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Photoionization cross sections for excited laser-cooled cesium atoms
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Losses from a cesium magneto-optical trap induced by an additional laser ionizing the atoms in the 6P3/2

state have been measured as a function of the intensity and frequency of the ionizing laser. The absolute cross
section for ionization of the 6P3/2 state has been derived as a function of the wavelength of the ionizing laser.
Our values are compared with previous ones and available theoretical predictions. A simple model describing
the photoionization processes has been developed.
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PACS number~s!: 32.80.Pj, 34.50.Rk
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The laser cooling of atoms has been established as a
powerful and flexible technique for preparing a dense a
cold sample. The low temperature reached by laser coo
allows one to produce samples with interesting spectrosc
features. Even if alkali-metal, alkaline-earth, and rare-gas
oms have been laser cooled and novel atomic properties
covered in collisions and in nonlinear optics of cooled atom
the impact of laser cooling on atomic spectroscopy has b
somewhat limited. On the contrary, cooled atomic samp
have provided a large amount of information on diatom
molecular systems, mainly through photoassociation sp
troscopy. A main limitation imposed by laser-cooled samp
on the precise determination of atomic parameters is the
turbation associated with the presence of the strong trap
lasers, so that usually measurements of atomic param
must be performed by switching off the trapping lasers.
the present investigation direct use is made of the ato
excitation by the trap lasers.

Photoionization of cold atoms was introduced by Dinne
et al. to measure the photoionization cross section in a
bidium magneto-optical trap~MOT! loaded from an atomic
beam@1#. More recently@2#, the change in the loading rat
for a rubidium MOT loaded from the background gas h
been used to measure the photoionization cross section
different photoionizing wavelength. We report here on m
surements of the photoionization of laser-cooled cesium
oms at various wavelengths; specifically, accurate abso
data for the photoionization cross section of cesium atom
the 6P3/2 state are presented. For these measurements
cesium occupation of the excited state is directly provided
the trapping lasers. The modifications of the MOT loadi
rate and of the steady-state number of trapped atoms allo
to measure the dependence of the cesium photoioniza
cross-section on the laser wavelength for absorption from
excited 6P3/2 state. We compare our cross-section values
those measured in previous investigations and to those
rived in different theoretical analyses. Our work demo
strates the accuracy, flexibility, and simplicity achieved
cold-atom photoionization measurements. We have de
oped a model for the photoionization rate of cold atoms a
discovered that collisions between cold atoms and ions p
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a role in the ion production. More reliable theoretical mod
are required to properly fit our cross-section data.

Our MOT, described in@3#, was operated withs1,s2

circularly polarized light, a magnetic field gradient of 0.0
T/m, and trap laser detuningdT523G, where G is the
excited-state spontaneous decay rate. High Rabi frequen
were used for both the trapping and repumping lasers, w
total intensity I T5170 mW/cm2 for the trapping transition
between the hyperfineF54 lower level and the excited
F855 level. A total laser intensityI R530 mW/cm2 was
used on the repumping transition. Different intensities of
six laser beams were chosen in order to balance the as
metry in the magnetic-field gradient, so that a spherical d
tribution of the cold atoms was realized. The spatial dis
bution function,g(r ,N) with g(0,N)51, was derived from
charge-coupled-device~CCD! images of the MOT. The
numberN of trapped atoms, derived from the MOT fluore
cence flux measured through a calibrated photodiode,
around 107, and the density of cold atoms was around
31010 cm23. MOT operation with a low atomic density
determined by the low-magnetic-field gradient, was cho
in order to decrease the role played by cold collisions in
MOT balance and to simplify the analysis of the photoio
ization data.

For the photoionization we used several lines from
argon-ion laser operating in single-line mode with 100-m
maximum power. In addition, radiation at 423 nm wi
power up to 10 mW from a frequency-doubled diode la
was also used. The photoionizing beam was mildly focu
at the MOT center. Its beam waist, for instance 3.3 mm
the argon laser, was large compared to the MOT radius
0.3 mm, and the intensity of the photoionizing radiation, u
form over the MOT volume, corresponded to the peak la
intensity within the Gaussian distribution. The occurrence
the photoionization process was measured through the m
fication of the fluorescence light emitted by the MOT. T
CCD images confirmed that in our operating conditions
spatial distribution of the cold atoms in the MOT was n
modified by the photoionization process.

The rate equation that governs the temporal evolution
the numberN(t) of trapped atoms in the MOT is@4#
R4110 © 1998 The American Physical Society
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dN

dt
5L2gN2bnmaxf ~N!N, ~1!

whereL is the loading rate for collection of atoms from th
background vapor, andgN is the trap loss rate for collision
with the background vapor. The last term, characterized
the rate coefficientb and the peak atomic densitynmax,
describes the loss due to collisions between trapped ato
The factor f (N)5*g2(r ,N)d3r /*g(r ,N)d3r measures the
reduction in the collision rate due to the spatial atomic d
tribution. For the operating conditions of our MOT the co
collision term is smaller than the term for the collisions w
background vapor. If we denote byR5g1bnmaxf (N) the
total loss term of the MOT, the steady-state value for
number of atoms in the trap becomesN05L/R.

A laser with wavelengthlP , excess energyDE above the
ionization threshold, and intensityI P , produces photoioniza
tion of the cesium atoms in the 6P3/2 state and modifies
several terms in Eq.~1!. As main modification of the MOT
balance, the photoionization introduces an additional l
rateRP for the N atoms contained in the MOT given by

RP5pe

sPI PlP

hc
~2!

wheresP represents the photoionization cross section andpe
the excited-state fraction of cooled atoms in the MOT. W
assume a photoionization rate proportional to the laser in
sity, because in our conditionsI P is lower than the photoion
ization saturation intensity.

Another modification produced by the photoionization
ser is associated with the loading rateL. This rate depends
on the number of background atoms entering the trap reg
with an initial velocity lower than the capture velocity an
captured by the trapping laser@5#. In the presence of the
photoionization laser a fraction of these background atom
ionized and is lost for the trap, reducing the loading rate. T
time evolution for the density of ground and excited ato
contained in the background region,ng,b1ne,b , is given by

d~ng,b1ne,b!

dt
52

sPI PlP

hc
ne,b52RP~ne,b1ng,b!, ~3!

where the excited-state densityne,b was approximated a
pe(ne,b1ng,b), supposing the background excitation equa
that in the MOT. This background photoionization proce
acts during the capture timetc required for the atoms to
reach the MOT. The time integration of Eq.~3! produces an
exponential decay, exp(2RPtc), for ng,b(tc)1ne,b(tc). In-
serting this MOT loading source into the derivation of t
loading rate given in Ref.@5#, we obtain a reduced loadin
rateLP ,

LP5Le2RPtc. ~4!

Solving Eq.~1! with loading rateLP when the trap laser is
switched on at timet50, in the density limited regime the
time dependence ofN(t) becomes

N~ t !5Ns@12e2~R1RP!t#, ~5!
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with the steady state valueNs for the number of atoms given
by

Ns5
N0

11RP /R
e2RPtc. ~6!

The photoionization laser could also modify the fact
f (N) for the spatial distribution of the MOT atoms. How
ever, as stated above, no modification of the spatial distr
tion was observed in the experiment and it has not b
included in our model. The light shift produced by the ph
toionizing laser on the optical transition driven by the tr
laser could also modify the trap process, but for the inten
of our photoionizing laser that light shift can be neglected.
our experimental observations the irradiation of the MOT
the strong argon-ion line at 514.5 nm, below the photoio
ization threshold for the 6P3/2, did not modify the number of
atoms or the MOT loading rate. Thus one-photon ionizat
from the excited state is the relevant process.

The photoionization produces cesium ions escaping fr
the MOT. The ion escape rate is larger than the ion prod
tion rateRP because the MOT dimension is small and t
created ions acquire a kinetic energy from the share, betw
ion and electron, of the excess energyDE @6#. In conse-
quence, the fraction of ionized species is small, in our MO
less than one part in a thousand. For the cesium ions
duced by the photoionization in the background, owing
the low background pressure, the mean-free path is la
However, recombination into molecular ions, or other atom
recombination processes leading to molecule formation, c
respond to an effective loss of the background atoms. Us
the only available data for the recombination rate of cesi
ions, at room temperature@7#, we derived that these recom
bination processes produce a negligible modification of
loading rate for the cold atoms.

Because our time constant 1/(R1RP) was a fraction of a
second, the MOT loading of Eq.~5! could be directly moni-
tored on the fluorescence emission from the trap. From
change in the loading rate produced by the ionization lo
RP was easily measured. Even if not properly describing
very initial growth, when the MOT was not yet in th
density-limited regime, the exponential dependence of
~5! fitted most parts of the temporal increase in the fluor
cence, as shown in Fig. 1. The measured values of the
rateR1RP are plotted in Fig. 2~a! versus the intensityI P of
the photoionization laser, at fixed values of the trapping la
intensity and frequency. The data are well fitted through
linear dependence with slopepesPlP /hc. The photoioniza-
tion rateRP was also derived from the steady-state value
the number of trapped atoms. The dependence ofNs /N0 vs
the laser intensityI P , shown in Fig. 2~b!, fitted by Eq.~6!,
allowed us to deriveRP and tc . We have used both the
MOT loading rate and the steady-state value for the num
of trapped atom to deriveRP . The derivation ofsP from RP
required a measure of the laser intensityI P and of the frac-
tion pe for the excited trapped atoms in the trap. The fracti
pe depends on the total Rabi frequencyVR,T and detuning
dT of the trapping beams through the following express
introduced in@8,9#:
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pe5
1

2

c2VR,T
2 /2

dT
21G2/41c2VR,T

2 /2
. ~7!

At low VR,T , where the Zeeman sublevels of the grou
state are equally populated,c2 is equal to the average of th
Clebsh-Gordan coefficients over the Zeeman sublevels
largeVR,T , as for our MOT, a preferential population of th
high-mF stretched states produces a valuec250.73 @10#.

The cross sectionssP derived from the measuredRP
rates, using either the loading rates or the steady-state va
of the number of atoms, are shown in Fig. 3. Except for
highestDE point, where a low intensity was provided by th
frequency-doubled diode, there is good agreement, wi

FIG. 1. Time evolution of MOT loading in the absence and
the presence of a photoionizing laser at wavelengthlP5497 nm
with intensityI P5330 mW/cm2 ~continuous lines! and exponential
fits by Eq.~5! ~dashed lines!.

FIG. 2. In ~a! loss rateR1RP and in ~b! reduced steady stat
Ns /N0 vs intensityI P of the laser atlP5497 nm, and MOT pa-
rametersdT523G, I T5170 mW/cm2. Using thepe50.33 value,
from the fit we derivedsP517.261.6 MB from the loss-rate data
andsP519.261.7 MB from the data for the number of atoms.
capture timetc53465 ms was derived from the dependence
Ns /N0 on I P .
at

es
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error bars, between the cross sections derived in the
different ways. Such an agreement confirms the validity
our simple model. Figure 3 shows also the values measu
by previous authors and some theoretical predictions.
agreement with the previous measurement of Nygaardet al.
@11#, obtained from the photoionization of a cesium atom
beam with a discharge lamp, is only fair. Those cross s
tions are consistently about 30% above our results. We
lieve that the discrepancy is due to a systematic error in th
older results, since they were normalized for a specific wa
length (lp5436 nm! to the semiempirical theoretical resu
of Weisheit@12#, also shown in Fig. 3. In the energy rang
both experiments have in common, theDE dependence of
our cross section and that of Nygaardet al. @11# are quite
similar. There appears to be some problem, however, w
the three higher-energy points of Ref.@11#. Three other the-
oretical cross sections are also shown in Fig. 3: another se
empirical result due to Norcross@13#, an ab initio Hartree-
Fock result of Msezane@14#, and anab initio Hartree-Slater
result of Lahiri and Manson@15#. In principle, the Hartree-
Fock result should be the most accurate, but it is clear fr
Fig. 3 that the Hartree-Slater result gives the best ove
agreement with the present experimental cross section.
tually, the Hartree-Fock result shown in Fig. 3 is an avera
of the length and velocity cross sections that differ from ea
other by about 15%. We have also verified that the Hartr
Slater calculation gives a threshold energy that is sligh
closer to experiment than the Hartree-Fock threshold. In
case we believe that the somewhat better agreement of
experimental results with the simplerab initio Hartree-Slater
calculation is probably accidental. However, the gene
agreement between the nonrelativistic calculations and
measurements for the 6P3/2 state is strong evidence that th
photoionization cross sections of these excited states are
tually independent ofJ.

The values of capture timestc derived from our analysis
of Ns for different laser wavelengths were typically in th
16–35-ms range. In effect, in Ref.@16# tc was measured

f

FIG. 3. Experimental data and theoretical predictions for
photoionization cross sectionsP vs the excess energyDE of the
photoionizing laser. The filled squares represent our data der
from the MOT loss rate, while the open square data are deri
from the number of atoms in the MOT. The circles represent cr
sections measured by Nygaardet al. @11#, and the various curves
are theoretical results detailed in the text.
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between 20 and 50 ms for cesium atoms in trap conditi
similar to ours, and was estimated at 1.7 ms, using the D
pler theory for the atomic motion. Ourtc values derived
from the photoionization at different laser wavelengths w
consistent, except for the photoionization data at 501
close to the ionization threshold, where atc of 300 ms was
derived. Such an inconsistency remained even when
modified our model to include the MOT fluorescence ori
nated from cesium atoms during their capture process
from background cesium atoms excited by the trapping la
and photoionized. We have concluded that some additio
weak processes, neglected in our analysis, influence the
ization balance. TheDE dependence oftc suggests that ion
recombination, a strongly energy-dependent process, p
an important role in the ion balance, either in the MOT or
the background. Further investigations of the MOT pho
ionization process for different geometries of the trap a
photoionization lasers could be used to measure the ion
lision cross sections. Those collisions determine the e
ciency of the ion production in the present experiment
well in photoassociation investigations.
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In conclusion, in the present cold-atom investigati
atomic parameters have been measured with high accur
making proper use of the trap laser excitation. Our photoi
ization measurements demonstrated the demand for a
tailed theoretical investigation of the overall atomic pote
tials. Previously very precise ground-state interatom
potentials were required to analyze ground-state collisio
Moreover, the interpretation of excited-state cold collisio
required precise interatomic potentials for the excited st
Our study demonstrates also that recombination proce
involving cold ions and atoms, and more generally ion-at
cold collisions, are an important issue deserving future
perimental and theoretical investigations.
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