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Line-shape study of two-color–three-photon ionization of Rb atoms

Ivo Cacelli,1 Andrea Fioretti,2,3 Carlo Gabbanini,2 Marina Mazzoni,4,5 and Maurizio Persico1
1Dipartimento di Chimica e Chimica Industriale, Universita` di Pisa, Via Risorgimento 35, I-56126 Pisa, Italy

2Istituto per i Processi Chimico-Fisici del CNR, Via G. Moruzzi 1, I-56124 Pisa, Italy
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We report on the analysis of the line shapes in a two-color, three-photon ionization process of rubidium
atoms in a magneto-optical trap. A cw and a pulsed laser are tuned almost at resonance with the 52S1/2-5

2P3/2

and the 52P3/2-6
2D5/2 transitions, respectively. The line shapes, recorded as functions of the pulsed laser

wavelength, are strongly asymmetric with respect to the near resonance peak positions: in fact, they present
long tails only on one side, according to the sign of the detuning of the cw laser. Moreover, the signal is overall
stronger for negative than for positive detunings. Theoretical considerations based on the Autler-Townes
scheme and computer simulations of the excitation-ionization dynamics show that the main source of asym-
metry is the coupling of the two ionization pathways going through the 62D3/2 and 62D5/2 levels. In order to
reproduce the experimental line shapes one must take into account the variability of the pulsed laser intensity
and its finite coherence time.

DOI: 10.1103/PhysRevA.66.023408 PACS number~s!: 32.80.Rm
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I. INTRODUCTION

The analysis of spectral line shapes in a vapor gives
formation on the physical processes that perturb atom
molecules. In the last decades a large effort has been dev
to the interpretation of line shapes modified by collisio
and/or laser fields@1#. Here we report on a study of photo
ionization line shapes obtained when a pulsed laser field
turbs the near resonant atomic levels involved in a two-co
~52S1/2-5

2P3/2 plus 52P3/2-6DJ!, three-photon ionization
process. Anomalous line shapes have been observed in
ion spectra during an experiment aimed at producing
detecting translationally cold molecules@2# in a rubidium
magneto-optical trap~MOT!. A cw laser tuned to the red sid
of the atomic resonance photoassociates the trapped a
by creating quasi-molecules in the excited state that m
have a nonzero probability to decay into ground-state m
ecules. The possible presence of translationally cold m
ecules is detected by time-of-flight spectroscopy after pho
ionization by a pulsed laser. When the photoassociation l
is detuned 3–10 GHz from the 5S1/2-5P3/2 atomic reso-
nance, that corresponds to about 1000 natural linewidths~the
Doppler width is negligible at the temperature of the trapp
atoms!, we should expect the population of excited state
oms to be very low. However, when a pulsed laser is scan
on a transition that connects the 5P3/2 level to a highly ex-
cited level through a dipole-allowed transition, we observ
huge increase in the number of produced atomic ions and
resulting line shape is strongly asymmetric. This effect is
peculiar of cold atoms but it happens also in a thermal va
as we verified. However, the utilization of a MOT give
some advantages related to better defined conditions of li
atom interactions.

The particular laser combination we used, made of cw
pulsed sources, is employed when photoassociation spec
copy together with a very sensitive detection is requir
1050-2947/2002/66~2!/023408~10!/$20.00 66 0234
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Such two-color excitation is similar to that recently used
Duncanet al. for the 5D5/2 ionization cross-section determ
nation using trapped atoms@3#. As the present study is base
on the photoionization signal from the high-lying 6DJ levels,
we also had the possibility to evaluate the experimental i
ization probability and to perform a comparison with
photoionization cross section computed for a simulation
the entire line shape. Concerning the line shape, the m
physical process is the well-known dynamical Stark sh
When scanning the pulsed laser on theP-D transition,
we must consider that the dynamical Stark effect influen
both excitation pathways, 52S1/2-5

2P3/2-6
2D5/2 and

52S1/2-5
2P3/2-6

2D3/2, with cooperative and competing e
fects. An evaluation of the ionization line shape excludi
these effects is performed with a simplified model whi
separates the contributions of the two levels, while they
taken into account a second time with a simulation includ
all the levels at once.

Photoionization line-shape simulation with the simult
neous presence of cw and pulsed lasers has never been
before, since only pulsed lasers are normally used in mu
photon ionization. Much attention was devoted in the pas
study the influence of the coherent properties of these la
sources, especially the finite bandwidth and fluctuations
their implication in both resonant and off-resonant intera
tions with atom levels@4–10#. For example, in an experi
ment of doubly resonant three photon ionization@9,10#, the
nonmonochromaticity of the strong pulsed laser inducing
ac Stark splitting of the intermediate level reversed the n
mal ~as produced by perfectly monochromatic fields! peak
intensities of the ionization probabilities. In our case, sin
we worked in different laser conditions, the intermedia
level was shifted and not significantly split. Therefore w
found other forms of asymmetry, in particular concerning t
nonequivalence of positive and negative detunings of the
laser. We found that phase fluctuations are important for
©2002 The American Physical Society08-1
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FIG. 1. Experimental line
shapes, i.e., ion counts as fun
tions of the pulsed laser wave
length. Peak intensity of 40
MW/cm2. Full lines: parallel po-
larizations of the cw and pulsed
lasers. Dashed lines: perpendic
lar polarizations. Vertical bars
mark the 52P3/2→62D3/2 and
52P3/2→62D5/2 transitions, atl
56300.96 and 6300.07 Å, respec
tively.
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ionization line shapes close to the two 52P3/2-6
2DJ unper-

turbed transition frequencies. In order to reproduce the
perimental line shapes it was also important to consider
spatial inhomogeneities of the pulsed laser beam and
dispersion of pulse intensities.

The paper is organized as follows: in the next section
experimental setup and the main characteristics of the
served line shapes are presented; in the following section
theoretical analysis is presented, divided into a subsec
concerning the photoionization cross section~Sec. III A!, one
where a simplified treatment of the line shape is perform
~Sec. III B!, and another where the line shapes are simula
~Sec. III C!. Finally the last section compares the theoreti
and experimental line shapes.

II. EXPERIMENT

The apparatus is composed of a vapor cell, the laser
create the MOT, the lasers to induce excitation and ioniza
of the trapped atoms, and the detection system. The cell
stainless-steel sphere having several flanges with window
allow for optical access and one for a channeltron multipl
It is connected to an ion pump that keeps the vacuum be
1028 Torr. A valve separates the cell from a rubidium res
voir and permits the regulation of the background Rb pr
sure inside the cell. The MOT is created by a magnetic fi
gradient, produced by two coils in anti-Helmholtz configur
tion, and by three laser beam pairs of nearly 1 cm diame
propagating in orthogonal directions and retroreflected;
laser polarizations are chosen to make a standards1/s2

MOT. The trapping laser is a 50 mW cw diode laser injec
by an extended cavity diode laser having a linewidth below
MHz; it is frequency locked about 10 MHz to the red side
theF53→F854D2 transition of85Rb at 780 nm. On two of
the three axis another diode laser, tuned to theF52→F8
53D2 resonance, is superposed; it avoids optical pump
on the lower hyperfine level of the ground state. The MO
that is monitored by a charge coupled device camera, h
maximum density of a few 1010 atoms/cm3 and a volume of
02340
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a fraction of mm3, with an atomic temperature near the Do
pler limit ~141mK!. Excitation of cold atoms at any detunin
near the 5P3/2 level is provided by a distributed Bragg re
flector ~DBR! diode laser~Yokogawa YL78XNW! of 5 mW
output power and 1 MHz linewidth. It is directed at 45° wi
respect to thex andy axis of the MOT and is focused to hav
a power density of about 1 W/cm2 at the trap position. In
some measurements a more powerful diode laser has
placed the DBR diode laser. The polarization of the dio
laser can be rotated by using al/2 plate.

The photoionization of cold atoms is provided by a puls
dye laser, which is sent counterpropagating to the DBR la
~we have seen that a different geometry with copropaga
beams does not influence the results!. The pulsed dye laser is
pumped by the second harmonic of a Nd:YAG laser a
operates with DCM dye. The typical output energy is abou
mJ in a pulse of 3 ns at 10 Hz repetition rate; this laser be
is focused on the MOT resulting in a maximum power de
sity of the order of 50 MW/cm2. The waist of the pulsed dye
laser has been accurately measured by using a razor b
and a micrometer translator. An acousto-optic modulator
sitioned on the trapping laser path enables one to shut off
laser when required. The ions generated after the dye l
pulses are detected by a channeltron multiplier. The sig
after amplification, is sent to a boxcar integrator triggered
the laser pulse. The gate of the boxcar is delayed by
time-of-flight of the atomic ions produced from the MO
i.e., 1.8ms.

The experiment runs as follows. The MOT is loaded w
nearly 107 atoms and at a given time the MOT lasers a
switched off leaving the cold atoms under the exciting act
of only the cw DBR diode laser, tuned at a given detuni
near the 5P3/2 level. After a few microseconds, i.e., when
‘‘stationary’’ regime is reached, the pulsed laser is shot, a
the ion signal is subsequently recorded. This sequenc
repeated at 10 Hz rate while varying either the cw or
pulsed laser wavelength. Signals are averaged over 30
shots.

Typical observed line shapes as a function of the pul
8-2
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FIG. 2. Experimental line
shapes with different peak intens
ties of the pulsed laser. The pola
izations of the cw and pulsed la
sers are parallel. Vertical bar
mark the 52P3/2→62D3/2 and
52P3/2→62D5/2 transitions at l
56300.96 and 6300.07 Å, respec
tively.
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laser wavelength are shown in Fig. 1 for two detuningsDcw
of the cw laser. The line shape is strongly asymmetric wit
long tail towards the blue for a positive detuning of the dio
laser and with an even longer red tail when the detuning
reversed. In both cases the maximum is found in the pr
imity of the 52P3/2-6

2D5/2 resonance, but for positiveDcw
the peak is sharper and is accompanied by a weaker r
nance at about 6301 Å, clearly due to the 52P3/2-6

2D3/2 tran-
sition. For negativeDcw the maximum is taller and broade
so that it overlaps the 52P3/2-6

2D3/2 resonance. In fact, fo
slightly different conditions, we obtained a forked peak@11#,
which is also found in the case of perpendicular polarizati
of the cw and pulsed lasers. The dependence of the
shapes on the pulsed laser intensity is shown in Fig. 2. In
case, it is evident that the increase of the pulsed laser in
sity causes not only a higher ion peak intensity but a
longer tails.

III. THEORETICAL LINE SHAPES

In this section we present computer simulations of the l
shape of the photoionization signal as a function of
pulsed laser wavelength. The standard simulation will ta
into account four bound levels~52S1/2, 52P3/2, 62D3/2, and
62D5/2! and the continuum states of2P and 2F symmetry,
coupled by dipole interactions with a cw field and a coher
laser pulse. We also developed a simplified theoretical mo
in which the two sublevels 62D3/2 and 62D5/2 are considered
separately in two different ionization routes. In particular,
proceeded from the simplest theoretical model, i.e., a Floq
treatment of the three state systems 52S1/2-5

2P3/2-6
2D3/2 and

52S1/2-5
2P3/2-6

2D5/2, to simulations of the full process, in
cluding the ionization step~see Fig. 3!. The simpler treat-
ment reproduces the main features of the experimental s
tra and the results as reported in Sec III B.

In most of the calculations we shall assume the follow
form for the radiation electric field:

E~ t !5Ecw
~0! cos~Vcwt !1Epul

~0! f ~ t2t0!cos~Vputt !, ~1!

where the pulse envelope has the form:

f ~ t2t0!5cosS p~ t2t0!

2t D ~2!

for ut2t0u<t and vanishes forut2t0u.t. The intensity of

the cw laser isI cw5Ecw
(0)2«0c/2 and the peak intensity of th

pulsed laser isI pul5Epul
(0)2«0c/2. This finite basis pulse enve
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lope was chosen because of its computational advanta
However, we also tested the effect of a Gaussian pulse e
lope, which should reproduce more precisely the experim
tal conditions~see Sec. IV!. We shall callDcw the detuning of
the cw radiation of frequencyVcw with respect to the
52S1/2-5

2P3/2 transition (v1512 816.56 cm21): Dcw5Vcw
2v1 ; in the same way,Dpul is the detuning of the pulsed
laser with respect to the 52P3/2-6

2D5/2 transition (v2
515 872.85 cm21): Dpul5Vpul2v2 .

As shown in the preceding section and illustrated in m
detail later on, the line shapes depend on the detuningDcw of
the cw laser with respect to the 52S1/2-5

2P3/2 transition, on
the peak intensity and duration of the pulse, and on ot
characteristics of the two laser beams. As a complete ex

FIG. 3. Relevant atomic levels and dipole allowed transitions
the upper panel we show theab initio oscillator strength density, a
a function of the continuum state energy, for the ionizing transitio
62DJ→2PJ8 ~open squares! and 62DJ→2FJ8 ~closed squares!. The
lines represent the analytic fit of the oscillator strength used in
simulations~see Sec. III B!.
8-3
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ration of all combinations of laser parameters is not practi
we have performed a limited study of the influence of t
most important variables. In most cases, the values we h
chosen are representative of the experimental conditions

The intensity of the cw laser has been fixed atI cw
51 W/cm2: we have verified that the photoionization sign
is simply proportional toI cw . Two detunings are systemat
cally investigated: Dcw560.12 cm21563.6 GHz. The
peak intensity and pulse duration of the pulsed laser
I pul540 MW/cm2 and t53 ns, unless stated otherwise.
most cases, the polarizations of the two lasers are assum
be parallel, but perpendicular polarizations have also b
tried.

Equations~1! and ~2! represent the electric fields pro
duced by perfectly coherent sources. We know, from a m
surement of the pulsed laser linewidth~about 10 GHz!, that
its coherence time is much shorter than the pulse lengt~3
ns!. For most simulations, we have taken into account
linewidth of the pulsed lasera posteriori, by convolution of
the computed line shapes with a Gaussian function
FWHM510 GHz ~or 0.33 cm21!. This procedure is in prin-
ciple not completely correct because of the nonlinearity
the Autler-Townes effect, but, as a matter of fact, the con
lution has a negligible effect on all features of the spec
with the exception of the narrowest peaks, associated w
the 52P3/2-6

2D3/2 transition. Such peaks would be very ta
and sharp without convolution, a clearly unphysical feat
not present in the experimental spectra. The finite cohere
time of the laser has been taken into account explicitly i
set of simulations, which show the same smoothing effec
the simpler convolution procedure~see Sec. IV!. Other fea-
tures of the line shape are influenced by the finite cohere
time, in a way that improves the agreement between m
surements and simulations; however, since the changes
not dramatic, one can confidently use the simulations ba
on Eqs. ~1! and ~2! to investigate the dependence of t
process on other laser parameters.

A. Photoionization cross sections

The evaluation of the relevant discrete-discrete a
discrete-continuum dipole transition moments requires
knowledge of the ground and excited electronic states of
system. In the single particle frozen core approximat
these states are written asuFN21we lm& whereuFN21& is the
closed shell single determinant withN21 electrons, ob-
tained by removing the 5s spin orbital from the HF ground
state configuration of the Rb atom.e is the discrete or con
tinuum energy index,l,m represent the usual spheric
harmonics indexes and the antisymmetrization is implic
included. In this approximation the excited spin orbita
uwe lm& ’s are determined by solving the following static e
change equation

@T1Vne1GN21#uwe lm&5euwe lm&, ~3!

where T is the kinetic energy operator,Vne is the nuclear
attraction potential, and the operatorG includes the Coulom-
bic and exchange terms arising from the orbitals included
the uFN21& state. To obtain a reliable description of the o
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bitals lying both in the discrete and the continuum ene
range, they are projected onto large basis sets of Slater-
orbitals ~STO! and STO* cos(kr) functions @12#. The latter
have been proved to represent with high accuracy the typ
oscillations of the continuum orbitals up to large values
the radial coordinate. This allows us to recover the pro
normalization to unit energy range for the continuum orb
als.

These calculations provide spinless matrix elements
the dz component of the dipole moment, which are th
transformed to the relevant angular momentum eigens
basis by the appropriate Clebsch-Gordan coefficients. We
tain ^5sudzu5p&53.425 a.u. and̂5pudzu6d&50.446 a.u. The
former matrix element corresponds to an oscillator stren
f (5s25p)50.90, to be compared with the experimen
value of 1.00@13,14# and with previous calculations whic
yielded f (5s25p)50.95– 1.06 @15,16#. The oscillator
strength densitiesf 5 2

3 (e2e6d)^6dudzue&2 of the ionizing
transitions starting from the 6d orbital are reported in Fig. 3
as functions of the finalp or f orbital energy e. At l
56300 Å, the cross sections are 0.12 Mb for thed-p tran-
sition and 1.32 Mb for thed- f one.

B. Simplified treatment of the line shape

The simplified theory of ionization assumes that the io
ization rate is the product of two factors: the time-averag
population of the 62D levels and the probability of one
photon ionization starting from the same levels, which is
linear function of the pulsed laser intensity. This ansatz w
be confirmed later on by explicit simulations. We shall tre
now the 62D3/2 and 62D5/2 levels independently, so that tw
separate three-state systems will be conside
52S1/2-5

2P3/2-6
2D3/2 and 52S1/2-5

2P3/2-6
2D5/2. With these

assumptions, and with laser intensities I cw
'1 W/cm2 and I pul'10– 100 MW/cm2, respectively, the
52S1/2-5

2P3/2-6
2D5/2 system is in the condition to exhibit

typical Autler-Townes effect@17#.
A straightforward Floquet treatment, based on the dres

levels 52S1/21\Vpul , 52P3/2 and 62D5/22\Vpul , would
yield a resonance for

Dpul5A
1

Dcw
S 11B

I

Dcw
D 21

, ~4!

where I is the intensity of the strong laser,A
52p^52P3/2udzu62D5/2&

2/c56.1531028 and B
52p^52S1/2udzu52P3/2&

2/c58.8310210 ~in units such that
detunings are in cm21 and intensities in W/cm2!. As far as
the termBI/Dcw is a small correction, the detuningDpul at
which the resonance is centered would be approxima
proportional toI /Dcw , with the same sign asDcw . The line
shape, as a function ofDpul , would be approximately Lorent
zian, taller and narrower forDcw.0 than forDcw,0. This
asymmetry with respect to a change in sign ofDcw , repre-
sented by theBI/Dcw term in Eq. ~4!, is due to the off-
resonant coupling of the 52S1/2 and 52P3/2 states through
the pulsed laser~see Fig. 4!, which shifts the 52P3/2 level
upwards.
8-4
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FIG. 4. Line shapes accordin
to a naive Floquet treatment~see
Sec. III B!. In the upper panel, the
dashed lines indicate unperturbe
dressed levels, while the full lines
are Floquet eigenvalues compute
for I 540 MW/cm2. The ioniza-
tion probability scale is arbitrary.
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In principle, Floquet’s theory as such can only be appl
to cw fields. As one of the two lasers is pulsed, in the f
lowing sections we shall adopt an explicit time-depend
approach. However, before going into the details of the sp
tral simulations, we outline a heuristic description of t
three-level system interacting with a weak cw and a stro
pulsed radiation, which is useful to understand the numer
results to be presented in the following. Given a very lo
laser pulse, we can divide it in several time intervals: with
each interval, the field amplitude can be considered appr
mately constant, so that the Floquet treatment is valid. Th
the overall line shape is made of a superposition of pea
each approximately centered atDpul as given by Eq.~4!, with
I varying from very small~in the pulse tails! to I pul ~for t
.t0!. The shape of a resonance with a givenI can be com-
puted exactly within Floquet’s theory, and Fig. 4 shows
result of summing many such contributions, with differe
values ofI. The I distribution for most laser pulses would b
bell-shaped: in fact, we take it proportional to the square
the pulse envelope functionf (t2t0), Eq. ~2!. Therefore the
lowest and the highestI values have a larger weight than th
intermediate ones: this is why the overall line shape is bim
dal. One of the peaks, due to the lowI contributions, is
always close to thev2 resonance, but slightly displaced to
wards blue or red according to the sign ofDcw . The position
of the other peak~high I! is approximated by Eq.~4! with
I 5I pul . In the following, we shall refer to these two featur
as the ‘‘inner’’ and ‘‘outer’’ peak, respectively. The asymm
try of the outer peak versus the sign ofDcw is quite apparent
in the line shapes of Fig. 4 and is due to the 52S1/2-5

2P3/2
coupling.

The 52P3/2-6
2D3/2 transition is much weaker than th

52P3/2-6
2D5/2 one, the ratio of the relevant Clebsch-Gord

coefficients being 1:3A6. Therefore for the
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52S1/2-5
2P3/2-6

2D3/2 system theA andB coefficients in Eq.
~4! are 54 times smaller than in the previous case. No s
nificant shift or doubling of the resonance is expected at
intensities we shall investigate: just a single peak centere
Dpul52.3 cm21 ~about 0.9 Å in the wavelength scale!, which
is the 62D5/2-6

2D3/2 fine splitting. This peak will lie beside
the stronger 52P3/2-6

2D5/2 absorption forDcw.0, and on top
of it for Dcw,0. This effect contributes to the asymmetry
the line shapes and affects essentially the inner peak
negativeDcw , as we shall see in the next section.

The approximate treatment just described would be va
for a pulse lengtht much longer than the Rabi floppin
period of the transitions induced by the cw radiation (TRabi
52p/VRabi). With I cw51 W/cm2, we haveTRabi514.4 ns at
resonance, and TRabi50.278 ns for a detuning o
60.12 cm21563.6 GHz. It is clear that the requirementt
@TRabi is not fulfilled for all conditions, so the results of thi
section should be just seen as the limiting case fort→` and
taken as a qualitative guide to interpret the computed
shapes, which will be presented in the next section.

C. Line-shape simulations

We have computed the populations of the atomic states
direct solution of the time-dependent Schro¨dinger equation
@18#. The coupled differential equations obtained by expa
sion in eigenstatesuK& of the atomic Hamiltonian and of the
angular momentum operatorsJ2 andJz are

i\
dCK

dt
52(

K8
CK8~ t !^KuduK8&•E~ t !ei ~EK2EK8!t/\, ~5!

whereCK is the coefficient of stateuK&, EK its energy, andd
is the dipole operator. The numerical integration of the
8-5
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FIG. 5. Line shapes compute
as time averaged populations o
the 62DJ states, without taking
into account ionization. The tota
62D3/2162D5/2 population ~full
line! has been omitted in the lowe
panel because the two componen
give place to almost completely
disjoint line shapes, which coin
cide with the total in the respec
tive ranges. Vertical bars mark th
52P3/2→62D3/2 and 52P3/2

→62D5/2 transitions, at l
56300.96 and 6300.07 Å, respec
tively.
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equations was performed by the sixth order Runge-Ku
Fehlberg method@19#, with a time step of 0.2 fs.

The continuum states of2P and 2F symmetry which de-
scribe ionization were introduced in this scheme as rap
decaying metastable statesuK&. EnergiesEK , lifetimes tK ,
and reduced transition dipoles^6DuduK& were determined so
as to fit theab initio data for the photoionization startin
from the 6D level, with a Lorentzian form of the oscillato
strength:

d f

dV
5

2p\2^6DuduK&2

3

tK
21

~\V2EK1E6D!21~\/2tK!2 .

~6!

The results of the fitting are seen in Fig. 3. The fitting p
rameters for the2P and 2F states wereEK540 420 and
36 950 cm21, tK50.93 and 1.17 fs, and̂6DuduK&50.278
and 1.645 a.u., respectively. The finite~indeed very short!
lifetime of the ionizing states is introduced in the Schr¨-
dinger equation as an imaginary term2 i\/2tK , added to the
energy EK . In this way the normalization of the time
dependent wave function is not conserved: the missing po
lation, after the end of the laser pulse, corresponds to
ionization probability of a single atom.

In the absence of the pulsed radiation, we only have R
oscillations between the 52S1/2 and 52P3/2 levels. When the
pulsed light is introduced, the outcome depends on the ph
of the Rabi oscillations at the switching on time. Since
course the phase is not controlled in real experiments,
should average over all possible phases. In practice,
found that the same ionization probability is obtained
averaging the results of just two calculations, done with c
tral pulse timest0 differing by TRabi/2.

As a link between the simplified theory of the precedi
section and the full simulations done with the model ju
described, we have also computed excitation probabilitie
the 62D3/2 and 62D5/2 states, without considering the ioniza
tion step. The line shapes, expressed as time-averaged p
lations of the 62D3/2 and 62D5/2 levels, are shown in Fig. 5
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The results of the complete simulations, i.e., the ionizat
probabilities as functions of the pulsed laser wavelength,
shown in Figs. 6 and 7. In these figures we can single out
results obtained forI pul540 MW/cm2 and parallel polariza-
tions of the two lasers, to be compared with those shown
Fig. 5. It can be seen that the assumption made at the be
ning of Sec. III A, namely that the ionization rate is propo
tional to the 6DJ populations, is substantially valid, since th
line shapes of Fig. 5 are quite similar to those shown in
other figures. Moreover, the results of Fig. 5 allow us
assess the importance of the 52S1/2-5

2P3/2-6
2D3/2 ionization

route, relative to the 52S1/2-5
2P3/2-6

2D5/2 one. The former is
responsible for the small peak at about 6301 Å, which
separate from the main feature of the spectrum forDcw.0.
In the negativeDcw case, the 52S1/2-5

2P3/2-6
2D3/2 route bor-

rows intensity from the other one, thanks to the population
the common intermediate state 52P3/2, and makes a taller
peak on top of the broader 52S1/2-5

2P3/2-6
2D5/2 line shape:

around 6301 Å, the 62D5/2 population is even slightly dimin-
ished by competition with the other excitation route. Anoth
way to describe the same phenomenon makes referenc
the dynamic Stark shift, mainly caused by the stro
52P3/2-6

2D5/2 interaction, which brings into resonance al
the 52S1/2-5

2P3/2-6
2D3/2 pathway. Overall, ionization alter

only slightly the relative importance of the distinct featur
which can be seen also in Fig. 5: inner and outer peaks,
the 62D3/2 resonance.

In Fig. 6 we show the dependence of the line shape on
peak intensity of the pulsed laser,I pul . The main effect of
increasingI pul , as expected, is to shift the outer peak, whi
broadens to form a long tail in the case of negativeDcw ,
while it takes an increasing importance for positiveDcw .
Also the inner peak slightly shifts further off resonance
increasingI pul : as a consequence, its position with respec
the 62D3/2 resonance changes gradually, and so does
Dcw,0 line shape, which is a superposition of these t
features.

In Fig. 7 we show results obtained with perpendicu
polarizations of the two lasers (Ecw

(0)'Epul
(0)). Because of the
8-6
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FIG. 6. Line shapes, compute
as single atom ionization prob
abilities, with different peak inten-
sities I pul . Vertical bars mark the
52P3/2→62D3/2 and 52P3/2

→62D5/2 transitions, at l
56300.96 and 6300.07 Å, respec
tively.
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different Clebsch-Gordan coefficients, th
52S1/2-5

2P3/2-6
2D3/2 route is here much more importan

than with parallel polarizations.

IV. COMPARISON OF SIMULATIONS AND EXPERIMENTS

It is quite evident that the simulated line shapes exh
many common features with the experimental ones. Ho
ever, there are also some important differences. In both c
we find that the stronger ionization is blue detuned with
spect to the 52P3/2-6

2D5/2 transition if Dcw.0 and red de-
tuned ifDcw,0. The broad peak close to 6300 Å is taller f
negative than for positiveDcw : this is due to the superpos
tion of the 52P3/2-6

2D3/2 and 52P3/2-6
2D5/2 transitions. A

smaller peak, due to the 52P3/2-6
2D3/2 resonance, is found a

about 6301 Å whenDcw.0.
The most striking difference between the simulated a

the experimental spectra is the presence of an ‘‘outer’’ p
only in the former, while the measured line shapes van
smoothly for large detuningsDpul . This is mainly due to
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fluctuations and inhomogeneity of the pulsed laser intens
We evaluate that the peak intensity of each pulse in our
paratus fluctuates around a central value with a Gaus
distribution and a standard deviations of about 30%. More-
over, the laser beam is not homogeneous, and has app
mately the same diameter as the MOT. We shall assume
the photon flux decreases as a Gaussian function
(2R2/R0

2) of the distance from the beam axis,R. The ob-

served line shapeS̄ will then be the result of two averagin
operations, over a large number of pulses and over the b
cross section. Let us callS(I pul ,Dpul) the computed line
shape for a givenI pul . We have:

S̄~ I pul,Dpul!5
A2p

s E
0

`

dIpule
2~ I pul2I pul!/2s2

3E
0

Rmax
RdRS~ I pule

2R2/R0
2
,Dpul!, ~7!
e

FIG. 7. Comparison of line
shapes ~single atom ionization
probabilities! with perpendicular
versus parallel polarizations of th
cw and pulsed lasers.
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FIG. 8. Full line: line shape
~single atom ionization probabil-
ity! obtained by averaging ove
the pulsed laser intensity, with
central value I pul540 MW/cm2.
Dashed line: same with a Gaus
ian pulse. Dotted line: single
Gaussian pulse~without intensity
averaging!, with I pul

540 MW/cm2. The ionization
probabilities obtained with Gauss
ian pulses have been rescaled by
factor 1/A(p), which accounts for
the ratio of the total energies o
pulses with different envelopes.
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wheres50.30. The cutoff radiusRmax takes into account in
the simplest way the MOT boundaries, as if the atom den
would drop to zero forR.Rmax. The value of the integra
only depends on the ratioRmax/R0, which we shall assume
equal to 1. We fitted the line shapes of Fig. 6, together w
many more results computed to this purpose, with an a
lytic function of I pul andDpul , which was used to calculateS̄
by numerical quadrature. The resulting line shapes are sh
in Fig. 8. The ‘‘outer’’ peak has almost completely disa
peared because its position depends on the intensity, an
the averaging operation it is smeared out over a wide ra
of wavelengths. After this operation, only a slight bump
mains in the case of positiveDcw . Hence the basic asymme
try versus the sign ofDcw , affecting the outer peak in Figs
4–6, eventually manifests itself as a difference in the ext
sion of the tails in the line shapes.

Even with intensity averaging, the agreement betwe
computed and observed line shapes is not perfect. For p
tive Dcw , the experimental spectrum shows a sharper p
with a less substantial queue on the blue side. A poss
source of discrepancy is the pulse shape, given by Eqs~1!
and ~2!. In Fig. 6 we also show results obtained with
Gaussian envelope:

f ~ t2t0!5e2~ t2t0!2/t2
. ~8!

The intensity averaging of the line shape in this case was
done directly because we did not compute line shapes
variableI pul with a Gaussian pulse. Therefore we resorted
a mapping of the line shape obtained with pulses of fin
length into that of the Gaussian pulse, by means of a mu
plicative function ofI pul andDpul , in order to have the nec
essary data for the quadrature~7!. The Gaussian pulse yield
line shapes closer to the experimental ones, in that the in
peak, both forDcw.0 and forDcw,0, is sharper and taller
Moreover, the outer peak is comparatively less importa
and so is the bump in the queue of the averaged line sh
All this is due to the low intensities, which contribute to th
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inner peak, having a larger weight in the Gaussian envel
with respect to that of Eq.~2!.

Lastly, we have tested the effect of a finite coherence ti
of the pulsed laser. The linewidth of 10 GHz, for a perfec
coherent pulse, would correspond to a length shorter than
ns, depending on the exact shape. In order to simulate a 3 ns
pulse with a coherence time of the order of 0.1 ns, we h
used a sequence of short pulses, each one with the enve
cos@p(t2tk)/2t8# and t850.1 ns. The delay between tw
successive pulses istk112tk5t8, so they partially overlap.
The carrier wave for thekth pulse is cos(Vpult1fk) and the
phasesfk are random numbers. In this way we have pha
conservation forDt!0.1 ns, and uncorrelated phases f
Dt@0.1 ns. The amplitude of the electric field is furth
modulated by the same function as in Eq.~2!, with t
53 ns. Of course the results depend on the random ph
fk : Fig. 9 shows the average line shapes obtained with f
such pulses~for a few wavelengths, we ran 20 calculations
order to have better statistics!. Of course, no convolution ha
been applied in this case, since the real bandwidth of
pulsed laser has been explicitly taken into account. T
signal-to-noise ratio is smaller than in the measured spec
which are the result of averaging over 30 pulses. Howeve
is apparent that the phase fluctuation affects the line sha
and improves the agreement with the experiment. With b
positive and negativeDcw , the inner peak is taller and th
increase of the intensity aroundl56300 Å is steeper than in
the case of a perfectly coherent pulse. The outer peak, on
contrary, is less well-defined: the combined effects of fin
coherence time and intensity averaging would probably w
it out even for positiveDcw . In general, phase fluctuation
influence all the features that are sensitive to early times
small intensities of the pulsed laser application; they flat
the contributions deriving from the narrower bandwid
lines, and in particular the importance of the 62D3/2 peak
with positiveDcw , for both parallel and perpendicular pola
izations. This effect was introduced in the other simulatio
by a Gaussian convolution of the line shape and the obta
8-8
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FIG. 9. Line shapes~single
atom ionization probabilities! ob-
tained with phase fluctuations fo
the pulsed laser. Full line: averag
of four pulses with different ran-
dom phases. Full circles with erro
bars corresponding to one stan
dard deviation represent 20 puls
averages, calculated only for
few wavelengths.
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results confirm the substantial correctness of the procedu
this case.

We can finally compare the absolute magnitude of
experimental signals and the theoretical ionization proba
ity. The ion peaks of Fig. 1 for parallel polarizations, tak
with a cw laser intensity of 5 W/cm2 and a pulsed lase
intensity of 40 MW/cm2, are about 63104 and 23104 ions
for negative and positive detuning, respectively. Since
trapped atom number is 107 and the estimated total detectio
efficiency is 0.2, the corresponding ionization probabilit
are about 3% and 1%. We stress that the rather large un
tainties which affect some of the experimental paramet
such as the atom density and the cw laser fluence, do
affect the line shapes: on the other hand, only the orde
magnitude of the atomic ionization probabilities can be e
mated. With this in mind, we can compare them with t
theoretical probabilities obtained in the same conditions:
average of 20 pulses with phase fluctuations~dots in Fig. 8!
yields 3.860.6% and 1.960.3%, for negative and positiv
detuning, respectively. The ratio of the two peaks is theref
2.060.4, versus an experimental value of 3.

V. CONCLUSIONS

We have observed strongly asymmetric line shapes
two-color, three-photon ionization process, involving exci
tion to the 62DJ levels by quasi-resonant interactions wi
cw and pulsed laser radiations, and the subsequent trans
to the 2P or 2F electronic continua. We have explained t
origin of the observed line shapes by a time-dependent si
lation of the radiation-atom interactions, with proper cons
eration of the ionization process, based onab initio calcula-
tions of the bound-free transition dipoles.

The asymmetric line shapes, i.e., the fact that the ion
tion is intense only when both the cw and the pulsed laser
either red or blue detuned, are a manifestation of the Aut
Townes effect~the detuning of the cw laser is always r
ferred to the 52S1/2-5

2P3/2 transition and that of the pulse
laser to the 52P3/2-6

2D5/2 one!. Because the pulsed lase
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intensity varies in time through the whole interval betwe
zero and the peak intensityI pul , one obtains an extended lin
shape rather than a narrow peak. Any pulse of coherent l
with a bell-shaped temporal dependence of intensity wo
produce a bimodal line shape: one of the maxima would
close to resonance, and the other one blue or red shifte
an amount depending onI pul ~Fig. 6!. This fact is brought out
both by simulations with two different pulse shapes and b
heuristic model based on a three-state Floquet treatment,
ful for a qualitative understanding of the phenomenon. T
experimental line shapes, on the other hand, only exhibit
near resonance maximum, with long tails which smoot
decay. The tail is longer for negative than for positive detu
ing because of the 52S1/2-5

2P3/2 interaction, which induces
an upward dynamic shift of the 52P3/2 level. In fact, we have
shown by additional sets of simulations that two characte
tics of the laser radiation are important to obtain an agr
ment between theoretical and measured line shapes: o
the dispersion of pulse intensities~Fig. 8!, and the other one
is the finite coherence time of the pulsed laser~Fig. 9!.

Another kind of asymmetry, namely that the red detunin
produce a stronger signal than the blue ones, is due to
existence of two excitation routes, 52S1/2-5

2P3/2-6
2D5/2 and

52S1/2-5
2P3/2-6

2D3/2. The former pathway is responsible fo
the main features of the line shapes, as outlined above.
other pathway, involving the weaker 52P3/2-6

2D3/2 transi-
tion, produces a small isolated peak with blue detuni
while it is superimposed to the 62D5/2 line shape with red
detuning: as a consequence, in the latter case the 62D3/2 con-
tribution is enhanced by the dynamic Stark shift of the 52P3/2
level caused by the strong 52P3/2-6

2D3/2 interaction. The
finite coherence time of the pulsed laser was important a
in determining the relative effectiveness of the two excitat
routes.

Overall, we have shown that a semiquantitative agreem
between simulated and measured line shapes can be rea
by taking into account some relevant features of the la
radiation: namely, pulse shape, pulse intensity distribut
8-9
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and finite coherence time. We feel this strategy, together w
the simplified heuristic model we introduced, is apt to sh
light on all the important physical aspects of this multiphot
ionization process.
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