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Applying the method of laser induced fluorescence, the cross section σ5S for the
energy pooling process Na(3P) + Na(3P) → Na(5S) + Na(3S) has been deter-
mined at temperatures in the interval from 567 to 676 K. It has been found that
σ5S decreases with increasing temperature, exhibiting σ5S ∝ T−1.3 dependence.
The results show excellent agreement with the recent theoretical calculations. Also,
the determined temperature dependence of the cross section σ5S fits very well into
recently reported general σ vs. T scheme for the exothermic collisional excitation
energy transfer cross sections, which includes various collision partners and vari-
ous types of collisional excitation energy transfer processes with different energy
defects.
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1. Introduction

Collisional excitation energy transfer (CEET) in thermal collisions between ex-
cited atoms and molecules in gases has been the subject of numerous investigations
during the last decades. The CEET processes are important mechanisms for es-
tablishing the population distributions, and very often play a crucial role in many
phenomena in excited gaseous media. Studies of such interactions are of great in-
terest in a variety of fields, both fundamental and applied.

The cross sections for CEET processes occurring in excited pure or mixed alkali
vapours constitute a vast majority of the body of the CEET cross sections data
published so far. The review paper of Krause [1] summarized the most relevant
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experimental and theoretical results in this area published until 1975. The extensive
list of more recent references pertaining to this subject can be found in Refs. [2] and
[3]. Alkalis owe their popularity to the relative simplicity they offer to experimental
and theoretical treatment. Nevertheless, the discrepancies between theoretical and
experimental results, as well as among experimental results of different authors for
the same CEET process, are frequent.

In any situation where the data are numerous and apparent regularities among
them are few, it is very helpful if a new systematic behaviour with respect to a given
common characteristic parameter can be discerned. That can inspire new theoret-
ical approaches and interpretations, eventually leading to a better understanding
of the nature of these important physical processes.

Since the earliest CEET investigations [1] until recently [4], the relationship σ ∝
1/∆E between exothermic cross sections σ and the energy defect ∆E of CEET in
homonuclear and heteronuclear alkali – alkali collisions has been repeatedly noticed,
but an adequate, general theoretical description of this phenomenon is still lacking.

Quite recently the regularity, so far unnoticed, in temperature behaviour of
the cross sections for exothermic CEET processes has been reported [3]. Namely,
depending on the magnitude of the cross section, the slope of the σ(T ) curves
in the log–log diagram continuously changes from approximately 2 to −1.5 with
increasing the cross section value. This regularity holds regardless of the type of
collision partners, the kind of CEET process or the value of energy defect involved,
meaning that that neither the energy defect nor the type of interaction, but only the
absolute magnitude of the thermal cross sections governs the thermal cross section
temperature behaviour. Semi-empirically determined regularities in behaviour, like
the one just mentioned, can be very useful for experimentalists in estimating the
cross-section values if there is a lack of relevant data.

The body of experimental cross-section data available in literature is huge, but
most frequently the reported values were measured at single temperature or in a
very narrow temperature range where in particular experiment the relevant signals
could be measured. Unfortunately, there are very few papers [5–7] that report quasi-
continuous measurements of the cross section – temperature dependence. Such
measurements are very valuable because the obtained results can provide not only
information about the cross section values corresponding to temperatures at which
the measurements are hard or impossible to perform, but also the more complete
insight into physics that lies behind.

The investigation presented in this paper belongs to this rare type of measure-
ments and contributes to the pool of data on continuously slope-varying σ(T ) curves
[3] for exothermic CEET processes with the results for the temperature dependence
of the cross section σ5S for the exothermic energy pooling reaction in sodium

Na(3P) + Na(3P) → Na(5S) + Na(3S). (1)

The observation of the above process was reported in 1976 by Allegrini et al. [8].
The first quantitative measurements were due to Kushawaha and Levental [9], who
found σ5S ≈ 7.5 ·10−20 cm2 to be practically constant in the temperature range be-
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tween 465 and 510 K. The measurements in Ref. [9] were burdened with radiation
trapping effects and some difficulties in the determination of the spatial distri-
bution and absolute value of the density of excited atoms. In 1983 Huennekens
and Gallagher [10] and Allegrini et al. [11] re-measured this cross section in the
experiments, which rigorously took care of the sources of errors that caused diffi-
culties in the former experiment. They obtained the following cross section values:
(32 ± 11) · 10−16 cm2 at 600 K [10] and (40 ± 14) · 10−16 cm2 at 483 K [11]. Both
cited values for σ5S are by a factor two greater than the values originally published,
in order to properly account for the number of atom pairs in a cell, as pointed out
by Bezuglov et al. [12].

Theoretical calculations of the σ5S cross section were performed by several au-
thors [13–17]. All calculations predict mild decrease in the cross section value with
increasing temperature. As for the absolute values, the cross sections reported in
Refs. [13–16] are all systematically smaller (by 60 % to a factor of three) than
the experimental values measured by authors of Refs. [10] and [11], while recent
values obtained by Yurova [17] show excellent agreement (differences amount to
15 % at most) with the experimental data. The calculations in Ref. [17] differ
from all previous calculations [13–16] by inclusion of the fine-structure effects in
the computation. The necessity of doing that has been pointed out earlier [7,16],
while the actual refinement of the calculations in that respect favourably affected
the agreement between theory and experiment.

The experiment presented here is the continuation of the previous work [7] which
yielded the temperature dependence of the cross section for another well known
energy pooling process in sodium, i.e. Na(3P) + Na(3P) → Na(4D) + Na(3S). The
measurements of σ5S cover the temperature interval from 567 to 676 K. Sodium
atoms were excited to the 3P state by cw laser radiation, while the quantities
required to obtain the cross section (relative populations of the 3P and 5S levels,
spatial distribution of the number density of the Na atoms in the 3P state and
sodium ground-state density) were determined by a combination of the fluorescence
and laser absorption measurements. The measurement method applied [18] does
not require the knowledge about the effective lifetime of the 3P state, which is
advantageous in the presence of substantially trapped Na resonance radiation at
the investigated temperatures, and eliminates the trapping as a source of possible
systematic error. The cross section σ5S has been found to decrease with increasing
temperature as σ5S ∝ T−1.3. The cross section value obtained at T = 600 K and
the value predicted by σ5S(T ) dependence at T = 483 K are in excellent agreement
with the results reported in Refs. [10] and [11], respectively.

2. Experiment

2.1. Experimental details

The results presented in this paper for the temperature dependence of the cross
section σ5S of the process (1), have been obtained using the experimental arrange-
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ment and the procedure described in a preceding paper [7] on 4D-energy-pooling
in sodium, and all experimental details can be found there. For the readers’ conve-
nience, the relevant particularities will be repeated.

The sodium vapours were created in a resistively heated, T-shaped stainless-
steal heat-pipe oven with Pyrex glass windows, which was not running in the heat-
pipe mode. Argon was used as the buffer gas. The length of the vapour column was
L = (7 ± 1) cm.

The excitation of sodium atoms was done by the laser (Spectra Physics system:
Ar-ion laser model 2020 + a single-mode, frequency stabilised ring-dye laser model
380 D with Rh6G dye) tuned to the red wing of the D1 line. Detunings from the
line centre were typically ∆λL = λL−λ1/2 ≈ 0.01−0.4 nm. The central part of the
collimated dye-laser beam (diameter: 4 mm), having nearly homogeneous power
distribution was used for the excitation. The maximum laser power just in front
of the heat-pipe entrance window was chosen so as to optimize the signals at the
particular investigated temperature, and the typical values were between 90 and
120 mW.

The pump beam was shone through the heat-pipe (z-direction), and the fluores-
cence was monitored through the heat pipe side arm at right angles (y-direction)
to the laser beam propagation direction. The optical path for the fluorescence radi-
ation was d ≈ L/4. The fluorescence was analysed by a 1 m McPherson monochro-
mator supplied with a RCA C31034A photomultiplier. The length of the central
part of the cylindrical fluorescence zone that was imaged in 1 : 2 ratio onto the en-
trance slit of the monochromator was about 1 cm. With the slit-widths of 100 µm,
the band-pass of the monochromator was 0.1 nm. The monochromator slits were
parallel to the fluorescence zone axis (z-direction) and, with the 100 µm-slits, the
monitored volume of the fluorescence zone was the central slab having the thickness
∆x = 0.02 cm. The spectral response of the detection system was measured using
a calibrated W2KGV22i tungsten-ribbon lamp.

Typical measurement sequence at each investigated temperature involved
recording of the fluorescence signals of the resonant doublet and energy pooling
line by scanning the monochromator across the 3P → 3S and 5S → 3P transitions,
and measurements of the spatial distribution of the 3P3/2 population number den-
sity, while the pump laser was kept locked at a chosen frequency νL = ν1/2 − ∆νL

in the red wing of the Na D1 line.

From the general features of the fluorescence radiation, it follows that the relax-
ation of the collisionally populated states will result in an isotropic an unpolarized
emission, while the direct fluorescence due to the optical excitation by a linearly
polarised laser is expected to be polarized and anisotropic. In particular, the direct
fluorescence of the D2 line at J = 3/2 → J = 1/2 transition exhibits pronounced po-
larization anisotropy, while the direct fluorescence of the D1 line is always spatially
isotropic because it emerges at the transition between two levels with the same
total angular momentum J = 1/2. In the present experiment the line that was
excited by the laser was D1 line, and the emitted direct fluorescence was isotropic.
The fluorescence of the D2 line was also isotropic because 3P3/2 state was popu-
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lated by collisional excitation transfer. The latter is valid also for the fluorescence
of energy-pooling line. There were also no problems regarding the laser-scattered
light because the fluorescence of interest was always monitored at the wavelengths
which differed from the laser wavelength by at least 1 nm.

The population of the 3P3/2 state was determined by laser absorption mea-
surement. The diode-laser beam (single-mode, frequency stabilised ML 2701 diode,
λ = 831 nm at 260 C, maximal power 8 mW), having 0.5 mm in diameter and
the power of 5 µW, passed through the centre of the excitation zone, counter-
propagating to the pump beam. The absorption along the path L was measured by
scanning the diode laser across the 3P3/2 → 3D3/2,5/2 transition at 819.7 nm, and
the transmitted intensity was detected by a photodiode. The confocal Fabry–Perot
interferometer (f.s.r. 2 GHz) was used to calibrate the dispersion of the spectrum.
Under the experimental conditions realized, it was found that the contribution of
the 3P3/2 → 3D3/2 absorption to the peak absorption k0 of the 3P3/2 → 3D5/2 line

was negligible [7], and therefore the average number density N3/2 in the Na(3P3/2)
state along the path L was determined from the peak absorption coefficient of the
measured spectrum.

The spatial distribution N3/2(r) of the atoms in the 3P3/2 state is radially
symmetric as a consequence of the power profile of the pump laser beam, the
excitation and the heat-pipe geometry. The N3/2(r) was measured by translating
the diode-laser beam across the excitation zone diameter (x-direction) and parallel
with its axis, while recording the corresponding absorption at the 3P3/2 → 3D3/2,5/2

transition.

The Na ground-state number density N3S was determined from the measure-
ments of the absorption coefficient in the red quasistatic wing of the Na D1 line
in the way previously described [7] and using the method reported in Ref. [19].
It was found that N3S varied from 2.2 · 1014 to 1.1 · 1016 cm−3. The error of the
N3S determination is ±10 %, and it is mainly due to the uncertainty of the vapour
column length L.

The temperature of the sodium vapour was determined in two ways. One way
was to use the measured Na ground-state number density values and take the cor-
responding temperature from the vapour pressure curve [20]. The second way was
to use the 3P3/2 → 3D3/2,5/2 absorption spectra, and obtain the temperature by
fitting the spectra with the sum of the two Doppler profiles [7]. The respective
errors of the temperature determined in these two ways were ±5 and ±15 K, while
the absolute values of the temperature agreed within mutual error bars. The tem-
perature interval covered by the measurements was found to be between 567 and
676 K.

The experimentally determined temperatures were used to obtain the Maxwellian
mean relative velocities v of the colliding sodium atoms. The error in v was esti-
mated to be less than ±2 % (at the actual temperatures in the experiment an
uncertainty of ±20 K accounts for the stated error).
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2.2. Rate equation and the cross section evaluation formula

The transitions involved in the determination of the σ5S cross section are in-
dicated in the partial sodium term diagram shown in Fig. 1. Subsequent to the
Na(3S1/2) → Na(3P3/2) laser excitation, the Na(5S) state was populated due to

Fig. 1. Partial term diagram of sodium showing the energy levels relevant for the
determination of the rate coefficient k5S for the Na(3P) + Na(3P) → Na(5S) +
Na(3S) process. Sodium atoms in the 3P state were produced by dye-laser exci-
tation in the red wing of the D1 line. The fluorescence signals were observed at
the 5S1/2 → 3P3/2 and 3P1/2,3/2 → 3S1/2 transitions. The population in the 3P3/2

state was determined from absorption measurements by diode laser absorption at
the 3P3/2 → 3D3/2,5/2 transition. Numerical values represent the wavelengths in

nanometers and the spontaneous emission coefficients in 10 8 s−1 (in brackets) for
the relevant transitions.

Na(3P) + Na(3P) energy pooling collisions. The depopulation of the 5S level goes
radiatively to the lower-lying P states, and collisionally by the back-energy-pooling
process Na(5S) + Na(3S) → Na(3P) + Na(3P). The spontaneous emission rate for
the 5S state is denoted by A5S = A5S→4P + A5S→3P, while Rback

5S
the labels the

collisional relaxation rate to the Na(3P) level.

The steady-state, r-dependent population N5S(r) created under these conditions
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is described by the following rate equation

dN5S(r)

dt
= 0 =

1

2
k5S

[

N3P(r)
]2

−
(

A5S + Rback

5S

)

N5S(r), (2)

where k5S denotes the rate coefficient for the processes Na(3P) + Na(3P) → Na(5S)
+ Na(3S). The above equation holds for any r, and when applied to the centre of
the excitation zone (r = 0), it yields the following solution for the rate coefficient
k5S

k5S =
2

(

1 + η
)2

N c
5S

(N c
3/2

)2
(

A5S + Rback

5S

)

, (3)

where superscript c indicates that the corresponding atom number densities are
measured at the excitation zone axis, while η = N c

1/2
/N c

3/2
with N c

1/2
and N c

3/2

denoting the populations of the fine structure levels of the 3P state.

The N c
5S

/(N c
3/2

)2 ratio was determined by measuring the respective fluorescence

intensities I616 and I3/2(∆ν) of the optically thin 616 nm line arising in the 5S →
3P3/2 transition and the optically thin quasistatic blue wing of the sodium D2 line
emitted at the detuning ∆ν = ν3/2 − ν from the line centre.

The intensities of the emitted radiation are spectrally integrated over the fre-
quencies within the band-pass δν of the detection system. In the present experi-
ment, the band-pass δν = 0.1 nm was large in comparison with the width of 616
nm line and I616 was spectrally integrated over the frequencies within the whole
line profile. Therefore, the total fluorescence intensity of the 616 nm line emerging
from the observation volume can be expressed as

I616 ∝ hν616A616

∫

∆V

N5S(x, y, z)dxdydz, (4)

where A616 = 4.82 · 106 s−1 according to Wiese et al. [21].

The N5S(x, y, z) population density is independent of z (direction of propagation
of the laser beam) and it can be also regarded independent of x along the segment
∆x, because the width ∆x of the thin volume slice observed by the monochromator
is much smaller than the diameter of the excitation zone. Since N5S(x, y, z) is
apparently only a function of y, it can be expressed as N5S(y) = N c

5S
F5S(y), where

N c
5S

denotes population density at the excitation-zone axis and F5S(y) is the radial
distribution function normalised to unity at y = 0. Thus, the expression for the
I616 fluorescence intensity reads

I616 ∝ hν616A616N
c
5S

∫

∆V

F5S(y)dy. (5)

The spectral intensity of the optically-thin quasistatic blue wing of the sodium D2
line emitted at the detuning ∆ν from the infinitesimal volume dV is given by:

dIν
3/2

(∆ν) = hν3/2A
ν
3/2

dνN3/2(∆ν, x, y, z)dV, (6)
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where

Aν
3/2

= 0.263 N3S

P3/2(Y )

(∆ν)2
(7)

is detuning-dependent spectral emission coefficient [7]. Relation (7) is applicable for
the blue wing of the sodium D2 line and holds for the wing detunings ∆ν ≤ 3∆νfs,
where ∆νfs is the fine-structure splitting. In relation (7), P3/2(Y ) is a fourth-order
polynomial in Y = ∆ν/∆νfs which can be found in Ref. [7]. The polynomial P3/2(Y )
is a fit to the calculated theoretical absorption profile in the blue quasistatic wing
of an alkali D2 line [7,22] that reproduces the calculated profile with an accuracy
better than ±0.5 %.

If the detuning ∆ν = ν3/2 − ν from the line centre is large compared with
band-pass δν (fulfilled in the present experiment), the spectral emission coeffi-
cient Aν

3/2
can be regarded constant within the interval (ν, ν + δν). The wing

intensity I3/2(∆ν) is due to a small portion of the 3P3/2 state population radi-
ating in the quasistatic wing at the frequency ν3/2 − ∆ν, i.e. N3/2(∆ν, x, y, z) ∝
N3/2(x, y, z) exp{−h∆ν/(kBT )}, where N3/2(x, y, z) denotes the number density
of the atoms radiating in the centre of the line. For the same reasons as in the
case of N5S(x, y, z), the N3/2(x, y, z) population density is only y-dependent, and
can be expressed as N3/2(y) = N c

3/2
F3/2(y) . Therefore, the emerging fluorescence

intensity acquires the form

I3/2(∆ν) ∝ hν3/2A
ν
3/2

δνN c
3/2

exp{−h∆ν/(kBT )}

∫

∆V

F3/2(y)dy. (8)

Intensities I616 and I3/2 appearing in relations (5) and (8) are related to the mea-
sured ones by I616/I3/2 = Imeas

616 ζ3/2/(Imeas

3/2
ζ616) = 1.09 Imeas

616 /Imeas

3/2
, where ζ616 and

ζ3/2 denote the spectral responses of the detection system at respective wavelengths.

The rate coefficients for forward and back-pooling processes are related through
the principle of the detailed balance, i.e. kback

5S
= k5S(g3P/g5S) exp{−∆E/(kBT )},

where g3P and g5S are the statistical weights of the initial (3P + 3P) and final (5S
+ 3S) state, respectively, and ∆E = 734.6 cm−1 is the energy defect for the process
(1). Consequently, the back-pooling rate can be expressed as Rback

5S
= e5Sk5SN3S,

where e5S = (g3P/g5S) exp{−∆E/(kBT )}.

It has been proven that F5S(y) = F2

3/2
(y) [18,23], and since the measured

F3/2(y) exhibited the Gaussian shape, the ratio of the integrals of the 5S and
3P3/2 distributions amounts to 0.7. By combination of relations (3), (5), (7) and
(8), and taking into account the above elaborations, the final expression for k5S is

k5S =
A5Sε

1 − εe5SN3S

, (9)
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where

ε =
1.531 · 104

(

1 + η
)2

Imeas
616

Imeas

3/2
(∆ν)

N3S

N c
3P3/2

P3/2(∆ν)

(∆ν)2
exp{−h∆ν/(kBT )}. (10)

In the above expression, numerical values for all known quantities that appear have
been substituted. In the evaluation of the results, the value A5S = 1.28 · 107 s−1

given by [24] was used.

The cross section σ5S for the process (1) was calculated according to

σ5S =
k5S

v
(11)

using the k5S values evaluated according to Eqs. (9) and (10), and the Maxwellian
mean relative velocity v of the colliding sodium atoms determined in the way de-
scribed in the previous section.

The reliability of the σ5S data determined according to Eqs. (9)–(11) depends
on how good does the theoretical absorption profile P3/2(Y ) reproduce the emission
profile of the sodium D2 line in the blue quasistatic wing. It has been shown in Ref.
[7] that the reproduction is excellent.

3. Measurement procedure and results

To determine the cross section σ5S for the energy pooling process (1) according
to Eqs. (9)–(11), it was necessary to measure sodium ground-state number density
N3S, the fluorescence intensity I616 of the energy pooling line at the 5S → 3P3/2

transition relative to the fluorescence intensity I3/2(∆ν) in the optically thin region
of the quasistatic wing of the D2 line, the number density of sodium atoms in the
3P3/2 state, N c

3/2
, and their spatial distribution N3/2(r), the relative population η

of the fine structure levels of the 3P state and the relative velocity v of the colliding
sodium atoms.

The determination of the ground state sodium density and relative velocity v is
explained in Sect. 2.1 and all other relevant details can be found in Ref. [7].

While exciting the sodium atoms at full pump power by the laser, which was
locked at the detuning ∆νL = ν1/2 − νL in the red wing of the D1 line, the fluores-
cence intensities of the sodium resonance doublet and the energy pooling lines at
5S1/2 → 3P3/2 and 5S1/2 → 3P1/2 transitions (616.2 and 615.6 nm) were recorded
by scanning the monochromator.

It was not necessary to correct either of the measured fluorescence intensities
for the absorption along the optical path d. Namely, the 3S1/2 → 3P3/2 absorption
(measured along the optical path L ≈ 4d) was not detectable at typical wing
detunings ∆ν (∆λ ≥ 0.6 nm) appearing in Eq. (10).

With the exciting laser still kept locked at the pump frequency νL, the diode
laser was shone through the centre of the excitation zone and the absorption was
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measured at the 3P3/2 → 3D transition. To make the 819.7 nm line optically thin,
which was necessary for correct determination of N c

3/2
, the pump power had to be

substantially reduced by neutral density filters. That in turn caused the decrease of
the energy pooling signal, which became undetectable. Therefore, the population
density N c

3/2
realised with the full pump power had to be calculated according

to N c
3/2

= N̂ c
3/2

P0/P̂ , where N̂ c
3/2

, created with the lowest used pump power P̂ ,

was obtained from the corresponding peak absorption coefficient of the 819.7 nm
line. It was verified that N c

3/2
scales linearly with the pump power by measuring

the fluorescence wing intensity I3/2 at a certain fixed detuning in the blue wing of
the D2 line as a function of the applied pump power, which in the conditions of
constant ground-state number density, reflects the population of the 3P3/2 state.
Simultaneously, the intensity I616 of the energy pooling line was also measured as
a function of the applied pump power, in order to check whether the applied pump
powers caused any trapping of the 5S → 3P3/2 fluorescence. The intensity I616 was

found to vary as I616 ∝
(

N c
3/2

)2
∝ I2

3/2
as it should in the absence of the radiation

trapping.

Pumping with full laser power produced typical N c
3/2

populations in the range

between 4 ·1010 and 1.4 ·1011 cm−3, depending on the laser power and the detuning
∆νL chosen for the excitation.

The spatial distribution of the sodium atoms in 3P3/2 state was determined
by measuring the corresponding peak absorption at the 3P3/2 → 3D3/2,5/2 transi-
tion, while the diode-laser beam (probe) was translated across the excitation zone
diameter maintaining the probe beam parallel with the pump beam. The excited
3P3/2 population was found to be completely confined to the excitation zone, and
its normalized distribution F3/2(r) exhibited the Gaussian shape. This somewhat
unusual effect of the spatial distribution shrinkage at high ground-state densities
has already been observed previously [25]. Since it was experimentally verified that

I616 ∝ I2

3/2
, i.e. N c

5S
∝

(

N c
3/2

)2
, the normalised distribution of the 5S atoms ac-

quires the form F5S(r) = F2

3/2
(r). Consequently, the ratio of the integrals of the 5S

and 3P3/2 distributions is equal to 0.7, as already anticipated in the evaluation of
Eqs. (9) and (10).

The 3P1/2 to 3P3/2 population ratio η was determined from the ratio of the
fluorescence intensities measured in the outer wings of the D lines, by using the
Eq. (8) and analogous one for the wing of D1 line (F3/2 and F1/2 were found to be
the same). From the experiment, it was found that η = 0.6, suggesting that the 3P
fine-structure states were not completely mixed at the investigated temperatures.
Namely, the thermodynamic value of η is equal to 0.52 at the average experimental
temperature of 620 K. A similar effect was observed in sodium vapour earlier by
Davidson et al. [26].

The overall error bar of the σ5S includes contributions due to the uncertainties
in the experimental quantities N3S, N c

3/2
, I3/2, I616 and ν.

The errors in the determination of N3S and N c
3/2

amount to ±10 % and are
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caused by the uncertainty of the vapour-column length determination. Both number
densities were measured along the same optical path, and since they appear as the
ratio in Eq. (10), the contribution to the overall error amounts to ±10 %.

At all investigated temperatures, the number densities produced in the 3P3/2

state were comparable in value, which ensured avoidance of the trapping of the 5S
→ 3P3/2 fluorescence, so that the 5S state was always populated at similar rates.
On the other hand, the losses due to back-pooling increased proportionally to the
increased N3S density, causing the observed energy pooling signals to decrease. That
is why the measurements were not extended to temperatures higher than reported.
The highest uncertainty in the I616 intensity determination (high temperatures)
was ±25 %.

The error bar of energy pooling signals in the present experiment is larger
than in the previous similar experiment [7] dealing with energy pooling to the Na
4D state. The reason for that lies in the fact that the 3P3/2 populations in both
experiments had to be comparable to avoid the radiation trapping of the monitored
energy pooling lines. Since the energy pooling to the Na 5S state is less efficient
than the pooling to the 4D state, the pooling signals in the present experiment
were effectively weaker and have been determined with a lower accuracy than the
previous ones.

The reason for not extending the measurements to temperatures lower than 567
K (N3S = 2.2 · 1014 cm−3) lies in the fact that the quasistatic wing at detunings
λ ≈ 1 nm (requirement ∆λ ≫ δλ = 0.1 nm, see text preceding Eq. (8)) was not
sufficiently pronounced at lower temperatures. The intensity I3/2 was measured
with the relative error up to ±10 % (lowest temperatures).

With all sources of the uncertainties taken into account by adding errors in
quadrature, the k5S was determined with an overall standard error of ±30 %.

The results obtained for the energy-pooling cross section σ5S as a function of
temperature are shown in Fig. 2. If the back-energy pooling would not have been
taken into account in the evaluation of the results, the obtained values for σ5S

would be between 1 % and 15 % lower than those displayed, the reduction rising
progressively with the increase of the temperature.

Previously published experimental values [10,11] are also displayed in Fig. 2.
Only recent theoretical calculations published in Ref. [17] are included in the figure.
All earlier theoretical results [13–16] for the σ5S(T ) lie too low (by a factor of 3 to
60 % at best) compared with the data displayed in Fig. 2. The present measure-
ments show that the cross section σ5S exhibits negative temperature slope, which
is expected for the class of exothermic processes to which reaction (1) belongs. The
inset in Fig. 2 displays log σ5S vs. log T plot. From the linear regression through the
experimental points (all available experimental data are included in the analysis)
it was found that the cross section exhibits σ5S ∝ T−1.3 dependence. The temper-
ature exponent is determined with the accuracy of ±25 %. The declared error bar
includes the statistical uncertainty of the straight line fit through the data weighted
by their error bars and the uncertainty in the determination of the abscissa (T )
value.
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Fig. 2. The cross section σ5S for the energy pooling process Na(3P) + Na(3P) →
Na(5S) + Na(3S), as a function of temperature. Experimental results: triangle -
Allegrini et al. [11], square - Huennekens and Gallagher [10], full dots - present
work. Theoretical result: dotted line - recent theoretical calculation of Yurova
[17]; the curve displayed is obtained as a weighted average of the (J, J ′) - selective
cross sections (data are digitised from the figures in the original paper) given in
[17] to enable correct comparison with the present experiment in which the fine-
structure levels of the initial 3P state were populated in the statistical ratio. The
determination of the σ5S temperature dependence is illustrated in the inset. All
available experimental data are included in the analysis, yielding σ5S ∝ T−1.3

dependence, which is indicated with full line in the picture.

4. Discussion
As can be seen in Fig. 2, there is a very good agreement between the previ-

ously published σ5S value at a single temperature T = 600 K [10] and the present
measurements of σ5S(T ) at the same temperature. Also, the result reported in Ref.
[11] at T = 483 K agrees very well with the value that σ5S ∝ T−1.3 dependence
predicts for that temperature. Theoretical calculations published recently [17] for
the σ5S(T ) that account for the fine-structure effects, which are inherent to all
experimental values, are in a very good agreement with the present experimental
results as well. By fitting the theoretical σ5S(T ) curve to σ5S ∝ T−a dependence,
the coefficient a is obtained to be a = 1.2 which is within the experimental error
bar of the present value.

As already mentioned in the Introduction, it is very helpful to make a systema-
tisation of the CEET cross section with respect to a given characteristic parameter,
for instance the temperature. If such systematisation would yield a certain empir-
ically established regularity, it would be even more useful, because that could be
used for the estimation of the cross sections for the processes or temperature regions
that have not yet been investigated.
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In the following, two regularities regarding the temperature behaviour of the
CEET cross sections will be addressed. The first one concerns the cross sections
for energy pooling processes to the 5S and 4D states in sodium. The other one is
more general and involves various collision partners and various types of exothermic
CEET processes with different energy defects.

Using the present σ5S(T ) values and previously reported data for σ4D(T ) [7],
the temperature dependence of the σ4D/σ5S ratio is determined and the results (full
circles) plotted against the inverse temperature are shown in Fig. 3. Both σ4D(T )
and σ5S(T) values have been measured in the conditions of thoroughly mixed fine-
structure levels (J = 1/2, 3/2) of the sodium 3P state. Therefore the σ values
comprise the contributions from all three types of the collisions regarding the J
values of the atoms in the initial state, i.e. these cross sections correspond to the
energy pooling produced by (1/2, 1/2), (1/2, 3/2) and (3/2, 3/2) collisions. The re-
sults of other authors [8,26], who performed the cross-section measurements under
the same conditions of statistically populated 3P fine-structure states, are also dis-
played in the figure, and these σ4D/σ5S data are labelled with open circles in Fig. 3
(numbers next to symbols denote the corresponding references). The least-squares
fit through all available data (full and open circles) for the cross-section ratios

Fig. 3. Ratio of the cross sections σ4D/σ5S for the processes Na(3PJ ) + Na(3PJ ′)
→ Na(4D, 5S) + Na(3S) as a function of the inverse temperature, for different
initial state (J, J ′) combinations. Circles (full and open), correspond to the energy-
pooling processes in which all three types (1/2, 1/2), (1/2, 3/2) of collisions are
present. Results obtained in the conditions of pure (3/2, 3/2) and (1/2, 1/2) colli-
sions are depicted with open squares and diamonds, respectively. Numbers next to
symbols label the corresponding references. The cross-section ratios obtained using
the present results for σ5S and previously published ones for σ4D [7] are labelled
with full circles. The dotted line is a least-squares fit through all data represented
with circles (full and open). The dashed lines are only guides for the eye.
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measured when 3PJ states are completely collisionally mixed, yielded the temper-
ature dependence σ4D/σ5S ∝ exp{−1855/(kBT )}, which is shown by the dotted
line.

Figure 3 also includes the results [8-11, 26] obtained in the regime when energy
pooling processes were due to pure (3/2, 3/2) or (1/2, 1/2) collisions, which occurred
when the 3PJ levels were selectively excited by laser in pure sodium vapour at
low ground-state densities (∼ 1012 cm−3). The data corresponding to the pure
(3/2, 3/2) and (1/2, 1/2) collisions are represented with open squares and diamonds,
respectively. The dashed lines through these data are only guides for the eye. From
Fig. 3, it can be concluded that the type of the collision regime influences the
absolute value of the cross-section ratio σ4D/σ5S, while its temperature dependence
remains practically unaffected.

In the group of the results obtained for pure (3/2, 3/2) collisions, the datum from
Ref. [11] is in substantial disagreement with others. The cause of this discrepancy
lies in the fact that σ4D value obtained in Ref. [11] is too high (see discussion in
Ref. [7]).

The results of measurements published in Ref. [8] were not quantitative, i.e.
the authors reported only the relative intensities of the energy pooling lines 4D
→ 3P and 5S → 3P transitions, together with data about the temperature (Na
ground-state density) and pressure of the buffer gas (Ne). However, these data were
sufficient to calculate the cross-section ratios, using Eq. (9) and the analogous one
for k4D published previously [7], if in both equations back-pooling was neglected,
which is justified at Na ground-state densities (≈ 1012 cm−3) realised in Ref. [8].
The values of σ4D/σ5S obtained in this way are displayed in Fig. 3.

The absolute values of the σ4D and σ5S cross sections obtained in Ref. [9]
are several orders of magnitude smaller than the results of other authors [7,10,11,
present values], due to large systematic errors in the determination of relevant
quantities. However, when taking the ratio of the cross sections, all sources of
errors cancel out, and, as can be seen in Fig. 3, these data fit very well in the
overall picture. These measurements were made in pure Na vapour, covering the
ground-state densities in the range 2·1012 to 2·1013 cm−3. At the high-density end of
the investigated interval, the collisional mixing of 3PJ levels starts to be important,
which manifests itself in the deviation of the corresponding σ4D/σ5S values towards
the straight line corresponding to the collision regime in which the ratio of the
excited atom populations in the fine-structure states approaches thermodynamic
value.

Recently [3], an interesting empirical relationship between the magnitude of the
exothermic CEET cross-sections and their dependence on temperature has been
published, based on the collection of data available in literature. Here, this finding
is reproduced in Fig. 4 and the results of the present investigation are added. As can
be seen in Fig. 4, there is a continuous change in dependence from approximately
σ ∝ T 2 to σ ∝ T−1.5 from the lowest to the highest cross-section values that span
over eight orders of magnitude. No data in the cross-section databases were found
that would violate the observed regularity, which applies to like and unlike collision
partners and various types of CEET processes with different energy defects. This
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suggests that neither the energy defect nor the type of interaction, but only the
absolute magnitude of the thermal cross-sections is crucial for the thermal cross-
section temperature behaviour. In particular, the cross sections of the order of
magnitude of 10−15 cm2 are temperature-independent (zero slope of σ(T ) in Fig.
4). It should be noted that this cross-section value is of the same order of magnitude
as the geometrical cross section for the atom-atom collision in which both atoms
involved are in their ground states.

Fig. 4. The temperature dependence of the various exothermic CEET processes,
showing the change of the slope of the σ(T ) curve depending on the magnitude
of the exothermic cross section, which spans over eight orders of magnitude. A
continuous transformation from a σ(T ) ∝ T 2 to a σ(T ) ∝ T−1.5 dependence can
be seen. Various collision partners and also various types of CEET processes with
different energy defects are included in the figure.

1) Na(3P3/2) + Na(3S) → Na(3P1/2) + Na(3S) [1,27];
2) K(4P3/2) + K(4S) → K(4P1/2) + K(4S) [1];
3) Cs(6P3/2) + Cs(6P3/2) → Cs(6D)+ Cs(6S) [28,29];
4) Rb(5P3/2) + Rb(5S) → Rb(5P1/2) + Rb(5S) [1];
5) Cs(6P3/2) + Cs(6S) → Cs(6P1/2) + Cs(6S) [30,31];
6) Cs(8P3/2) + He → Cs(8P1/2) + He [32];
7) Cs(7P3/2) + He → Cs(7P1/2) + He [33];
8) Cs(8P3/2) + Xe → Cs(8P1/2) + Xe [32];
9) Cs(8P3/2) + Ar → Cs(8P1/2) + Ar [32];
10) Cs(6D3/2) + He → Cs(7P1/2) + He [34];
11) Cs(7P3/2) + Xe → Cs(7P1/2) + Xe [33];
12) Rb(5P3/2) + He → Rb(5P1/2) + He [35];
13) Cs(7P3/2) + Ar → Cs(7P1/2) + Ar [33];
14) Rb(5P3/2) + Xe → Rb(5P1/2) + Xe [35];
15) Cs(6P3/2) + He → Cs(6P1/2) + He [35];
16) Cs(6P3/2) + Ne → Cs(6P1/2) + Ne [35];
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17) present work: Na(3P) + Na(3P) → Na(5S) +Na(3S).

As can be seen, the present results on the temperature dependence of the cross
section for the exothermic energy pooling process Na(3P) + Na(3P) → Na(5S) +
Na(3S) fit very well in the existing field of the σ vs. T curves for exothermic CEET
processes.

5. Conclusion

The temperature dependence of the cross section σ5S for the energy pooling
process Na(3P) + Na(3P) → Na(5S) + Na(3S) has been determined in the range
between 567 and 676 K. The measurements have shown that the cross section
decreases as the temperature increases, exhibiting the σ5S ∝ T−1.3 dependence.
Previously reported σ5S value measured at T = 600 K [10] is in excellent agree-
ment with the present value at the same temperature. Also, the result from Ref.
[11] obtained at T = 483 K is in very good agreement with the value predicted by
the temperature dependence reported here. Moreover, recent theoretical calcula-
tions [17] of the σ5S(T ), which take into account fine-structure effects, are in very
good agreement with the present experimental results. Regarding the notorious
disagreement between the experimental and theoretical results when CEET cross
sections are in question (theoretical values are almost always much too small when
compared with the measured ones), this agreement might be even considered to be
excellent.

The temperature dependence of the ratio of the cross sections for energy pooling
processes to 5S and 4D states in sodium, occurring in the collisions that involve com-
pletely collisionally mixed populations in the initial 3PJ states, has been obtained
using the present σ5S(T ) results and previously [7] published ones for σ4D(T ). It
was found that σ4D/σ5S ∝ exp{−1855/(kBT )}. By including into the consideration
the results of other authors who measured these cross sections in collisions which
involved pure 3P1/2 or pure 3P3/2 initial state population, it was found that the
change of the collision regime did not affect the temperature dependence, but only
the magnitude of the σ4D/σ5S ratio ((1/2, 1/2) and (3/2, 3/2) collisions produced
the lowest and the highest cross-section ratios, respectively).

The obtained data for σ5S(T ) have been found to fit very well into the field of
continuously slope varying σ(T ) curves [3] for exothermic CEET processes. This
regularity between the magnitude of the exothermic CEET cross section and the
slope of the corresponding σ(T ) curve was recently established empirically, and the
present results have been found to support its validity.
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[31] M. Movre, V. Horvatić and C. Vadla, J. Phys. B: At. Mol. Opt. Phys. 32 (1999) 4647.

[32] M. Pimbert, J. Physique 33 (1972) 331.

[33] I. N. Siara, H. S. Kwong and L. Krause, Can. J. Phys. 52 (1974) 945.

FIZIKA A 12 (2003) 3, 97–114 113
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TEMPERATURNA OVISNOST UDARNOG PRESJEKA σ5S ZA PROCES
ENERGIJSKOG ZDRUŽIVANJA Na(3P) + Na(3P) → Na(5S) + Na(3S)

Primjenom metode laserski inducirane fluorescencije odred–en je udarni presjek σ5S

za proces združivanja energije (engl. energy pooling process) Na(3P) + Na(3P) →
Na(5S) + Na(3S) u temperaturnom području od 567 to 676 K. Ustanovljeno je
da se vrijednosti za σ5S smanjuju s porastom temperature, pri čemu se pokazuje
ovisnost σ5S ∝ T−1.3. Dobiveni rezultati se izvrsno slažu s najnovijim teorijskim
računima. Takod–er, pokazano je da se mjerena temperaturna ovisnost udarnog
presjeka σ5S vrlo dobro uklapa u opću sliku ovisnosti izmed–u σ i T , što je bila
nedavno objavljena, a uključuje različite sudarne partnere i različite vrste sudarnih
prijenosa energije pobude s različitim energijskim defektima.
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