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Optical Catalysis in a Sodium Vapor Cell MOT
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The frequency dependence of the collisional trap loss rate for ultracold sodium atoms held in
a magneto-optical trap was measured using the optical catalysis technique. The experiment
was carried out near the 3S1=2 =) 3P3=2 and 3S1=2 =) 3P1=2 transitions. The experimental
spectra are compared with a simple semiclassical model, and a good qualitative agreement
is observed. The results also indicate that radiative escape is an important process for trap
loss in sodium.

Introduction

Over the past decade advances in laser trapping and

cooling have made it possible to produce atomic sam-

ples that are cooled to temperatures of 100 �K and

below. In these samples a series of experiments involv-

ing ultracold collisions have been done over the past

�ve years[1�4]. These collisions are of interest because

of the long collision time for trapped atoms, that result

from the combination of low velocities and sensibility

to long range interactions. In such conditions the spon-

taneous radiative decay dominates, the system must be

considered \open" and dissipatively coupled to the bath

of empty modes of radiation �eld.

In an earlier work our group studied the photoas-

sociative ionization process[5] , but here we will turn

our attention to exoergic processes leading to escape

from the trap. These processes are radiative escape

(RE) and �ne structure change (FS). Such processes

limit the density and con�nement time of a 3-D opti-

cal trap and the ultimate \brightness" of a 2-D con-

�ned atomic beam. The radiative escape process be-

gins when two ultracold ground-state atoms collide in

the presence of a radiation �eld. This system absorbs

a photon (�1) and is promoted at long range to an at-

tractive �C3=R
3 potential, which is asymptotically the

S+P3=2 level. In this level the atoms are accelerated

against each other. During this acceleration the atomic

pair may decay and emit a photon to the red of the

atomic transition (�2; �2 < �1), and the di�erence in

energy goes to kinetic energy. If this kinetic energy is

larger than the depth of the trap (� 1K) the pair will

escape and this becomes a loss mechanism. The �ne

structure change starts very similarly to the radiative

escape, but spontaneous decay does not happen during

the acceleration step. So the pair reaches short internu-

clear separation and there may change to the S+P1=2

level. Both processes are shown in Fig. 1. The di�er-

ence in energy goes again to kinetic energy. For all al-

kali the di�erence in energy between the P3=2 and P1=2

states is much bigger than the trap depth, with excep-

tion of Li, so such process should be important for loss

also. The contribution of each process to the total loss

is not clear until now, and there are several open ques-

tions in theory and experiment[6]. The understanding

of these ultracold collisions is crucial to the design of

cold dense atomic sources.

Earlier investigations[7�9] explored the importance

of collisional loss to ultimate trap density, the absolute

rate constants for collisional loss as functions of light in-

tensity, and manipulation of trap loss rate with an \op-

tical catalysis laser". In these optical catalysis exper-

iments it was possible to obtain the frequency depen-

dence of the collisional processes. However these exper-

iments were carried out with rubidium[9] and cesium[10],

both alkali have several hundred MHz hyper�ne excited

state splitting, which di�cultates very much the com-

parison with theory.
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Figure 1. Schematic diagram of the trap loss processes: (i)
Radiative escape. The atomic pair starts the collision in
the 3S1=2+3S1=2 potential, by photon absorption (1) it is
excited to 3S1=2+3P3=2. The atoms accelerate against each
other (2), during this process spontaneous decay may hap-
pen and a redder photon is emitted (3). Depending on the
frequency of the photon the pair may escape from the trap.
(ii) Fine structure change. The atomic pair starts the colli-
sion in the 3S1=2+3S1=2 potential, by photon absorption (1)
it is excited to 3S1=2+3P3=2. The atoms accelerate against
each other (2). Point A is the return, and B is the point
where the pair may have a transition to the 3S1=2+3P1=2

potential. The di�erence in energy goes to kinetic energy.

Here we report a study of optical \catalysis" in a

magneto optical trap for sodium atoms performed close

to the D1 and D2 lines. The frequency dependence is

presented and also the absolute loss rates introduced by

the \catalysis" laser. From these rates we can estimate,

for the �rst time, the contribution of each process for

the total loss, and compare the results with a simple

Gallagher-Pritchard model[11].

Optical catalysis technique

The rate equation that governs the number of atoms

in the trap N in the regime of radiation trapping[10], is

given by:

dN

dt
= L� ( + �nc)N (1)

where L is the loading rate which depends on the

trap parameters (Na vapor pressure, diameter of laser

beams, magnetic �eld gradient, laser frequency, etc);

N is the rate of collisions between trapped atoms and

hot atoms from the background gas; and �ncN is the

rate of cold collisions. We should point out that the

experiment was carried out in the regime of radiation

trapping, and the time behavior of our trap can be �t-

ted by this simple exponential law.

The linear dependence of excited state collisions

with the laser intensity is a unique signature of this

kind of collision, because it involves only one atom in

the excited state. Therefore the addition of the catal-

ysis laser introduces more losses in the trap due to ex-

cited state collisions. In this condition we can rewrite

the rate coe�cient as � = �t + �c, where �t represents

the losses only with the trapping beams present and �c

is the contribution from the catalysis laser. The trap

loss spectrum (frequency dependence) can be obtained

from the steady state behavior of equation (1). In the

steady state equation (1) becomes:

N =
L

 + �nc
(2)

The catalysis laser, with an intensity Iref and de-

tuned by �c, a�ects both � and the atomic density

(nc). As we vary �c we have to adjust its intensity

Ic(�c) to hold the number of atoms constant, therefore

the density will remain constant also. If we consider

that �c presents a linear intensity dependence we can

rewrite

�c = �c(�c)
Ic(�c)

Iref
(3)

which is independent of �c, because �c / 1=Ic(�c):

The advantage in this technique is that it is not neces-

sary to measure number of atoms and density, which

simpli�es very much the experiment, once the main

source of error are the measurements of these parame-

ters. Corrections to account for the fact that the den-

sity is not uniform, for small number of atoms, were

made by Ho�mann and co-workers[12]. However these

corrections are minor and we will not consider them in

this work.

Gallagher - Pritchard Model

This semiclassical model has been the most used

model for trap loss to date. The trap loss rate can

be separated into two factors. The �rst factor takes

into account the rate at which atoms reach short in-

ternuclear separation where energy transfer can occur

(either RE or FS); this represents the dynamics of the

process. This rate depends on the laser excitation rates,

the acceleration of the atoms in the excited state poten-

tial curves, and the spontaneous emission probability.
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The second factor is the probability that energy trans-

fer occurs once the atoms arrive at short internuclear

separations.

However, the �rst factor is the most important be-

cause it involves radiative e�ects, in particular sponta-

neous emission during the collision, which is not present

in high temperature experiments. In the original G-P

model the multiple excited state potential curves are

replaced by a single e�ective potential curve, and the

trap loss rate is given as:

� /

Z
4�R2dRP (R;�L) exp(�t(R)=� ) (4)

where 4�R2dR is the number of atom pairs at a dis-

tance R, P (R;�L) is the excitation rate of these pairs

to the excited state potential by a laser detuned from

the atomic resonance by �L, t(R) is the time for the

atoms to reach small separations where energy transfer

can occur, and � is the excited state spontaneous emis-

sion time. The probability that the excited atom pair

reaches small internuclear separation without decay is

given by exp(�t(R)=� ): The shape of the excited poten-

tial is important in two di�erent parts of equation (4):

(i) It determines at which distance the excitation will

take place; (ii) And it determines also the time t(R)for

the atoms to reach the region where trap loss happens.

To simplify this expression we can consider the

situation when the laser is tuned to the red of the

atomic transition by an amount that is large compared

with the natural linewidth of the transition, the laser

excites only pairs that obey the resonance condition

h� = �C3=R
3. We consider that the atoms are at rest

when the excitation happens. In such situation, the ac-

celeration arises from a single excited state potential of

the form �C3=R
3, and the trap loss rate coe�cient �

becomes:

� /

�
��

�l

�2

exp

"
�

�
�
��

�l

�5=6
#

(5)

where �L is a characteristic frequency scale, and for

sodium is 240 MHz[11]. If we excite the atoms to the

S1=2+P1=2 potential, we have to take into account only

radiative escape as the loss mechanism, and in this con-

dition � simpli�es to:

� / (�2
Lsinh[(���=�L)

5=6])�1 (6)

which presents a maximum at �L = �0:36�� . This

expression allows us to test the frequency dependence

in a straightforward way.

Experimental Setup

Our measurement technique is similar to the one

of ref. [13]. The MOT operates in a closed vapor cell,

and the trap is loaded with atoms from the low-velocity

tail present in the vapor. Three mutually orthogonal

retroreected laser beams, tuned � 10 MHz to the red

of an atomic transition frequency, intersect at the cen-

ter of the quadrupolar magnetic �eld generated by a

pair of anti-Helmholtz coils. At the center, the mag-

netic �eld is zero and grows linearly in all directions.

The Zeeman splitting of the atomic levels and the use

of appropriate laser polarizations produce a spatially

dependent light force with a net e�ect of restoring the

atomic position to the trap center where the magnetic

�eld is null. In addition to the trapping force, the red

detuning produces a viscous, damping force, cooling the

trapped atoms to about 300 �K. The cell is a stainless-

steel chamber containing a partial pressure of sodium

vapor at 350 K, with a background base pressure main-

tained below 10�9 torr. The magnetic �eld coils are

located externally to the chamber and produce an axial

�eld gradient of about 20 Gauss/cm.

Light from a dye laser (laser I) passes through an

electro-optic modulator, introducing red and blue side-

bands, which are separated from the carrier by 1712

MHz; the blue one works as a repumper (Fig. 2).

After the modulator the beam is divided into three

beams of equal intensity along the orthogonal trap-

ping axes. Laser I is locked in an atomic transi-

tion using a saturation absorption cell, in such way

that the carrier frequency is close to the 3S1=2(F=2)

=) 3P3=2(F'=3) and the blue sideband near the

3S1=2(F=1) =) 3P3=2(F'=2). A second dye laser

(laser II) is used as an independent \catalysis laser",

which can be varied in the intensity range of 50-810

mW/cm2 and tuned in the frequency range of -1000

MHz < � < -50 MHz from the two possible transitions:

3S1=2(F=2) =) 3P3=2(F'=3) (D2 line) and 3S1=2(F=2)

=) 3P1=2(F'=1) (D1 line).

We determine the number of atoms by imaging the

uorescent volume onto a calibrated photomultiplier
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tube (PMT). The collisional reduction of N caused by

the catalysis laser is on the order of 10%. We have

performed tests, similar to ref. [13], to ensure that the

catalysis is acting only on the collisions and not on the

trap performance. These tests were carried out to guar-

antee that: (i) there is not any optical pumping dur-

ing the presence of the catalysis laser; (ii) the catalysis

laser do not a�ect the loading rate L; (iii) and it does

not provide a force on the atomic cloud. This proce-

dure restricted us in the region of �c < �50 MHz and

�c < �100 MHz for D1 and D2 lines respectively. We

also veri�ed that �c presents a linear dependence with

intensity.

Figure 2. Diagram of the experimental setup. Dye laser I is
used for trapping and laser II is the catalysis laser.

Results and discussion

In Fig. 3 we show the frequency spectra for both

lines (D1 and D2). As we can observe, the spectra do

not depend strongly on the hyper�ne splitting of the

excited state. It is also shown the predicted spectrum,

obtained from equations (5) and (6) for D2 and D1 line

respectively, using ��D2 = 300 MHz and ��D1= 210

MHz.

Figure 3. Frequency dependence of trap loss processes
obtained by the catalysis laser technique. (a) Catalysis
laser is operating close to the 3S1=2(F=2) =) 3P1=2(F'=1)
transition (D1 line); (b) and close to the 3S1=2(F=2) =)
3P3=2(F'=3) transition (D2 line). The solid lines are the �t-
tings using equations (5) and (6) and the parameters ��D2=
300 MHz and ��D1= 210 MHz.

Three comments should be made concerning the in-

terpretation of Fig. 3. First, this weak dependency

with the hyper�ne splitting of the excited state was

expected, because for sodium �� (240 MHz) is larger

than the excited state splitting. In Rb and Cs we have

the opposite situation. Second, the di�erence between

��D2 and ��D1 is an evidence of the inuence of the

hyper�ne structure of the excited state. In the D2 line

there are more potential curves involved during the col-

lision than the D1 line, and each curve has a di�erent

C3. Therefore there are several �� (�� / C
2=5
3 ), which

contribute for an \e�ective ��". Third, we should ad-

dress the issue of the maximum. For the sodium case,

the maximum would be in the range of j�� j < 100

MHz. However with the present technique we can not

access this region because it disturbs the trap perfor-

mance. A possible way to reach this region is to carry
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out the experiment in a cold dense atomic beam.

One more experiment performed was to measure

the absolute value of the rate coe��cient for the catal-

ysis laser, detuned -300 MHz from the transitions

3S1=2(F=2) =) 3P3=2(F'=3) (D2 line) and 3S1=2(F=2)

=) 3P1=2(F'=1) at the intensity of 800 mW/cm2.

We measured �c = (1:0 � 0:2)10�11 cm3/s and �c =

(0:8 + 0:2)10�11 cm3/s for D2 line and D1 line respec-

tively. In the D1 line there is only radiative escape,

therefore from these results we can say that �ne struc-

ture chance contribution of the total loss process for

sodium is in the range of 0-50%.

This is only an estimatlon, for more reliable results

it is necessary to measure the population in P1=2 di-

rectly, for example by photoionization. Such experi-

ments are being prepared. However this result indicates

that theory has to be reviewed to take into account ra-

diative escape as an important loss process for sodium.

Conclusions

We have carried out the �rst optical catalysis exper-

iment in sodium atoms close to D1 and D2 line. The

results show a weak dependence of the frequency spec-

trum with the hyper�ne excited state splitting. The

overall shape of the spectrum agrees well with the semi-

classical G-P model. And for the �rst time, experimen-

tal results indicate that �ne structure change is not the

dominant process for trap loss in sodium.
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