were accepted. At e

FIG. 2. Schematic of the experimental setup showing the la
system and interaction region. The chirp of the laser pulse
varied by adjustment of the compressor.
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PRA 59 1377POPULATION TRANSFER VIA ADIABATIC PASSAGE . . .
fluence setting, a scan consisting of 20 chirp points was
lected. Ionization data as a function of chirp was then c
lected at several values of fluence.

Analysis of the data requires understanding of the eff
of the stretcher and compressor on the chirp of the opt
pulse. It is a straightforward matter to calculate from t
stretcher and compressor geometry the chirp placed on
pulse. We follow the derivation presented by Balling, Ma
and Noordam@10# and highlight the results. For a light puls
centered atv0 with a reasonably small bandwidth (Dv
!v), the total phase shift can be expanded to second o
in frequency or

f~v!5f01
df

dv
~v2v0!1a~v2v0!2. ~1!

In this expressiondf/dv determines the group velocity o
the pulse envelope anda describes the amount of chirp in
troduced by the pulse shaper. The time dependence o
outgoing pulse can be obtained simply

Eout~ t !5exp~2Gt2!exp~ iv0t !, ~2!

whereG is given by

G5F8 ln 2

Dv2 14ia G21

. ~3!

We can see that for a Gaussian input pulse, the output p
is also a Gaussian, with a carrier frequency that varies
early in time, and a broadened pulse envelope, with a w
given by

t25t0
21F8 ln 2a

t0
G2

. ~4!

Thus, chirping has the effect of broadening the pulse.
large chirp values, the pulse is stretched approximately
early with chirp:

FIG. 3. Typical power spectrum for the excitation laser. The t
solid lines represent a fit of the spectrum to two Gaussians.
main peak has a Gaussian width of 130 cm21, centered at 12 850
cm21. The side peak has about1

3 the width and about 15% of the
area. Also shown are the two ladder transitions. Note that the
peak is far from either of the transitions. Only the central peak w
used as input to the theoretical model.
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8 ln 2

t0
a. ~5!

III. EXPERIMENTAL RESULTS

We begin by presenting spectral measurements mad
the laser itself. A typical spectrum is shown in Fig. 3, alo
with the first two transitions of the anharmonic ladder. Id
ally, the excitation laser would have a clean Gaussian sp
trum. As can be seen from the figure, however, the spect
exhibits a sharp feature on the red side of the line. T
distortion is caused by bandwidth limitations in the stretch
and higher amplifier gain at longer wavelengths. The so
line in Fig. 3 represents a fit of two Gaussians to the m
sured spectrum. The sharp feature is well modeled by a
row Gaussian with roughly 30% of the width and 15% of t
energy of the main feature. Note that the center frequenc
this side feature is well to the red of any ladder transitio
We will further discuss the complications that this spectru
introduces to the analysis in Sec. IV.

Ionization data were collected as a function of chirp at
different fluences spanning over two decades, ranging fr

e

de
s

FIG. 4. Measured total photoelectron yield as a function of ch
at several different fluences:~a! 38 and 23 mJ/cm2, ~b! 9.2 and 3.4
mJ/cm2, and ~c! 0.47 and 0.26 mJ/cm2. All of the data sets have
been scaled vertically by a single parameter such that the lar
signal corresponds to 100% population transfer to the upper s
Note the two horizontal scales: The lower corresponds to the c
parameter, while the upper gives the broadening of the pulse, e
to 8 ln 2a/t0 . In ~a! the full transfer can be seen for both signs
chirp, while only partial transfer exists at zero chirp. In~b! the
fluence becomes too low to drive the two photon transition fu
adiabatically, while in~c! the fluence has dropped to the poi
where modulation in the population is evident, due to quant
mechanical beating between paths I and II.



In
e
es
s
ir

li
tic
th
wa

tio
th
o

at
d
se
til
n
sin
tio
io
re
f
n
a

l t

th
w
se
ro
im
ag
e
x

te
e

el
d

t
n
b

e
he
th
re
th
ll
es
s

rg

fi
lit

ion.

os-
p
he

fre-

he

rate

gin
ing
ctor
re-
eps
-
f
ion

hen
per

s
ore
ch-
to

as,
w.

v-

sed
tial
ra-
se.
ve
um

re-
tion.

1378 PRA 59MAAS, RELLA, ANTOINE, TOMA, AND NOORDAM
0.25 to 38 mJ/cm2. These data are summarized in Fig. 4.
Fig. 4~a!, data taken at the highest fluences are display
Figure 4~b! displays data collected at intermediate fluenc
Finally, Fig. 4~c! shows chirp scans taken at the highe
available fluences. During the data collection only the ch
and the fluence were changed. In particular, the spectrum
the laser remained essentially constant. The relative sca
between the six scans was not adjustable; a single ver
multiplicative factor was used to normalize the data such
the largest ionization signal among all the data sets
scaled to unity.

The three transition regimes discussed in the Introduc
are clearly apparent in the data. At the lowest fluences,
ionized population exhibits clear modulation as a function
chirp, caused by quantum interference between the two p
I and II. As the fluence is increased, we see that the mo
lation for positive chirp disappears. At the same time, we
the growing effectiveness of the counterintuitive chirp, un
at high fluences, a saturation of the transferred populatio
reached for both signs of the chirp. Perhaps most surpri
is the fact that even at the highest fluences, the popula
transferred at zero chirp still has not reached saturat
Throughout the range of experimental parameters explo
chirping the pulse isalways a more effective method o
transferring population to the upper state of the anharmo
ladder. However, before a more detailed analysis of the d
is presented, we first describe the theory used to mode
results.

IV. ANALYSIS AND DISCUSSION

In order to understand the quantitative behavior of
interaction of the chirped pulses with the rubidium atoms,
will compare the data to a detailed theoretical model ba
on the numerical integration of the time-dependent Sch¨-
dinger equation. However, the discussion begins with a s
pler analytic description of the process of adiabatic pass
so that a more clear physical intuition can be develop
Throughout this paper, we rely on a semiclassical appro
mation to the problem, in which the ladder system is trea
fully quantum mechanically, but the optical pulse is d
scribed as a classical oscillating electric field.

For simplicity, we consider the problem of a two-lev
quantum oscillator. This general problem has been treate
great detail elsewhere@14#; in this forum, there is sufficien
space to present only a few relevant results. The evolutio
the system under the influence of the optical field is given
the precession of the Bloch vector~which describes the stat
of the quantum system! about a vector that characterizes t
incident optical field. For direct on-resonance excitation,
two vectors are orthogonal, leading to large-amplitude p
cession of the state vector and thus 100% oscillations in
upper-state population. These oscillations are the so-ca
Rabi oscillations. However, if the excitation vector evolv
sufficiently slowly and in the appropriate manner, it is po
sible to efficiently populate the upper state without the la
oscillations characteristic of Rabi pumping. This process
called adiabatic passage. The criterion that must be satis
for a passage to be fully adiabatic is given by the inequa

du

dt
!AV~ t !21D~ t !2. ~6!
d.
.
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HereV(t) is the Rabi frequency,D(t) is the detuning of the
carrier frequency from the transition frequency, andu is the
polar angle of the vector that describes the optical excitat
These are in turn given by the expressions

V~ t !5
2d

\
E~ t !, D~ t !5D~0!1

dv

dt
t,

~7!

u~ t !5arctanS V~ t !

D~ t ! D ,

in which E(t) is the electric-field envelope,d is the dipole
oscillator strength of the transition,D~0! is the difference
between the central frequency of the light pulse and the
cillator transition frequency, anddv/dt describes the swee
of the carrier frequency in time within the pulse, i.e., t
chirp. For a Gaussian spectrum and a linear chirp,dv/dt is a
constant.

It is illuminating to simplify Eq.~5! by assuming that the
pulse envelope remains constant. Thus only the carrier
quency changes. Furthermore, examination of Eq.~5! clearly
shows that the most critical period of time occurs in t
vicinity of resonance, i.e.,D'0. Making these two simplifi-
cations, Eq.~5! reduces to

UdD

dt U!V2. ~8!

Thus a simple expression relating the frequency sweep
to the incident electric field is obtained.

The prescription for adiabatic passage is simple. Be
with an optical field detuned far off resonance. The detun
D is large in this case and the angle between the state ve
and the excitation vector is small. The state vector then p
cesses about the excitation vector. If the frequency swe
slowly across the resonance~and the derivative of the inten
sity envelope is similarly small!, then the rate of change o
the angleu can be slow enough compared to the precess
frequency such that the inequality~5! is satisfied. If the car-
rier frequency continues to drift far past the resonance, t
when the pulse ends the population is primarily in the up
state.

Although for a multilevel ladder the underlying physic
remains unchanged, the picture becomes substantially m
complex. It is therefore necessary to resort to numerical te
niques to solve the problem. The theoretical model used
analyze these results is described in detail by Balling, Ma
and Noordam@10#. In this paper we present just an overvie
The model is based on a five state system:2S1/2, 2P3/2,
2D3/2, 2D5/2, and the continuum. Coupling between the le
els is either obtained from reported oscillator strengths@15#
or, in the case of coupling to the continuum, estimated ba
on modeling the atom as an electron in a Yukawa poten
@16#. The coupled equations are solved by numerical integ
tion over the duration of the frequency-chirped laser pul
For a given chirp the population distribution over the fi
levels at the end of the ir laser pulse is determined. The s
of the population in the continuum and both 5d levels is
computed for comparison to the experimental results.

These comparisons are presented in three different
gions of parameter space, as described in the Introduc
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PRA 59 1379POPULATION TRANSFER VIA ADIABATIC PASSAGE . . .
We begin with a study of the disappearance of the mod
tion beats that are evident at low fluence. The modulat
eventually disappears when the 1-2 transition is crossed f
adiabatically. The fluence at which this occurs can be e
mated from Eq.~7!. We therefore examine data collected
roughly these fluences for evidence of the transition.

In Figs. 5~a! and 5~b! we display the total ionization sig
nal as a function of chirp taken at three fluences: 0.26
0.47 mJ/cm2 @Fig. 5~a!# and 3.4 mJ/cm2 @Fig. 5~b!#. For the
moment we concentrate on the signal at positive chirp v
ues. The lowest two fluence scans, shown in Fig. 5~a!,
clearly display modulation in the population transfer, one
the hallmarks of the quantum interference between tran
paths I and II. For the highest fluence shown in Fig. 5~b!, the
modulations are no longer visible. Figures 5~c! and 5~d!
show the results of theoretical modeling at four fl
ences: 0.125, 0.25, and 0.5 mJ/cm2 @Fig. 5~c!# and 3.3
mJ/cm2 @Fig. 5~d!#. Note that the functional form of the chir
scans is mimicked extremely well by the theoretical calcu
tions. Theory and data also agree well in absolute magnit

There seems to be a slight disagreement between th
and data as to the precise fluence at which the modulat
disappear, with the theory predicting a slightly lower valu
The critical fluence is strongly dependent on the parame
of the excitation pulse. It is possible to bring theory and d
into much closer agreement by slightly adjusting for ea
chirp scan the excitation pulse spectrum or fluencewithin
measurement uncertainties. However, our goal in this pa
is to explore and illuminate the competing processes of R
pumping and adiabatic passage. We have therefore us
single set of spectral parameters and one fluence calibra
throughout in order to simplify the presentation of the
sults.

Next we study the transition region over which the cou
terintuitive chirp becomes important. Population transfer

FIG. 5. Comparison between~a! and ~b! data and~c! and ~d!
theory, showing the disappearance of the modulation beats
increasing fluence. Data are collected at three fluences:~a! 0.26 and
0.47 and~b! 3.4 mJ/cm2. Below these are the results of theoretic
modeling at four fluences:~c! 0.125, 0.25, and 0.5 and~d! 3.3
mJ/cm2. Agreement is good between data and theory in both ab
lute magnitude and functional form.
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curs via path III, shown in Fig. 1~b!, which has a two-photon
crossing that must be traversed adiabatically. The tw
photon crossing behaves fundamentally differently from t
sequential one-photon crossings. The difference is most
ily seen in the asymptotic behavior of the transferred po
lation at long chirps. We rewrite the simplified adiabatici
condition given by Eq.~7! as

R[
u~dD/dt!u

V2 !1. ~9!

The asymptotic dependence of the ratioR on a is then stud-
ied. For largea, two things happen. First, the sweep ra
decreases linearly witha. Second, the pulse gets longer@also
linearly with a, as can be seen from Eq.~4!#, implying that
the electric-field amplitude decreases by a factorAa. Thus,
for single-photon transitions, the Rabi frequencyV also de-
creases byAa @17#. Thus the ratioR→a21/(Aa)22→1;
that is, the adiabaticity condition for large intuitive chirp
independent of chirp. The situation for a two-photon cross
is different. In this case, the Rabi frequency depends on
squareof the electric field@18#. Thus the adiabaticity ratio
becomesR→a21/(a)22→1/a, which leads to a decrease i
the population transfer efficiency with increasing counter
tuitive chirp.

This effect can be clearly seen in Fig. 6. The top pa
shows experimental data collected at two fluences: 3.4
9.2 mJ/cm2. For positive chirps, the population saturates to
constant value with no sign of diminution. For negati
chirps, however, the data collected at 3.4 mJ/cm2 clearly de-
crease at more negative chirp values. Even the higher flue
scan tends to decrease as the chirp becomes more neg
although a longer chirp range would need to be covered
the effect to become more pronounced. The lower pane
the figure displays the predictions of the theory obtained

th

o-

FIG. 6. Top panel: data collected at two fluences~3.4 and 9.2
mJ/cm2!, revealing the increasing efficiency of the counterintuiti
blue-to-red chirp. Note the differences in asymptotic behavior
tween positive and negative chirps. Bottom panel: theory cur
generated at two similar fluences~3.3 and 10 mJ/cm2!.
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roughly the same fluence values~3.3 and 10 mJ/cm2!. Again,
the agreement is remarkable in both absolute magnitude
functional form. There appears to be some discrepancy
tween theory and experiment in the vicinity of zero chirp, t
cause of which will be discussed later.

Finally, we discuss perhaps the most surprising resul
all that, even at the highest fluence we were able to mea
~38 mJ/cm2!, chirping the pulse is always a more effectiv
means of population transfer than the high-intensity, ze
chirp pulse. It is possible to achieve essentially 100% po
lation transfer even for counterintuitively chirped pulse
where the frequency sweep does not follow the ladder sp
ing. In Fig. 7 we display population transfer as a function
fluence for two specific chirp points:27310226 and 7
310226 s2. The lines in the figure show the calculated pop
lations at identical chirp values. The agreement is very g
both in the low-fluence perturbative regime, where the po
lation efficiency goes as the square of the fluence, and in
high-fluence region, where the transfer saturates at 10
Only a single vertical scaling factor common to all data s
has been used such that the 100% transfer limit is reache
high fluence.

Only at zero chirp do the results deviate markedly fro
the measurements. Careful study of Figs. 5 and 6 reve
similar trend: Agreement is best farther from zero chirp. T
most likely explanation for these descrepancies lies in
model for the excitation pulse. We have modeled the opt
pulse as a transform-limited Gaussian pulse. In reality,
pulse is a great deal more complicated, as can be seen
Fig. 3. The second subpeak on the red side of the main
contains about 15% of the total energy, which correspond
substantial electric fields compared to the main peak. Th
fore, the field interference between the two peaks can
matically change the character of the incident near-infra
pulse and therefore change the efficiency of population tra

FIG. 7. Population transfer as a function of fluence for tw
specific chirp points:27310226 s2 ~ ! and 7310226 s2 ~%!. The
solid line shows the calculated populations at the positive ch
point, while the dashed line gives the theoretical result at the n
tive chirp point. Other than the single vertical scaling parame
used to set the measured saturation of population transfer to 10
no other adjustable parameters have been used to fit the theor
the data.
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fer. Unfortunately, the power spectrum contains no ph
information, so from the spectrum alone it is impossible
determine the precise incident field profile. However, chi
ing the pulse introduces a time ordering of the spectral co
ponents, such that the two features cease to interfere. T
at long chirps, the original phase information is irreleva
and the power spectrum is sufficient to describe the opt
pulse. Exactly how much the pulse must be chirped bef
the effect of this side peak is negligible is difficult to dete
mine without precise knowledge of the phase information
the incident spectrum. We estimate from the width of th
subpeak that its corresponding field profile must beat least
600 fs, full width at half maximum, assuming that it is tran
form limited. This estimate is consistent with the observat
that the model and data disagree within about 1 or 2 ps
zero chirp. Outside this region, where the power spectr
models the pulse sufficiently, agreement to the model is v
good.

Furthermore, it is likely that at the highest intensiti
~small values ofa! the theoretical model breaks down. A
the optical field increases, the principle effect that occurs
that additional levels, such as the2P1/2 and the 7s state, are
Stark shifted into resonance with the optical pulse. Th
levels not only affect the energy spacing of those levels
cluded in the simplified ladder scheme, but also provide
ditional pathways for excitation and ionization. Thus it
perhaps not surprising that the present model underestim
the 5d population at zero chirp. However, given the unce
tainty in the precise form of the excitation pulse, it is n
possible to speculate further as to the cause of the deviat
in the zero-chirp regime. A better understanding of the
dynamics requires both a better-characterized infrared p
and a more sophisticated theoretical model.

V. CONCLUSIONS

We have investigated population transfer as a function
pulse chirp in an anharmonic three ladder system from
perturbative regime up to fluences where 100% transfer
curs. It is seen that chirping the pulse such that the insta
neous frequency follows the ladder spacing is always a m
effective means at population transfer to the upper state
is Rabi pumping at high intensity. Surprisingly, even a cou
terintuitive blue-to-red chirp also be more efficient than Ra
pumping. The results are analyzed in the context of adiab
passage, which is found to be a robust and effective wa
accomplish population transfer in ladder systems.
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