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Cross sections for the 7P, — 6D 3, and 7P;, — 6D, transitions, induced at thermal energies by
cesium-rare-gas collisions, have been measured over the temperature range from 420 to 615 K. The
values of the cross sections are found to be surprisingly high when considering only the energy defect
of the levels involved. Moreover, the cross sections for Cs-He collisions exhibit very different behavior
than those corresponding to heavier rare gases. A discussion with the aid of theoretical adiabatic po-
tential curves explains the main features of the experimental results. Theoretical calculations of the
cross sections have been carried out for some cases, and give results in satisfactory agreement with

the experimental values.

I. INTRODUCTION

Recent experimental and theoretical work on
inelastic atomic collisions at thermal energies
involving highly excited atoms is of great interest
in efforts to obtain a better knowledge of inter-
atomic forces.'™®

Numerous experiments®* have been performed
on the transfer of excitation between the fine-
structure levels of the first 2P doublet of the alkali
metals when they undergo a collision with a rare-
gas atom, i.e.,

ACP,))+ X 2 ACP, ;) + X AE,
QI

where A is an alkali-metal atom, AE the fine-
structure splitting, Xis a rare-gas atom in its
ground state, and @ and @’ are the cross sections
associated with these processes. The general
feature clearly shown by the experimental results
is that @ and @’ are directly related to the magni-
tude of AE. However, for a better understanding
of these inelastic processes a study of higher ex-
cited levels was necessary. For this reason fine-
structure transitions in the second and third 2P
doublets of cesium, induced by collisions with
rare-gas atoms, have been studied in our labora-
tory.»® The results have shown that the absolute
values of the cross sections depend not only on the
energy defect AE but also on the position of the
doublet with respect to the other levels in the ce-
sium energy diagram (Fig. 1). It has been sug-
gested that coupling with neighboring levels might
occur.®

A reliable theoretical computation of these colli-
sional cross sections has been done only for the
first resonant doublet of the lightest alkali metals.
In that case the simplified potential -energy curves
used in the calculations seem to be correct in the
range of internuclear distances where the transi-
tions are the most probable.®™®

No agreement was obtained with similar calcula-
tions for collisions involving higher excited states.
In view of these results it is obvious that the theo-
retical calculation of the cross sections requires
a fairly good knowledge of the adiabatic potential
curves of the alkali-rare-gas atom pairs. Ina re-
cent calculation of the alkali-rare-gas adiabatic
potentials the importance of coupling between
neighboring levels, giving rise to structure in the
potential-energy curves, was clearly pointed
out.®”'® An examination of the curves suggests, in
particular, that an experimental study of extra-
multiplet collisional transitions between the 72P
and 62D levels of cesium is of interest. The poten-
tial curves asymptotically correlated to these lev-
els show a pronounced structure due to coupling
between these levels.

The possibility, for the first time, of comparing
theoretical predictions with experimental results
has led us to complete our previous investigation
of intramultiplet transitions concerning the second
resonant doublet of cesium with the experimental
study of the (7P — 62D) transitions. In this article
we report on the experiment and discuss the re-
sults with the help of the potential-energy curves.

3

II. DESCRIPTION OF EXPERIMENT

A. Method
We are concerned with the collisional process

Cs(j)+ X 2 Cs(i)+ X= AE, 1)
17

where Xis a rare-gas atom in its ground state and
AE is the energy defect between the j and ¢ excited
levels. The cross section for the transfer of ex-
citation from j to ¢ is denoted by @,; ; the reverse
by @;;. Figure 2 shows the levels involved in the
process: In our case the in-going channel is either
the 7°P, ,, or T°P,,, level. The population of these
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levels is achieved by photoexcitation from the
ground state (6%, ,, level) using a pulsed dye laser.
The measurement of the intensities of two lines
originating from the levels j (direct fluorescence)
and ¢ (sensitized fluorescence) by a photon-count-
ing technique allows us to determine the population
ratio of these two levels as a function of the rare-
gas pressure. The cross sections @;; and @,;; are
then derived (see Sec. III B). The experimental
setup, shown in Fig. 3, consists of three main
parts: the dye laser, the fluorescence cell, and
the detection system.

B. Dye laser

We use a pulsed dye laser because no cw dye
laser operating at the required wavelengths (4555
and 4593 A) was commercially available at the
start of this experiment. A water-cooled flash
lamp achieves the pumping of the dye (4, 6 dimethyl,
7 methyl amino coumarin). By inserting a Fabry-
Perot interferometer in the cavity we obtain a la-
ser linewidth of about 1 A. By rotation of the in-
terferometer we can tune the wavelength over a
large spectral range, providing selective excitation
of the two 72P-doublet components. The laser
pulses have a half-width time duration of about
1.5 usec and a maximum output power of 50 uJ per
pulse. The repetition rate is 3 Hz. An optical sys-
tem using a cesium vapor lamp ensures control of
the laser wavelength. Because of the well-known
poor power and wavelength stability of the dye la-
ser pulses, we use an appropriate detection sys-
tem.
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FIG. 1. Energy-level diagram of cesium.

C. Fluorescence cell

The fluorescence light is observed at a right
angle to the exciting laser beam. The form of the
cell and the material used (suprasil 1) ensure a
minimum of stray light. The well-defined position
of the laser beam allows us to determine the opti-
cal path of the fluorescence light, which is an im-
portant parameter for the calculation of possible
light-absorption effects. The temperature of the
oven in which the fluorescence cell is set can be
varied over the range 400-630 K. The liquid ce-
sium is located in a sidearm, the temperature of
which is kept at a fixed value by a separate heating
system. Thermocouples ensure the measurements
and the regulation of the temperature in the whole
system. The fluorescence cell is connected by a
capillary to a vacuum or gas filling system. After
a typical baking procedure the residual pressure
is about 107® Torr. The rare-gas pressure is
measured with an oil manometer. A liquid-nitro-
gen-cooled trap and, for the helium case, a cata-
phoresis tube permit further purification of the
rare gas before its introduction into the fluores-
cence cell.

D. Detection system

Intensity fluctuations of the excitation source re-
quire simultaneous measurement of the direct and
sensitized fluorescence. A short-focal-length lens
allows the observation of a small interaction re-
gion in the cell. The direct fluorescent light, pos-
sibly attenuated by a neutral density filter, is ana-
lyzed with an interference filter. The sensitized
fluorescence light is focused on the entry slit of a
grating monochromator. The measurements are
then achieved by using (i) a high-speed cooled
photomultiplier (pulse duration <5 nsec) of 56 DVP
or C 31034 type, and (ii) a 100-MHz detection sys-
tem (amplifier, discriminator, and scaler). A
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FIG. 2. Energy levels involved in this experiment.
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trigger system opens the counter during a time
greater than the light-pulse duration, but suffi-
ciently short to ensure a very low dark-noise lev-
el. Preliminary experiments permit the calibra-
tion of the whole system.

III. DATA ANALYSIS

The cross sections for excitation transfer are
obtained after a two-step procedure. First, from
the experimental results of the intensity ratio of
sensitized to direct fluorescence light the ratios
of the i- to j-level populations are deduced as a
function of the rare-gas pressure. Then the cross
sections are determined from the population ratios
by using a four-level coupling model.

A. Determination of population ratios

The counting measurements are made in pulsed
mode, with a pulse-time duration greater than the
lifetimes of the studied excited levels. The count-
ing apparatus operates during a time 7 which cov-
ers completely the excitation light pulse. If 9((j)
is the instantaneous population of atoms lying in
the j level, N(j)=f,” 9(j)dt represents the total
number of atoms lying in the j level during the la-
ser pulse and A, ,, N (j) is the total number of pho-
tons spontaneously emitted in the transition from
the level j to the level k (where A, is the Ein-
stein coefficient). The detection system, tuned to
the j - k transition, gives a counting signal C(j)
proportional to A,,,N(j). In the same way, we ob-
tain for the ¢ — [ transition a counting signal C(¢)
proportional to A; ;N (7).

We can write

where Y;; represents the relative efficiency of the
whole detection apparatus, taking into account the
attenuation of the beams, the geometical arrange-
ment of the two detection channels, and their rela-
tive sensitivity. X; takes into account the influence
of light absorption. The quantities o and 3 are
corrective factors for the evaluation of the real
counting rate when the dead time of the electronic
apparatus is taken into account (the dead time has
been previously found to be 10 nsec).

The determination of Y;; is achieved by appro-
priate experiments. Measurements are performed
with the sidearm containing liquid cesium at a
temperature of 90°C. This corresponds to a cesi-
um pressure of about 3x10™* Torr [we use Not-
tingham’s formula'!]. Because the optical path of
the fluorescence light is about 3 mm, the absorp-
tion of the direct fluorescence (7°P, ,, -~ 6°S, ,, or
7P, ,,—~ 6°S, ,, transition) is not negligible as it is
in the case for the sensitized fluorescence (6“’D3/2
~ 6°P, ,, transition). We calculate the X, coeffi-
cient using the results given by Refs. 12-14, in-
cluding, when necessary, in our calculation the
pressure broadening of the cesium lines by the
rare gas. The calculated value of X; does not dif-
fer from unity by more than 20%.

We used in our calculations the A values given
by Warner.'® The choice of A values will be dis-
cussed later (see Sec. IIIC4). The measurements
of the rare-gas pressure, using an oil manometer,
need correction because of thermal transpiration,
the manometer not being at the same temperature
as the fluorescence cell. Knowledge of the flow
regime (molecular, viscous, or intermediate) al-
lows us, by an interpolation method, to determine

N(2) _A,-»k Xy aC(7) @) the corrective factor under the experimental con-
N@) AL, T Be)’ ditions.*®17
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B. Derivation of cross sections

The results of the previous experiments con-
cerning intramultiplet transitions induced in alka-
li-rare-gas collisions are, in general, interpreted
using a two-level scheme [i.e., j and i levels of
Eq. (1)]. This scheme is well justified in the case
of the first resonant doublet but must be modified
in the case of higher excited levels because of the
influence of other neighboring levels on the popu-
lation ratios. We will describe here a more gen-
eral model which allows us to analyze the experi-
mental data when one has to consider the influence
of a great number of levels. We will then apply
the results obtained to the case of the 7°P, ,, 5/,
and 6°D, ,, 5, levels involved in this study (these
four levels are well separated from the others in
the energy diagram of cesium).

Let us consider a large number of atomic levels
i, j,.... The following processes are supposed
to couple these levels:

(a) Collisional processes. These are character-
ized by a frequency K;; with K;; =N,7Q;;, where
N, is the rare-gas pressure, 7 the mean velocity
of the relative motion of the colliding particles,
and Q;; is the Maxwellian averaged cross section
for the j—i collisional transition considered.

(b) Radiative processes. These are character-
ized by the Einstein coefficients A;; (some of them
equal to zero).

(c) Photoexcitation processes. These are de-
noted by ¢,;. These terms represent radiative
pumping due to the cell considered as a black body.

We can write the population balance of the level
i in the form

Z N(p )(Kpi +Api + (Ppi):N(i) Z (Kip +Aip+¢'ip)

p =i p#i

:N(i)(Ki +4; +¢i)5
with

2 K=K, D A=Ay, D b=

P =i P =i p =i

N () and N(p) are, as defined previously, the in-
tegrated populations of levels (i) and (p) during the
measurement time 7.

Denote the photoexcited level by j, the level cor-
responding to the sensitized fluorescence by z, and
the ratio N(k)/N(I) by R,, . We can write, using
the preceding formula,

Ry;= Z R0, , (3)
=i
0y = (Kpy + A+ 0,) /(K + A + ¢;). (4)

Note, finally, that the principle of detailed bal-
ancing can be written

oy o B\ _Qii _8i -8,/
(R”)eq <Kij>tq Qi; 8j ¢ ’ 5)
where g; and g; are the statistical weights of the
¢ and j levels, AE;; is the energy defect between
these two levels, and the eq subscript indicates
that the corresponding quantities are defined at
Boltzmann equilibrium at the gas temperature 7.

Applying this model to the four levels T°P, ,, 4/,
and 6°D, ,, ./, and using the notation of Fig. 2, Eq.
(3) can be written

Ry =03+ Ry Qg+ Ry Uy
Since R,, =R, R;, one obtains

Ry = (a3 + Ry @p3)/ (1 = Ryzayg)
and, finally, using Eq. (4),

(K3 + ¢)3) + Ry (Fos + §p3)
Ky =R K+ A,

Ry =

A similar expression can be obtained for Rg,.

The experiment determines R, (and R,,) as a
function of the rare-gas pressure N, (note, in
particular, that ¢,;=R; A, when N,=0). Previous
measurements (5) determine R,, (and R,,) as a
function of N,. The above formula can now be
written

- (N,DQ 13+ P13) + Ryy (N, Q3 + P3)
. Ng@(Qs = Ry3Qq3) + 4, ’

(6)

where @, is the total collisional depopulation cross
section of level 3.

The preceding analysis omits the influence of
(Cs-Cs) collisions. Strictly speaking, the colli-
sional frequency K;; must be written

Kji = N;0Qji + NeUe Qi

N, is the cesium density, 7, is the mean velocity
of the relative motion of two colliding cesium
atoms, and Qi is the Maxwellian averaged cross
section for the j - i transition induced by (Cs-Cs)
collisions. In our experiment the cesium density
N, is kept at a fixed value. The effects of (Cs-Cs)
collisions in Eq. (6) are (i) introduction into the
numerator of two constant terms which can be re-
garded as included in the experimental values of
¢,5and ¢,,, and (ii) introduction of an additive
term to A, in the denominator. One can see easily
that this term is quite negligible if one refers to
the value of N, (=10'° em™).

We now consider the analysis of the experimental
data using Eq. (6). Because of experimental diffi-
culties in determining the population of level 4 we
do not measure R,;. However, since the energy
defect AE,, is small (43 cm™), one can consider
that Boltzmann equilibrium between these two lev-
els is rapidly obtained. So, using Eq. (5) we can
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write in this case

~ (N TQ13+¢13) + Ry (N,TQps + P5)

s NgT)(QS - Q34) +A3 (7)

The quantity @, — @,, is the cross section for colli-
sional depopulation of level 3 to all other levels
except level 4. We can determine @,;, @,; and

@, — @4, from the measurements of R;; and R, as
a function of rare-gas pressure in the following
way:

(a) At very low pressure Eq. (6) reduces to
Ry = (N,7Q,3+ ¢,3)/A;, from which @,; can be de-
termined (a similar procedure allows the deter-
mination of Q).

(b) At higher pressure Eq. (7) is used to deter-
mine @, — @,,, providing a check on the @,; and
@3 values. In fact, because of uncertainties as-
sociated with the values of R,, (and R,,) at high
rare-gas pressure the value of @, —Q;, was deter-
mined only in the case of helium.

For different sets of parameters we compute the
curves R;, and R, as functions of rare-gas pres-
sure to test the obtained values (Figs. 4 and 5).
Finally, we remark that Boltzmann equilibrium at
the gas temperature T for levels 3 and 4 is prob-
ably achieved in a rare-gas—pressure range when
the denominator of Eq. (7) is dominated by A,.

The results that we obtained are shown in Table
I. The values previously obtained for the (1=2)
transitions are also reported in this table, because
they will be of interest for the discussion.

Ra
03F  BOLTZMANN EQUILIBRIUM 1 1
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o1 ¥ T=615K
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FIG. 4. Plot of the Ry population ratio against He
pressure (ratio defined in the text). The theoretical val-
ue of Ry at Boltzmann equilibrium is shown. The ex-
perimental points are obtained by using Warner’s A val-
ues (see text).

C. Uncertainties

1. Negligible effects

We will show first that some effects are not im-
portant when analyzing the experimental data.

Because the Doppler widths of the absorption
lines involved in this experiment are narrower
than the spectral width of the exciting line, there
is no selection of the excited-cesium-atom veloc-
ities.

Polarization effects are not taken into account.
No polarization systems are used for excitation
and detection. However, the laser might exhibit a
low degree of linear polarization. The excitation
of the '72P1/2 level cannot produce population differ-
ences among the magnetic sublevels,® and only a
slight anisotropy can occur when pumping the
T7°P,,, level. No variations in the experimental re-
sults are observed for different optical configura-
tions of the laser. Moreover, the cross sections
@, and @,;, determined from separate measure-
ments, are in good agreement with the principle of
detailed balancing. We notice too that the mea-
surements of R; and R, (determined when pump-
ing either the 7°P, ,, or the 7°P; , level) are quite
consistent. Thus our experimental cross sections
are the sums of the cross sections for the individ-
ual Zeemann transitions of the (J, m;)—~ (J’, m;)
type.

Previous experiments show that collisions
with molecular gases may be important. We think
that the high purity of the gas and the precautions
taken when using it ensure that molecular impuri-
ties have no importance when measuring cross

1,19

. | n 1
2 4
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Nyo (107 cm3)

FIG. 5. Plot of the Ry population ratio against Xe
pressure (ratio defined in the text). The two curves are
computed by using Eq. (7) for @,3=5x 1073 A2 (curve A)
and @3=3x107% A2 (curve B).



TABLE I. Cross sections in A2, > ,6Dy,, represents the total collisional depopulation of the 6D/, level.

Ne Ar Kr Xe

He

Transition
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(6.5+1.0)x 107!
(5.7+1.0)x107!

(1.2+0.2)x 10"! (9.1+£2.0)x 1072
(7.7£1.7)x 1072

(1.0£0.2)x 1071

(1.840.3)x 1071
(1.6+0.3)x 107!

TPy~ TP 3,

450 K

T

(12+2)
(11+2)

TP3g> TPy

25,1073, =3x 1072
(3.4£0.8)x107!

=3.1073
(2.1£0.6)x 102

=92x1073
(3.7+£1.2)x 1073

=103
(6+2)x 1074

(2.5+0.8)x 107!
(2.7+£0.8)x 107!

(4.0+1.5)

(13+2)
(11+2)

TPy~ 6Dy

TP 39— 6Dy
2, 6D3/5— (6D 6Ds5)

=10"2, =7x1072
(7.5+1.5)x 1071

2.1+ 0.4)x 1071
(1.7£0.3)x 107!

(8+2)x 107!
C@8+2)x 107!

TPy~ TPgyy
TPy TPy

TP 5= 6Dy

615 K

T =

TPg/y— 6Dy
D 6D35 = (6Dg/— 6Dy,5)

(6+2)

sections greater than 107*° cm?. Thus only the

value obtained for @,; in the case of neon could be
significantly affected by residual molecular im-
purities.

The model used to determine the cross sections
(see Sec. IIIB) assumes that no radiative cascade
effect from upper levels exists. Ions, possibly
created by the excitation process, could produce
after recombination atomic excited levels. We
verified by looking at transitions coming from up-
per levels that no cascade effect appeared under
our experimental conditions.

2. Causes of experimental errors

The experimental errors come essentially from
the determination of the ratios N(i)/N(j) as given
by Eq. (2) and the densities N, and N.

(i) The uncertainty associated with the real
counting rate is between 3 and 15%, taking into
account a dead-time correction and statistical er-
ror. The calculation of the effect of light absorp-
tion has an uncertainty of 20%, mainly due to the
uncertainty in the Cs density value. This absorp-
tion effect contributes only 20% in the determina-
tion of the X; value. So we evaluate the error in
X, to be less than 5%. The coefficient Y;; is more
difficult to determine with accuracy. Its deter-
mination requires three steps: (a) The measure-
ment of how light intensity is split between the
sensitized-fluorescence and the direct-fluores-
cence channels; this ratio depends upon the geo-
metrical arrangement of the two channels. The re-
sulting uncertainty is the same as for the counting
rate (about 10%). (b) The determination of the
sensitivity as a function of wavelength of the chan-
nels, using a tungsten lamp. The resulting uncer-
tainty does not exceed 5%. (c) The calibration of
the neutral density filter used in the path of the di-
rect fluorescence light. The uncertainty that re-
sults is less than 3%. Thus the determination of
Y;; is achieved with about 15% uncertainty. One
can consider that the population ratio correspond-
ing to an experimental point is known with 20-30%
accuracy for a given set of A coefficients.

(ii) The pressure measurements are more accu-
rate. The determination of the rare-gas pressure
N,, using a cathetometer, is made with great accu-
racy, and the thermal-transpiration correction is
sufficiently elaborate to allow the determination
of N, with less than 5% uncertainty. A diffusion
time sufficient to ensure pressure homogeneity in
the measurement cell is necessary. An accurate
determination of the cesium density is not required
in our experiments as the rare-gas pressure de-
termines the population ratios. The temperature
regulation of the sidearm containing liquid cesium
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ensures sufficient stability of the cesium density.

However, the absolute value of N, is not precisely
known, leading, as noted previously, to an uncer-
tainty in the determination of the X; coefficient.

3. Estimation of errors concerning Q 5, Q,3, and

Qa 'Q34

We use the following procedure. A set of curves
of Ry; (and R,,) is plotted as a function of rare-gas
pressure, for different values of the cross sec-
tions [Eqgs. (6) and (7)]. By comparing these
curves with the experimental points and their cor-
responding error bars, we determine the maxi-
mum error compatible with our measurements.
This implies the validity of the model we have used
to derive Eqgs. (6) and (7). This point has been dis-
cussed in a previous section.

4. Choice of Einstein coefficients

We now discuss the choice of Einstein coeffi-
cients. Knowledge of these coefficients is re-
quired in each step of the interpretation of the ex-
perimental results: for the determination of the
population ratios, the calculation of the light ab-
sorption correction, and the derivation of the
cross sections. There are large discrepancies be-
tween the A values given by different authors (Ta-
ble II). Consequently, systematic errors can re-

sult from the choice of a particular set of A values.

It is therefore necessary at this point to state the
set of A values we use and the reasons for our
choice.

We discarded first the A coefficients given by
Heavens®® because they do not give @,,/Q,, ratios
in agreement with the principle of detailed balanc-
ing [Eq. (5)]. An accurate determination of this
ratio requires knowledge of the ratio of the A co-
efficients for the (7P, ,,~ 6°S, ,,) and (7°P, ,,

- 6°S, ,,) transitions with a sufficient accuracy.

The values of this ratio, obtained when using sepa-
rately the results of Stone,?* Warner,!® Norcross,??
and Weisheit,?® are close, although the values ob-
tained by these authors for each of the A coeffi-
cients differ significantly. Some experimental mea-
surements of this ratio are also available,??:24: 25
The average experimental value is about 2.45,
which is close to the theoretical values given by
the four authors previously quoted. Note that the

value obtained by Heavens is 1.40.

The problem of the choice of an A set is posed
in a different way when considering the determina-
tion of @,; and @,,. The Einstein coefficients as-
sociated with the (7°P, /,~ 6°S, ,,) and (7°P, ,
~ 6°S, /,) transitions have been calculated by the
previously quoted authors and the coefficients as-
sociated with the (6D, ,,~ 6°P, ,,) transition only
by Warner and Stone. To interpret the data we
must know the ratios of (Agp, ,, ~ 6P, ;) to
(A72p3/2 ~6°S, ,,) and (Ag2ps )y~ 6°Py /) to (A72P1/2
- 6%S,,,). We calculated them from Warner and
Stone’s results; in the cases of Weisheit and Nor -
cross we used A values for the (6°D,,,~ 6°P, ,,)
transition given by either Warner or Stone, which
are close. The choice of the A set is made by
comparison of the equilibrium ratios given by Eq.
(5) and the experimental ratios R, and R, deter-
mined with the various sets of A values. The ra-
tios should be very close to equilibrium values at
high pressure of helium. The values of R;, and
R, can be seen as constant for helium pressure
greater than 30 Torr (the higher-pressure mea-
surements are performed at about 45 Torr). In
these experimental conditions R, and R,, are de-
rived only by using Eq. (2), without reference to
any model, providing a direct measurement of the
ratio of the two corresponding A values. The
Warner coefficients provide the best agreement
for the R;, and R, values (Fig 4). It should be
mentioned that in the case of the measurements of
R, and R,, at high pressure of helium all the sys-
tems, except Heavens’s, gave reasonable agree-
ment with the experimental measurements.

Note that the theoretical lifetimes of both the
7Py, and T°P, ,, levels, calculated using Warner’s
values, are also in good agreement with the ex-
perimental determination.?®*® As far as we know,
no measurements of the 62D, ,, lifetime have been
reported.

For all these reasons we use Warner’s A values
for the analysis of our experimental data.

IV. DISCUSSION

Previous experimental results concerning the
collisional transitions between ?P, ,, and ?P, ,, lev-
els of the alkali metals, show clearly that the val-
ues for the cross sections, for a given rare-gas

TABLE II. Theoretical values of Einstein’s A coefficients (10 sec™?).

Transition Ref. 20 Ref. 21 Ref. 15 Ref. 23 Ref. 22
TP 15— 6/, 2.12 0.90 1.58 0.65 0.76
TP gy 6S1/y 2.97 2.79 4.18 1.69 1.67
6D3,9— 6Py, 12.7 12.9 9.86
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TABLE III. Experimental cross sections (R?) for various fine-structure collisional transitions.

AE (em™) T (K) He Ne Ar Kr Xe References
Na  3P,— 3Py, 17 397 86 67 110 85 89.8 4
K 4P,—~4Py, 58 368 59.5 14.3 36.7 61.4 104 4
Rb  6P,,— 6Py, 7 430 29.3 10.3 24 23.3 43.9 2
Cs 8Py,—8P,, 83 420 34 4.4 5.5 4.5 15 1
Cs  TPyy— 1Py, 181 450 12 1.8x1071  1.2x107!  9.1x1072  6.5x 107! 5
Rb 5Py, 5Py, 238 450 1x 107! 4% 1073 1x107° 5% 1074 6x 1074 29
Cs 6P~ 6Py, 554 450  1.5x1074 4x 1078 29

atom, decrease with increasing energy defect AE
(see Table III). However, the variation of the
cross-section values as a function of the energy
defect is found to be different for each rare-gas
atom. Therefore reference to the energy defect
alone is insufficient for the discussion of the val-
ues of the experimental cross sections. The cross
sections obviously depend on the forces of interac-
tion between the rare-gas and alkali atoms. The
nature of the rare-gas atom and the positions of
the initial and final levels in the energy diagram
of the alkali atom therefore have to be considered.
Theoretical calculations of the intramultiplet-
transition cross sections have previously been
carried out for the first resonant doublets of the
alkali metals.®™® Good agreement was obtained in
the case of the lightest alkali metals, for which
the energy defect involved in the transition is
small. These calculations generally used adiabatic
potential curves which have been obtained asymp-
totically and did not take into account possible
coupling with neighboring levels. Thus these po-
tential-energy curves did not show any structure.
Simplified potential-energy curves have also been
used for the determination of intramultiplet transi-
tions in the third resonant doublet of cesium,® but
no agreement has been obtained between theory
and experiment.! As far as we know, no calcula-
tion of cross sections concerning both the intra-
and intermultiplet processes associated with the
four levels considered here has been carried out.
Recently, extensive molecular potentials for the
alkali metal-rare-gas-atom pairs have been cal-
culated.®!® They are correlated at large internu-
clear distances with numerous excited levels of
the alkali metals. The adiabatic potential-energy
curves generally show a structure, more or less
pronounced, according to the alkali-metal-rare-
gas-atom pair which is considered (see, for ex-
ample, Fig. 6). This structure is clearly demon-
strated to be due to coupling between neighboring
levels. Because the first resonant doublets are
more isolated from the other levels than the higher
excited 2P doublets, the corresponding adiabatic
potential-energy curves are seen to be more regu-

lar, with, however, some structure. A calculation
of the intramultiplet cross sections, using these
potential curves, is in progress.

Let us consider now the results obtained for the
intermultiplet

Q
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FIG. 6. Potential-energy curves that correlate asymp-
totically with the 7Py/,, 7Pj3/,, 6D3/,, and 6D;/, states
of cesium, taken from Ref. 10. A full discussion of these
curves is found in Ref. 9. (a) Cs-He; (b) Cs-Ar; (c)
Cs-Xe.
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transitions. Two main points appear: (a) The ex-
perimental values of @,; are much higher than
those obtained for fine-structure transitions with
about the same energy defect (in our case AE

=640 cm™). (b) The ratio Q,,/Q,; is quite different
when considering the case of helium or of krypton
and xenon (for neon and argon it is impossible to
give a conclusion.)

In the cases of helium and neon, Gallagher?® has
done a detailed study of the temperature depen-
dence of the intramultiplet transitions within the
first 2P doublet of cesium (the fine-structure
splitting is 554 cm™). At 448 K the cross sections
for helium and neon were found to be about 10~%
and 10722 ¢cm?, respectively. In our case, for an
energy defect of 640 cm™, we obtain 2.7x10717
and 6x1072° cm?. For the other rare-gas atoms,
an extrapolation of the measurements done by the
group at Windsor University® leads also to cross
sections two to four orders of magnitude lower
than those obtained here. I we examine the adia-
batic potential-energy curves asymptotically cor-
related with the 2 and 3 levels, we observe a cer-
tain structure due to coupling between levels (Fig.
6). This structure is more pronounced and local-
ized when the mass of the rare-gas atom increases.
For the xenon case the corresponding curves show
a very pronounced avoided crossing. Except for
helium, the magnitudes of the cross sections seem
clearly related to the structure of the potential-en-
ergy curves. In the case of helium the curves are
regular; the large value of the measured cross
section probably indicates that the interaction dur-
ing the collision takes place over a large range of
internuclear distances. A similar effect arises in
the case of the first resonant doublet of the alkali
metals.

An estimate of the @,; cross section by Landau-
Zener theory has been carried out for the xenon
case, using the potential curves of Ref. 10. Two
curves of the same symmetry, asymptotically cor-
related to the 2 and 3 levels, show a pronounced
avoided crossing for an internuclear distance R,
of about 8 a.u., allowing the determination of the
Landau-Zener transition probability at this
point.®>3' This probability depends, in particular,
on the energy defect AU between the curves at the
pseudocrossing point and also on the absolute value
of the slope difference AF of the curves at R_.
After averaging the calculated cross sections over
a Maxwellian velocity distribution, and taking into
account the multiplicity of the considered levels,
the theoretical averaged cross sections are in rea-
sonable agreement with the experimental values
(curve A in Fig. 7). Contribution of the avoided
crossing between the potential curves of the same
symmetry correlated with the 1 and 2 levels has

been found to be negligible. It is seen in Fig. 6
that two potential -energy curves of different sym-
metry are correlated with the level 3 and cross at
an internuclear distance very close to R.. Itis
possible, because of rotational coupling, to go
from the potential curve associated with level 2 to
that associated with level 3, after passing through
the avoided crossing at R,. Using a simplified
four-level basis for the computation of the adia-
batic potential curves, we have estimated this ro-
tational coupling at the crossing point.

The calculation shows that the effect of the rota-
tional coupling is quite negligible for the deter-
mination of the @,; cross-section value. The re-
sults are shown in Fig. 7 (curve B). The differ-
ence between the two calculations is essentially
due to the fact that the calculation of the Landau-
Zener probability is very sensitive to the values
of the parameters AU and AF; in fact, they are
different when using potential curves taking into
account either a reduced basis (levels 1, 2, 3, and
4) or a larger one.’ However, these two theoreti-
cal estimations of the @,; cross section are in rea-
sonable agreement with the experimental results
both for the order of magnitude and the tempera-
ture dependence. A more complete calculation,
using the potential curves and taking into account
their whole structure, is in progress. It will per-
mit a general comparison between theory and ex-
periment in the case of each rare gas and parti-
cularly in the case of helium.

The adiabatic potential-energy curves permit
also a discussion of the second point mentioned
above. For the case of helium the curves asso-
ciated with the levels 1, 2, and 3 are smooth and
parallel along a large range of internuclear dis-
tance; the values of the cross sections @,, and
Q.5 are found experimentally to be very close to
each other. We can therefore reasonably expect
in this case that the interaction would take place
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0.5

I { @

| 1 | 1 ] !
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FIG. 7. Comparison between theory and experiment
of the cross section for the (7P;/, —~6D;/,) transition in
the (Cs-Xe) case (notation defined in the text).
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over a large range of internuclear distance for
both the 1 -3 and 2 -3 transitions. For xenon and
krypton the curves associated with the levels 1, 2,
and 3 show structure. Moreover, the structure is
different when considering the curves associated
with the levels 1 and 2. In these cases the cross
sections @,; and @,, are found experimentally to be
very different. In the case of xenon, where an
avoided crossing at about 9.25 a.u. is seen between
the same symmetry curves associated with the
levels 1 and 2, it has been possible to estimate
theoretically the cross section @,;. This has been
done, as before, taking into account the avoided
crossings shown by the potential-energy curves
associated with levels 1 and 2 and 2 and 3, respec-
tively. The theoretical results are in good agree-
ment with the experimental estimates (Fig. 8).

It is clear that our analysis of the results con-
cerning intermultiplet transitions is essentially
based on the structure of the potential curves in-
volved in the transition. The same analysis for
any intramultiplet transition might be used if the
corresponding curves show such structure.

The last point to be discussed is the value ob-
tained for @, — @,, in the case of helium. We can
write

Q3 — Q3,7 Q3 +Qp+ Q@

where @, represents the collisional depopulation of
level 3 to all levels other than those considered
here (levels 1, 2, and 4). Using the principle of
detailed balancing we can calculate @, + @3, from
our results and compare the value obtained with
Q5 — Q. This permits an estimate of @,. One can
see that no collisional depopulation of level 3 to
any level other than 1, 2, or 4 occurs. It is well
known that large “quenching” cross sections are
obtained in the case of a molecular-perturber gas
(in particular, nitrogen).'’!®* Moreover, a theoret-
ical calculation using simplified potential curves
has predicted large “quenching” cross sections for
highly excited alkali-metal atoms colliding with
rare-gas atoms.® The fact that the (Cs-He) poten-
tial-energy curves have no localized structure
does not permit a conclusion before a more com-
plete calculation is performed. For the other rare
gases at thermal energies the potential curves
show only coupling between the four levels con-
sidered here. Thus it appears that the corre-
sponding cross sections @, would probably be
small.
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FIG. 8. Comparison between theory and experiment

of the cross section for the (7P;;, —6D;/,) transition in
the (Cs-Xe) case (notation defined in the text).

V. CONCLUSION

This experimental study of inelastic collisional
processes involving 7°P and 6°D cesium atoms and
ground-state rare-gas atoms at thermal energies
leads to surprising results if one considers only
the energy defect for these processes. However,
if the experimental results are discussed using
the theoretical adiabatic potential-energy curves
obtained recently, a satisfactory explanation of the
main features of this work is obtained. The po-
tential curves show various structures due to cou-
pling between neighboring levels. The structure
is of different importance for different rare-gas
atoms. This explaing (a) the possibility of having
a large cross section, even in the case of a large
energy defect between the considered levels, and
(b) the dependence of the @,,/Q,; ratio on the na-
ture of the rare gas.

In the case of the (Cs-Xe) pair the potential-en-
ergy curves show two pronounced avoided cross-
ings. By using the Landau-Zener formula to
evaluate the transition probabilities at these
points, the @,, and @,, cross sections are found
to be in reasonable agreement with the experimen-
tal values. This provides a first check of the re-
liability of the theoretical potential curves, the
accuracy of which was difficult to determine
a priori.
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