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Time-resolved study of energy-transfer collisions in a sample of cold rubidium atoms
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In this work we probe the time dynamics of a collisional process involving energy transfer in a sample of
cold Rydberg atoms produced in a rubidium magneto-optical trap. The 31S1/2 population, produced by colli-
sions between the 29P3/2 and 29P1/2,3/2 states, is monitored as a function of time through the pulsed-field
ionization technique. The experimental results were compared with a dynamic model based on a two-body
interaction using a 1/R5 potential. The model can reproduce well the time evolution of this collisional process.
We are also able to explain the large electric-field range over which inelastic collisions are possible based on
the existence of thresholds where collisional channels open and close.
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Collisions of Rydberg atoms have been studied in de
both theoretically and experimentally in recent decades@1#.
Their large size and low binding energies make Rydberg
oms irresistible for collisional experiments. Interactions
volving Rydberg atoms can be divided into two categor
@1#: ~i! short-range-interaction collisions, which involve
Rydberg atom and some neutral partner~either another atom
or a molecule!; ~ii ! long-range-interaction collisions, whic
may involve a Rydberg atom and either a charged particl
another Rydberg atom, both processes having large c
sional cross section. One well-known process involving t
Rydberg atoms is called energy-transfer collision, which
the unique characteristic that its cross section can be tu
by a static electric field using the Stark effect. This can
either enhanced or suppressed by tuning the static ele
field.

This collisional process has been studied for several a
lis, using thermal atoms deriving from an atomic beam@2#.
This thermal source, however, has some intrinsic limitatio
~i! The velocity distribution of the atomic beam is very larg
therefore, many velocity classes contribute to the collisio
rate. ~ii ! Due to the large velocities, it is very difficult to
observe the time evolution of the process. With the adven
the magneto-optical trap~MOT!, cold samples of atoms
which are naturally Doppler-free, can now be produced v
easily@3#. Several groups have recently succeeded in prod
ing cold samples of Rydberg atoms in a MOT and in obse
ing collisional processes@4–6#. This achievement ha
opened up an entirely new field, allowing several differe
experiments to be carried out, e.g., collisions@4,5,7#, high-
resolution microwave spectroscopy@8#, lifetime measure-
ments @9#, and cold plasma@10#. This paper reports, on
time-resolved experiment of energy-transfer collisions us
cold Rydberg atoms in a MOT. The experimental results
compared with a model that takes into account the dynam
of the collisional process under the influence of a 1/R5 po-
tential and radiative decay. This model is able to reprod
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well our experimental data and may provide an alternat
explanation for the broad energy width observed in our
periment and in Refs.@4,5#, without invoking many-body
effects. In fact, our model, suggests that the large ene
width observed by us is coming from the fact that the co
sion is only energetically possible within some static electr
field range. The following collisional process was studied
our experiment:

Rb~29P3/2!1Rb~29PJ!→Rb~29S1/2!1Rb~31S1/2!, ~1!

where J can be either 1/2 or 3/2. In Fig. 1, we show th
energy difference between the entrance and exit collisio
channels as a function of the applied static electric field. T
collision is energetically accessible forJ51/2 between
890 V/cm and 903 V/cm~full line! and forJ53/2 between
857 V/cm and 915 V/cm~dashed line!. The binding energy
of the 29P3/2 state as a function of the static electric field
also shown in Fig. 1~dotted line!. We should point out that
the binding-energy curve for the 29P1/2 state is parallel to the

a.

a.

FIG. 1. Energy difference (DE) between the Rb 29P1/2

1Rb 29PJ and Rb 29S1/21Rb 31S1/2 atomic levels as a function o
the electric field. The collision is energetically accessible forJ
51/2 between 890 V/cm and 903 V/cm~full line! and for J
53/2 between 855 V/cm and 913 V/cm~dashed line!. The bind-
ing energy of the 29P3/2 state as a function of the static electric fie
is also shown~dotted line!. The arrows indicate where the process
are energetically accessible.
©2002 The American Physical Society05-1
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29P3/2 state. This curve is important for the understanding
the electric-field dependence of the studied collisional p
cess because for a given laser frequency, which excites
Rydberg state, the pulsed laser detuning will vary as the e
tric field is scanned. This variable detuning will change t
atomic population in the 29P Rydberg state. We should poin
out that collisions involving two atoms in the 29P1/2 state is
only allowed in an electric field of about 600 V/cm, and
will not be considered here. All the curves were obtain
using Ref.@11#. The long-range interaction between the tw
29P Rydberg atoms is given by a potentialV5C5 /R5,
whereC5 is a constant coefficient andR is the atomic inter-
nuclear distance. This potential may by calculated using
turbation theory. The perturbation term in the electro
Hamiltonian of two interacting atoms is given by the Co
lomb interaction between the charge distributions of the
oms. Then theC5 /R5 term is obtained from the first-orde
correction perturbation theory@12#.

Our MOT operates in a closed stainless steel vapor c
The Rb vapor from a reservoir maintained at220 °C effuses
through a valve into the main chamber kept at a backgro
pressure of 10210 Torr. Three mutually orthogonal, retrore
flected laser beams from an injection locked diode la
tuned to 5 MHz to the red of the atomic 5S1/2(F53)
→5P3/2(F854) transition, intersect at the center of th
quadrapole magnetic field generated by a pair of a
Helmholtz coils. The magnetic field coils are located outs
the chamber and produce an axial-field gradient of abou
Gauss/cm near the center. A diode laser tuned to
5S1/2(F52)→5P3/2(F853) transition works as a repumpe
The total trap intensity is about 50 mW/cm2. This configu-
ration of static magnetic field and light field, with approp
ate laser polarization, creates an environment that traps
cools atoms to about 100mK. The number of trapped atom
is measured by imaging their fluorescence onto a calibra
photomultiplier tube~PMT! and the volume of the cloud ca
be derived from pictures taken with a camera charge-cou
device. These two values are used to calculate the ato
density. Under our conditions, the total number of atoms w
NRb;53107 and the density was about 231010 atoms/cm3.
We excite the Rb atoms from the 5P3/2 state to the 29P state
using a homemade pulsed dye laser~1 mJ/pulse, 4 ns, rep
etition rate 20 Hz,l;480 nm) pumped by the third har
monic of a Nd:YAG laser. The dye laser has a linewidth
about 0.8 cm21, which was measured using a fixed Fabr
Perot etalon@13#. Both fine-structure levels are populated
the pulsed laser~the energy splitting between the levels
0.156 cm21). The population ratio between theP levels was
estimated to be aboutP1/2/P3/2>0.5 by comparing the ion
signal obtained for the process Rb(29P3/2)1Rb(29P3/2) ~at
885 V/cm! with the process Rb 29P1/21Rb 29P1/2 ~at 600
V/cm!. Note that this ratio depends on the population dis
bution in the hyperfine levels of the 5P3/2 state. The cold
cloud of atoms is formed between two metal grids, separa
from each other by 3.2 cm. To one of these grids we app
1 ms rise-time high-voltage pulse in order to ionize the R
dberg atoms. The amplitude of the pulsed field is 430 V/c
which allows by itself the ionization from the 31S1/2 state
only. To the other grid a static voltage is applied during t
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whole experiment. These voltages were applied with op
site signs to the two grids so that the electric fields add,
it can be varied from 840 V/cm to 940 V/cm. The ions a
detected by a channeltron particle multiplier placed beh
this second grid and selected by a gated counter. By vary
the delay between the optical excitation and the high-volt
pulse allows one to observe the time evolution of the 31S1/2
state population.

In Fig. 2~a! we show the 31S1/2 state population as a func
tion of the static electric field, for a delay time of 2ms and
the pulsed laser frequency kept fixed at2164.5 cm21, be-
low the Rb ionization limit. From Fig. 1, we conclude th
the 31S1/2 population may be originated from collisions in
volving both the energetically accessible channels (J51/2
and J53/2). The shape of this ion signal is determined
the region where the collision process is allowed (DE.0),
by the population ratio betweenJ51/2 andJ53/2, by the
pulsed laser frequency, and by its linewidth. We should po
out that modeling of such line shape would be very intere
ing. However, this is very difficult to implement due to i
dependence on several parameters. This modeling woul
much easier to be implemented in collisions taking place
lower static electric fields, where the atomic population
the entrance collisional channel does not vary as a func
of the dc field. One may notice that there is a discrepa
between the data of Fig. 2~a! and the calculation shown in
Fig. 1. The entire ion signal is about 10 V/cm higher
electric field for the data than the region in Fig. 1 where t
29P3/2129P3/2 collision channel is above threshold. Th

FIG. 2. ~a! Population of the 31S1/2 level produced by collisions
between Rb 29P1/21Rb 29PJ as a function of the static electri
field ~delay time of 2 ms); the pulsed laser frequency was set
2164.5 cm21 below the Rb ionization limit;~b! schematic attrac-
tive potential curves for the Rb 29P1/21Rb 29PJ→Rb 29S1/2

1Rb 31S1/2 collision. The position of the crossing is not known du
to the lack of information on the potentials for Rydberg atoms.
5-2
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fact may be due to the accuracy of our high-voltage pow
supply, which was about 2%, responsible for the static e
tric field. We have carried out the experiment for differe
values of static electric field~whereDE.0), and all of them
presented the same time evolution. We also checked f
density dependence and observed that the amplitude o
signal is proportional ton2, but its time behavior does no
depend on the atomic density~the Rydberg atomic densit
varied from 107 to 109 atoms/cm3).

To explain the above results, the semiclassical model p
posed by Gallagher and Pritchard@14# was adapted to the
present case. In this adapted model, there are two attra
potential curves, one that connects adiabatically to
29P3/2129PJ state and another that connects to the 29S1/2
131S1/2 state. The latter presents lower energy than
former, as schematically shown in Fig. 2~b!. We consider that
these curves cross each other at a very short range. The
sition of the crossing is not known due to the lack of know
edge about the potentials for Rydberg atoms. We also ass
that at t50 the laser pulse excites the atoms to the 29P3/2
129PJ Rydberg potential for all possible internuclear sep
rations ~from R50 to R→`). Once they are under the in
fluence of this potential, the colliding atoms will accelera
towards each other until they reach a short internuclear s
ration. In this region, the atomic pair may change potent
completing the collision process in the 29S1/2131S1/2 state,
when the 31S1/2 population is detected. To calculate the tim
evolution of the 31S1/2 state population, one has to know th
29P3/2129PJ potential curve. However, this information
not available in the literature; thus, we will assume a 1/R5

potential for our model as explained before. The long-ran
potential for the 29S1/2131S1/2 state can be expressed
1/R6, but we will consider it flat in this model.

The first step in the model is to calculate the density
colliding pairs (DN) present at an internuclear separati
betweenR0 andR01dR0. This can be expressed in terms
R0 as

DN5
4p

2
n2R0

2dR0 , ~2!

where n is the Rydberg atomic density. These pairs m
reach short-range separation, where the potential cha
takes place, betweent and t1dt. If one considers a pure
2C5 /R5 potential, one can calculate this time~t! necessary
for a pair to go fromR5R0 to R50 with an initial velocity
equal to zero, which is given by

t5
B~1/2,7/10!

5 S mR0
7

2C5
D 1/2

, ~3!

where m is the reduced mass andB is the beta function.
Therefore, Eq.~2! can be rewritten as

DN5
4p

7
n2S 2C5

m D 3/7S 5

B~1/2,7/10! D
6/7

t21/7dt. ~4!

Next one takes into account the probability of the coll
ing pair to survive spontaneous decay and to reach the s
02340
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range. At short range, the pair has a probabilityq to change
the potential curve. Therefore, the probability (Pr) that a pair
will survive spontaneous decay and change its potentia
given by

Pr5e22t/tq, ~5!

wheret is the lifetime of the initial state (29P), while the
factor of 2 accounts for the fact that either of the two ato
may decay. This probability (Pr) accounts only for half a
vibrational cycle in this potential. To account for several v
brations of the pair in the potential before the pair decays
changes potential, one has to rewrite Eq.~5! as @14#

Pr5qe22t/t1qe22t/te24t/t~12q!1qe22t/te24t/t

3~12q!e24t/t~12q!1•••, ~6!

Pr5
e22t/tq

12~12q!e24t/t
. ~7!

We should point out that the multiple oscillations may n
be completely correct for this situation. The exciting las
has a much larger linewidth than both the kinetic energy
the atoms and the detuning from the Rydberg state. In
situation there is no frequency selectivity that requires
atoms to be bound. Therefore, some fraction of the ato
should not undergo multiple oscillations but rather just
single pass through the excited attractive potential. Howe
if we consider only the first oscillation we do not observe
considerable change in the final result. Nevertheless, this
mains to be investigated in a future experiment.

Finally, to account for the atomic pairs that change pot
tial for t,t1, one must integrate over time fromt50 to t
5t1. To account for the fraction of the population th
changed potential at timet and survived spontaneous dec
in the 31S1/2 state untilt5t1 we add the terme2(t12t)/t8.
Therefore, the total number of pairs in the 29S1/2131S1/2
potential is given by

N~t1!5
4p

7
n2S 2C5

m D 3/7S 5

B~1/2,7/10! D
6/7

3E
0

t1
t21/7

e22t/tq

12~12q!e24t/t
exp@2~t12t !/t8#dt,

~8!

where t8 is the lifetime of the 31S1/2 state. Equation~8!
allows one to predict the behavior of the atomic populat
as a function of time. For short times, the number of pa
that reach short internuclear separation is small; hence,
population in the 31S1/2 state is also small. In time, the pair
at longer internuclear separations reach the short range
change their potential, and the population in 31S1/2 state in-
creases. For longer times, spontaneous decay is respon
for the decrease in the population of the 29P and 31S states.
Figure 3 shows the theoretical curve~solid line! predicted by
Eq. ~8! together with the experimental results. For this cur
theoretical values were used for the 29P and 31S lifetimes
5-3
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(t29P544 ms andt31S524 ms) @1#. The lifetimes of the
29P and 31S states were also measured, using the c
sample; the results agree well with the theoretical values
will be published elsewhere. The theoretical prediction p
sents a peak att529 ms and the experiment, att533 ms
~Fig. 3!. The ratio signal to noise around the peak is low
draw precise conclusions about such deviation, however
believe that this small difference may be an evidence that
potential presents repulsive terms of higher order. In s
potential, the atomic pair would be under a weaker accel
tion than in the 1/R5 potential, therefore, the atomic pai
would need more time to reach the short range and the c
peak would move to longer times. The higher-order repuls
terms may come from the interaction between the attrac
and repulsive potential curves of the different collision
channels (29P3/2129P3/2, 29P1/2129P3/2, and 29P1/2
129P1/2), which was not considered here. The only fr
parameter in the model presented here is the probabilityq of
changing potential; in the case of Fig. 3, the best fit w
obtained usingq50.5. This parameter may be calculated u
ing the Landau-Zener model@15#. To calculateq one has to

FIG. 3. Comparison between the experimental result (j) and
the model prediction~full line! for the time evolution of the 31S1/2

population.
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know precisely the potentials at short range in order to c
culate the coupling between the molecular potentials (V),
the atomic velocity at the crossing (v), and the slope of the
difference between the potentials (dV/dR). However, this
information is not available in the literature. Neverthele
the fitted value forq is consistent with this model, which
predicts 0<q<0.5.

It is important to point out that we are comparing expe
mental results, which may involve collisions with bothJ8s,
with a model that just considers one channel. To evaluate
effect in the experimental results, we have carried out
same experiment for different population distributions in t
29P states. For an electric field of 897 V/cm, we have n
observed any appreciable variation in the time evolution
the 31S1/2 state population as a function of the populati
distribution. Therefore, our results indicate that this collisi
process may be insensitive to fine-structure levels. Howe
more experiments are underway to verify this.

In summary, we measured the time evolution of t
energy-transfer collision involving cold Rydberg atoms in
sample of trapped85Rb atoms. The experimental resul
were compared with a dynamic model, based on a two-b
interaction, and a good agreement was observed. The m
can reproduce the time evolution of the collisional proce
We were also able to explain the large energy width obser
in our experiment as coming from the fact that the collisi
29P3/2129Pj is only energetically possible within som
static electric-field range. Basically, we had shown that th
are thresholds where collisional channels open and cl
New experiments involving resonances at lower fields
study such collisions, varying the principal quantum numb
are currently being carried out.
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