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We have measured total cross sections for the collisional depopulation of high-lying n P states (12 < n < 22) of
rubidium induced by thermal collisions with ground-state cubidium or rare-gas atoms. It is observed that for

n > 14 the rubidium-rare-gas cross sections do not vary with the principal quantum number, contrary to
previous hypotheses. Our results are discussed using the simple argument of quasifree behavior of the valence
electron involving either an elastic-scattering or a binary-encounter approach. However, the disagreement
observed between the experimental and the computed cross sections suggests that a three-body approach is
generally needed for a good understanding of collisional processes involving highly excited states.

I. INTRODUCTION

The interest in studying the collisional nroperties
of Rydberg states has been clearly pointed out by
recent experimental'~® and theoretical*® works. In
a previous Letter® concerning the total collisional
depopulation of a high-lying P state of potassium
due to a perturbing gas (potassium or rare-gas
atom in its ground state), we have shown that the
quenching cross-section values vary, as a function
of the nature of the perturber, as the correspond-
ing electron-atomi elastic scattering cross-section
values. To study this similarity in more detail and
to obtain more information on the collisional pro-
cesses involving Rydberg states, we began a study
of the collisional quenching, at thermal energies
of highly excited P states of rubidium atoms as a
function of both the binding energy of the valence
electron and the nature of the perturbing atom (ru-
bidium or rare-gas atom in its ground state).
These states are created in a rubidium vapor by
photoexcitation from the 5S ground state. We have
chosen rubidium because the oscillator strengths
of the 5S-nP transitions are much larger than the
corresponding ones in the case of potassium, thus
making possible such measurements with a high
sensitivity. "

Various collisional mechanisms lead to the de-
population of a given highly excited level: excita-
tion transfer to a neighboring level, direct or as-
sociative ionization, etc. To our knowledge no
data concerning the quenching of highly excited lev-
els are available. Such data are of great practical
interest in numerous areas (astrophysics, ionized
gases). Moreover, they permit the evaluation of
the importance of the collisional effects in experi-
ments dealing with other properties of Rydberg
levels (lifetime or fine-structure measurements,
for example). Finally, the quenching-rate coeffi-
cients are essential parameters in the analysis of
experimental data concerning a particular colli-

sional process (electronic excitation transfer, for
example). The quenching cross-section values,
which are upper limits for the cross-section val-
ues associated with particular inelastic channels,
and their behavior as a function of the main param-
eters of the collision (binding energy of the outer
electron, nature of the perturbing gas) provide, as
we will see, a most interesting check of the avail-
able theoretical approaches.

II. EXPERIMENTAL SET-UP

We have measured the total quenching cross sec-
tion corresponding to the process:

Rb(nP)+ X 3x"P) Rb(#nP)+ X , 1)

where Rb(nP) is a rubidium atom excited to the nP
state; X, either a rubidium ground state (Rb) or
rare-gas (G) atom; Q,(nP), the quenching cross
section of the nP level; and Rb (#nP), a rubidium
atom excited to a state (neutral or ionic) different
from the initial one. The quenching cross section
Qx(nP) is defined, as usual in a gas-cell experi-
ment, from the relation

Kf}(nP) = QX(nP)in-X s (2)

where K(nP) is the rate constant for reaction (1),
and 7,y is the Maxwellian-averaged relative ve-
locity of the two colliding atoms. The values of
the K,‘}(nP) rate constants are deduced (see Sec.
IIIA) from the measurement of the effective life-
time of the nP level as a function of the density of
the perturbing atom.

The experimental set-up is shown in Fig. 1. A
nitrogen laser (Molectron UV 1000), and a Rhoda-
mine B dye laser, followed by an extra-cavity
frequency doubling device using a KDP crystal pro-
duce the uv pulses (A ~ 3000 ;&). These pulses have
an average duration of about 3 nsec, with an ener-
gy of 10”® J per pulse and a linewidth of 0.3 A. The
repetition rate can be varied up to 30 Hz. The uv
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power is high enough to insure a noticeable popula-
tion of some highly excited P states of rubidium.
The uv beam passes through the experimental cell
containing rubidium vapor. This cell is set in an
oven maintained at a fixed temperature (7 =460°K).
The liquid rubidium is located in a sidearm, the
temperature of which can be kept at a fixed value
(over the range 330-400 °K) by a separate heating
system. Thermocouples provide the measurement
and the regulation of the temperature in the whole
system. The measurement cell is connected by a
capillary to a vacuum or gas filling system. After
a typical baking procedure the residual pressure
is about 5X 10™ Torr. The rare-gas pressure,
ranging from 2 X 1072 to a few Torr, is measured
with an oil-manometer and the rubidium vapor
pressure, ranging from 8x 107 to 5x 10™ Torr,
is determined by the temperature of the sidearm
containing liquid rubidium.” The fluorescence
light is analyzed with a grating monochromator
which selects a line originating from the pumped
level (we observe the nP —4D transition in the
7000-7600-A range). The lifetime measurements
are then made by using a high-speed cooled photo-
multiplier (C 31034 type), a 100-MHz counting
system (amplifier and discriminator) and a twenty
channel scaler connected to a PDP 15 computer.
The channel width can be varied from 40 nsec up
to several usec according to the experimental re-
quirements. A trigger system starts the analysis
a short time (~15 nsec) after the laser pulse.

III. DATA ANALYSIS
A. Decay frequency determinations

As mentioned previously, the quenching cross-
sections were obtained by measuring the effective
lifetime of the nP excited level as a function of the
density of the perturbing gas. We can write

1 1 1 1

e, ®)
T Traa Trp To

where 7 is the measured lifetime and 7_,, the radi-
ative lifetime (1/7,,,=27;A; where the A;’ s are the
Einstein coefficients of all the lines originating
from the nP level). The last two terms on the
right side of Eq. (3) represent the effect of colli-
sions with rubidium and rare-gas atoms, respec-
tively, on the lifetime. These terms can be writ-
ten as

1/7gp = NepQ e (2P )oppamn s

1/7¢=NeQc(nP)ogy-g s
where Ny, and N are the rubidium and rare-gas
densities; vgy.g, and Ug,., are the Maxwellian av-

eraged velocities of the relative motion of the two
colliding atoms for the (Rb-Rb) and (Rb-G) colli-
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FIG. 1. Schematic diagram of the apparatus.

sions, respectively. Equation (4) implies that oth-
er atomic levels do not contribute radiatively or
collisionally to the population of the considered nP
level, that is to say no “repopulation” of the nP
level is present (when originating from more high-
ly excited level this repopulation is also called
cascading).

Equations (3) and (4) show that the variation of
1/7 as a function of Ng, (with N;=0) is linear with
a slope proportional to @Qg,(#P). Similarly, the
variation of 1/7 as a function of N, (with Ny, =Ct)
allows the determination of @,(»P). Moreover, the
extrapolation of the 1/7 value to zero rubidium
pressure yields the natural radiative lifetime of
the considered level. Results concerning the Tp.q
values are published elsewhere.® They range from
1.55 usec for n=12to 14 usec for »=22. Repopula-
tion effects can be seen in Fig. 2, which shows
semi-log plots of the population decay of the 22P
level for two different time scales. The linear
decay of log (I,) seen at early times (curve A) in-
dicates that repopulation effects are almost negli-
gible during that time, At late times (curve B) the
effect of repopulation of the level becomes appar-
ent. This is in accordance with the well-known
fact that, in a first approximation, repopulation
effects become noticeable after a time on the order
of the effective lifetime of the repopulating level.
For the rare gas the lowest pressure investigated
was2X107%Torr. At this pressure no departure
from the decay obtained for zero rare-gas pres-
sure was observed in the case of the three gases
investigated here. Then the rare-gas pressure
was increased by small amounts in order to follow
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FIG. 2. Experimental decay curves observed for the
22 P state in rubidium (perturber: ground-state rubi-
dium). Points (A) refer to the lower scale, points (B)
to the upper scale.

accurately the 7 variation and to detect any anoma-
lous behavior. For the measurement of Q,(nP) we
chose the lowest possible rubidium pressure and
verified that a significant change in the rubidium
pressure did not affect the value of Q;(nP). Final-
ly, the slope of the curves (i.e., see Fig. 3) deter-
mining Qg,(nP) and Q,(nP) were obtained from a
classical least-square fitting procedure.

B. Uncertainties
1. Negligible effects

We would like first to discuss the influence on
the measured lifetime of impurity gases which may
be present in the cell or in the rare gas.

The average background pressure in the cell is
5X107"Torr, as indicated previously. When only
rubidium vapor is present, collisions between ex-
cited rubidium atoms and impurities would add a
constant term [1/7,,, =N, 0Q; ., (nP)] to the right
side of Eq. (3) and therefore affect the measured
1/7 .24 at very low rubidium pressures. Experimen-
tally it is observed® that the measured values of
1/7.,4 do not exhibit a constant deviation from the
corresponding theoretical values.® Moreover the
variation of the 7, as a function of the effective
quantum number z* is in good agreement with the
theoretical prediction of the quantum defect theory
(i.e., T.q~7n*®). Finally, during one set of mea-
surements, a small leak in the vacuum system
gave rise to an increase in the background pres-
sure to 10 Torr. Such an increase reduced the
observed T of the 17P level by 30% for a rubidium
pressure of 8 X107 Torr. From this observation
one can estimate the quenching cross sections for
the residual impurities to be on the order of 4
X 1072 ¢cm?. This indicates that for a residual
pressure of 5x 10-" Torr the 7 measured for very
low rubidium pressure would be affected by less

than 3% for the 22P level and much less for the’
other levels. But it does not affect the values of
Qgy(nP) which are deduced from the slopes of the
1/7=f(Ng,) curves (since the background pressure
would be only adding a constant value to the ob-
served 1/7 decay).

The concentration of the molecular impurities in
the rare gas used (Gaz Industriels de la Cour-
neuve) is less than 7 ppm for neon and argon and
less than 3 ppm for helium. In view of the quench-
ing cross sections measured for the rare gases
only residual impurities having quenching cross
sections on the order of 107° c¢m? could affect the
results of this work. Such cross sections look
most improbable and are well above the previously
deduced value (4 X 10™2 ¢m?). Before its introduc-
tion into the measuring cell the rare gas is stored
at a pressure of about 500 Torr in a tank where a
residual vacuum of 5 X 10™ Torr was obtained.
Therefore a negligible pollution of the rare-gas
occurs before it is introduced in the cell.

We are led to conclude that under our experi-
mental conditions impurity gases do not affect sig-
nificantly the measurements.

The nP - 4D fluorescence emissions, used to
monitor the population decay of the nP levels, are
not trapped because their terminal state is not the
ground state.

The determination of 1/7g, from the difference
between the measured 1/7 and 1/7,,, [see Eq. (3)]
was done assuming that 1/7_,, does not change
when varying the rubidium pressure. It is easy to
show that this introduces a negligible error in
view of the magnitude of the trapping effect. Only
the nP - 58S transitions are trapped. In the most
unfavorable case (12P - 5S transition) the optical
path in the cell (~0.5 cm) is much smaller than the
absorption length (25 cm, assuming A,,5.,5=6.5
x10* sec™?, for the highest rubidium density investi-
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FIG. 3. Plot of the inverse of the experimental
effective lifetime vs rubidium pressure for the 17P
level in rubidium.
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gated i.e., ~10'® cm™). Moreover this transition
contributes only for 15% to the spontaneous emis-
sion rate Z)l A; of the 12P level. Therefore the
maximum error due to trapping when varying the
rubidium density is less than 0.3% of the 1/7_,, for
the 12P level.

Only one maximum in the fluorescence intensity
is observed when the laser wavelength is swept
across the absorption line. We measured the life-
time as a function of the laser wavelength across
the absorption line for the 12P level, whose fine-
structure interval between the 2P, ,, and 2P, ,, sub-
levels is on the order of the laser linewidth, and
no systematic variation was observed, within ex-
perimental error. Thus we consider that the
n®P, ,, and n°P, ,, sublevels are both involved in
this experiment.

The uv light from the laser exhibits a high de-
gree of linear polarization. The experimental ob-
servation were made at a right angle to the uv
beam with a detection system insensitive to polar-
ization. By using the multipole expansion of the
time dependence of the fluorescence light, one can
show that the well-known effects of polarization'®
are not important under the present experimental
conditions. This was also deduced from the ex-
perimental curves obtained. }

Although a recent work*! indicates the possible
existence of cooperative effects when the laser
power is high enough, such effects should not be
expected for the present experimental conditions.
This was confirmed by measuring the lifetime 7
for different energies of the exciting beam (atten-
uating the beam by a factor up to 20) and observing
no systematic variation.

During a typical lifetime 7 the excited atoms can
travel over distances on the order of some milli-
meters. This may introduce a systematic error in
the measurement of 7, if the atoms escape from
the observed volume before radiating. If this is
the case a corrective term has to be added to the
right side of Eq. (3). In order to reduce any such
effect, we used an exciting beam whose dimen-
sions (~15 X7 mm) were much larger than those
of the volume observed by the optical detection
system. An almost homogenous population density
of excited species is thus insured in the observed
volume. We estimate that the resulting error for
the largest measured lifetimes (~7 psec) would not
exceed 10%.

2. Experimental errors

The experimental errors associated with the
measured values of @,(#P) come mainly from the
accuracy on the 1/7 values (coming from counting
errors) and from the determination of Ny, and N,.
The uncertainty associated with the counting rate

is between +3 and +11%, taking into account the
dead time of the counting apparatus and the statis-
tical error. The calibration of the time scale of
the 20 channel scaler is made with an accuracy of
£1%. Thus one can consider that the determination
of a lifetime 7 value [deduced from the log(I;) =£(#)
curve] is achieved with better than +12% accuracy
[the relative error on the log(l;) values being
smaller than 11% in view of the obtained counting
rates]. The determination of the rare gas pres-
sure is made with an accuracy of better than +5%
for P, >10" Torr. The thermal transpiration cor-
rection (the oil-manometer not being at the same
temperature as the measurement cell) is suffi-
ciently accurate to allow finally the determination
of N, in the measurement cell with better than

+8% uncertainty. We can thus estimate the accura-
cy of the Q,(nP) values to be about +20% in the
worst cases.

The rubidium density is derived from the tem-
perature of the sidearm containing liquid rubidium.
Gallagher and Lewis'? have shown that with proper
experimental care, such a determination can be
trusted in the lowest range investigated here
(~10™ Torr). Precautions similar to those report-
ed in Ref. 12 were taken to insure that the results
are independent of the temperature history of the
measuring cell. Moreover we verified that the
density measvrements agreed within +15% with
those determined from absorption measurements
of the resonance line for vapor pressures greater
than 6 X10™ Torr (the pressure range in the ex-
periment was 8 X10™® to 5x107* Torr). Our appara-
tus is not sensitive enough to allow measurements
below this pressure. However, the 7., values, as
obtained by the extrapolation of 1/7 values (mea-
sured for 8 X 10 <Py, <5x10"* Torr) do not ex-
hibit any anomalous behavior, as pointed out pre-
viously. In conclusion we estimate that the deter-
mination of Ny, is achieved with better than +25%
accuracy (including both the deviation between the
absorption measurements and the calculated vapor
pressure (+15%), and an estimated confidence lim-
it of 10% for the vapor pressure curve), giving
rise to a total uncertainty of +37% for the Qg,(P)
values in the worst cases.

IV. RESULTS AND DISCUSSION

Table I shows our experimental results. We have
chosen to consider exclusively the n=12, 14, 17,
and 22 levels whose ionization energies scale down
smoothly. This permits the extension of our pre-
vious work® towards more highly excited levels
while keeping a reasonable data collection time
(although this is no longer the case for »>22).

The following points can be noted from Table I.
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TABLE I. Quenching cross sections @x(nP) for nP-states in rubidium. All the cross sections
are in A%, E; is the ionization energy of the considered level.

Perturber X

Level  E; (eV) nt He . Ne Ar

12P 0.19 2.1x10% (2.3 £0.8) x10° 387 4.9+0.9 15+3
14P 0.11 3.8 x 10% (7.1 £2.5) x10° 56+ 10 12 +24 25+5
17P 0.066 8.3 x 104 (1.00+£ 0.35) x 104 58+ 11 11 +2.1 28+5
22P 0.036 2.3 x10° (1.6 +£0.6) x10? 60+ 12 13 +£2.5 30+6

(i) The Qg,(nP) cross-section values are about
two orders of magnitude larger than the corres-
ponding Q. (nP) values.

(ii) The behavior of the Qg,(nP) values as a
function of # is different from the corresponding
behavior of the @, (nP) values. A significant in-
crease is observed in Qg,(nP) with # that is not di-
rectly related to the geometrical size of the ex-
cited atom, i.e., ~#*. The Q.(nP) values seem to
saturate or even to slightly decrease, within ex-
perimental error.

(iii) For any given level the following inequal-
ities hold:

QRb>> QHe> QAr>QNe .

Before discussing these results, we would first
like to point out that knowledge of the nature of the
end products for the quenching process would be of
great help for developing experiments concerning
the collisional properties of Rydberg states and
for the elaboration of theoretical treatments con-
cerning these processes. We wish, therefore, to
consider the various processes responsible for the
quenching of a highly excited »P state and their
relative efficiencies. Two different types of mech-
anism are involved: (a) The first mechanism
leads to neutral end products [the neutral channels
of reaction (1)]. There is a transfer of electronic
excitation from the nP state to other rubidium
bound states. (b) The second mechanism leads,
when energetically possible, to ionic end products
[the ionic channels of reaction (1)].

We shall show that the second mechanism can be
considered as negligible with respect to the first
one, under the present experimental conditions.

Consider first the direct ionization process:

Rb(nP)+X-Rb*+X+e", (5)

where X is a ground-state rubidium or rare-gas
atom. Reaction (5) is energetically possible for

n =19 if one considers a collision occurring with
the relative velocity of the reactants equal to the
Maxwellian averaged velocity. A recent theoreti-
cal work'® has shown that the cross section o; for
reaction (5) is always less than the cross section
o for a free electron elastically scattered by atom

\

X. Equation (9) of Ref. 13 gives 0;=0¢(x), where
¢(x)=2.5x3. The parameter x (roughly the ratio
of the atomic velocity of rubidium and X atoms to
the valence electron velocity in its nP orbit) is of
the order of 107 for the present experimental con-
ditions. Considering the values of the elastic
cross section 0,15 which are about one order of
magnitude smaller than the cross sections @, (nP)
reported here, the contribution of reaction (5) to
the total quenching can therefore be regarded as
completely negligible.

Lee and Mahan'® have shown that, for the levels
considered in this study (12 <z <22), the two fol-
lowing reactions, leading to ionic end products,
are present in a pure rubidium vapor:

Rb(nP)+ Rb(5S) —~ Rb}+e”
(associative ionization), (6)
Rb(#P)+ Rb(5S) = Rb*+Rb". ")

The values of the corresponding cross sections
have not been measured, but the results indicate
that the two reactions have comparable efficien-
cies. Experimental studies'” recently have shown
that the associative ionization cross sections are
about 10™° ¢m? for »~10-~12 in the case of the ce-
sium nP levels. Assuming for the 12P level of
rubidium an associative ionization cross section
on the same order of magnitude, it can be con-
cluded that processes (6) and (7) contribute negli-
gibly to the collisional depopulation of this level,
since the corresponding cross section for this pro-
cess is 2.3 X10™ ¢cm?, The same conclusion
should also hold for the highest level (22P) inves-
tigated here in view of the behavior of the associ-
ative ionization cross sections as a function of #.
Thus the quenching reactions leading to neutral
products seem to be more efficient than those lead-
ing to ionic products in the case of Rb-Rb colli-
sions.

As far as we know, there is no information con-
cerning the efficiency of the reaction:

Rb(nP)+G -~ (Rb*-G)+e"™, (8)

where G is a ground-state rare-gas atom. Con-
sidering the theoretical potential curves for the
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FIG. 4. Electron-atom elastic scattering cross sec-
tions vs electron energy E for Rb(4a), He(4b), Ne(4c)
and Ar(4d).

(Rb*-G) ionic complex'® and the Maxwellian aver-
aged relative velocity of the two colliding atoms,
it seems that this ionic channel is energetically
accessible when » > 19 for Rb-He and Rb-Ne col-
lisions and when » > 15 for Rb-Ar collisions. Be-
cause the @y e, a-(P) quenching cross-section
values show no apparent discontinuity when going
from the 14P to the 22 P level, one may conclude
that process (8) gives a small or negligible contri-
bution to the collisional quenching of the considered
nP levels.

To summarize, we believe that the ionic channels
represent only a minor contribution to the depop--
ulation of the highly excited nP states and that the
depopulation is therefore due mainly to excitation
transfer to neutral atomic states. We arrived at
the same conclusion in a previous work® concern-
ing the total quenching cross section of the 10P
level of potassium, in which we showed that sev-
eral neighboring levels were noticeably populated
under similar experimental conditions.

The outer electron of an alkali atom lying in a
Rydberg state is very weakly bound (the average
orbit radius is about 10?2 &), and only its velocity
distribution, which is non-Maxwellian, accounts
for the discrete character of the energy spectrum.
This quasifree behavior is often discussed in the
literature and is the basis of most of the theoreti-
cal works onRydberg states. Recently such atheo-
retical approach® has led to anexcellent agreement
with experimental results® concerning collisions
of highly excited F states of xenon atoms and SF,
molecules and the subsequent formation of SF; and
Xe* ions. However, no systematic evidence of this
quasifree behavior of the outer electron has been
demonstrated for atom-atom collisions. It is in-
teresting to see now if our results can be explained
using this argument, i.e, how elastic rate con-
stants for free-electron noble gas (or rubidium)

scattering compare with the quenching rate con-
stants deduced from our measurements. For this
comparison to be of some value, however, it is
necessary that the change in potential energy re-
sulting from the quenching process is small com-
pared with the collision energy. For a collision
energy of about 410 cm™, only the 22P level ful-
fills this requirement, since the potential energy
change corresponding to a transition to the 21D
level is +9 cm™ and to the 19F level is —10 cm™.
We thus restrict the comparison to this case.

Figure 4 shows the well established (e”-rare
gas) elastic scattering cross sections,'? as a func-
tion of energy in the range of inferest, and the
(e~-rubidium) elastic scattering cross section for
which few reliable quantitative results are avail-
able.!® In the latter case a rapid increase of the
cross section is observed with decreasing energy.
In Table II we compare the Maxwellian averaged
rate constants K,‘}(ZZP) [deduced from our measure-
ments; see Eq. (2)] and the corresponding electron
scattering rate constants K% (22P) which are de-
rived from

K%(22P) = j:vorx(v)f(v) dv . 9)

where 0,(v) is the elastic scattering cross section
and f(v) the relative velocity distribution'® of the
outer electron for the 22P level considered. The
comparison shows that the K%(22P) values exhibit
the qualitative features (i) and (iii) mentioned at
the beginning of this section, although the absolute
values of K%(22P) and K§(22P) noticeably differ
(from a factor of 3 to 20). Even for the highest
level investigated here, the changes in potential
energy resulting from the quenching process (+9
and -10 cm™) are too large to allow a reliable
treatment in terms of elastic scattering.

In Table III we report the values of the quench-
ing rate constants KEE (nP) obtained for the helium
case from the binary-encounter theory for atom-
atom inelastic collisions developed by Flannery.®
In this theoretical approach, (a) the elastic scat-
tering of the outer electron by the perturbing atom
is taken into account, (b) the e"-alkali core Cou-

TABLE II. Quenching rate constants K§ and valence
electron-atom elastic rate constants K§ for the 22P state
of rubidium. All values are in cm3sec™!.

Perturber X K2 K$
Rb 7.6 x1078 77 x1078
He 9.7 x10710 40 x10710
Ne 1.01 x 10710 3.3 x 10710
Ar 1.8 x10710 36 x10°10




2218 F. GOUNAND, P. R. FOURNIER, AND J. BERLANDE 15

TABLE III. Quenching rate constants K, and binary-
encounter rate constants K5° for Rb-He collisions. All
values are in cm? sec™t.

Level ):A KBE
12P 6.0 x 10710 27 x 10710
14P 8.9 x 10710 41 x 10710
17P 9.2 x10710 64 x 10710

88 x 10710

22P 9.7 x 10710

lombic interaction is used to determine the veloc-
ity distribution of the valence electron, (c) the in-
teraction between the alkali core and the pertur-
bing atom is ignored, and (d) the inelastic colli-
sion is treated by classical mechanics.

Flannery has used this approach to study colli-
sions between excited (» =10) and ground-state
hydrogen atoms at thermal energies. We have cal-
culated, according to Ref. 6, the rate coefficient
KE® by summing the rate coefficients associated
with the various inelastic processes which give
noticeable contributions to the Kh- values. We
have considered the helium case because the
(e”-He) elastic cross section can effectively be
taken as a constant [see Fig. 4(b)] thereby simpli-
fying the calculations. The calculated rate con-
stants Ko¢ and the K3, values vary the same way
with », but the K5 values are always larger than
the experimental ones by a factor between 4.5 and
9.

It appears that a simple two-body theory, invol-
ving only the alkali valence electron and the per-
turbing atom is unable to correctly reproduce the
present experimental results. [The large cross
sections obtained for the Rb(zP)-Rb(5S) collisions
may be partly due to the fact that the reactants are
of identical atomic species.] Therefore, the alkali
core should also be considered in the theoretical
treatment of the collision problem. This has also
been recently pointed out by Smirnov® following
his study of the quenching of highly excited hydro-
gen atoms by ground-state helium atoms. A theory
based on a three-body interaction model, involving
the alkali core, the valence electron, and the per-
turbing atom is expected to yield a better agree-
ment with the present experimental results. In
particular, a formulation of the collision problem
in terms of adiabatic potentials of the alkali-per-
turbing atom system seems to be well suited to the
study of these collisions at thermal energies.

The only previous experimental works dealing
with atom-atom collisions involving Rydberg states
are those of Gallagher et al.,*** who have studied
the collisional angular momentum mixing of highly
excited n D states (6 <z <15) in sodium induced by
collisions with rare gases, that is to say the trans-

fer of electronic excitation of the (n;1 =2) state
towards the group of neighboring levels (#;1>2).
For this particular process (which represents, as
pointed out by Gallagher et al.,' the major part of
the collisional quenching of the nD states) very
high cross-section values (of the order of 1073
cm?) have been measured. The cross sections are
found to rise rapidly with increasing » to a maxi-
mum at »=10 and from there to decrease slightly
for higher » values. A similar behavior of our
quenching cross sections for increasing values of
n was observed, although they are one to two or-
ders of magnitude lower than those reported by
Gallagher et al., and refer to a different colli-
sional process. One has to be careful when com-
paring the two experiments because the investi-
gated levels occupy quite different positions in their
respective energy diagram. The nD states of so-
dium investigated by Gallagher ef al. are very
close to the (n;7>2) states (the energy defect is
less than 1 em™ for »~12) but are well isolated
from the other states. In contrast the »P states
of rubidium are well isolated from all the other
states (at least 9 cm™ for »=22). Thus one might
expect the collisional quenching cross sections of
the nP Rb states to be lower than those of the cor-
responding »# D states for the Na atoms. Our re-
sults and those of Gallagher ef al. are therefore
not at all contradictory. In other words the order
of magnitude difference between the results of the
two experiments may be due in part to the fact that
electronic transition in Na—-rare-gas collisions
take place at internuclear distances much larger
than for the Rb-rare-gas collisions.

Table IV shows the rate coefficients K52 deduced
from the experimental results of Gallagher et al.?
in the case of helium and the rate coefficients Kg,
calculated according to Eq. (9)(the scattering of

TABLE IV. Experimental rate constants KC2 for the
collisional angular momentum mixing of highly excited
D states of sodium in collision with helium (results of
Gallagher et al., see Ref. 21). K¢ is deduced from Eq.
(9) (see text), K! from Ref. 23. All values are in
cm® sec™,

Level K§? K&, Kqt
6D 5.7 x 107 2.0 x1078 1.0x 1078
7D 1.2x1078 1.8 x1078 3.4x10°8
8D 1.6 x1078 1.5 x1078 2.9 %1078
9D 1.6 x1078 1.3 x10%8 1.7 x10°8

10D 3.3 x10°8 1.2 x1078 1.5x108
11D 2.8 x108 1.1x1078 1.3 x1078
12D 2.5 x1078 1.0 x 1078 1.2x1078
13D 2.5 x1078 9.3 x107° 1.2x1078
14D 2.0 x1078 8.6 x107° 1.1x1078
15D 2.0 x 1078 8.1x107? 1.1 x1078
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the quasifree electron on the helium atom). It is
seen that for n > 8 these rate coefficients are in
agreement within a factor B, 1<B <3, better than
the similar comparison for the Rb-He collision
(see Table II). This is not surprising in view of
the potential energy changes involved in the angu-
lar momentum mixing process studied by Gallagher
et al. A recent two-state quantum mechanical cal-
culation by Olson®*2? ysing asymptotic adiabatic
potential curves for the Na-rare-gas systems is
in reasonable agreement with all the experimental
results of Gallagher et al. (see Table IV where only
Na-He results are reported). It is interesting to
note that the rate constants K%, for Na(nD)-He col-
lisions agree within 30% with the corresponding
rate constants Kg. deduced from the theoretical
values obtained by Olson for »>8. For heavier
rare gases, elastic rate constants compare less
satisfactory with experimental and Olson values.
This reflects the growing importance of both the
polarization effects (Van der Waals interaction)
and the electron~rare-gas exchange interaction
with increasing mass of the rare gas, the latter
being significant even at large internuclear dis-
tances.*

V. CONCLUSION

Collisional quenching cross sections of highly
excited nP states of rubidium (12 <z < 22) have
been measured at thermal energies as a function
of » and the nature of the perturbing atom. It is
observed that the cross-section values do not in-
crease with » as the geometrical size of the ex-

cited atom (i.e., as #*). In particular the cross
sections for Rb-rare-gas collisions seem to reach
a constant value or even to slightly decrease.

The quenching of these nP states has been shown
to be mainly due to electronic excitation transfer
to neighboring atomic levels. In view of the fact
that these levels are close in energy to the nP
states we find the Rb-rare-gas cross-section val-
ues surprisingly small.

No simple model, i.e., a two-body model taking
into account only.the interaction of the quasifree
valence electron with the perturbing atom, can ex-
plain in a satisfactory way our experimental re-
sults. The Rb-rare-gas quenching processes oc-
cur at internuclear distances for which a theoreti-
cal calculation must apparently make use of adia-
batic potential curves derived from a three-body
model (valence electron, core of Rb, perturbing
atom). For some processes having large cross
sections a simpler approach using asymptotic po-
tentials may lead to a satisfactory agreement with
experiment.

ACKNOWLEDGMENTS

We acknowledge the help of J. Cuvellier during
the measurements and are indebted to M. Ahr-
weiller and J. P. Felix for developing and building
the acquisition system. We would like to thank
J. Pascale for helpful discussions and valuable
comments, and T. F. Gallagher for providing his
data prior to publication. We wish to thank
L. Pitchford and R. A. Gutcheck for carefully read-
ing the manuscript.

LT, F. Gallagher, S. A. Edelstein, and R. M. Hill, Phys.
Rev. Lett. 35, 644 (1975).
*W. P. West, G. W. Foltz, F. B. Dunning, C. J. Latimer,
and R. F. Stebbings, Phys. Rev. Lett. 36, 854 (1975).
3F. Gounand, J. Cuvellier, P. R. Fournier, and J. Ber-
lande, J. Phys. (Paris) 37, 1169 (1976).

‘1. C. Percival and D. Richards, Adv. At. Mol. Phys. 11,
1 (1975).

M. Matsuzawa, J. Phys. Soc. Jpn. 32, 1088 (1972).

M. R. Flannery, Ann. Phys. (N.Y.) 61, 465 (1970).

TA. N. Nesmeyanov, Vapor pressure of the elements
(Academic, New York, 1963).

8F. Gounand, P. R. Fournier, J. Cuvellier, ‘and J. Ber-
lande, Phys. Lett. 594, 23 (1976).

9E. M. Anderson and V. A. Zilitis, Opt. Spektrosk. 16,
382 (1964) [ Opt. Spectrosc. 16, 211 (1964)].

gee for example, J. S. Deech, R. Luypaert, and G. W.
Series, J. Phys. B 8, 1406 (1975).

M. Gross, C. Fabre, P. Pillet, and S. Haroche, Phys.
Rev. Lett. 36, 1035 (1976).

12A. Gallagher and E. L. Lewis, J. Opt. Soc. Am. 63,
864 (1973). ’

B3, M. Smirnov, Invited lectures, veview papers, and
progress veports of the Ninth International Conference

on the Physics of Electronic and Atomic Collisions,
edited by T. S. Risley and R. Geballe (University of
Washington Press, 1975), p. 701.

Y. 8. W. Massey, Electvonic and Ionic Impact Pheno-
mena (Oxford, New York, 1969), Vol. 1, Chap. 6. See
also D. E. Golden and H. W. Bandel, Phys. Rev. 149,
58 (1966); and C. Sol, F. Devos, and J. C. Gauthier,
Phys. Rev, A 12, 502 (1975).

151,. C. Balling, Phys. Rev. 179, 78 (1968). A more re-
cent calculation by L. I. Fabrikant [ Phys. Lett. 584,

21 (1976)] indicates cross section about 50% higher
than those calculated by Balling. This discrepancy is
not important for the purpose of this work.

18y. T. Lee and B. H. Mahan, J. Chem. Phys. 42, 2893
(1965),

1"E. E. Antonov, Y. P. Korchevoy, V. I. Lukashenko, and
1. N. Hilko, Proceedings of the Twelfth Intevnational
Confevence on Ionization Phenomena in Gases, p. 33,
Eindhoven, 1975, edited by J. G. A. Holschen and D. C.
Schram, (North Holland, American Elsevier, Amster-
dam, 1975).

187, Pascale (private communication).

15B. Podolsky and L. Pauling, Phys. Rev. 34, 109 (1929).

2y, A. Smirnov, Opt. Spektrosk. 37, 407 (1974) [Opt.



2220 F. GOUNAND, P. R. FOURNIER, AND J. BERLANDE

Spectrosc. 37, 231 (1974)].

A7, F, Gallagher, S. A. Edelstein, and R. M. Hill, Phys.

Rev. A 15, 1945 (1977).

225, A. Edelstein, T. F. Gallagher, R. E. Olson, and
R. M. Hill, Abstracts of the Fifth Intevnational Con-
ference on Atomic Physics, edited by R. Marrus,
M. H. Prior, and H. A. Shugart ( Berkeley, 1976),

p. 240.
23R, E. Olson, Phys. Rev. A 15,631 (1977).

24The adiabatic potential curves for the alkali-helium
systems are rather flat. J. Pascale and J. Vande-
planque, J. Chem. Phys. 60, 2278 (1974). See also
J. Pascale and J. Vandeplanque, CEA Report (unpub-
lished), available on request from the authors. The
curves for the other alkali-rare gas systems exhibit
a structure which becomes more pronounced with in-
creasing mass of the rare-gas atom.



