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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 Vi, #& B,
and the 3P,-62Ds, 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 tH2,6 and €D/, 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.
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[. INTRODUCTION Such two-color excitation is similar to that recently used by
Duncanet al. for the 5D, ionization cross-section determi-
The analysis of spectral line shapes in a vapor gives innation using trapped atomi8]. As the present study is based
formation on the physical processes that perturb atoms awn the photoionization signal from the high-lyin@6 levels,
molecules. In the last decades a large effort has been devoteg also had the possibility to evaluate the experimental ion-
to the interpretation of line shapes modified by collisionsization probability and to perform a comparison with a
and/or laser field$1]. Here we report on a study of photo- photoionization cross section computed for a simulation of
ionization line shapes obtained when a pulsed laser field pethe entire line shape. Concerning the line shape, the main
turbs the near resonant atomic levels involved in a two-colophysical process is the well-known dynamical Stark shift.
(5%S,,-5%Pg, plus 5Pg,6D;), three-photon ionization When scanning the pulsed laser on tReD transition,
process. Anomalous line shapes have been observed in ti must consider that the dynamical Stark effect influences
ion spectra during an experiment aimed at producing antoth excitation pathways, 25,,-52P3,-62Dg, and
detecting translationally cold molecul¢g] in a rubidium  52S,,-5%P4,,-62D4;,, with cooperative and competing ef-
magneto-optical tragMOT). A cw laser tuned to the red side fects. An evaluation of the ionization line shape excluding
of the atomic resonance photoassociates the trapped atortigese effects is performed with a simplified model which
by creating quasi-molecules in the excited state that mageparates the contributions of the two levels, while they are
have a nonzero probability to decay into ground-state moltaken into account a second time with a simulation including
ecules. The possible presence of translationally cold molall the levels at once.
ecules is detected by time-of-flight spectroscopy after photo- Photoionization line-shape simulation with the simulta-
ionization by a pulsed laser. When the photoassociation lasereous presence of cw and pulsed lasers has never been faced
is detuned 3—-10 GHz from theS,-5P5, atomic reso- before, since only pulsed lasers are normally used in multi-
nance, that corresponds to about 1000 natural linewiditles  photon ionization. Much attention was devoted in the past to
Doppler width is negligible at the temperature of the trappedstudy the influence of the coherent properties of these laser
atoms, we should expect the population of excited state atsources, especially the finite bandwidth and fluctuations for
oms to be very low. However, when a pulsed laser is scanneitheir implication in both resonant and off-resonant interac-
on a transition that connects thé§, level to a highly ex- tions with atom level§4—-10. For example, in an experi-
cited level through a dipole-allowed transition, we observe anent of doubly resonant three photon ionizat[@n10], the
huge increase in the number of produced atomic ions and th@onmonochromaticity of the strong pulsed laser inducing the
resulting line shape is strongly asymmetric. This effect is noac Stark splitting of the intermediate level reversed the nor-
peculiar of cold atoms but it happens also in a thermal vapomnal (as produced by perfectly monochromatic figlgeak
as we verified. However, the utilization of a MOT gives intensities of the ionization probabilities. In our case, since
some advantages related to better defined conditions of lightve worked in different laser conditions, the intermediate
atom interactions. level was shifted and not significantly split. Therefore we
The particular laser combination we used, made of cw andound other forms of asymmetry, in particular concerning the
pulsed sources, is employed when photoassociation spectrassnequivalence of positive and negative detunings of the cw
copy together with a very sensitive detection is requiredlaser. We found that phase fluctuations are important for the
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ionization line shapes close to the twdP5,,-6°D; unper-  a fraction of mmi, with an atomic temperature near the Dop-
turbed transition frequencies. In order to reproduce the expler limit (141 uK). Excitation of cold atoms at any detuning
perimental line shapes it was also important to consider theear the ®5, level is provided by a distributed Bragg re-
spatial inhomogeneities of the pulsed laser beam and thggector (DBR) diode laserYokogawa YL78XNW of 5 mW
dispersion of pulse intensities. output power and 1 MHz linewidth. It is directed at 45° with
The paper is organized as follows: in the next section thgespect to the andy axis of the MOT and is focused to have
experimental setup and the main characteristics of the oy power density of about 1 W/dmat the trap position. In
served line shapes are presented,; in the following section th§;me measurements a more powerful diode laser has re-

theoretical analysis is presented, divided into a subsectioB|aced the DBR diode laser. The polarization of the diode
concerning the photoionization cross sectiSec. lll A), one  |aser can be rotated by using\#2 plate.

where a simplified treatment of the_line shape is pe_rformed The photoionization of cold atoms is provided by a pulsed
(Sec. 11 B), and another where the line shapes are simulatefly o |5ser, which is sent counterpropagating to the DBR laser
(Sec. 1l C): Finally _the last section compares the theoretlcal(We have seen that a different geometry with copropagating
and experimental line shapes. beams does not influence the resuf@e pulsed dye laser is
pumped by the second harmonic of a Nd:YAG laser and
Il. EXPERIMENT ope.rates with DCM dye. The typical_qutput energy is about 1
mJ in a pulse of 3 ns at 10 Hz repetition rate; this laser beam
The apparatus is composed of a vapor cell, the lasers @ focused on the MOT resulting in a maximum power den-
create the MOT, the lasers to induce excitation and ionizatiosity of the order of 50 MW/crh The waist of the pulsed dye
of the trapped atoms, and the detection system. The cell islaser has been accurately measured by using a razor blade
stainless-steel sphere having several flanges with windows tnd a micrometer translator. An acousto-optic modulator po-
allow for optical access and one for a channeltron multipliersitioned on the trapping laser path enables one to shut off this
It is connected to an ion pump that keeps the vacuum belowaser when required. The ions generated after the dye laser
108 Torr. A valve separates the cell from a rubidium reser-pulses are detected by a channeltron multiplier. The signal,
voir and permits the regulation of the background Rb presafter amplification, is sent to a boxcar integrator triggered by
sure inside the cell. The MOT is created by a magnetic fieldhe laser pulse. The gate of the boxcar is delayed by the
gradient, produced by two coils in anti-Helmholtz configura-time-of-flight of the atomic ions produced from the MOT,
tion, and by three laser beam pairs of nearly 1 cm diametei,e., 1.8 us.
propagating in orthogonal directions and retroreflected; the The experiment runs as follows. The MOT is loaded with
laser polarizations are chosen to make a standeito~ nearly 10 atoms and at a given time the MOT lasers are
MOT. The trapping laser is a 50 mW cw diode laser injectedswitched off leaving the cold atoms under the exciting action
by an extended cavity diode laser having a linewidth below Iof only the cw DBR diode laser, tuned at a given detuning
MHz; it is frequency locked about 10 MHz to the red side of near the %4, level. After a few microseconds, i.e., when a
theF=3—F'=4D, transition of®®Rb at 780 nm. On two of “stationary” regime is reached, the pulsed laser is shot, and
the three axis another diode laser, tuned to Fre2—F’ the ion signal is subsequently recorded. This sequence is
=3D, resonance, is superposed; it avoids optical pumpingepeated at 10 Hz rate while varying either the cw or the
on the lower hyperfine level of the ground state. The MOT,pulsed laser wavelength. Signals are averaged over 30 laser
that is monitored by a charge coupled device camera, has shots.
maximum density of a few 0 atoms/cm and a volume of Typical observed line shapes as a function of the pulsed
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laser wavelength are shown in Fig. 1 for two detuningg ~ lope was chosen because of its computational advantages.
of the cw laser. The line shape is strongly asymmetric with &However, we also tested the effect of a Gaussian pulse enve-
long tail towards the blue for a positive detuning of the diodelope, which should reproduce more precisely the experimen-
laser and with an even longer red tail when the detuning i4al conditions(see Sec. IY. We shall callA,, the detuning of
reversed. In both cases the maximum is found in the proxthe cw radiation of frequency), with respect to the
imity of the 52P,,-62Dy, resonance, but for positivA,,  5°Siz5°Pyp, transition (@;=12816.56 cm?): A=,

the peak is sharper and is accompanied by a weaker reso-w;; in the same wayA,, is the detuning of the pulsed
nance at about 6301 A, clearly due to tH5,-62Dy,tran-  laser with respect to the ?P3,-6°Ds), transition (@,
sition. For negative\,, the maximum is taller and broader, =15872.85 cmty: Apy=Qpu— 3.

so that it overlaps the %;,,-62D 5, resonance. In fact, for As shown in the preceding section and illustrated in more
slightly different conditions, we obtained a forked pgak],  detail later on, the line shapes depend on the detuijggof
which is also found in the case of perpendicular polarizationghe cw laser with respect to theSy,- 5P, transition, on

of the cw and pulsed lasers. The dependence of the linthe peak intensity and duration of the pulse, and on other
shapes on the pulsed laser intensity is shown in Fig. 2. In thisharacteristics of the two laser beams. As a complete explo-
case, it is evident that the increase of the pulsed laser inten-

sity causes not only a higher ion peak intensity but also oscillator strength density, a.u.
longer tails. 0.8 12 1.6 2.0
*P3/5 ®Fy/o >Frya
IIl. THEORETICAL LINE SHAPES

In this section we present computer simulations of the line
shape of the photoionization signal as a function of the
pulsed laser wavelength. The standard simulation will take
into account four bound level§?S,,, 5°Pg,, 6°Dg),, and
6°Dsg)») and the continuum states 8P and °F symmetry, . ionization threshold
coupled by dipole interactions with a cw field and a coherent // // pul
laser pulse. We also developed a simplified theoretical mode 30000 =
in which the two sublevels®®,, and &Ds,, are considered
separately in two different ionization routes. In particular, we S
proceeded from the simplest theoretical model, i.e., a Floque 2
treatment of the three state system§5,-5%P3,-6°D5), and
52S,,,-5%P3,-6°Ds)p, to simulations of the full process, in-
cluding the ionization stefisee Fig. 3. The simpler treat-
ment reproduces the main features of the experimental spec A
tra and the results as reported in Sec Il B. APy

In most of the calculations we shall assume the following

40000 -
%

62D3/2 A6°Ds;2

cm!)

Cner;

20000 -
qul

form for the radiation electric field: 10000 = 7
E(t)=EX) cog Qe b) + ENf(t—to)cog Qput), (1) Qew
where the pulse envelope has the form: o b 15281/
f(t—to)=co 27 2 FIG. 3. Relevant atomic levels and dipole allowed transitions. In

the upper panel we show tlab initio oscillator strength density, as
a function of the continuum state energy, for the ionizing transitions
2 2p,, &D;—2F; (closed squar@sThe
{02 . . 6“D;—“P; (open squargsand —°F; q
the cw laser id ¢, = S(CW eoc/2 and the peak intensity of the lines represent the analytic fit of the oscillator strength used in the

. 2 o .
pulsed laser i$,,= £ &4c/2. This finite basis pulse enve- simulations(see Sec. Ill B:

for |t—to|<7 and vanishes fojt—ty|>7. The intensity of
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ration of all combinations of laser parameters is not practicalbitals lying both in the discrete and the continuum energy
we have performed a limited study of the influence of therange, they are projected onto large basis sets of Slater-type
most important variables. In most cases, the values we hawabitals (STO) and STCO coskr) functions[12]. The latter
chosen are representative of the experimental conditions. have been proved to represent with high accuracy the typical
The intensity of the cw laser has been fixed Ig},  oscillations of the continuum orbitals up to large values of
=1 Wi/cn?: we have verified that the photoionization signal the radial coordinate. This allows us to recover the proper
is simply proportional td .,,. Two detunings are systemati- normalization to unit energy range for the continuum orbit-
cally investigated: A.,==*0.12cm!=+3.6 GHz. The als.
peak intensity and pulse duration of the pulsed laser are These calculations provide spinless matrix elements for
| pu=40 MW/cn? and 7=3 ns, unless stated otherwise. In the d, component of the dipole moment, which are then
most cases, the polarizations of the two lasers are assumedttansformed to the relevant angular momentum eigenstate
be parallel, but perpendicular polarizations have also beehasis by the appropriate Clebsch-Gordan coefficients. We ob-
tried. tain (5s|d,|5p)=3.425 a.u. ang5p|d,|6d)=0.446 a.u. The
Equations(1) and (2) represent the electric fields pro- former matrix element corresponds to an oscillator strength
duced by perfectly coherent sources. We know, from a meat(5s—5p)=0.90, to be compared with the experimental
surement of the pulsed laser linewid#ibout 10 GHY, that  value of 1.00[13,14] and with previous calculations which
its coherence time is much shorter than the pulse le(@th yielded f(5s—5p)=0.95-1.06 [15,16. The oscillator
ns). For most simulations, we have taken into account thestrength densities =3 (e— eg4)(6d|d,|€)? of the ionizing
linewidth of the pulsed lasex posteriori by convolution of  transitions starting from thedorbital are reported in Fig. 3
the computed line shapes with a Gaussian function ofs functions of the finalp or f orbital energye. At A\
FWHM= 10 GHz (or 0.33 cm'}). This procedure is in prin- =6300 A, the cross sections are 0.12 Mb for the tran-
ciple not completely correct because of the nonlinearity ofsition and 1.32 Mb for thel-f one.
the Autler-Townes effect, but, as a matter of fact, the convo-
lution has a negligible effect on all features of the spectra, B. Simplified treatment of the line shape

with the exception of the narrowest peaks, associated with o o ]
the BP,-62D5, transition. Such peaks would be very tall The simplified theory of ionization assumes that the ion-

and sharp without convolution, a clearly unphysical featurdZation rate is the product of two factors: the time-averaged
not present in the experimental spectra. The finite coherend®pulation of the 6D levels and the probability of one-
time of the laser has been taken into account explicitly in a°hoton ionization starting from the same levels, which is a
set of simulations, which show the same smoothing effect alinear fgnctlon of the pulsed Igger intensity. This ansatz will
the simpler convolution procedutsee Sec. Y. Other fea- be confirmed later on by epr|C|t_ simulations. We shall treat
tures of the line shape are influenced by the finite coherenca®W the €D, and €D, levels independently, so that two
time, in a way that improves the agreement between mezi¢parate thnzee-state systems W'2” be  considered:
surements and simulations; however, since the changes aeSuz5°Paiz6?Daj and §Sy,52P36°Dsy,. With these
not dramatic, one can confidently use the simulations base@sSumptions, —and  with  laser intensities |,

on Egs.(1) and (2) to investigate the dependence of the ~1 Wicn? and |,,~10-100 MW/cr, respectively, the

process on other laser parameters. 52S,/,-5%P3/,-6?Dg), System is in the condition to exhibit a
typical Autler-Townes effect17].
A. Photoionization cross sections A straightforward Floquet treatment, based on the dressed

The evaluation of the relevant discrete-discrete an

discrete-continuum dipole transition moments requires th

evels 5S;,+#Qy,, 5°P3p and 6Dgp—4Q,,, would
ield a resonance for

knowledge of the ground and excited electronic states of the _ | V1

system. In the single particle frozen core approximation Ap=Ax—|1+B3—| . (4)
these states are written gBN "¢ ,,,) where|®N~1) is the ow ow

closed shell single determinant with—1 electrons, ob- where | is the intensity of the strong laserA

tained by removing the $spin orbital from the HF ground- = 27(52P4,/d,|62D ) 2/c=6.15< 108 and B
state configuration of the Rb atora.is the discrete or con- :27T<52813,/22|dz|52P35,/2>2/c=8 é>< 10" (in units such that
2 .

tinuum energy index,.m represent the usual spherical detunings are in cm' and intensities in W/cR). As far as
harmonics indexes and the antisymmetrization is |mpI|C|tIythe termB1/Aq, is a small correction, the detunir,, at

included. In this approximation the excited spin orbitals_ . . .
, . . . . which the resonance is centered would be approximately
|eam)'s are determined by solving the following static ex- . ; ; .
. proportional tol/A.,,, with the same sign aA,,. The line
change equation . .
shape, as a function df,,;, would be approximately Lorent-
[T+Vnet GN | @am) = €l ©cim). (?) zian, taller and narrower fohA.,>0 than forA.,<0. This
asymmetry with respect to a change in signAgf,, repre-
whereT is the kinetic energy operato¥/,. is the nuclear sented by theBl/A., term in Eq. (4), is due to the off-
attraction potential, and the operat®iincludes the Coulom- resonant coupling of the?S,,, and 5P, states through
bic and exchange terms arising from the orbitals included irthe pulsed lasefsee Fig. 4, which shifts the 5P, level
the |®N~1) state. To obtain a reliable description of the or- upwards.
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In principle, Floquet's theory as such can only be applieds?s, ,-52P,/,-62D 5/, system theA and B coefficients in Eq.
to cw f|elds.. As one of the two lasers is puls_ed, in the fol-(4) are 54 times smaller than in the previous case. No sig-
lowing sections we shall adopt an explicit time-dependentyificant shift or doubling of the resonance is expected at the
approach. However, before going into the details of the speGntensities we shall investigate: just a single peak centered at
tral simulations, we outline a heuristic description of the 4= 2.3 cmi t (about 0.9 A in the wavelength scalevhich
three-level system interacting with a weak cw and a strongs ihe &Ds/-62D g, fine splitting. This peak will lie beside
pulsed radiation, which is useful to understand the numericghg stronger 3P, 62D, absorption forA ,,>0, and on top
results to be presented in the following. Given a very longyg it for A, <0. This effect contributes to the asymmetry of
laser pulse, we can divide it in several time intervals: withing,a jine shapes and affects essentially the inner peak with
each interval, the field amplitude can be considered approxizegativen ., as we shall see in the next section.
mately constant, so that the Floquet treatment is valid. Then, T approximate treatment just described would be valid
the overall I|_ne shape is made of a superposition of. peaksor a pulse lengthr much longer than the Rabi flopping
each approximately centeredzaf, as given by Eq(4), with  period of the transitions induced by the cw radiatidik
| varying from very small(iin the pL!Ise tal_ls to Iy (for t =27/ Qpap). With 1 5,=1 Wicn?, we haveT g,pi= 14.4 ns at
=ty). The shapg qf a resonance with a gl\leq:an be com-  resonance, and Trap=0.278ns for a detuning of
puted exactly within Floquet's theory, and Fig. 4 shows the+q 12 cnil= +3.6 GHz. It is clear that the requirement
result of summing many such contributions, with differents.1__ .is not fulfilled for all conditions, so the results of this
values ofl. Thel distribution for most laser pulses would be ggction should be just seen as the limiting caserfero and
bell-shaped: in fact, we take it proportional to the square otaien as a qualitative guide to interpret the computed line

the pulse envelope functiof(t—to), Eq.(2). Therefore the  spapes, which will be presented in the next section.
lowest and the highestvalues have a larger weight than the

intermediate ones: this is why the overall line shape is bimo-
dal. One of the peaks, due to the ldwcontributions, is
always close to the, resonance, but slightly displaced to-  We have computed the populations of the atomic states by
wards blue or red according to the sign&yf, . The position direct solution of the time-dependent Sctlirger equation
of the other peakhigh I) is approximated by Eqé4) with  [18]. The coupled differential equations obtained by expan-
| =1, In the following, we shall refer to these two features sion in eigenstatefk) of the atomic Hamiltonian and of the
as the “inner” and “outer” peak, respectively. The asymme- angular momentum operatad$ andJ, are
try of the outer peak versus the sign®f,, is quite apparent
in the line shapes of Fig. 4 and is due to theS5,-52P5), iﬁd&: =S o (O(K|dIK - E(1) elExEt (5
coupling. dt "

The 5°P4,-6°Dy), transition is much weaker than the
52P4,-62Ds), One, the ratio of the relevant Clebsch-GordanwhereCy is the coefficient of statf), E its energy, andi
coefficients being 1:36. Therefore for the is the dipole operator. The numerical integration of these

C. Line-shape simulations
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equations was performed by the sixth order Runge-KuttaThe results of the complete simulations, i.e., the ionization
Fehlberg methodl19], with a time step of 0.2 fs. probabilities as functions of the pulsed laser wavelength, are
The continuum states dfP and 2F symmetry which de-  shown in Figs. 6 and 7. In these figures we can single out the
scribe ionization were introduced in this scheme as rapidlyesults obtained for =40 MW/cn? and parallel polariza-
decaying metastable statf§. EnergiesEy, lifetimes 7,  tions of the two lasers, to be compared with those shown in
and reduced transition dipol¢§D|d|K) were determined so Fig. 5. It can be seen that the assumption made at the begin-
as to fit theab initiol data for thg photoionization stgrting ning of Sec. Il A, namely that the ionization rate is propor-
from the @ level, with a Lorentzian form of the oscillator tional to the @, populations, is substantially valid, since the

strength: line shapes of Fig. 5 are quite similar to those shown in the
other figures. Moreover, the results of Fig. 5 allow us to
df 2m7%(6D|d|K)? ! assess the importance of théSg,-52P,,-62D 3, ionization
a0 3 (hQ— Eq+Egp) 2+ (h127) 2" route, relative to the 8, ,,-5%P5/,-6°Ds/, one. The former is

(6)  responsible for the small peak at about 6301 A, which is
separate from the main feature of the spectrumAgy>0.

The results of the fitting are seen in Fig. 3. The fitting pa-In the negative\,, case, the 5S;,,-52Py,-6°D 5/, route bor-
rameters for the’?P and °F states wereE,=40420 and rows intensity from the other one, thanks to the population of
36950 cm!, 7«=0.93 and 1.17 fs, and6D|d|K)=0.278 the common intermediate statéPs,, and makes a taller
and 1.645 a.u., respectively. The finiadeed very shojt ~Ppeak on top of the broader’s, - 5°P5-6°Ds, line shape:
lifetime of the ionizing states is introduced in the Schro around 6301 A, the ®/, population is even slightly dimin-
dinger equation as an imaginary teri%/27, , added to the ished by competition with the other excitation route. Another
energy Ex. In this way the normalization of the time- way to describe the same phenomenon makes reference to
dependent wave function is not conserved: the missing popdhe dynamic Stark shift, mainly caused by the strong
lation, after the end of the laser pulse, corresponds to th8>P3;-6°Ds), interaction, which brings into resonance also
ionization probability of a single atom. the 5°S,/,-5°Pg,-6°D4), pathway. Overall, ionization alters

In the absence of the pulsed radiation, we only have Ra®nly slightly the relative importance of the distinct features
oscillations between the?s,, and #Ps, levels. When the ~Which can be seen also in Fig. 5: inner and outer peaks, and
pulsed light is introduced, the outcome depends on the phadbe 6°D ), resonance.
of the Rabi oscillations at the switching on time. Since of In Fig. 6 we show the dependence of the line shape on the
course the phase is not controlled in real experiments, wgeak intensity of the pulsed laséy,,. The main effect of
should average over all possible phases. In practice, wi#creasing ,, as expected, is to shift the outer peak, which
found that the same ionization probability is obtained bybroadens to form a long tail in the case of negativg,,
averaging the results of just two calculations, done with cenwhile it takes an increasing importance for positie,, .
tral pulse timeg, differing by Trap/2. Also the inner peak slightly shifts further off resonance by

As a link between the simplified theory of the precedingincreasing ,;: as a consequence, its position with respect to
section and the full simulations done with the model justthe 6D, resonance changes gradually, and so does the
described, we have also computed excitation probabilities t&,<0 line shape, which is a superposition of these two
the 6D, and &Ds, states, without considering the ioniza- features.
tion step. The line shapes, expressed as time-averaged popu-In Fig. 7 we show results obtained with perpendicular
lations of the 6D, and &Ds, levels, are shown in Fig. 5. polarizations of the two lasersEfy)L £()). Because of the
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different Clebsch-Gordan coefficients, the fluctuations and inhomogeneity of the pulsed laser intensity.

52S,/,-5%P4,-6°Dy), route is here much more important We evaluate that the peak intensity of each pulse in our ap-

than with parallel polarizations.

IV. COMPARISON OF SIMULATIONS AND EXPERIMENTS

paratus fluctuates around a central value with a Gaussian
distribution and a standard deviationof about 30%. More-

over, the laser beam is not homogeneous, and has approxi-
mately the same diameter as the MOT. We shall assume that

It is quite evident that the simulated line ShapeS eXh|b|tthe photon flux decreases as a Gaussian function exp

many common features with the experimental ones. How(_R2/R?) of the distance from the beam axi®, The ob-
ever, there are also some important differences. In both cases

we find that the stronger ionization is blue detuned with re_served line shap& will then be the result of two averaging
spect to the BP,,-62Ds), transition if A,,>0 and red de-
tuned ifA,<0. The broad peak close to 6300 A is taller for
negative than for positiva ., : this is due to the superposi-
tion of the ¥P4,-62D3, and FP4,-62Ds, transitions. A
smaller peak, due to the’B,-6°D 5, resonance, is found at
about 6301 A whem 4,>0.

The most striking difference between the simulated and
the experimental spectra is the presence of an “outer” peak
only in the former, while the measured line shapes vanish
smoothly for large detuninga This is mainly due to

cross section. Let us cai(l,y,
shape for a givem,,. We have:

Apy) the computed line

_ 3 (-
S(lpulvApul): ?77 fo

dl pu|e*<|pu|*m)/za2

Rmax ~R%IRS
X RARSIue “o,Apy),  (7)
pul + 0
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whereo=0.30. The cutoff radiuR,,,, takes into account in inner peak, having a larger weight in the Gaussian envelope
the simplest way the MOT boundaries, as if the atom densityvith respect to that of Eq2).
would drop to zero foR>R,a. The value of the integral Lastly, we have tested the effect of a finite coherence time
only depends on the rati®,,,./Ry, which we shall assume of the pulsed laser. The linewidth of 10 GHz, for a perfectly
equal to 1. We fitted the line shapes of Fig. 6, together withcoherent pulse, would correspond to a length shorter than 0.1
many more results computed to this purpose, with an anaas, depending on the exact shape. In order to siraw#e ns
lytic function of I, andA ,,;, which was used to calculag pulse with a coherence time of the order of 0.1 ns, we have
by numerical quadrature. The resulting line shapes are show#€d a sequence of short pulses, each one with the envelope
in Fig. 8. The “outer” peak has almost completely disap- c0$7(t—tJ/27'] and 7'=0.1ns. The delay between two
peared because its position depends on the intensity, and ficcessive pulses tg,;—t,=7', so they partially overlap.
the averaging operation it is smeared out over a wide rang&he carrier wave for thé&th pulse is cosQp,t + ¢) and the
of wavelengths. After this operation, only a slight bump re-Phasesgy are random numbers. In this way we have phase
mains in the case of positivk,,. Hence the basic asymme- conservation forAt<0.1ns, and uncorrelated phases for
try versus the sign oA, affecting the outer peak in Figs. At>0.1ns. The amplitude of the electric field is further
4-6, eventually manifests itself as a difference in the extenmodulated by the same function as in E®), with 7
sion of the tails in the line shapes. =3 ns. Of course the results depend on the random phases
Even with intensity averaging, the agreement betweerdy: Fig. 9 shows the average line shapes obtained with four
computed and observed line shapes is not perfect. For posiuch pulsesfor a few wavelengths, we ran 20 calculations in
tive Ay, the experimental spectrum shows a sharper peaRrder to have better statistic©Of course, no convolution has
with a less substantial queue on the blue side. A possibleeen applied in this case, since the real bandwidth of the
source of discrepancy is the pulse shape, given by Bys. Pulsed laser has been explicitly taken into account. The
and (2). In Fig. 6 we also show results obtained with a Signal-to-noise ratio is smaller than in the measured spectra,

Gaussian envelope: which are the result of averaging over 30 pulses. However, it
is apparent that the phase fluctuation affects the line shapes
f(t_to):e_(t_to)z/Tz_ (8) and improves the agreement with the experiment. With both

positive and negativé,,, the inner peak is taller and the
The intensity averaging of the line shape in this case was ndhcrease of the intensity around=6300 A is steeper than in
done directly because we did not compute line shapes fahe case of a perfectly coherent pulse. The outer peak, on the
variablel ,, with a Gaussian pulse. Therefore we resorted tccontrary, is less well-defined: the combined effects of finite
a mapping of the line shape obtained with pulses of finitecoherence time and intensity averaging would probably wash
length into that of the Gaussian pulse, by means of a multiit out even for positiveA,,. In general, phase fluctuations
plicative function ofl ,,; andA,, in order to have the nec- influence all the features that are sensitive to early times or
essary data for the quadratui®. The Gaussian pulse yields small intensities of the pulsed laser application; they flatten
line shapes closer to the experimental ones, in that the innghe contributions deriving from the narrower bandwidth
peak, both forA,>0 and forA,<O0, is sharper and taller. lines, and in particular the importance of théDg,, peak
Moreover, the outer peak is comparatively less importantwith positiveA,,, for both parallel and perpendicular polar-
and so is the bump in the queue of the averaged line shapgations. This effect was introduced in the other simulations
All this is due to the low intensities, which contribute to the by a Gaussian convolution of the line shape and the obtained
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results confirm the substantial correctness of the procedure intensity varies in time through the whole interval between
this case. zero and the peak intensity,, one obtains an extended line
We can finally compare the absolute magnitude of theshape rather than a narrow peak. Any pulse of coherent light
experimental signals and the theoretical ionization probabilwith a bell-shaped temporal dependence of intensity would
ity. The ion peaks of Fig. 1 for parallel polarizations, takenproduce a bimodal line shape: one of the maxima would be
with a cw laser intensity of 5 W/cfnand a pulsed laser close to resonance, and the other one blue or red shifted by
intensity of 40 MW/crd, are about &10° and 2<10% ions 3 amount depending apy (Fig. 6). This fact is brought out
for negative and positive detuning, respectively. Since thgysi py simulations with two different pulse shapes and by a
trapped atom number is iand the estimated total detection e ristic model based on a three-state Floquet treatment, use-
efficiency is 0.2, the corresponding ionization probabllltlesfu| for a qualitative understanding of the phenomenon. The

0, 0 -
are about 3% and 1%. We stress that the rather large unce<5xperimental line shapes, on the other hand, only exhibit the

tainties which affect some of the experimental parameters;&ear resonance maximum, with long tails which smoothly

such as the atom density and the cw laser fluence, do Necay. The tail is longer for negative than for positive detun-
affect the line shapes: on the other hand, only the order o Y- 9 9 b

2 . . . .
magnitude of the atomic ionization probabilities can be esti'"9 because of the,,-5°Ps, interaction, which induces

mated. With this in mind, we can compare them with the@" upward dynamic shift of the’®5, level. In fact, we have

theoretical probabilities obtained in the same conditions: th&nown by additional sets of simulations that two characteris-
average of 20 pulses with phase fluctuati¢dsts in Fig. 8  tics of the laser rad|at!on are important to.obtam an agree-
yields 3.8-0.6% and 1.9-0.3%, for negative and positive ment between theoretical and measured line shapes: one is
detuning, respectively. The ratio of the two peaks is thereforéhe dispersion of pulse intensitiésig. 8, and the other one
2.0+0.4, versus an experimental value of 3. is the finite coherence time of the pulsed lagfig. 9).

Another kind of asymmetry, namely that the red detunings
produce a stronger signal than the blue ones, is due to the
existence of two excitation routes?S,,-52Pg/,-6°Ds), and

We have observed strongly asymmetric line shapes in &2S,,-52P3,-62Dg),. The former pathway is responsible for
two-color, three-photon ionization process, involving excita-the main features of the line shapes, as outlined above. The
tion to the 6D, levels by quasi-resonant interactions with other pathway, involving the weaker’Bg,-62D ), transi-
cw and pulsed laser radiations, and the subsequent transitidion, produces a small isolated peak with blue detuning,
to the 2P or 2F electronic continua. We have explained the while it is superimposed to the?Bs, line shape with red
origin of the observed line shapes by a time-dependent simudetuning: as a consequence, in the latter case 3bg§con-
lation of the radiation-atom interactions, with proper consid-tribution is enhanced by the dynamic Stark shift of tR@5,
eration of the ionization process, basedaiminitio calcula-  level caused by the strong?Bg,-62Dg, interaction. The
tions of the bound-free transition dipoles. finite coherence time of the pulsed laser was important also

The asymmetric line shapes, i.e., the fact that the ionizain determining the relative effectiveness of the two excitation
tion is intense only when both the cw and the pulsed laser armutes.
either red or blue detuned, are a manifestation of the Autler- Overall, we have shown that a semiquantitative agreement
Townes effect(the detuning of the cw laser is always re- between simulated and measured line shapes can be reached
ferred to the 5S,,,-5%P5, transition and that of the pulsed by taking into account some relevant features of the laser
laser to the 5P,,-6°Ds;, one. Because the pulsed laser radiation: namely, pulse shape, pulse intensity distribution

V. CONCLUSIONS
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