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A set of experiments investigating diffusion of alkali atoms in the noble
gases is reported. A cesium gradient in the cell was induced by electrodeless
pulse discharge. In the transient signal of absorption, corresponding to the
251/2 — n?Pj transitions, five diffusion modes were observed. The diffusion
coefficient 1) of cesium in helium and argon has been measured in a spherical
cell filled with a buffer gas of 2.5 to 30 hPa and for temperatures in the range
from 275 K to 400 K.

PACS numbers: 82.56.Lz, 34.90.4+q

1. Introduction

Modelling the low-pressure alkali-noble gas atom discharge in various plasma
devices needs to include the parameters crucial for description of the transport
processes such as ambipolar diffusion as well as ground and excited state diffusion.

Several experiments can provide information about the diffusion coefficient.
An optical observation of the evolution of the spatial distribution of atoms cre-
ated in a pulse electrical discharge has been studied with an increasing interest
during the last few decades. Since the studies done by Phelps and Molnar [1]
experimental investigations have dealt mainly with quenching and transport pro-
cesses of metastable species. The principle of the experimental method for atoms
in their ground state was described by Cornellissen [2], who developed a pulse glow
discharge to create the gradient of ground state atoms in a long cylindrical cell.
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An optical observation of optically polarized ground state atom 1s also a tool
for investigating the diffusion [3-5]. Unfortunately, in optical pumping experiments
the diffusion can be observed in the presence of dominant spin relaxation processes.

New laser techniques, such as light-induced diffusive pulling (LDP) [6] and
light induced drift (LID) [7] are restricted due to experimental condition. The LDP
and LID experiments are carried out for the pressure greater than 100 hPa and
less than 15 hPa, respectively. An investigation of temperature dependences is also
limited.

The optical methods base on description of an evolution of the system by
the diffusion equation with a linear relaxation term. The solution of the diffusion
equation is given as an infinite sum of exponential terms (commonly called diffu-
sion modes) and it is difficult to fit the signal to the theoretical description. An
approximation of the signal consisting in only one diffusion mode appears to be
unrealistic in many experimental situations, especially in the measurement of the
diffusion coefficient.

In the present set of experiments, the diffusion coefficient is measured using
electrodeless pulse discharge to create a gradient of cesium atoms. A chosen geom-
etry of discharge allows us to limit the number of diffusion modes in the observed
signal of absorption. On the other hand, a possibility of observation of a few or
even one mode signal in optical pumping experiments was analysed for a spherical
cell by Legowski and the author [8] and independently by Bernabeu and Tornos [9]
for pure spherical symmetric distribution of atoms in the cell. This procedure 1s
used in the present work to analyse the absorption signals.

2. Experimental details

The experiments were performed for a spherical cell, which is placed in the
high frequency discharge coils. Two geometries of the coils, which were used in
the experiments, are shown in Fig. 1, where they are denoted by “A” and “B”.
The pulse of electrodeless r.f. discharge (about 90 MHz) produces a strong cesium
gradient. After switching off the pulse discharge, the spatial density of cesium
atoms evolves to a homogeneous distribution.
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Fig. 1. Geometry of the discharge and the detection.
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The symmetry of the spatial distribution of the cesium atoms N(7rt) is
assumed to be axially symmetric since it is guaranteed by the geometry of the
discharge coils. The evolution of atoms for axially symmetric initial spatial distri-
bution is characterised by the inversion symmetry with respect to the centre of
spherical cell for the “A” type discharge. For the “B” type of discharge spherical
symmetric distribution of atoms is expected. The transient signal of absorption
due to 6251/2—n2PJ transitions (with n = 6,7 or 8 to reduce the optical thick-
ness) was observed after the pulse discharge. Then, the absorption signal of the
detection beam is compared to the solution of the diffusion equation correspond-
ing to the experimental condition. For the above assumptions the evolution of the
cesium ground state density N(r, 9, ¢,t) can be described in spherical coordinate
system with the boundary condition N(r = Ry) = Nw (the density at the wall
is assumed to be constant) and N/J¢ = 0 by the following sum of the diffusion
modes:

- 1
N(r,9,t) = Nw — Z AZk,mJ2k+1/2(92k,mr)WP2k cos ¥ exp (—D.ngymt) , (1)
k,m=0
where D is the diffusion constant and (2 ,, is a geometrical factor which depends
on the geometry of the cell and a boundary condition on the cell walls. Here
Ji+1/2(.(2iymr) are the Bessel functions and {2; ,,, are given as positive roots of the
following equation:

Jit1/2(£2imRo) = 0. (2)
Here P;(cosd) are the Legendre polynomials; Rg is the inner radius of the cell.
The coefficient A; ,,, depends on the following initial condition:

A 4k +1
2k,m —
R%[Jékﬂ/z(g%,mRO)]z
T Ro
X / / [Nw — N(r,d,t = 0)]7“3/2J2k+1/2(.(22k7mr)P2k cos ¥ sin vdddr. (3)
o Jo

The experimental arrangement is shown 1n Fig. 2.
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Fig. 2. Experimental set-up. The discharge cell is located in an oven. For the “A” type
experiment the cell was rotated and for the “B” type shifted.
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The source S is a high frequency discharge resonance lamp for an optical
excitation. The signal was converted by an AD-converter. The digital signal was
averaged and stored in the computer. The number of runs to be averaged was
from 20 to 200. The diameter of the detection beam was 0.6 cm, and the pulse
time of the discharge was from 0.1 to 10 ms. The intensity and repetition period
of the r.f. pulse discharge were varied. The cells were carefully selected pyrex
bulbs. The inner radius Ry of the cells was about 4 cm. The cells were heated to
eliminate the impurities that could have been present on/in pyrex walls. Metallic
cesium was distilled under high vacuum into the cell at room temperature and
then an ultrapure buffer gas was admitted. The cell was disconnected from the
vacuum system. The above procedure was used to ensure an appropriate condition
of electrodeless discharge at all buffer gas pressures and all temperatures of the
experiment. The cell was heated or cooled by temperature-regulated air flow.

The total signal for a small optical thickness can be represented by

S(t) = S(c0) — Zsl,m exp(—Zi mt) oc/vN(r,t)dr, (4)

where 7; ,, = D.sz denotes a diffusion mode decay constant, V' is a volume of
the cell touched by the detection beam. It should be noted that for thin detection
beam and an experiment of the “A” type we have [8]

Sim X Ajm Pi(cos )ty m,

where
Py=1, Py=(3cos?¥—1)/2,...,

and

aiym:/ Ji+1/2(.(2iymr)r_1/2dr. (5)
v

For the “B” type experiments, i.e. in the case of the spherical symmetrical
distribution of atoms, the Sg ,, terms appear only in the signal.

3. Results and discussion

The transient signals for the “A” and the “B” types of the experiments
performed in the course of the present study are shown in Figs. 3 and 4.

Only the first few S; ;,, terms contribute to the signal and only five of these
(with ¢ =0,m=0,1,2 and ¢ = 2,m = 0,1) are considered. The quantities {2; ,,
have increasing relative values (see Fig. 5) and a higher modes decay too fast to
be observed. Only three exponential curves could be well fitted to the transient
signal with a good accuracy and thus the non-radial terms (¢ = 2, m = 0, 1) were
extracted from normalised to the Sy difference S(¢ = 90°)—S(¢ = 0) of the
signals. This way of the signal analysis leads to smaller errors for D and S; .,
because the values of Zp; and Zp 2 are close to the Z3 ¢ and 75 ; respectively
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Fig. 3. The signals for the “A” type of the experiment.
Fig. 4 The signals for the “B” type of the experiment. (a) The solid line fits one

exponential curve. The normalised «o ., integrals are given in (b)
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Fig. 5. Zim against discrete values of £2;,, which fulfil the assumed boundary condition.
Zim have been fitted here as independent parameters.

Fig. 6 1/Zoo against the pressure of the buffer gases. The results have been obtained
from the “B” type experiments at R/Ro = 0.36.

and then the pairs of the fitting parameters Sp 1, S2,0 and Sp 2, S2,1 are strongly
correlated. The analysis of the Z;,, values and qualitative relations between 5; ,,
amplitudes are consistent with the above theoretical description. One can show
that the sign of the S5, amplitudes changes as P»(¢) in the “A” type experi-
ment as well the Sy, as ap, (see Fig. 4b) for the “B” one. In good agreement
with theoretical prediction [8] the signal fits by just one exponential curve for
R/Ry = 0.36. A least-squares fitting approximates then the Z,, values with an
accuracy better than 2%. Quasi-isotropic discharge gives practically a spherical
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symmetrical distribution of cesium atoms. In Fig. 5 7; ,,, are shown. In the figure
the £2;,, values fulfil exactly Eq. (2). The slope of the fitted straight line gives
the D value. For an exact estimation of the diffusion constant the D and S; .,
quantities were used as the fitting parameters.

One can use this method to measure the diffusion coefficient in a wide range
of the buffer gas pressure as is illustrated in Fig. 6. The results of the systematic
measurements of the temperature dependence of the diffusion coefficient have been
carried out at spherical symmetry of the density gradient of the cesium atoms. The
pressure of the buffer gases (at filling temperature of about 296 K) was 2.6, 18.0,
31.2 hPa for Cs—He system and 3.6, 18.5, 33.1 hPa for Cs—Ar system.

The experimental values of the diffusion coefficient were compared with those
calculated using theoretical potentials. The theoretical calculations are based on
the classical Hirschfelder and Chapman—Enskog approximation [10, 11] (see Ap-
pendix). Such calculations are reliable at a high temperature range. Here we have
used for calculations the numerical potentials of Czuchaj and Sienkiewicz [12],
Pascale and Vandeplanque [13] and Buck and Pauly [14]. The final experimental
and theoretical results are given in Fig. 7.

D,(M=D(TIT)*

400
temperature [K]

Fig. 7. The final experimental and theoretical results. The calculations at Czuchaj and
Sienkiewicz, Pascale and Vandeplanque and Buck and Pauly are denoted as Cz—S, P-V
and B-P.

A brief comparison of experimental values for Dy, 1.e. the value of D at
the normal pressure, with the values obtained in optical pumping experiments
as well as with the theoretical ones is shown in the Table assuming a power-law
temperature dependence for Do(T')

Do(T) = Do(T/T0)". (6)

It should be noted that Eq. (6) describes analytically the character of tem-
perature dependence of diffusion coefficient for pure repulsive potential of the
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TABLE

Experimental and theoretical diffusion coefficient. Other ex-

periments have been extrapolated as Do(T) = D, (T/Tp)* at
a=1.5. Do is in cm? s~ 1.

Gas | Present measurement | Other results Theory
Dy o Do Do o
He | 0.295(21) | 1.28(26) | 0.34(3)" 0.408 | 0.72°%73
0.291(30)F =5 | 0.414 | 0.73F 7V
Ar | 0.086(5) | 1.12(16) | 0.15(5)" 0.094 | 0.79°%=3
0.111(11)F =5 | 0.096 | 0.82F =V
0.101(10)T=4 | 0.080 | 0.738~F

BBylicki [3], "~5Franz and Sooriamoorthi [4], T~=*Tornos and
Amare [5], “*"®Czuchaj and Sienkiewicz [12], ¥~V Pascale and
Vandeplanque [13], P~ Buck and Pauly [14]. P~ potential was
calculated from scattering measurements.

inverse-power C'//R" type. One can see that these calculations provide an inter-
esting comparison with experimental measurement. The agreement is quite good
for the Cs—Ar system and rather poor for the Cs—He one. Only the absolute value
of the Dy was charged by a systematic correction (for example, measurements of
the buffer gas pressure or deviation from pure spherical symmetry of the bulb).
In the present experiment this correction is considered to be less than 5%. Hence,
we limit ourselves to the comparison between experimental and theoretical val-
ues of « coefficient, which 1s not disturbed by the systematical uncertainties. The
significant differences are observed here.

The exact formula for Lennard—Jones’ (n—m) type of a potential [11] is as
follows:

T 0.542/n T(n—m)/n
7 R CET (7)
TO 6 —|— T(n_m)/n

with constants D* and §. This formula contains too many free parameters to

Do(T) = D* (

be representative for description of the experimental results. It means that the
experimental results are sensitive to rather a small region of a repulsive branch
of the potential and a wide class of the Lennard—Jones type of potentials could
be fitted to experimental data. A reliable approximation of the measurements by
Eq. (6) implies only that the theoretical potentials are too much repulsive.

4. Conclusion

A new set of experiments for accurate determination of the diffusion co-
efficient was performed. While the experimental studies have been restricted to
the alkali-metal in noble gas, the technique can be applicable to other atoms in
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the ground state. Similar experiments can be applied to investigate diffusion of
excited-metastable atoms. These promising experimental ideas can be also very
useful in examining the spatial distribution of atoms in a spherical cell.

In view of the light-induced diffusive pulling and light-induced drift experi-
ments, which concern diffusion measurements [6, 7], the method described in the
present work seems to be particularly suited to measure independently the diffu-
sion coefficient of the alkali atoms in the ground state.

The calculation of the diffusion coefficient was carried for the available po-
tentials. Although some of the available potentials may not be very accurate, the
calculations allow us to have a wide view of reproduced experimentally and theo-
retically diffusion data at various temperatures. The author 1s convinced that the
diffusion coefficients presented here are more reliable than the other experimental
data, however a detailed comparison of the experimental and theoretical results
requires measurements performed in a wide range of temperatures. Theoretical
calculations should be then performed using quantum mechanical methods and
more realistic potentials.
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Appendix

In the Chapman—Enskog [10] approximation for binary mixture the diffusion
constant is given by

p= B [2EKLET 1 (A1)
16 wop Qa

with p — total peturber pressure, ¢t — the reduced mass and Q4 — energy averaged

cross-section as

Q= [ o ep(-g")Q (). (A2)
0
where
g% = w?/2kT
and
Q'(v)= 271'/ [1 — cos x(v, b)]bdb. (A3)
0

Here v is the initial relative speed of colliding atoms, b is the impact parameter
and y is the deflection function
e dr
b) =m—2b .
o =m0 | e
In Eq. (A4) r,, denotes the distance of the closest approach and ¢(r) is the

(A4)

intermolecular potential energy.
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