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Abstract. The total rate coefficient k for the energy pooling process Cs*(6P) + Cs*(6P) — Cs(6S) +
Cs**(6D) has been measured in dependence on the ratio of the number densities of the Cs 6P fine-structure
sublevels. The measurements were performed applying the laser fluorescence method. From the set of the
obtained data for k, the rate coefficients for the particular Cs*(6P ;) + Cs*(6P /) collisions were derived.
The obtained values for the Cs*(Py/2) + Cs*(P1/2), Cs*(Py/2) + Cs*(P3/2) and Cs*(P3/2) 4+ Cs™(P3/2)
collisions at T'= 600 K are k1 =2 x 1072 cm® s7!, k2 = 3.1 x107° cm?® s7! and ks < 3x1071% ¢cm? 571,
respectively. The value for k1 and the estimate for ks are consistent with the data previously published by
other authors. The rate coefficient k2 is reported for the first time.

PACS. 34.50.-s Scattering of atoms, molecules, and ions — 32.00 Atomic properties and interactions with

photons

1 Introduction

Recently, two experimental investigations on energy pool-
ing (EP) processes in caesium vapours have been pub-
lished [1,2]. Among the other EP collisions, in both works
the reaction

Cs™(6P) + Cs™(6P) — Cs(6S) + Cs*™(6D) (1)
was studied too. This process is known as the first ever
observed EP process, which was reported by Klyucharev
and Lazarenko [3] 25 years ago. An appropriate steady-
state rate equation for the reaction (1) can be written as

d k
—N(6D) =0 =
3 N(ED) =0

9 N(6D)
3 VH(0P) - = @
where k is the EP rate coefficient and 7¢p is the radiative
lifetime of the 6D state. The factor 1/2 in equation (2)
prevents double counting of each colliding pair of identi-
cal particles in a closed cell. This factor, introduced by
Bezuglov et al. [4] becomes important when the results of
experiments in a closed cell are compared with the beam
experiments and theoretical results for the corresponding
cross sections.

The authors in reference [3] estimated the upper value
for the cross section for the process (1), o = k/v5 .,
to be about 107!* cm? at T = 530 K. A theoreti-
cal study made by Borodin and Komarov [5] established
that this cross section should be in the range between
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1.5 x 107 cm? and 2 x 10714 cm? at T = 500 K. The
process inverse to (1) has been investigated by Yabuzaki
et al. [6] and the measured cross section at T' = 500 K was
found to be 1.5 x 107! cm?. The authors in reference [1]
reported the rate coefficient k/2 = 4.2 x 10710 cm? s~1
at T' = 570 K for the process (1). Using the principle of
detailed balancing, this datum was found to be consis-
tent with the result given in [6]. Jabbour et al. [2] in-
vestigated the J-selective Cs*(6Py/) + Cs*(6P1/2) and
Cs*(6P3/2) + Cs*(6P3)5) collisions. Their results, com-
pared with the results obtained in this work, are listed
in Table 1.

The measurements of the J-selective EP rate coeffi-
cients are important because the obtained experimental
data can be used as a sensitive check for the calculated in-
teraction potentials between the colliding particles. On the
other hand, the information about the EP collisions is of
great interest for recent cooling and trapping experiments,
since such collisional processes can produce a significant
contribution to the trap losses. The results presented here
were obtained at relatively high temperatures. However,
these results, combined with the results of the previous
measurements, might be useful for determination of the
EP rate coefficients temperature dependence.

The rate coefficient k in equation (2) is related to the
total number density N(6P) = N(Py/2) + N(P3/2) of the
caesium first resonance state and to the total number
density N(6D) = N(6Ds/3) + N(6D5/2) of the final EP
state 6D. Regarding the fine structure of the 6P state,
the rate coefficient k comprises three particular contri-
butions ki, ko and k3, which correspond to the
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Table 1. The values for the rate coefficients and the corresponding cross sections for the processes Cs*(6P;) + Cs* (6P /) —
Cs(6S) + Cs**(6D) measured here and by Jabbour et al. [2]. The experimental errors for the data obtained in this work are 40%
and 80% for k1 and k2, respectively. The accuracy of the values of Jabbour et al. [2] is about 30%. For further comments see

the text.
This work (T = 600) Reference [2] (T = 340)
EP collision pair ki o ki o
(107 em?®/s)  (107'% ecm?) | (107 ecm®/s)  (107'¢ cm?)
Cs™(6P;/2) + Cs™(6P1,2) 20 440 7.1 210
Cs™(6P;/2) + Cs™(6P3,2) 3.1 70 - -
Cs™(6P3/2) + Cs™(6P3/2) <3 <70 2.8 83

CS*(6P1/2) + CS*(6P1/2), CS*(6P1/2) + CS*(6P3/2) and
Cs*(6P3/2) + Cs*(6P3/2) collisions, respectively. The re-
lation between the total coefficient k& and the particular
coefficients k; is given as follows:

k k
5N2(6P) = §1N2(6P1 J2) + k2N (6P1 /5) N (6P3)5)
k
+ 53N2(6P3 /2)- (3)

In contrast to the first and third term on the right side of
equation (3), the second term describing the collisions be-
tween non-identical particles does not include the factor of
1/2. With the substitute n = N(Py/2)/N(P3/2), equation
(3) can be rewritten in the following form:

k k k
S =P ka2 (4)
In contrast to the the k;, the total rate coefficient k de-
pends strongly on the value of 7. In the present experi-
ment, performed at the constant temperature 7' = 600 K,
the quantity F' = %(1—1—77)2 has been measured relatively as
a function of the 7. The values of F in absolute scale were
determined using the absolute datum for k/2 obtained at
T = 570 K [1]. By fitting the set of the obtained experi-
mental data to the formula (4) the particular coefficients
k; were obtained.

2 Experiment and method

The experiment was performed by cw laser fluorescence
method. The experimental set-up is similar to that which
was reported in [1]. In contrast to that experiment, which
was performed in the heat-pipe, here the caesium vapours
were generated in the evacuated cylindrical glass cell (in-
ner diameter: 2 cm, inner length: 13 cm). The tempera-
ture of the cell was kept constant at 7" = 600 K, while
the temperature of the metal bath in the cell finger was
varied in the range between 460 K and 560 K. In this way,
the number density of the caesium vapour in the cell was
changed between 5 x 10'* cm ™3 and 1.4 x 106 cm 3. Simi-
larly as in reference [1], caesium atoms were excited by cw
ring dye-laser, tuned to the frequency of the centre of the
stronger h.f. component of the 6S; /5 — 5D5/2 quadrupole
transition. The 6P ; states were populated by subsequent
relaxation of the directly excited state. In the absence of

collisional transfer processes only the 6P3 /5 state is radia-
tively populated when the 5D5/, state is excited. Due to
the collisions with caesium ground state atoms the colli-
sional intramultiplet and intermultiplet mixing of the 5D
and 6P states occurs. Consequently, this gives a raise to
the 6P/, population due to the collisional 6P3/, — 6P /o
and 5D — 6Py /3, as well as radiative 5D3 /5 — 6Py /3 tran-
sitions. In thermal equilibrium at 7" = 600 K the ratio
n = 1.9. By variation of the caesium ground state number
density a significant change in the N(Py/5) to N(P3/2)
ratio (in principle, between 0 and equilibrium value) can
be produced, when 5Dj /, is optically pumped.

The ring laser beam was split in two parts. The
first part, the exciting beam (power: 50 mW; diameter:
0.5 mm) was shone perpendicular to the cell axis at the
distance of about 5 mm from the cell window. The fluo-
rescence zone was observed in the cell axis direction and
its part (length: 5 mm) was imaged in 1:3 ratio onto the
entrance slit of the 1m McPherson monochromator (slit
widths: 0.2 mm). The monochromator was supplied by a
RCA S-20 photomultiplier. The second, weaker part of the
split beam, was used to control the caesium ground state
number density Ncs by measuring the peak absorption
coefficient of the optically thin Cs quadrupole pump line.
At highest caesium number densities Ngg ~ 10'6 cm™3
the Lorentz to Doppler width ratio was found to be less
than 0.05, and consequently, the shape of the quadrupole
line kernel in the whole range of the investigated cae-
sium number densities could be fairly regarded as a pure
Doppler profile. In this case, the peak absorption coef-
ficient k9 = Ncsv/Te? fum/MeVmnr/2kT /Mcs. The os-
cillator strength of the pumped stronger h.f. component
of the 65,/ — 5D5/2 quadrupole transition amounts to

oot = (9/16) fégt. The caesium ground state number den-
sity was determined using the value for the total oscillator
strength fit = 5.65 x 107 taken from reference [7]. Actu-
ally, as shown below, the exact knowledge of the caesium
ground state density was not needed for the evaluation of
the rate coefficient, since for the application of the method
used, the measurement of the pump line peak absorption
coeflicient was sufficient. The absorption beam passed the
cell parallel to its axis. In order to measure the ¢ (i.e.,
N¢s) in a wide range, the single, double and triple pass of
the absorption beam was applied. After passing the cell,
the intensity of the absorption beam was measured by a
photodiode.
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Fig. 1. Typical spectra measured by scanning the monochro-
mator, while the frequency of the pump laser was kept on the
centre of the strongest h.f. component of the 6S;,5 — 5D5/2
quadrupole transition. The monochromator band-pass was 0.2
nm. The line wing intensities were evaluated in the range be-
tween 1 nm (for lower caesium number densities) and 3 nm
(for higher caesium number densities). The inset on the left
side shows the partial term diagram of caesium together with
the relevant transitions. The inset on the right side shows the
absorption spectra (double pass through the cell) obtained by
scanning the laser across the pump transition.

The fluorescence intensities of the caesium resonance
lines and the energy pooling lines 876 nm, 917 nm and 921
nm (6D — 6P transitions) were measured by scanning the
monochromator, while the frequency of the ring laser was
kept on the centre of the pump transition. The typical
spectra are displayed in Figure 1.

Alkali resonance line wings can be used as a quasi-
continuous relative standard of radiation. As reported in
[1], for the wavelength detuning AM from the line centre,
the registered intensity of the Cs D; red (+AM) or Cs Dy
blue (—AM) line wing can be described with:

I;(£AN) x VJ(S)\LN(PJ)NCS exp {—W

hcAX
Py | ®
Here, vy is the central frequency of the line and § A is the
monochromator band-pass. The factors 5 /5 for Cs D2 and
B1/2 for Cs Dy line are in the ratio 1.675 [1]. It should be
emphasized that (5) is valid if the band pass §) is small
compared with the detuning AA.

The experimental conditions here and in the previous
experiment [1] were similar. The number density of the 6P
state was about 5 x 10'° cm™3, and the diameter of the
fluorescence zone was about 0.5 mm. Under these condi-
tions, the 6D — 6P EP transition lines were optically thin
and their total intensity Igp was directly proportional to
the N(6D).

As mentioned in the Introduction, the aim of the ex-
periment was to utilize equation (4) for the determination
of the rate coeflicients k;. To do so, the dependence of the
quantity F' = %(1 +1)? on the parameter 1 had to be
obtained, which was done in the following way.
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Fig. 2. The ratio n = N(P,3)/N(P3/2) in dependence on the
peak absorption coefficient ko of the pumped quadrupole line.

Equation (5) yields the formula for evaluation of the
ratio n:

v3so 112 (+AN) <
=1.67———""— " ex
K vy I3/2(—AN) P

For a series of temperatures, the ratio of the intensities of
the resonance wings Iy /5(+AMN)/I3/2(—AM) and the peak
absorption coefficient k¢ of the pumped quadrupole line
were measured (Fig. 1). The ratios n were calculated ac-
cording to equation (6) and their ko-dependence is dis-
played in Figure 2. On the other hand, according to equa-
tion (2) and relation (5), the quantity F' can be expressed
as:

2hcAN
N2kT ) - (6)

k N(6D) Iep NZ
F==(14n)?%x x 5. 7
p (L) N2(6P35) - I2,(—AN) @

Since the ground state caesium density Ncg is propor-
tional to the peak absorption coefficient x¢ of the pumped
quadrupole line, while the square of the resonance wing
intensity in the denominator can be factorized, the ex-
pression (7) can be rewritten in the following form:

F=PFaig?e—tEP il (8)
20 X T (AN Tnja (AN

The above expression shows that F as a function of kg (or
N;), can be determined by measuring the ko-dependence
of two factors. The first factor is the EP line to Cs D2
line wing intensity ratio, and the second one is the ratio
between the square of the peak absorption coefficient and
the intensity in the blue wing of Cs D2 line.

The intensity ratio Igp/I3/2(—AM) as a function of
Ko was obtained from the set of the measurements which
are illustrated in Figure 1. The x3/I3/5(—A)) versus ko
dependence was determined by simultaneous measure-
ment of the peak-absorption coefficient of the pumped
stronger h.f. component of the 685 nm quadrupole line
and the Cs D2 line wing intensity. The typical signals ob-
tained in this part of the experiment are shown in Fig-
ure 3. In contrast to the measurement of the intensity ra-
tios Iy /2 (+AN)/I3/2(—AN) and Igp/I5/2(—AN), the mea-
surements of the «§/I3/5(—AM) can be influenced by the
change of the cell window transparency. Namely, for deter-
mination of the latter quantity, the intensity I3/o(—AN)
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Fig. 3. Typical signals obtained by the simultaneous measure-
ment of the pump line peak-absorption (single pass through
the cell) and the Cs D; resonance line wing intensity, while
the temperature of the cell finger, i.e., the caesium ground
state number density in the cell was increased. In this mea-
surement the frequency of the laser was tuned to the centre of
the strongest h.f. component of the 6S;,2 — 5D5,2 quadrupole
transition. The fluorescence intensity in the blue wing of the
Cs D2 line was monitored by the monochromator adjusted at
the detuning AX = 1.5 nm. During the measurement the sta-
bility of the laser frequency was checked by periodical laser
scans across the pump line.

should be measured as a function of k9. As one can see
from equation (8), for this purpose the I3/5(—AM\) can
be measured in arbitrary intensity units. However, such a
measurement requires, among other things, the constant
(or controlled) cell window transparency in the whole
caesium density range. The change of the cell window
transparency, caused by caesium deposition on the cell
walls, was controlled by the white light absorption at 830
nm. It was found that at the highest number densities
the transparency was lowered for about 5%. In Figure 4,
the data for Igp to I3/5(—AM) ratio, together with the
data for k§/I3/2(—AM) are plotted against o. The ratios
Isp/I3/2(—ANX) and k% /I3/2(—AN) were both normalised
to unity for kg = 1 cm 1.

From the results displayed in Figure 4 the k(-depen-
dence of the quantity F' (in arbitrary units) was obtained.
The dependence of the quantity F' on parameter 1 was
extracted from the F' vs. kg and n vs. kg curves. In order
to determine the values of F' = £(1+n)? in absolute scale,
the datum k/2 = 4.2 x 10719 ¢cm? /s, measured for n = 1.6
at T = 570 K, was taken from reference [1]. The check of
the Boltzman factors shows that the error related with the
scaling of the present results to the value of [1], which was
obtained at lower temperature (30 K difference), amounts
to 3%.
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Fig. 4. The Igp to I3/2(—AM) ratio and the (Ncs)® to
I3/5(—AM) ratio in dependence on the peak absorption coeffi-
cient ko of the pumped quadrupole line. The displayed error
bars are due to uncertainties of the laser absorption and fluo-
rescence measurements. The values are normalised to unity for
ko=1cm™ .

F= K(1+1)? (10%cnipg
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Fig. 5. The absolute values for quantity F' = g(l +n)?asa
function of the ratio . The dashed line represents the best sec-
ond order polynomial fit through the experimental data. The
displayed error bars comprise the uncertainties depicted in Fig-
ures 2 and 4. The determination of the polynomial coefficients
is described in the text.

3 Data analysis and results

The calculated absolute values F = £(1 + )2 in
dependence on the ratio n are given in Figure 5. Fit-
ting these data to a second order polynomial with three
parameters (see Eq. (4)), in order to get the values
for the rate coefficients k1, ko and ks is not sufficiently
accurate. This inaccuracy especially concerns k3, i.e., the
intercept of the second order polynomial fit with the or-
dinate. Namely, the measurements were performed for
7 values being in the range between 0.6 and 1.75, which
is quite apart from the origin. Thus, the determination
of the fit parameter is attempted in the region far from
the range covered by the experimental data. The best nu-
merical fit to a second order polynomial, yields the val-
ues (18 +2) x 1071% cm3/s and (5 + 1.5) x 10710 cm?/s
for the rate coefficients k1 and ko, respectively, and the
non-physical solution (—2.4 + 1) x 10719 ¢cm?®/s for ks.
In order to circumvent the determination of k3 from the
available data set, i.e. the fitting to the three parame-
ters, the derivative of the quantity F' was made. The least
square fit through the derivative dF/dn = kin+k2 enables
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Fig. 6. The derivative of the quantity F = %(1 +n)? against

1. The straight line is the least square fit through the data.

The intercept with the ordinate and the slope of the straight

line, yield the values for k2 and k1, respectively.

more reliable determination of k1 and ko. However, in this
manner only the upper limit for k3 could be estimated.
Figure 6 shows the derivative dF'/dn for the mean val-
ues of F' presented in Figure 5. The least square fit through
dF'/dn data yields the straight line parameters, which de-
termine the coefficients k; and ko:
k1 =2 x 107% em®/s,

)
and

ko = 3.1 x 1071° cm?/s. (10)
By varying the data for F' and 7 within their error dis-
played in Figure 5, the inaccuracy of the above stated
values for k; and ky; was found to be 10% and 50%, re-
spectively. Taking into account the error bar of the used
value for k, which is reported [1] to be about 30%, the
overall uncertainty for the rate coefficients k1 and ko is
40% and 80%, respectively. As for k3, in the first step one
can make the straightforward estimation that k3/2 should
be lower than the lowest measured value for F' in this ex-
periment, i.e., k3 should be lower than 5.2 x 10719 cm?/s.
This conclusion originates from the fact that, since k;-
values are positive, the second order polynomial given by
(4) reaches no minimum for positive values of the argu-
ment 1. With the lowest measured value for F' (n = 0.6)
and the lowest values for k; and ks, equation (4) yields
the following estimate:

ks <3x10710 cm3/s. (11)
In principle, the additional data set obtained by use of the
6S1/2 — 5Dz, excitation channel could give a more pre-
cise result for k3. Namely, in this case the relevant ratio
for application of the presented method would be the ra-
tio N(6P3/2)/N(6P1/2), and the constant term in the ex-
pression corresponding to equation (4) would be the rate
coefficient k1. Therefore, in the case of the 6S; /5 — 5D3/2
excitation, one can expect reliably determined values for
ko and k3, and an estimate for k. Unfortunately, it was
shown that the results obtained by using the 6S;,, —
5D/, excitation pathway cannot be used for the evalua-
tion. First of all, in contrast to n = N(6P;,2)/N(6P3/2),
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the ratio N (6P3/2)/N(6P1/2) can be changed in a narrow
region (in principle, between 0.11 and 0.5). Furthermore,
the oscillator strength of the 6S;,, — 5D3/5 is smaller
than that of the used 651/ — 5D5/7 transition, and in
addition, the gain of the dye laser at the corresponding
wavelength 689 nm is a factor of 2 lower than at 685 nm.
As a consequence of both these facts, the measurable EP
signals appear at the caesium number densities where the
relevant fitting parameter is already 0.35. The obtained
data are concentrated in a very narrow interval of fitting
parameter (between 0.35 and 0.5). The second order poly-
nomial could be fitted through such a “cloud” of the ex-
perimental points, but the error bars (~ 400%) of the
resulting rate coefficients make this alternative procedure
useless.

The mean Maxwellian relative velocity vrcesl_cs
/8kT /7y at T = 600 K is 4.4 x 10* cm/s, which gives
the following values for the corresponding cross sections:
o1 = 440 x 10716 cm?, 0o = 70 x 107'® cm?, and
o3 < 70 x 10716 cm?.

4 Discussion and conclusion

The results obtained here and the results of Jabbour
et al. [2] are listed in Table 1. As mentioned before,
the authors in reference [2] measured k; and ko regard-
ing the fine structure splitting of the Cs 6D ; state, i.e.
they determined the values k;(6D3/2) and k;(6D5 /7). Since
ki = ki(6D3/2) + k;(6D52), the results from reference [2],
listed in Table 1, are recalculated in this way. The data
reported here and in reference [2] are obtained at very dif-
ferent temperatures. Therefore, in order to compare these
data, the general temperature behaviour of the measured
quantities has to be considered.

In the case of Cs*(Py/;) 4+ Cs*(6Py/3) collisions, the
energy difference AFE between the final and the initial en-
ergy pooling state of colliding two-atom system, is about
+260 cm~! (fs. splitting of the 6D state is 43 cm™1).
For this endothermic reaction, at given temperature only
a fraction of the collisional pairs has sufficient thermal
energy to produce the final EP state. At higher temper-
ature this fraction is larger, and the EP cross section is
expected to show an increase when temperature increases.
For instance, as calculated by Geltman [8], the cross sec-
tion for the endothermic reaction (AE = +620 cm™?!)
Na*(3P) + Na*(3P) — Na(3S) + Na**(4D) is about 3
times higher at 7' = 600 K than at 7' = 300 K. There-
fore, it can be understood that the cross section for
Cs*(Py/3) + Cs*(6P;/3) collisions obtained here at 600
K is greater (about two times) than the value reported in
[2] for the experimental temperature of 340 K.

In contrast to Cs*(6Py/2) + Cs*(6P12) collisions, the
Cs* (Pl/g) + Cs* (P3/2) and Cs* (P3/2) + Cs* (6P3/2) colli-
sions are the exothermic reactions with energy defects of
about —290 cm~! and —850 cm ™!, respectively. As calcu-
lated by Geltman [8] for the case of the exothermic reac-
tion Na*(3P) 4+ Na*(3P) — Na(3S) 4+ Na**(5S), the cross
section decreases slowly with the increased temperature,
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and, for instance, the corresponding cross section is about
10% lower at 600 K than at 300 K. The same tempera-
ture trend can be observed by comparison of the k3 datum
of [2] with the estimated upper limit for k3 given in this
work.

On the basis of the above consideration, and taking
into account the experimental errors, one can conclude
that the results of the present investigations and the cor-
responding results for k; and ks of Jabbour et al. [2] are
not in contradiction. The value for ks, is reported for the
first time in this work.

The order of magnitude of the measured cross sections,
especially concerning the o1, indicates that the transition
probability for the corresponding energy pooling reaction
reaches its maximum at the distances of about 1 nm be-
tween colliding atoms. As shown in the case of sodium 3P
fine structure mixing induced by collisions with rubidium
and caesium atoms [9], this suggests that the investigated
energy pooling reactions could be essentially governed by
the long-range electrostatic interaction.
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