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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. TBg,3lopulation, produced by colli-
sions between the 23, and 2%, 5, 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 B® 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 depttwell our experimental data and may provide an alternative
both theoretically and experimentally in recent decddds explanation for the broad energy width observed in our ex-
Their large size and low binding energies make Rydberg atperiment and in Refs[4,5], without invoking many-body
oms irresistible for collisional experiments. Interactions in-€ffects. In fact, our model, suggests that the large energy
volving Rydberg atoms can be divided into two categorieswidth observed by us is coming from the fact that the colli-
[1]: (i) short-range-interaction collisions, which involve a sion is only energetically possible within some static electric-
Rydberg atom and some neutral parttether another atom field range. The following collisional process was studied in
or a moleculg (ii) long-range-interaction collisions, which our experiment:
may involve a Rydberg atom and either a charged particle or
another Rydberg atom, both processes having large colli- RP(29P3p) +RO(29P;) —Rb(29S,5) + RB(31S,5), (1)
sional cross section. One well-known process involving two

Rydberg atoms is called energy-transfer collision, which had/nereJ (;fafm be either 1/2 orr1 3/2. In Fig. 1, We.ShOI‘;\.’ the |
the unique characteristic that its cross section can be tundg'¢'9% difference between the entrance and exit coliisiona

by a static electric field using the Stark effect. This can bechannels as a function of the applied static electric field. The
either enhanced or suppressed by tuning the static electrg@!lision is energetically accessible faf=1/2 between
field. 890 V/cm and 903 V/cntfull line) and forJ=3/2 between

This collisional process has been studied for several alke>/ V/cm and 915 V/cntdashed ling The binding energy
lis, using thermal atoms deriving from an atomic befh of the 2%,, state as a function of the static electric field is

This thermal source, however, has some intrinsic limitations@/S0 Shown in Fig. Xdotted ling. We should point out that
(i) The velocity distribution of the atomic beam is very large; the binding-energy curve for the B9, state is parallel to the
therefore, many velocity classes contribute to the collisional
rate. (i) Due to the large velocities, it is very difficult to
observe the time evolution of the process. With the advent of
the magneto-optical tragMOT), cold samples of atoms,
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which are naturally Doppler-free, can now be produced very gl
easily[3]. Several groups have recently succeeded in produc. ~ %° E
ing cold samples of Rydberg atoms in a MOT and in observ-g L 164
ing collisional processe§4—6]. This achievement has & 021 3
opened up an entirely new field, allowing several different 4 &
experiments to be carried out, e.g., collisidgAs5,7], high- 044 --165 'g
resolution microwave spectroscopg], lifetime measure- 1 N
ments[9], and cold plasmd10]. This paper reports, on a 0.6
time-resolved experiment of energy-transfer collisions using ——— 7T -166
cold Rydberg atoms in a MOT. The experimental results are 840 860 880 200 920 940
Electric Field (V/cm)

compared with a model that takes into account the dynamics
of the collisiongl process unde_r the inflgence of R*1po- FIG. 1. Energy difference AE) between the Rb 23,
tential and radiative decay. This model is able to reproduce, gy, 2P, and Rb 28,,+ Rb 31S,, atomic levels as a function of
the electric field. The collision is energetically accessible Jor
=1/2 between 890 V/cm and 903 V/citfull line) and for J
*Permanent address: Instituto de’@ioa de Sa Carlos, Univer-  =3/2 between 855 V/cm and 913 Vic(dashed ling The bind-
sidade de SaPaulo and Universidade do Estado de Santa Catarindng energy of the 2B, state as a function of the static electric field
"Permanent address: Departamento dsick| Universidade Fed- is also showr{dotted ling. The arrows indicate where the processes
eral de Sa Carlos and Universidade do Estado de Santa Catarinaare energetically accessible.
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29P4, state. This curve is important for the understanding of
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the electric-field dependence of the studied collisional pro- g 101 (a) .

cess because for a given laser frequency, which excites the £ 084 - ."-'l\.

Rydberg state, the pulsed laser detuning will vary as the elec- A L] Y

tric field is scanned. This variable detuning will change the g 061 4 L

atomic population in the 29 Rydberg state. We should point E 0.4_' ~

out that collisions involving two atoms in the B9, state is g . "

only allowed in an electric field of about 600 V/cm, and it g 021 o~ l|'-nl'.,|I
will not be considered here. All the curves were obtained "’S 0_0.'#-'" 4
using Ref[11]. The long-range interaction between the two “ 860 870 880 890 900 910 920 930
29P Rydberg atoms is given by a potenti®l=Cs/R®, « Electric Field (V/cm)
whereCg is a constant coefficient aridis the atomic inter-

nuclear distance. This potential may by calculated using per- (b)

turbation theory. The perturbation term in the electronic
Hamiltonian of two interacting atoms is given by the Cou-
lomb interaction between the charge distributions of the at-
oms. Then theCs/R® term is obtained from the first-order
correction perturbation theoify.2].

VR)

-—29P_+29P,

——- 295,318, |

AE

Our MOT operates in a closed stainless steel vapor cell.
The Rb vapor from a reservoir maintained-a20 °C effuses
through a valve into the main chamber kept at a background
pressure of 10'° Torr. Three mutually orthogonal, retrore-
flected laser beams from an injection locked diode laser F|G. 2. (a) Population of the 3%;,, level produced by collisions
tuned to 5 MHz to the red of the atomicSg(F=3)  between Rb2B,,+Rb2%; as a function of the static electric
—5P3,(F'=4) transition, intersect at the center of the field (delay time of 2 us); the pulsed laser frequency was set at
guadrapole magnetic field generated by a pair of anti—164.5 cm?® below the Rb ionization limit(b) schematic attrac-
Helmholtz coils. The magnetic field coils are located outsiddive potential curves for the RbP29,+Rb2%;—Rb2%,,
the chamber and produce an axial-field gradient of about 16-Rb 31S;;; collision. The position of the crossing is not known due
Gauss/cm near the center. A diode laser tuned to thto the lack of information on the potentials for Rydberg atoms.
5S,)(F=2)—5P;,(F’=3) transition works as a repumper.

The total trap intensity is about 50 mW/énThis configu- whole experiment. These voltages were applied with oppo-
ration of static magnetic field and light field, with appropri- site signs to the two grids so that the electric fields add, and
ate laser polarization, creates an environment that traps ardcan be varied from 840 V/cm to 940 V/cm. The ions are
cools atoms to about 10@K. The number of trapped atoms detected by a channeltron particle multiplier placed behind
is measured by imaging their fluorescence onto a calibratethis second grid and selected by a gated counter. By varying
photomultiplier tubg PMT) and the volume of the cloud can the delay between the optical excitation and the high-voltage
be derived from pictures taken with a camera charge-couplegulse allows one to observe the time evolution of th&,31
device. These two values are used to calculate the atomgtate population.

density. Under our conditions, the total number of atoms was In Fig. 2@ we show the 3%, state population as a func-
Ngy~5X 10" and the density was about2L0'® atoms/cmi.  tion of the static electric field, for a delay time of Zs and

We excite the Rb atoms from thePg,, state to the 2B state  the pulsed laser frequency kept fixed-al64.5 cm?, be-
using a homemade pulsed dye lagemJ/pulse, 4 ns, rep- low the Rb ionization limit. From Fig. 1, we conclude that
etition rate 20 HzA~480 nm) pumped by the third har- the 31S,,, population may be originated from collisions in-
monic of a Nd:YAG laser. The dye laser has a linewidth ofvolving both the energetically accessible channdls /2
about 0.8 cm?, which was measured using a fixed Fabry-andJ=3/2). The shape of this ion signal is determined by
Perot etalorf13]. Both fine-structure levels are populated by the region where the collision process is allowédEc0),

the pulsed lasefthe energy splitting between the levels is by the population ratio betweeh=1/2 andJ=23/2, by the
0.156 cmt). The population ratio between tiRdevels was  pulsed laser frequency, and by its linewidth. We should point
estimated to be abowR,,,/P3,=0.5 by comparing the ion out that modeling of such line shape would be very interest-
signal obtained for the process Rb2%) + Rb(2%P3,) (at  ing. However, this is very difficult to implement due to its
885 V/cm with the process Rb 2, ,+Rb2%,,, (at 600 dependence on several parameters. This modeling would be
V/cm). Note that this ratio depends on the population distri-much easier to be implemented in collisions taking place at
bution in the hyperfine levels of thePs,, state. The cold lower static electric fields, where the atomic population of
cloud of atoms is formed between two metal grids, separatethe entrance collisional channel does not vary as a function
from each other by 3.2 cm. To one of these grids we apply &f the dc field. One may notice that there is a discrepancy
1 us rise-time high-voltage pulse in order to ionize the Ry-between the data of Fig.(& and the calculation shown in
dberg atoms. The amplitude of the pulsed field is 430 V/cmFig. 1. The entire ion signal is about 10 V/cm higher in
which allows by itself the ionization from the 8}, state electric field for the data than the region in Fig. 1 where the
only. To the other grid a static voltage is applied during the29P5,,+29P5;, collision channel is above threshold. This
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fact may be due to the accuracy of our high-voltage powerange. At short range, the pair has a probabiijtio change
supply, which was about 2%, responsible for the static electhe potential curve. Therefore, the probabiligy, | that a pair

tric field. We have carried out the experiment for differentwill survive spontaneous decay and change its potential is
values of static electric fieldvhereAE>0), and all of them given by

presented the same time evolution. We also checked for a ot

density dependence and observed that the amplitude of the P=e a, ®
signal is proportional t;?, but its time behavior does not

depend on the atomic densighe Rydberg atomic density factor of 2 accounts for the fact that either of the two atoms

varied from 10 to 10 atoms/cr). ; "
To explain the above results, the semiclassical model pro':nay decay. This probabilityR;) accounts only for half a

posed by Gallagher and Pritchaft4] was adapted to the vibrational cycle in this potential. To account for several vi-
present case. In this adapted model, there are two attracti
potential curves, one that connects adiabatically to th

where 7 is the lifetime of the initial state (29), while the

Vbrations of the pair in the potential before the pair decays or
ec(:ﬁanges potential, one has to rewrite Eg).as[14]

29P3,+ 29P; state and another that connects to thé&;29 P,=qe 7+ qe e 71— q)+qe e 4"
+31S,,, state. The latter presents lower energy than the

former, as schematically shown in Figh2. We consider that X(1-q)e 7 (1-q)+---, (6)
these curves cross each other at a very short range. The po-

sition of the crossing is not known due to the lack of knowl- e 2q

edge about the potentials for Rydberg atoms. We also assume Py :m- (7)

that att=0 the laser pulse excites the atoms to th®29
+29P; Rydberg potential for all possible internuclear sepa- e should point out that the multiple oscillations may not
rations (from R=0 to R—). Once they are under the in- he completely correct for this situation. The exciting laser
fluence of this potential, the colliding atoms will acceleratepas a much larger linewidth than both the kinetic energy of
towards each other until they reach a short internuclear sepgie atoms and the detuning from the Rydberg state. In this
ration. In this region, the atomic pair may change potentialgitation there is no frequency selectivity that requires the
completing the collision process in the 2%+ 31S,; state,  atoms to be bound. Therefore, some fraction of the atoms
when the 38,/, population is detected. To calculate the time shoyld not undergo multiple oscillations but rather just a
evolution of the 38, , state population, one has to know the single pass through the excited attractive potential. However,
29P3,+ 29P; potential curve. However, this information is jf we consider only the first oscillation we do not observe a
not available in the literature; thus, we will assume B°L/  considerable change in the final result. Nevertheless, this re-
potential for our model as explained before. The long-rang¢nains to be investigated in a future experiment.
potential for the 28,,+31S,,, state can be expressed as  Finally, to account for the atomic pairs that change poten-
1/R®, but we will consider it flat in this model. tial for t<7;, one must integrate over time frot=0 tot

The first step in the model is to calculate the density of— .. To account for the fraction of the population that

colliding pairs AN) present at an internuclear separationchanged potential at timeand survived spontaneous decay
betweerR, andR,+dR,. This can be expressed in terms of ;4 315,, state untilt=r, we add the terme~(71=9/7",

Ro as Therefore, the total number of pairs in the29+31S,,,
potential is given by

At 2(&)3/7( 5 )6/7

N(r)=—=n B(1/2,7/10

_477

AN 5

n?R3dRy, 2)

where n is the Rydberg atomic density. These pairs may
—2t/7

reach short-range separation, where the potential change " e q
takes place, betweenandt+dt. If one considers a pure xf -7 —exd —(r—t)/7']dt,
— C5/R® potential, one can calculate this tin@ necessary 0 1-(1-q)e

for a pair to go fromR=R, to R=0 with an initial velocity (8)
equal to zero, which is given by
where 7' is the lifetime of the 3%,,, state. Equation8)
allows one to predict the behavior of the atomic population
' 3 as a function of time. For short times, the number of pairs
that reach short internuclear separation is small; hence, the
where u is the reduced mass arflis the beta function. population in the 3%, state is also small. In time, the pairs

7
KRo

2Cs

1/2

B(1/2,7/10
s

Therefore, Eq(2) can be rewritten as at longer internuclear separations reach the short range and
change their potential, and the population irS31 state in-

_Am ,[2Cs 8 5 e iy creases. For longer times, spontaneous decay is responsible
AN= N o B(1/2,7/10 t e @ for the decrease in the population of theP28nd 31 states.

Figure 3 shows the theoretical curiaolid line) predicted by
Next one takes into account the probability of the collid- Eq. (8) together with the experimental results. For this curve,
ing pair to survive spontaneous decay and to reach the shatteoretical values were used for theP2@nd 35 lifetimes
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FIG. 3. Comparison between the experimental resllj @nd
the model predictiortfull line) for the time evolution of the 33,
population.

(7o0p=44 us and r3;5=24 ws) [1]. The lifetimes of the

29P and 35 states were also measured, using the col
sample; the results agree well with the theoretical values an
will be published elsewhere. The theoretical prediction pre-

sents a peak at=29 us and the experiment, &a&=33 us

Fig. 3. The ratio signal to noise around the peak is low to ) . X s
(Fig. 3 9 P W%9P3,2+29Pj is only energetically possible within some
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know precisely the potentials at short range in order to cal-
culate the coupling between the molecular potenti&lg, (
the atomic velocity at the crossing), and the slope of the
difference between the potentiald\(/dR). However, this
information is not available in the literature. Nevertheless,
the fitted value forg is consistent with this model, which
predicts G=q=<0.5.

It is important to point out that we are comparing experi-
mental results, which may involve collisions with baihs,
with a model that just considers one channel. To evaluate this
effect in the experimental results, we have carried out the
same experiment for different population distributions in the
29P states. For an electric field of 897 V/cm, we have not
observed any appreciable variation in the time evolution of
the 31S,,, state population as a function of the population
distribution. Therefore, our results indicate that this collision
process may be insensitive to fine-structure levels. However,
more experiments are underway to verify this.

In summary, we measured the time evolution of the
energy-transfer collision involving cold Rydberg atoms in a
sample of trapped®Rb atoms. The experimental results
gvere compared with a dynamic model, based on a two-body
@teraction, and a good agreement was observed. The model
can reproduce the time evolution of the collisional process.
We were also able to explain the large energy width observed
in our experiment as coming from the fact that the collision

draw precise conclusions about such deviation, however, ; J o2 :
believe that this small difference may be an evidence that thatatic electric-field range. Basically, we had shown that there

potential presents repulsive terms of higher order. In sucli"® thresho_lds wh(_ere co_II|S|onaI channels open a’?d close.
potential, the atomic pair would be under a weaker accelerd €W experiments |nvoIV|r_lg resonances at lower fields to
tion than in the 1IR® potential, therefore, the atomic pairs Study such coII|§|ons, varying the principal quantum number,
would need more time to reach the short range and the cun/J€ currently being carried out.

peak would move to longer times. The higher-order repulsive This work received financial support from FAPEGRIn-
terms may come from the interaction between the attractivelaggo de Amparo aPesquisa do Estado deé &S#aulo,

and repulsive potential curves of the different collisional PRONEX (Programa de Neleos de Excélecia em (tica
channels (2P3,+29P3,, 29Py,+29P5,, and 2%,, Basica e Aplicads and FINEP(Financiadora de Estudos e
+29P,»), which was not considered here. The only freeProjeto$. The authors thank L. Misoguti and J. Weiner for
parameter in the model presented here is the probabilify  technical help, and R. Napolitano for critical reading. We
changing potential; in the case of Fig. 3, the best fit wasalso thank D. Kleppner for the software to calculate the Stark
obtained usingj=0.5. This parameter may be calculated us-effect. This work was carried out at the Center for Research

ing the Landau-Zener modgl5]. To calculateq one has to
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