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Population transfer via adiabatic passage in the rubidium quantum ladder system
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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 anharmosié»5d quantum ladder system of rubidium using
frequency chirped laser pulses from an amplified Ti:sapphire l@sei780 andAN=10 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 pul¢éehere YAG denotes yttrium aluminum garpet low
infrared fluence$80 wJ/cnt), the transfer to the & 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 flugte®snd/cn?). We
attribute both of these effects to adiabatic passage from thetdie to the 8 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.
[S1050-294{@9)01502-4

PACS numbeps): 42.50.Hz, 32.80.Bx, 32.80.Qk, 42.65.Re

I. INTRODUCTION sustained with this approach and even if the purpose is mul-
tiphoton dissociation, it turns out that the intensities needed
The manipulation of quantum systems through applicatiorto dissociate an appreciable fraction of the molecules are far
of carefully shaped optical pulses has been an area of intendeyond those leading to ionization. One possible solution to
research in recent years. The advent of ultrafast laser systerttg problem is to employ frequency chirped ultrashort laser
that provide wide bandwidth transform-limited pulses, com-pulses[5]. Population transfer to the upper states is most
bined with the simultaneous development of powerful meth-efficiently accomplished when the instantaneous frequency
ods for the shaping and subsequent characterization of sudf the laser pulse follows the spacing of the anharmonic vi-
pulses[1], has lead to the experimental realization of manybrational ladder. This process is an example of chirped adia-
early steps toward control of complex quantum-mechanicabatic passage. Observed in magnetic resonance, adiabatic
systemg 2]. One important goal of quantum manipulation is passagéor adiabatic following [6] is the process by which
the attempt to bring an ensemble of molecules into a specifithe quantum state of a system is changed by a slowly evolv-
highly excited vibrational state. This would facilitate the se-ing, predominantly off-resonance optical field, rather than by
lective breaking of chemical bonds and thus allow control ofdirect on-resonance excitation, as is the case for Rabi pump-
chemical reactionE3,4]. There are several obstacles to over-ing. Adiabatic passage is an attractive approach for obtaining
come before this goal can be reached. Direct single-photoeafficient population transfef2,7] primarily because, unlike
excitation of a highly excited vibrational state is not practicalRabi pumping, it is relatively insensitive to inhomogeneities
due to the small overlap between initial and final statesin the ensemble of molecules or variations in the optical
Therefore, stepwise excitation up the vibrational ladder idield. Recently, population transfer via chirped pulse excita-
required, introducing other complications. Vibrational poten-tion has been experimentally studied in vibrational excitation
tials are never purely harmonic, resulting in different transi-of gas phase NO, where it was shown that population trans-
tion frequencies for successive steps of the ladder and hender to thev=3 vibrational level was enhanced by a factor of
demanding the use of several excitation frequencies. Furthef-0 by chirping the pulse appropriatel8]. In another series
more, the time scale for vibrational energy redistributionof measurements, the role of adiabatic passage was investi-
within the molecule is in the picosecond range. gated in the cesium Rydberg series using chirped ultrafast
Ultrashort laser pulses potentially represent a solution tdar-infrared pulse$9].
these problems since the bandwidth of the pulses may be However, due to the complexity of molecular systems and
large enough to contain all the frequency components of thligh quantum number Rydberg atoms, combined with the
ladder and picosecond time resolution is readily obtained. Aexperimental difficulties inherent to the excitation and char-
first glance, however, it may seem that selectivity cannot bacterization of infrared transitions, it is impractical to study
adiabatic passage throughout a full range of experimental
conditions. For this reason, it is instructive to study in detail
*Author to whom correspondence should be addressed. FAXa theoretically and experimentally simpler system, ttee 5
+31 20 668 4106. Electronic address: noordam@amolf.nl —5p—5d anharmonic quantum ladder in the rubidium
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7 Rb* of population transfer can be visualized using the dressed-
33691.02 atom picture[12], shown in Fig. 1b). The horizontal axis
i i shows the excitation frequency, while the vertical axis dis-
(a) o Thsoe 5d [3) Dy g plays the energies of the ladder states when “dressed” with

a photon energy. The dashed lines in the figure portray the
unperturbed dressed atom statéé+7w), [2), and
12816.56 50 [2) Py |3—#%w). When the dipole coupling between sta&s— |2)
and|2)«|3) is included, as well as the second-order dipole
2 coupling between states)« |3), the dressed-atom energies
00em™ < mn M are modified as shown by the solid lines in the figure. In a
Photon Frequency (1) chirped pulse, the instantaneous frequency changes during
the pulse, which corresponds to a traversal of the dressed-
atom diagram from left to righfred-to-blue chirpor right to
left (blue-to-red chirp. The precise manner by which the
avoided transitions are traversed depends strongly on the ex-
- citation intensity and the rate of frequency sweep. At low
intensity or rapid frequency changes, traversals tend to be
diabatic and follow the dashed lines. However, at higher
intensities and slower frequency sweep, the system can make
an adiabatic traversal, for which the quantum state follows
the solid curves.
For the three-state ladder system, there exist several paths
, by which to transfer population to the upper state The
12750 12 800 12 850 12 900 12950 most intuitive path is when the frequency is chirped from the
red to the blue. Population transfer then occurs if the atom
follows the fully adiabatic dressed atom curve, marked as
FIG. 1. (a) Simplified energy-level diagram of rubidium, show- path | in Fig. Ib). It is important to note that essentially
ing the three levels of the anharmonic ladder and the continuuml00% population transfer occurs once the conditions for
The two transitions in the ladder can be driven by the same uladiabatic passage have been met or excedded suffi-
trashort optical pulsgb) Dressed-atom diagram of the same levels, ciently high intensity and sufficiently low-frequency sweep
dressed afl +7%w), |2), and|3—%w). The dashed lines show the rate). This is in marked contrast to population transfer via
unperturbed energies as a function of the photon energy of thRabi pumping, which is extremely sensitive to excitation in-
dressing field. The full lines show the dressed-atom energies whegensity. For the intuitive chirp, another path is also important,
dipole coupling is included, for a laser intensity of 1.9 denoted in the figure as path Il. Here the system makes a
X 10" W/c?. The arrows indicate the different routes of excitation diabatic traversal of thél)«|2) transition, crosses t8)
of the upper level (8), as described in the text. adiabatically at thé1)«|3) two-photon transition, and then
recrosseg?2) diabatically. This path is important only at
atom. In recent years, this system has been characterized id@aver fluences, when path | does not lead to full transfer. In
number of experiments over a limited range of experimentathis case, paths | and Il contribute to transfer to the upper
conditions[10,11. The results presented here, however, repstate. The relative importance of the two routes depends on
resent measurements made at both positive and negatiexperimental parameters, but in general, a quantum-
chirps and throughout the full range of fluence, from themechanical interference between the two routes will occur.
perturbative regime to saturation. Thus the role of adiabatic For counterintuitive blue-to-red chirped pulse, the situa-
passage in population transfer in the rubidium anharmonition is substantially different. Population cannot be trans-
ladder system has been studied in a systematic way. ferred via sequential absorption of single photons. However,
A simplified energy-level diagram of Rb is depicted in population can still be efficiently transferred via adiabatic
Fig. 1(@). Only the levels that play an important role in the crossing of thd1)«|3) two-photon transition, marked path
experiment are shown. We label the,%p, and & states Il in the figure. Again, essentially full transfer to the upper
|1), |2), and |3), respectively. Note that these three statesstate can be realized for all experimental parameters that
indeed form an anharmonic ladder, though both transitionsneet or exceed the condition for adiabaticity for path lIl.
can be accessed easily with a single Ti:sapphire laser pulse After the population is transferred t8), another photon
(see Fig. 3 In the experiment described here, the depen<can be absorbed to leave the atom ionized. This process cor-
dence of the population transfer to the upper lé8ebn both  responds to a four-level ladder, with the top level in the
the chirp of the laser pulse and the fluence is investigatectontinuum. The three-photon ionization signal is then used
We find that the transfer to the upper state can be dramatas a monitor of population transfer to the upper levels of the
cally enhanced over the zero chifpigh intensity case for system. Two regions of parameter space have previously
bothdirections of chirp: red to blugpositive chirp, in which  been studied experimentally in this ladder system. In one set
the instantaneous frequency follows the energy ladder intemf experiments, the low-intensity, perturbative limit was ex-
vals, and, counterintuitively, also blue to redegative plored using amplified pulses from a Ti:sapphire Igsd).
chirp), for which the frequency does not follow the ladder. The nature of the quantum-mechanical interference between
The effect of chirping the optical pulses on the efficiencypaths | and Il was investigated and it was shown that, for a
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Gaussian spectrum, the interference lead to a sinusoidal beat- stretcher compressor
ing of the upper-state population as a function of chirp. Full C___H Ti:sapphire
population transfer was not experimentally verified due to a amplifier —|—

lack of available laser fluence. In a separate series of experi-

. . . ) lari
ments[11], the high-fluence regime was studied using square pofanzet —1
spectrum pulses. Full population transfer was measured for Ti:sapphire 30 ns
both directions of chirp. However, the spectrum was not oscillator delay

broad enough to fully excite all transitions of the ladder. It
was therefore necessary to change the center frequency of

the laser when the laser chirp direction was changed. MCP

In this paper we present measurements made on the ru- i |
bidium quantum ladder as a function of excitation fluence Q-switched ©
and chirp. No other experimental parameters were varied Nd:YAG —
during data collection. Consequently, it is possible to model (532 nm) |
the results using a single set of experimental parameters. We W)

have been able to theoretically reproduce, in absolute mag-
nitude and in functional form, the experimental results
throughout the full range of conditions. In contrast to earlier
studies[9,10], we were able to achieve complete population
transfer for intuitive and counterintuitive chirp at tkame
settings of the laser and to investigate the transfer from thg10—7 Torr). In the interaction region the atomic beam is
interfering pathway regime up to the adiabatic rapid Passageiossed with the linearly polarized laser beam. The laser
regime. To present a clearer and more intuitive physical picg, ce js hased on a home-built Ti:sapphire oscillator. The
turg, we highlight the results from three important tranSitiOnself-mode-locked laser runs at780 nm with a bandwidth of
regimes. . . - ~9 nm. These infrared pulses are stretched and then used to
(i) In the low-intensity limit, efficient transfer occurs only seed a multipass Ti:sapphire amplifigB]. After amplifica-
for intu_itively chirped pulses. Fur_thermore, the _mOdUIatio_ntion, the pulses are recompressed. The position of maximum
depth in the upper-state population as a function of chirfyiengiry (je., the position of zero chilis measured using a
remains constant with increasing ﬂuer)ce. However, once thgngle-shot autocorrelator. The power spectrum of the laser is
1)<[2) crossing becomes fully adiabatic, path will qqtinously monitored during the experiment with a grating
dominate at the expense of path Il and will thus lead to thespectrometer and a linear photodiode array.

reductiop and F_:ventuall _dise_lppearence of the popglation By adjusting the distance between the two gratings in the
modulations. This transition is explored both theoreucallyCompressor the linear chirp of the laser pulses can be con-
and_.exzen_mentallé/: f lation is efficientl tinuously varied over a wide range of positive and negative
(i) At intermediate uences, population s _efficiently chirp values. The amplified pulses are passed through an iris
transferred for both the intuitive and the counterintuitive 3 7'y in diametefmuch smaller than the incident beam

chirp. For the intuitive red-to-blue chirp, the adiabaticity diametey in order to provide an approximately flat intensity

condition is independent of chirp; thus the population in thegofile. A lens is used to image the iris onto the interaction

FIG. 2. Schematic of the experimental setup showing the laser
system and interaction region. The chirp of the laser pulse was
varied by adjustment of the compressor.

upper state approaches a constant level as chirp increaseg, o yith a magnification of. Before the lens, the beam is
However, th‘?ory. predict§ that the population transferred'vi assed through a rotatable half-wave plate a,md a linear po-
the counter-intuitive chirp should tend toward zero with 5761 in order to control the laser fluence in the interaction
Igrger chirp values. This expectation is experimentally Ve”'region. The relative fluence is monitored continuously with a
f|ed..“ . . . fast photodiode; the absolute fluence is measured using a
(i) At very high fluences, essentially full population .jinrateqd large area pyroelectric detector. The frequency-
transfer is achieved with either direction of chirped pulses. INYoubled output of &-switched Nd:YAG pulséwhere YAG
all cases, the efficiency of transfer is gxpec';ed to be_Signiﬁaenotes yttrium aluminum garnes used to postionize any
cantly higher than for the highest-intensitgero-chir) o aining population in the & state. The fluence of this
pulses. Experiments and theory confirm this picture. ulse was carefully chosen such that it was of sufficient flu-
This paper IS organlged as follows. .In Sec. Il we presentqq 15 saturate the postionization signal, but lower than the
the experimental technique and describe Fhe apparatus usgg. e necessary to ionize the Br 5p state with a two-
to perform.the measurementg. The 'exp'e'rlmental results atthoton process. The photoionized electrons are pushed with
pre_se_nted in Sec. I_”’ along with an intuitive th_eoretlcal Qe- small electric field toward a multi-channel plate detector.
scription of adiabatic passage. In Sec. l.V we give a detaile he delay of the postionizing 532-nm pulse after the ir pulse
& such that the two pulses of photoelectrons can be tempo-
marize our conclusions in Sec. V. per, however, consist of a sum of these two signals, which is
highly representative of the total population transferred to
Il. EXPERIMENTAL METHODS the X state. _These _data were collected_using_ a computer-
controlled digital oscilloscope. At each chirp point, typically
The experimental setup is depicted schematically in Fig60 shots were recorded, of which only those shots with an ir
2. Rubidium atoms are evaporated in a vacuum system ( fluence within 20% of the average were accepted. At each
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FIG. 3. Typical power spectrum for the excitation laser. The two 5 0.0 : : : : l : : : :
solid lines represent a fit of the spectrum to two Gaussians. The © 03r low fluence
main peak has a Gaussian width of 130 ¢meentered at 12 850
cm L. The side peak has abogtthe width and about 15% of the
area. Also shown are the two ladder transitions. Note that the side
peak is far from either of the transitions. Only the central peak was
used as input to the theoretical model.
00 1 | 1 I

fluence setting, a scan consisting of 20 chirp points was col-
lected. lonization data as a function of chirp was then col- _ )
lected at several values of fluence. chirp a. (s”)

Analysis of the data requires understanding of the effect _ _ _
of the stretcher and compressor on the chirp of the optical FIG. 4. Measured total photoelectron yield as a function of chirp
pulse. It is a straightforward matter to calculate from the?t Several different fluenceéa) 38 and 23 mJ/c (b) 9.2 and 3.4
stretcher and compressor geometry the chirp placed on t Jient, and (c) 0.47 and 0.26 mJ/chAll of the data sets have
pulse. We follow the derivation presented by Balling, Maas, een scaled vertically by Oa single parameter such that the largest
and Noordani10] and highlight the results. For a light pulse signal corresponds to 100% pppulatlon transfer to the upper sta_lte.
centered atw, with a reasonably small bandwidtha Note the two horizontal scales: The lower corresponds to the chirp

. arameter, while the upper gives the broadening of the pulse, equal
§w), the total phase shift can be expanded to second Ord“% 81n 2a/7y. In (a) the full transfer can be seen for both signs of
in frequency or

chirp, while only partial transfer exists at zero chirp. (ln) the
deb fluence becomes too low to drive the two photon transition fully
_ e _ 2 adiabatically, while in(c) the fluence has dropped to the point
¢(0)= ot do (0= wo)+ a(w=wo)". @ where modulation in the population is evident, due to quantum
mechanical beating between paths | and II.
In this expressiord¢/dw determines the group velocity of

Ax10% 5x10%° 0 5x10% 1x10%

the pulse envelope andl describes the amount of chirp in- 8In2
troduced by the pulse shaper. The time dependence of the T 7o a. )
outgoing pulse can be obtained simply

Eou(t) =exp — T't2)expli wgt), 2) lll. EXPERIMENTAL RESULTS

We begin by presenting spectral measurements made on
the laser itself. A typical spectrum is shown in Fig. 3, along
Y with the first two transitions of the anharmonic ladder. Ide-
(3)  ally, the excitation laser would have a clean Gaussian spec-
trum. As can be seen from the figure, however, the spectrum
exhibits a sharp feature on the red side of the line. This
We can see that for a Gaussian input pulse, the output pulsistortion is caused by bandwidth limitations in the stretcher
is also a Gaussian, with a carrier frequency that varies lingnd higher amplifier gain at longer wavelengths. The solid
early in time, and a broadened pulse envelope, with a widtiine in Fig. 3 represents a fit of two Gaussians to the mea-
given by sured spectrum. The sharp feature is well modeled by a nar-
row Gaussian with roughly 30% of the width and 15% of the
4) energy of the main feature. Note that the center frequency of
this side feature is well to the red of any ladder transition.
We will further discuss the complications that this spectrum
Thus, chirping has the effect of broadening the pulse. Fomtroduces to the analysis in Sec. IV.
large chirp values, the pulse is stretched approximately lin- lonization data were collected as a function of chirp at six
early with chirp: different fluences spanning over two decades, ranging from

wherel is given by

8In2
m+4|a’

81In 212

7o

72=Tg+
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0.25 to 38 mJ/ct These data are summarized in Fig. 4. InHereQ(t) is the Rabi frequency)(t) is the detuning of the
Fig. 4(@), data taken at the highest fluences are displayedctarrier frequency from the transition frequency, ahid the
Figure 4b) displays data collected at intermediate fluencespolar angle of the vector that describes the optical excitation.
Finally, Fig. 4c) shows chirp scans taken at the highestThese are in turn given by the expressions

available fluences. During the data collection only the chirp

o e e were changed 1 Pl e S =2 e, a-si0r+ S
y constant. The relative scaling % dt

between the six scans was not adjustable; a single vertical 7)
multiplicative factor was used to normalize the data such that

the largest ionization signal among all the data sets was 0(t)=ar0taf6m).

scaled to unity.

The three transition regimes discussed in the Introductiofy, \which E(t) is the electric-field envelopa is the dipole
are clearly apparent in the data. At the lowest fluences, thgscillator strength of the transitiony(0) is the difference
ionized population exhibits clear modulation as a function ofyetween the central frequency of the light pulse and the os-
chirp, caused by quantum interference between the two path§jator transition frequency, andw/dt describes the sweep
I'and II. As the fluence is increased, we see that the modusf the carrier frequency in time within the pulse, i.e., the
lation for positive chirp disappears. At the same time, we Se@nirp. For a Gaussian spectrum and a linear cligp/dt is a
the growing effectiveness of the counterintuitive chirp, until, ;onstant.
at high fluences, a saturation of the transferred population is |1 js illuminating to simplify Eq.(5) by assuming that the
reached for both signs of the chirp. Perhaps most surprisingyse envelope remains constant. Thus only the carrier fre-
is the fact that even at the hlghest fluences, the popula_tloauency changes. Furthermore, examination of(Bgclearly
transferred at zero chirp still has not reached saturationshows that the most critical period of time occurs in the

Throughout the range of experimental parameters exploreql,,icinity of resonance, i.eA~0. Making these two simplifi-
chirping the pulse isalways a more effective method of (aiions Eq(5) reduces to

transferring population to the upper state of the anharmonic

ladder. However, before a more detailed analysis of the data dA
is presented, we first describe the theory used to model the at <02 8
results.

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

In order to understand the quantitative behavior of the The prescription for adiabatic passage is simple. Begin
interaction of the chirped pulses with the rubidium atoms, wewith an optical field detuned far off resonance. The detuning
will compare the data to a detailed theoretical model baseé is large in this case and the angle between the state vector
on the numerical integration of the time-dependent Schroand the excitation vector is small. The state vector then pre-
dinger equation. However, the discussion begins with a simcesses about the excitation vector. If the frequency sweeps
pler analytic description of the process of adiabatic passags/owly across the resonan¢and the derivative of the inten-
so that a more clear physical intuition can be developedsity envelope is similarly smallthen the rate of change of
Throughout this paper, we rely on a semiclassical approxithe angleg can be slow enough compared to the precession
mation to the problem, in which the ladder system is treatedrequency such that the inequality) is satisfied. If the car-
fully quantum mechanically, but the optical pulse is de-rier frequency continues to drift far past the resonance, then
scribed as a classical oscillating electric field. when the pulse ends the population is primarily in the upper

For simplicity, we consider the problem of a two-level State. _
quantum oscillator. This general problem has been treated in Although for a multilevel ladder the underlying physics
great detail elsewherd4]; in this forum, there is sufficient remains unchanged, the picture becomes substantially more
space to present only a few relevant results. The evolution gfomplex. It is therefore necessary to resort to numerical tech-
the system under the influence of the optical field is given byniques to solve the problem. The theoretical model used to
the precession of the Bloch vectarhich describes the state analyze these results is described in detail by Balling, Maas,
of the quantum systelmabout a vector that characterizes the @nd Noordanj10]. In this paper we present just an overview.
incident optical field. For direct on-resonance excitation, theThe model is based on a five state systeiBi,, *Pgp,
two vectors are orthogonal, leading to large-amplitude preZDa. “Ds;, and the continuum. Coupling between the lev-
cession of the state vector and thus 100% oscillations in thels is either obtained from reported oscillator strendt
upper-state population. These oscillations are the so-calle@, in the case of coupling to the continuum, estimated based
Rabi oscillations. However, if the excitation vector evolveson modeling the atom as an electron in a Yukawa potential
sufficiently slowly and in the appropriate manner, it is pos-[16]. The coupled equations are solved by numerical integra-
sible to efficiently populate the upper state without the largdion over the duration of the frequency-chirped laser pulse.
oscillations characteristic of Rabi pumping. This process i$-0r @ given chirp the population distribution over the five
called adiabatic passage. The criterion that must be satisfidgvels at the end of the ir laser pulse is determined. The sum

for a passage to be fully adiabatic is given by the inequalityof the population in the continuum and botld Sevels is
computed for comparison to the experimental results.

a0 — - These comparisons are presented in three different re-
—_—< . . . . .
dt <VR(OTFAM ©) gions of parameter space, as described in the Introduction.

IV. ANALYSIS AND DISCUSSION
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FIG. 5. Comparison betweef@) and (b) data and(c) and (d) chirp a. (s°)

theory, showing the disappearance of the modulation beats with FIG. 6. Top panel: data collected at two fluen¢d@gt and 9.2
increasing fluence. D:‘%ta are collected at three flueriep8:26 and 1, 5/0n7) revealing the increasing efficiency of the counterintuitive
0.47 and(b) 3.4 mJ/cm. Below these are the results of theoretical e to-red chirp. Note the differences in asymptotic behavior be-

modil%ng at four fluencestc) 0.125, 0.25, and 0.5 an) 3.3  yeen positive and negative chirps. Bottom panel: theory curves
mJ/cnt. Agreement is good between data and theory in both absogenerated at two similar fluencéa.3 and 10 mJ/cA.

lute magnitude and functional form.
curs via path Ill, shown in Fig.(b), which has a two-photon

We begin with a stud){ of the disappearance of the mOdglaérossing that must be traversed adiabatically. The two-
tion beats that are evident at low fluence. The modulatio

eventually disappears when the 1-2 transition is crossed full hoton (_:rossing behaves fun_damentally_differentl_y from two
adiabatically. The fluence at which this occurs can be estis equentlal one-photon Crossings. The difference is most eas-
mated from Eq(?) We therefore examine data collected atlly_seen in the a_symptot|c beh_awor of t he _tr_ansfer.red bopu-
: ) " lation at long chirps. We rewrite the simplified adiabaticity

roughly these fluences for evidence of the transition. condition given by Eq(7) as

In Figs. 5a) and 8b) we display the total ionization sig-
nal as a function of chirp taken at three fluences: 0.26 and
0.47 mJ/cr [Fig. 5@)] and 3.4 mJ/crh[Fig. 5b)]. For the
moment we concentrate on the signal at positive chirp val-
ues. The lowest two fluence scans, shown in Fit),5
clearly display modulation in the population transfer, one ofThe asymptotic dependence of the rd@@n « is then stud-
the hallmarks of the quantum interference between transféed. For largee, two things happen. First, the sweep rate
paths | and II. For the highest fluence shown in Figp)5the ~ decreases linearly with. Second, the pulse gets londatso
modulations are no longer visible. Figureéc)sand §d)  linearly with «, as can be seen from E@)], implying that
show the results of theoretical modeling at four flu-the electric-field amplitude decreases by a fagfer Thus,
ences: 0.125, 0.25, and 0.5 mJ?c{ﬂFig_ 5c)] and 3.3 for single-photon transitions, the Rabi frequerfeyalso de-
mJ/cnt [Fig. 5(d)]. Note that the functional form of the chirp creases byJa [17]. Thus the ratioR— a~Y/(Va) ?—1;
scans is mimicked extremely well by the theoretical calculathat is, the adiabaticity condition for large intuitive chirp is
tions. Theory and data also agree well in absolute magnitudéndependent of chirp. The situation for a two-photon crossing

There seems to be a slight disagreement between theoiy different. In this case, the Rabi frequency depends on the
and data as to the precise fluence at which the modulatiorsquareof the electric field[18]. Thus the adiabaticity ratio
disappear, with the theory predicting a slightly lower value.becomeR— a~/(a) ~2— 1/a, which leads to a decrease in
The critical fluence is strongly dependent on the parameterthe population transfer efficiency with increasing counterin-
of the excitation pulse. It is possible to bring theory and datauitive chirp.
into much closer agreement by slightly adjusting for each This effect can be clearly seen in Fig. 6. The top panel
chirp scan the excitation pulse spectrum or fluemdthin  shows experimental data collected at two fluences: 3.4 and
measurement uncertainties. However, our goal in this paped.2 mJ/cm. For positive chirps, the population saturates to a
is to explore and illuminate the competing processes of Raktonstant value with no sign of diminution. For negative
pumping and adiabatic passage. We have therefore usedchirps, however, the data collected at 3.4 mJ/ctearly de-
single set of spectral parameters and one fluence calibratiazcrease at more negative chirp values. Even the higher fluence
throughout in order to simplify the presentation of the re-scan tends to decrease as the chirp becomes more negative,
sults. although a longer chirp range would need to be covered for

Next we study the transition region over which the coun-the effect to become more pronounced. The lower panel in
terintuitive chirp becomes important. Population transfer octhe figure displays the predictions of the theory obtained at

|(dA/dt)|
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i R T " fer. Unfortunately, the power spectrum contains no phase
information, so from the spectrum alone it is impossible to
determine the precise incident field profile. However, chirp-
ing the pulse introduces a time ordering of the spectral com-
ponents, such that the two features cease to interfere. Thus,
at long chirps, the original phase information is irrelevant
q and the power spectrum is sufficient to describe the optical
] pulse. Exactly how much the pulse must be chirped before
a/ the effect of this side peak is negligible is difficult to deter-
" ] mine without precise knowledge of the phase information of
|/ ! the incident spectrum. We estimate from the width of this
0.01 LA e - subpeak that its corresponding field profile mustabdeast

0.1 1 10 100 600 fs, full width at half maximum, assuming that it is trans-

IR Fluence (mJ cm®) form limited. This estimate is consistent with the observation

. i that the model and data disagree within about 1 or 2 ps of
FIG. 7. Population transfer as a function of fluence for two zero chirp. Outside this region, where the power spectrum

specific chirp points—7x 1026 & (H) and 710 26 & (@). The - ;
solid line shows the calculated populations at the positive chirpmoooddeIS the pulse sufficiently, agreement to the model is very

point, while the dashed line gives the theoretical result at the negagJ N he hiah . .
tive chirp point. Other than the single vertical scaling parameter Furthermore, it is likely that at the highest intensities

used to set the measured saturation of population transfer to 1000sMall values ofa) the theoretical model breaks down. As

no other adjustable parameters have been used to fit the theory aHe€ optic_a_ll field increases, the principle effect that occurs is
the data. that additional levels, such as tB®,,, and the & state, are

Stark shifted into resonance with the optical pulse. These
levels not only affect the energy spacing of those levels in-

the agreement is remarkable in both absolute magnitude arfided in the simplified ladder scheme, but also provide ad-

functional form. There appears to be some discrepancy b litional pathways_f_or excitation and ionization. Thus ?t is
tween theory and experiment in the vicinity of zero chirp, theP€rhaps not surprising that the present model underestimates
cause of which will be discussed later. the 5d population at zero chirp. However, given the uncer-

Finally, we discuss perhaps the most surprising result Ofainty in the precise form of the excitation pulse, it is_ not
all that, even at the highest fluence we were able to measuRPssible to speculate further as to the cause of the deviations

(38 mJ/cnd), chirping the pulse is always a more effective in the zero-chirp regime. A better understanding of these

means of population transfer than the high-intensity, zerodynamics requires both a better-characterized infrared pulse

chirp pulse. It is possible to achieve essentially 100% popu@"d & more sophisticated theoretical model.
lation transfer even for counterintuitively chirped pulses,
where the frequency sweep does not follow the ladder spac- V. CONCLUSIONS

ing. In Fig. 7 we display population transfer 35726]:“”0“0” of " We have investigated population transfer as a function of
fluen_czeé ;gr two specific chirp points:—7Xx10"* and 7 5 1se chirp in an anharmonic three ladder system from the
<10 - The lines in the figure show the calculated popu-periyrhative regime up to fluences where 100% transfer oc-
lations at identical chirp values. The agreement is very good,rs |t is seen that chirping the pulse such that the instanta-
both in the low-fluence perturbative regime, where the popupeqys frequency follows the ladder spacing is always a more
lation efficiency goes as the square of the fluence, and in thggective means at population transfer to the upper state than
high-fluence region, where the transfer saturates at 100%; Rapi pumping at high intensity. Surprisingly, even a coun-

Only a single vertical scaling factor common to all data setserintitive blue-to-red chirp also be more efficient than Rabi
has been used such that the 100% transfer limit is reached Blimping. The results are analyzed in the context of adiabatic

high fluence. . _ passage, which is found to be a robust and effective way to
Only at zero chirp do the results deviate markedly fromaccomplish population transfer in ladder systems.
the measurements. Careful study of Figs. 5 and 6 reveal a

similar trend: Agreement is best farther from zero chirp. The
most likely explanation for these descrepancies lies in our
model for the excitation pulse. We have modeled the optical We gratefully acknowledge the assistance of H. G. Muller
pulse as a transform-limited Gaussian pulse. In reality, théor the operation and optimization of the amplified Ti:sap-
pulse is a great deal more complicated, as can be seen frophire laser system. This work is part of the research program
Fig. 3. The second subpeak on the red side of the main linef the Stichting voor Fundamenteel Onderzoek der Materie
contains about 15% of the total energy, which corresponds t@~oundation for Fundamental Research on Matt@nd was
substantial electric fields compared to the main peak. Theranade possible by financial support from the Nederlandse Or-
fore, the field interference between the two peaks can dreganisatie voor Wetenschappelijk Onderzo@¥etherlands
matically change the character of the incident near-infrare®rganization for the Advancement of Researemnd the
pulse and therefore change the efficiency of population transfFechnology FoundatiofSTW).

@ intuitive
B counter-intuitive

|5d) + |sp,,> Population
154

roughly the same fluence valué&3 and 10 mJ/cA). Again,
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