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Experimental study of cesium
5D + 5D → 6S + (nL = 9D ,11S ,7F ) energy pooling collisions
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We report experimentally the measured rate coefficients for the energy pooling (EP) collisions process
Cs(5D)+Cs(5D) → Cs(6S)+Cs(nL = 9D, 11S, 7F ) in cesium densities of 1016−1017 cm−3 . The 5D state
was populated via 8S → 7P → 5D spontaneous emission following two-step pumping 6S → 6P3/2 → 8S.
Since the 5D → 6P (3.0—3.6 µm) fluorescence could not be detected in this experiment, we carried
out a relative measurement for the process 6P + 5D → 6S + 7D. The excited-atom density and spatial
distribution were mapped by monitoring the absorption of a counterpropagating single-mode laser beam,
tuned to 6P3/2 → 9S1/2 transition, which could be translated parallelly to the pump beam. The excited
atom densities have been combined with the measured fluorescence ratios to yield EP rate coefficients.
The average values for nL = 9D, 11S and 7F are 8.0 ± 4.0, 7.0 ± 3.5, and 9.3 ± 4.6 (in units of 10−10

cm3/s), respectively. Influence of the energy transfer process 11S + 6S ↔ 7F + 6S on the rate coefficients
k11S and k7F is also discussed.

OCIS codes: 020.0020, 020.2070.

Energy pooling (EP) collision is a process where two
excited atoms collide and produce one highly excited
atom and one ground-state atom[1]. Typically optical
excitation is used to prepare the colliding partners in
the excited state, and the highly excited atoms, popu-
lated by the EP collisions, are detected through their
fluorescence. The process has been extensively studied
in alkali-metal vapors for both homonuclear[2,3] and het-
eronuclear systems[4], as well as in other metal vapors[5].
Measurements of EP rate coefficients at thermal energies
provide information on atom-atom interactions at large
interatomic distances, which are of particular interest in
the new field of ultracold atom collisions. While the ma-
jority of previous alkali-metal work has concentrated on
the EP collisions between two alkali atoms excited to
the first resonance level[3,6] , there has been little work
on the EP collisions between two highly excited atoms.
Here we report experimental rate coefficients for the EP
collisions:

Cs(5D) + Cs(5D) knL−→ Cs(6S) + Cs(nL = 9D, 11S, 7F ),

(1)

where knL indicates the EP rate coefficient.
In the experiment the cesium atoms are excited to the

8S state using two single-mode diode lasers in two steps.
When the cesium atoms densities are more than 1016

cm−3, higher-lying levels of cesium atoms are populated
by the EP collisions because of the increase of radiation
trapping[7] (see Fig. 1). The 5D level is populated via
8S → 7P → 5D spontaneous emission. To determine
rate coefficients for the EP collisions, we have to mea-
sure the fluorescence intensity from the 5D state as well
as the cesium atom density in the 5D state. Because the
fluorescence of 5D → 6P transition (3.0—3.6 μm) is in
the infrared and can not be detected in this experiment,
we carry out a relative measurement to the following
process[8],

Cs(6P ) + Cs(5D) k7D−→ Cs(7D) + Cs(6S). (2)

The rate coefficients knL of the process (1) can be ob-
tained by measurement of the fluorescence ratio InL/I7D

(nL = 6P, 9D, 11S, 7F ) and the atom density in the 6P
state.

In the experiment we have also established the contri-
bution of the energy transfer process

Cs(11S) + Cs(6S) k1←→
k2

Cs(6S) + Cs(7F ). (3)

Process (3) is expected to be strong since the 11S and
7F levels lie very close in energy (ΔE = 18 cm−1).

The steady-state rate equations for the population in
state nL (nL = 9D, 11S, 7F ) read

dn9D

dt
= 0 =

1
2
k9Dn2

5D − Γ9Dn9D, (4)

dn11S

dt
= 0 =

1
2
k11Sn2

5D + k2nn7F − k1nn11S − Γ11Sn11S ,

(5)

Fig. 1. Energy levels of cesium transitions.
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dn7F

dt
= 0 =

1
2
k7F n2

5D + k1nn11S − k2nn7F − Γ7F n7F .

(6)

For process (2), the steady-state rate equation for the
population in state 7D reads

dn7D

dt
= 0 = k7Dn6P n5D − Γ7Dn7D, (7)

here n is the density of ground state atoms, nnL is the
density in the atomic level nL, ΓnL is the total radiative
rate from level nL, k1 and k2 are the rate coefficients of
process (3) in the two directions, which connected by the
detailed balance principle involving the level degeneracy
as

k1

k2
=

g(7F )
g(11S)

exp
(
−ΔE

kT

)
. (8)

In our experiment, k1/k2 ≈ 6.7. From Eqs. (5) and (6),
the relation for the population of the 7F and 11S levels
is given by

n7F

n11S
=

k7F k1n + k7F Γ11S + k11Sk1n

Γ7F k11S + k7F k2n + k11Sk2n
. (9)

From Eqs. (4) and (5), the rate coefficient k11S is given
by

k11S =
[Γ11S + k1n− k2n(n7F /n11S)]k9D

Γ9D(n9D/n11S)
, (10)

k9D can be obtained from Eqs. (4) and (7) as

k9D = 2k2
7D

Γ9D

Γ2
7D

n9D

n7D

n6P

n7D
n6P . (11)

The population ratios in Eqs. (9)—(11) are given by the
relevant intensity ratios

InL→n′′L′′

In′L→n′′L′′
=

hνnL

hνn′L′

εnL

εn′L′

nnL

nn′L′

ΓnL→n′′L′′

Γn′L′→n′′L′
, (12)

where νnL is the transition frequency, εnL is the detection
system efficiency at the frequency of interest, InL→n′′L′′

is the fluorescence intensity from the nL → n′′L′′ tran-
sition. Experimentally, we can measure the cesium atom
density of 6P state using optical absorption method,
the natural radiative rates are taken from Refs. [9] and
[10], k7D was determined by Ref. [8], k9D can be ob-
tained from Eq. (11). By measuring the ratio n7F /n11S

in different cesium atom densities and Eq. (9), we can
obtain k11S/k7F and k1, k2. Then we also obtain k11S

from Eq. (10).
The experimental setup is shown in Fig. 2. Cesium

metal was contained in a cylindrical Pyrex glass cell
with length of 6 cm and inner diameter of 2 cm. The cell
was fitted with two quartz windows and a 1-cm-long side-
arm protruding from the bottom. The cell was sealed
after baking and evacuating. The body of the cell was
enclosed in an oven heated with resistive heater tapes.
The side-arm was heated separately and was kept 30 K
below the cell temperature to prevent condensation of
cesium on the windows. In order to control the change in

Fig. 2. (a) Experimental setup. ND: neutral density filter.
(b) Cell geometry and the region from which fluorescence was
detected.

transparency of the cell windows, the absorption of the
white light beam at 550—650 nm was measured (not dis-
played in figure). The temperature of the cell was mea-
sured with thermocouples. The density of cesium atoms
in the vapor phase was calculated from the vapor density
formula[11]. A single-mode diode laser (DL1) was tuned
to the 852.3 nm Cs(6S1/2 → 6P3/2) transition. Laser
power was 50 mW. The resonance fluorescence signal was
observed with a charge coupled device (CCD). Another
diode laser (DL2) was tuned to the Cs(6P3/2 → 9S1/2)
transition.

Perpendicular to the direction of the laser beam, a
pair of lenses was used to image fluorescence onto the
slits of 0.66-m monochromator with 1200 groove/mm
grating, the volume from which fluorescence was col-
lected was a strip with width of Δy ∼ 0.5 mm and
length of ΔL ∼ 5 mm oriented along the laser prop-
agation (z) axis. A photomultiplier tube (PMT1) was
used to detect the resolved fluorescence. The PMT sig-
nals were processed by a photon-counter and displayed
on a chart recorder. The wavelength-dependent relative
detection system efficiency ε was measured using a cali-
brated tungsten-halogen lamp.

A single-mode diode laser was used to probe the density
of the atoms in the 6P3/2 level. The power of the probe
laser was cut down to ∼ 1 μW with a neutral density
filter. We directly measured the 6P3/2 density by scan-
ning the probe laser over the 6P3/2 → 9S1/2 transition
and monitoring its transmission using another photomul-
tiplier tube (PMT2). The probe laser was stepped across
the cell parallel to the pump beam using the translating
mirror shown in Fig. 2. The transmitted intensity of the
probe laser beam through a length L of the vapor is given
by

Iν(L) = Iν(0)e−k9S1/2←6P3/2(ν)L
, (13)

for light of frequency ν, where Iν(0) is the incident in-
tensity and k9S1/2←6P3/2(ν) is the frequency-dependent
absorption coefficient. n6P3/2 is related to the integral of
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k9S1/2←6P3/2(ν) by

∫
k9S1/2←6P3/2(ν)dν

=
(λ9S1/2←6P3/2)

2

8π

g9S1/2

g6P3/2

n6P3/2Γ9S1/2←6P3/2 , (14)

where g9S1/2 and g6P3/2 are the degeneracies of the 9S1/2

and 6P3/2 states, respectively. Thus we can extract
n6P3/2 from the position dependent probe transmission
scans using Eqs. (13) and (14).

In our experiment, the cell temperature is varied be-
tween 260 and 350 ◦C, the corresponding cesium atoms
densities are 1016 − 1017 cm−3. The fluorescence inten-
sities of 11S → 6P (574.8 nm, 557.0 nm), 7F → 5D
(687.2 nm, 682.7 nm), and 9D → 6P (584.7 nm, 566.6
nm) are recorded in different cesium atoms densities,
in the same volume and solid angle. The population
ratios are obtained from Eq. (12) using the measured
fluorescence intensity ratios (corrected for the detection
system efficiency). Data fit with Eq. (9) and the best-fit
parameters are k11S/k7F = 0.75, k1 = 4.0 × 10−9 cm3/s
and k2 = 5.9× 10−10 cm3/s.

The best-fit curve for n7F /n11S versus the cesium atom
density is shown in Fig. 3. The values of k1 and k2 are
combined with Γ9D = 1.1 × 107 s−1[9] to find k11S/k9D

in different cesium atom densities using Eq. (10). The
average value of k11S/k9D is 0.87 (see Table 1).

At the temperature of 335 ◦C (the cesium atom density
is 8×1016 cm−3), the fluorescence intensities of 6P → 6S
(894.6 nm, 852.3 nm), 7D → 6P (697.5 nm, 672.5 nm),
and 9D → 6P (584.7 nm, 566.6 nm) are measured. The
measured values are combined with the effective radia-
tive rates in Ref. [12] to yield the population ratios in Eq.
(11). These population ratios, with the density of the
atoms in the 6P3/2 state (n6P = 7.9 × 1012 cm−3) and
the rate coefficient k7D

[8], yield the rate coefficient k9D.

Fig. 3. Population ratio of the 7F to 11S level.

Table 1. Determination of k11S/k9D

n (cm−3) n9D/n11S n7F /n11S k11S/k9D

2 × 1016 1.7 5.6 0.92

3 × 1016 2.1 5.8 0.86

4 × 1016 2.3 6.0 0.83

Table 2. Determination of knL,
Γ6P→6S = 8 × 104 s−1[12], k7D = 4.4 × 10−9 cm3/s[8]

n9D/n7D n6P /n7D k9D k11S k7F

(cm3/s) (cm3/s) (cm3/s)

0.22 5.2 × 102 8.0 × 10−10 7.0 × 10−10 9.3 × 10−10

The average values of k11S/k7F and k11S/k9D, k11S and
k7F are obtained (see Table 2).

The uncertainty density in 6P3/2 is about 25%. Flu-
orescence ratios probably have an uncertainty as much
as 20%. The uncertainties in effective radiative rate are
approximately 25%. The uncertainty in k7D is about
32%[8]. Considering these various sources of statistical
uncertainty, we estimate overall errors of ∼ 50% in our
measured energy pooling rate coefficients.

If the energy transfer process (3) between 11S and 7F
is neglected, knL can be rewritten as

knL = 2k2
7D

ΓnL

Γ2
7D

nnL

n7D

n6P

n7D
n6P (nL = 11S, 7F ). (15)

The calculated results are k11S = 8.6× 10−11 cm3/s and
k7F = 9.5 × 10−10 cm3/s. k11S is about one order of
magnitude smaller than that in Table 2 and k7F has a
little change. It is shown that the energy transfer pro-
cess between 11S and 7F has a considerable influence on
the determination of k11S . Our value for 5D + 5D →
6S + 7F rate coefficient is in agreement, within error
bar, with the value obtained under different experimen-
tal conditions[13].
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