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Collisional depopulation of He(n 'P) (4& n & 13) in thermal collisions with He(1 S)
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Total collisional depopulation rates for He(n 'P) (4& n & 13) in thermal collisions with He(1 'S)
have been measured using the transient-decay method. Related loss cross sections increase in pro-

0
portion to n in the limited range 4&n &6, reach a maximum of 2600+600 A at n =10, and de-
crease approximately in proportion to n "for 11 & n & 13. The measurements were found to be in-
consistent with a strong "selection rule, " AL =2, for the He(n 'P)-He collisions. A model in which
hL for the collision is largely unrestricted provides a satisfactory interpretation of the observations,
in agreement with recent I-mixing studies of atomic Rydberg levels. The experimental cross sections
compare favorably with values calculated using an approximate scaling formula for collisional I
mixing and, for n g10, with predictions based on a simple perturbation treatment in the weak-
collision approximation.

I. INTRODUCTION

The collisional transfers of He(n 'P) excitation energy
to other helium levels through binary-collisional processes
of the type

The present study is fundamentally related to recent in-
vestigations of collisional 1 mixing in thermal collisions of
Na(n D) and Rb(n F) with He(1'S). It has generally
been argued that the I-changing process in collisions of the
type

He(n 'P)+He(1 'S)~He(n +'LJ)+He(1 'S)+bEt, R (n, 1)+X~R (n, l') +X, 1&1', (2)

with AEk the energy defect in the collision, have been
studied extensively since the early work of Lees and
Skinner' and Maurer and Wolf. ' However, significant
questions remain unanswered concerning the details of the
collisional processes which redistribute the n 'P excitation.
These questions relate to the following: (1) the selection
rule, if any, for AL, the change in orbital angular momen-
tum; (2) the details of the singlet-triplet transfers which
probably take place through the "gateway" states with
L )3; (3) the magnitude and n dependence of the total loss
cross sections.

Previous measurements of He(n 'P) collisional loss in
encounters of type (1) have been reported by a number of
investigators. ' The available results are restricted to
n & 7 and exhibit a dispersion which greatly exceeds the
uncertainty estimates. In addition, the dependence of the
loss cross section on n over the range 4 & n & 7 is not well
established. Various investigators have reported cross sec-
tions which increase with n (approximately as n for
4&n &7), ' decrease with n, " or show no clearly dis-
cernable trend. '

In this paper, we report the results of a study designed
to provide new information relating to process (1). The
total loss of He(n 'P) (4&n &13) resulting from thermal
collisions with He(1 'S) has been investigated using the
transient method, in particular the high-frequency deflec-
tion (HFD) technique. ' The results provide new insight
into process (1) and span the intermediate range of n, a re-
gion of special interest to the theory of transitions between
Rydberg states induced by collisions at thermal energies.

where R is a high (n &&1) Rydberg atom and X is a col-
lision partner, should approximate an electron-scattering
problem. The basic physical model invokes a slow col-
lision between the Rydberg electron and the scattering
species X with the parent ion R + acting as a "spectator"
during the collision. The scattering of low-energy elec-
trons (Ek;„«1a.u. ) by He(1 'S) has a weak dependence
on energy. ' Hence, it is expected that the
R(n, l)=He(n 'P), Na(n D), and Rb(n F) results should
be similar when the collision velocities are equal since the
energy defects are very similar in the three cases.

Experimental l-mixing results by Hugon et al. ' for
Rb(n F) He collisions a-nd those of Gallagher et al. ' for
Na(n D)-He collisions have been interpreted within the
framework of theoretical studies which consider only the
Rydberg electron-perturber interaction. Three theoretical
approaches have been used: (1) a semiclassical approach
carried to the first order of perturbation theory, ' ' (2) a
quantum-theoretical approach based on close-coupling
calculations for small-n and Born-approximation calcula-
tions for large n, ' and (3) the approach of de Prunele
and Pascale in which the total-scattering cross sections
of free, low-energy electrons by the perturber are required.

A feature common to these "separated-atom" models is
the neglect of the Rydberg core-target interaction; the l
changing is regarded as arising solely from the scattering
of the Rydberg electron by the target. In addition, elec-
tron spin is neglected in these single-valence-electron
theories. It has been suggested ' that the core-target
interaction cannot always be ignored in treating I-
changing thermal collisions, but in the special case of
thermal Na(nd) —rare-gas collisions, an estimated upper
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0
bound —100 A has been placed on the inelastic cross sec-

tion due to core effects. This upper bound is consistent
with recent estimates by Matsuzawa and is much small-

er than many of the computed and measured cross sec-

tions.
We are unaware of a complete theoretical treatment of

process (1), although Cohen has developed a multistate

curve-crossing model for scattering of excited He by
ground-state He and has applied it to associative ioniza-

tion and excitation transfer in the case of He triplets with

n =3. Despite this limitation, it is possible to compare the
experimental results with predictions based on a general-

ized, approximate scaling formula for computing I-mixing

cross sections ' and with the predictions of a simplified

perturbative treatment in the weak-collision approxima-
tion.

II. EXPERIMENT

A ff(n 'P) =A, (n 'P)+ I (n 'P)p (3)

where A, (n P) is the total radiative transition probability
for the n 'P level (sec '), I (n 'P) is the total collisional

loss rate coefficient (sec '/Torr) and p is the helium pres-

sure (Torr). Equation (3) implies that other atomic levels

do not contribute radiatively or collisionally to the popula-
tion of the level under study. These important assump-

tions will be explored in Sec. III.
The radiative term is pressure dependent as a result of

resonance trapping of the n 'P~ 1 'S radiation. When the
spatial distribution of the emitting atoms has relaxed to
the lowest eigenmode, this term may be expressed in the

OHIl

A„(n 'P) =A &(n 'P)+g (n 'P)A (n 'P~1 'S), (4)

where A&(n 'P) is the sum of the transition probabilities
for decay of the n 'P level to levels other than the ground

state, A (n 'P~1 'S) is the transition probability for decay
to the ground state, and g(n 'P) is the escape factor for
decay in the lowest eigenmode. Details relating to the
treatment of the data will be given in a subsequent section;
here we merely note that the radiative term in Eq. (3) can
be determined with good accuracy using well-established
procedures. ' Hence, the collision term is readily evaluat-

ed and the total quenching rate determined.
Average total loss cross sections a(n 'P) are subsequent-

ly inferred from the measured rate constant I (n 'P) using
the relationship

1

( )P)
I'(n P) (5)

V

A. Experimental method

Total collisional depopulation rates for He(n 'P) were

determined by studying the lifetimes of the n 'P level pop-
ulations as a function of the He(1'S) concentration. The
extraction of the total collisional loss rates from the life-

time data was accomplished using a simple model which

adequately described the lower-pressure data. In the low-

pressure region, the He( n 'P) decay rates were well

represented by the expression

where U is the average relative collision velocity and
I'(n 'P) is expressed in concentration units (cm sec ').
The assumption of a Maxwell-Boltzmann distribution for
the relative velocity yields the familiar result

U =(8kT/vrp)'~

where k is Boltzmann's constant, T is the absolute tem-

perature, and p is the reduced mass.

B. Experimental arrangement

The basic experimental technique, the HFD method for
measuring atomic and molecular lifetimes, was developed

in this laboratory several years ago. Principles of the

technique have previously been published, ' as has a corn-

plete description of a basic HFD system. For the pur-

poses of this paper, we recall the essential features of the
experiment.

Excited He atoms were produced by bombarding a
He(1'S) target with periodic pulses of 20-keV electrons.
The current pulses were about 30 mA in amplitude and

about r/5 in duration, with r the effective lifetime of the

level under study. Helium from a high-pressure cylinder

was introduced into the target chamber by means of a re-

gulator and a variable leak valve following high-vacuum

preparation of both the gas-inlet system and the target
chamber. The background pressure of residual gases in

the target chamber was typically less than 10 Torr.
Lifetime measurements were subsequently carried out us-

ing selected pressures in the range 1&p(50 mTorr. A
Leybold-Heraeus IONIVAC IM 10 ionization gauge,
which was compared with an MKS Instruments Model
110 capacitance manometer, was used to monitor the tar-

get pressure.
A 2-m Czerny- Turner scanning monochromator,

equipped with a cooled EMI 9789 SQ photomultiplier,
was used for spectral selection and detection. An effective
resolution of & 1 A was used for the measurements. This
resolution ensured the isolation of the He? transition of
interest from other helium transitions and discriminated
against weak, spectrally dense background radiation pro-
duced in the interaction of the beam with the residual gas.

Decay curves were accumulated using a conventional
multichannel delayed-coincidence system. The system
was calibrated to an accuracy of & l%%uo using known de-

lays. Repeated checks of the time calibration yielded re-

sults which were consistent to about 0.5%.

C. Experimental uncertainties

Experimental uncertainties associated with the deter-
minatian of I (n 'P) arise fram uncertainties in (1/r), in

the pressure measurement, and in the model used to ex-

tract the collisional loss rates from the total loss rates.
Uncertainties in (1/7. ) stem from statistical error
( —1—2 %) and from time calibration uncertainties

(& l%%uo). Uncertainties in (1/r) can also arise from an
overly-simplified model of the decay process. Both one-
and two-component reductions of the data were carried
out in this study, and the best result, based on statistical
criteria, was selected. In the case of a more complex de-
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cay, an undetermined systematic error would be included
in the best result.

The method used to extract the collisional loss rate
from the observations introduces an additional source of
uncertainty. It has previously been shown, ' that effec-
tive decay-rate expressions of the form given by Eq. (3)
apply to the description of the fast component in the de-
cay of rcclpI'ocally collplcd 1cvcls 111 botll t11c low-
collision-frequency and high-collision-frequency domains.
However, the two domains are, of course, connected by a
nonlinear transition region of intermediate slope. The in-
terpretation of the radiative and collision terms is signifi-
cantly different in the two domains. Neglect of this effect
in interpreting the data of the present study is expected to
introduce an n-dependent systematic error —10% in the
worst cases. It was found that the collisional loss rates
for the n 'P levels were closely proportional to pressure at
the lower pressures of the experiment. Correlation coeffi-
clcnts coITcspond1ng to 11ncar rcgrcsslon analyses %ccrc

typically y0.98. Hence, no attempt was made to correct
for possible nonlinearities.

The total decay rate of He(n 'P) for n & 7 was con-
trolled by collisions at the higher pressures of the experi-
IDent. Conscqucntlyq systematic error 1Q cvRluat1ng thc ra-
diative loss for these higher terms has significantly less
impact on the final result than in the case of the lower
terlrls %'here Iadlatlon plays 8 1Tlolc proII11Ilcnt, I'01c. Fof
example, the decay-rate data for the 11 P +2 S trans—ition
(Fig. 6) 111dlcRtc that tllc I'adiaflvc loss 1'Rtc ls Rppl'oxl-
mately 20% of the total loss rate at a pressure of 20
mTorr. An error of 10% in estimating the radiative loss
rate at this pressure would result in an error of about
2.5% in the determination of the collisional loss rate. The
co111slon81-loss tcrIIl ls phys1c811y constralncd to pass
through P=O. As a result, the slope of the linear section
can bc evaluated &1th good BCCUracy dcsp1tc thc posslb111-
ty of modest errors in the determination of the radiative
loss rate Asubje.ctive estimate of the possible error from
this source is + 10% at n =4 decreasing to +5% for n & 7.

A pressure-measurement uncertainty of +10% must be
COIDb1ncd %'1th tIlc other Unccrtalntlcs 1n cst1IIlat1ng 8 total
uncertainty for the I'(n P) determinations. The statisti-
cal, time-callbrat1on, Rnd pI'cssUrc-IIlcRsurcIIlcnt Uncc1-
tainties were similar for each n However, th. e model un-
ccrt81ntlcs Brc dcpcndcnt on Pf, Bnd possible n"dependent
systematic errors are difficult to estimate. In the final
analysis, we have assigned an uncertainty of +20% to the
measurement at each n.

The rotational fine-structure intensity distribution in
the (0,0) band of the NI+ first negative system (8 X+„-
X Xg ), excited with a dc beam and a low-pressure Nz tar-
get, was used as an index of the gas temperature. This
procedure results in additional uncertainty in inferring
o(n 'P) from I (n 'P). The uncertainty in u(n 'P) is es-
tiInatcd to be less thBQ +25%.

III. INTERPRETATIONAI. CGNSIDERATIGNS

cited atomic and molecular levels. However, very strong
collisional effects for He(n 'P) with n & 4 precluded a con-
venient, unambiguous assessment of cascade in the present
experiment. In the single case of the 3'P term, which is
very meak1y affected by collisions, ' it proved possible to
assess the role of cascade. The 3 'P data were found to be
predominantly single exponential under the measurement
colidltlons. Two-coIIlpoIlcIlt rcductlolls coIislstclltly failed
to yield a statistically significant second decay component.
Hence, cascade effects were deemed unimportant for this
lcvC1.

The difficulty of experimentally verifying negligible
cascade effects for the n & 4 measurements prompts us to
discuss the cascade proMem in Inore detail. In this con-
nection it is helpful to consider the shapes and magnitudes
of the excitation functions for the n 'S,n 'P, n 'D levels in
He. In Fig. 1 representative excitation functions for
'S, 'P, 'D levels are presented for the case n =6, but
similar relative values are expected for both larger and
smaller n Th.e figure clearly illustrates the preferential
production of He(n P) in (e,He) collisions for impact en-
ergies & 50 eV. The use of 20-keV electrons in the present
experiment ensured nearly pure n 'I' excitation by the pri-
Mary beam. Ho&ever, 1t divas not convcn1cntly possiMC to
c11111111RtccxcltRtloil of thc tRI'gct RtoIIis by slow clcctl'Oils
produced by beam-target and/or beam-surface interac-
tions. Hence, weak excitation of the n 'S,n 'D levels re-
sulted from this secondary source of electron-impact exci-
tat1OQ.

Two additional factors contribute to the expectation
that cascade 1nto thc n I terms divas negligible undcI' thc
conditions of the experiment. First, the excitation pulse
%vldths Used 1Q tllc lnvcstlgBtlon werc Qo1mn811y
0 2~(n 'P),. where I.(n 'P) is the effective lifetime of
He(n 'P). Effective n 'P lifetimes were typically some-

IOO 200 3QO
ELECTRON ENERGY(A')

Erman' has discussed the utility of the HFD techmque
in Bsscss1ng tile 1Glportance of cascades ln thc decay of cx-

FIG. I. CANS SCCt1QDS fQ1 PQPUlatlIlg thC 6 S, 6 P, 6 D ICV-

C1S Qf HC bg CICCtI'QA lmPBCt (M18PtCd frQI RCf. 34).
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what shorter than the radiative lifetimes of the n 'S and
n 'D terms for n)7. Thus, a short excitation period
favored the growth of the directly excited He(n 'P) popu-
lations. Secondly, the branching of the radiative transfers
from the high-n terms favors the lower-n terms of the
combining manifold. Hence, only a small fraction of the
high-n excitation is passed radiatively to the high-n terms.
(For example, less than 5% of the radiative transitions
from the 9 'S level terminate on the 8 'P level. ) In view of
these considerations and the 3 'P results, it seems very un-
likely that cascade effects contributed significantly in the
n 'P study.

One additional piece of information which supports the
premise of negligible radiative transfer to the n 'P levels of
interest to this study centers around the relative intensities
of the members of the series n 'P~2 'S, n 'D~2 'P, and
n 'S~2'P. Estimates of branching from the n 'S and
n 'D terms to n' 'P levels with 4 & n' & n consistently yield-
ed values small compared to the observed intensity of the
n' 'P~2 'S transition.

B. Resonance trapping

The n 'P levels are optically connected to the ground
state and are affected by resonance-trapping effects to
rather low helium pressures. The extraction of reliable
collisional loss rates from the decay-rate data requires an
evaluation of the radiative portion of the total effective
decay rate. Hence, a quantitative treatment of resonance
trapping is essential to the realization of accurate results
for the collisional loss rates.

The experimental treatment of resonance trapping in
helium has drawn heavily on the work of Phelps who
applied the theory of Holstein to the problem. The key
to the evaluation of resonance trapping in a given system
is the determination of the effective "trapping radius, "
p, ff, which is characteristic of a particular collision-
chamber geometry. A determination of this parameter en-
ables one to calculate the escape factor [g (n 'P) in Eq. (4)]
when ko, the absorption coefficient at line center for a
Doppler-broadened line, is known. (See the recent review
by Irons for details. )

We have determined p,ff for the collision chamber of
this study by the well-established method of measuring
the pressure dependence of the effective lifetime of
He(3'P). Previous studies have established a total loss
cross section of & 3&&10 ' cm for thermal collisions of
He(3 'P) with He(1 'S). The maximum loss rate associat-
ed with this process under the conditions of the study is
expected to be approximately 7&& 10 sec ' at 40 rnTorr.
This should be compared with the experimentally deter-
mined loss rate of 1.7X10 sec ' at the same pressure.
Hence, collisions were expected to affect the r(3 'P) mea-
surements by & 4%. For the sake of completeness, a "col-
lision term" was included in the treatment of ~(3 'P).

Results obtained for the w(3 'P) determinations are
shown in Fig. 2. The solid line through the data points re-
flects a "best-fit curve" based on an effective irnprison-
ment radius of p, ff ——1.60 crn. An expansion of the lower-
pressure region is used to illustrate the sensitivity of the
model to approximately +10% variations in p, ff. The
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FIG. 2. Results for the pressure-dependent lifetime of
He(3 'P). The solid curve represents the best-fit model for the
imprisoned lifetime. The expansion of the low-pressure region
illustrates the sensitivity of the calculations to small changes in
the value assumed for the effective imprisonment radius p,ff.

high precision of the lifetime results establishes p, rr to an
estimated +5%. The effective imprisonment radius de-
pends only upon the fixed geometry of the collision
chamber as long as the primary source distribution (beam
geometry) does not change. Hence, it is reasonable to as-
sume that p,ff may be used in the evaluation of imprison-
ment effects for the higher n 'P levels.

C. Collisional angular momentum mixing
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FIG. 3. Decay curve for He(10 'P) illustrating the prominent,
slowly decaying tail observed under conditions such that
+pulse &tail ~

It was observed that the decay curves for the higher
n 'P levels became complex when the excitation pulse
width and the measurement interval were extended into
the microsecond domain. For example, the decay of
He(10 'P) at a pressure of 35 mTorr is presented in Fig. 3.
Background counts, based on the information in channels
80—100, have been removed from the raw data in prepar-
ing the figure. Two points regarding the data in Fig. 3 ap-
pear especially significant: (1) the decay curve is obvious-
ly complex, and (2) the latter portion of the decay is close-
ly simple exponential with an effective "lifetime" of
4.0+0.2 @sec. As previously discussed, cascade effects
should be very small for the high n 'P terms under the
conditions of our experiment. If one accepts this premise,
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then collisional effects must account for the prominent,

slowly decaying tail.
Recent studies of collisional 1 mixing of Rydberg states

in Na and Rb provide insight into the probable source of
the slow decay. Gallagher et al. ' observed that collisions
between Na(nd) and selected rare-gas collision partners re-

sulted in mixing of the nd state with the I ~ 2 states of the
same n. At rare-gas pressures of —1 Torr, the
collisional-mixing process was complete, and the observed

decay became simple with an effective lifetime equal to
the average radiative lifetiine of all the collisionally mixed
states. The average (or effective) radiative lifetiine of the
collisionally mixed states was studied for values of n in

the range 5 & n & 15. An effective lifetime r,ff
=3.68+0.27 psec was obtained at n =10.

The similarity of the Na(10d) effective lifetime and the
slow component in the case of the He(10'P) decay sug-

gests collisional 1 mixing as the mechanism responsible for
this behavior. We were unable to conveniently check the
decay characteristics of He(10'P) at significantly higher
pressures. However, data taken at a significantly lower

pressure (15 mTorr) revealed a decrease in the contribu-
tion of the slow component but essentially no change in

the decay time of this component. This result is in accord
with the model for the I-mixing process. Bagaev et al.
concluded from studies of the decay curves of He I excited
states with n =5, 6, and 7 that the appearance of
anomalously long-lived components signaled the presence
of collisionally mixed higher-I states, in accord with the

interpretation of the present results.
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FIG. 5. Decay curve for He{10 'P) illustrating the simple ex-

ponential decay observed when the excitation period was short

compared to the effective lifetime.

IV. RESULTS AND DISCUSSION

In this section, we first present the essential features of
the experimental measurements and then illustrate the
method of extracting the information of interest from the
data. Results are subsequently compared with previous
measurements and, to the extent possible, with pertinent
theoretical predictions. Finally, the implications of the re-

sults for long-standing problems relating to the interpreta-
tion of excitation transfer in gas-kinetic collisions between

H(n 'P) and He(1 'S) are discussed.

A. Measurements and data reduction

Her n'P =2 5

12 11 10

L/l
Z
UJ

( 200 ) (I) 3300

12'P-2'5 Hex 11'P-2'5 10 P-2'5

I I I I

3200 3210 3220 3230

FIG. 4. Spectra produced by 20-keV electrons incident on a
He(1 'S) target (p =4)&10 Torr). The spectra illustrate the
prominence of the higher members of the n 'P~2'S series
under these conditions.

The spectra in Fig. 4 illustrate the favorable conditions
for studying the higher-n members of the HeI n 'P~2 'S
series. A large signal-to-background ratio, evident in the
lower panel, permitted the acquisition of high-quality life-

time data at target pressures as low as —10 Torr. The
resolution used in obtaining the spectra was =0.6 A, a
value typical of that used in the lifetime determinations.
Background spectra were essentially negligible under the
measurement conditions except for the 9'P~2'S region

where weak CO2+ A H„~XIIg emissions extended
through the position of the line.

Decay-rate determinations were carried out on spectral-

ly selected transitions using the HFD technique. A typi-
cal decay curve for the higher-n transitions is presented in

Fig. 5 using data for the 10'P~2'S transition. In con-
trast with Fig. 3, the decay of He(10'P) is well described

by a single exponential when a short excitation pulse is

used. It should be noted that a "constant" background,
inferred from the data in channels 60—100, was subtract-
ed from the raw data in preparing Fig. 5. This back-
ground presumably originates from random coincidences,
very long-lived cascade components, and reciprocal
transfer effects. Subtraction of the background con-

sistently yielded single exponentials, indicating negligible
time dependence of the background on the time scale of
the n 'P measurements.

The only significant difference in the experimental con-
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The method used to extract the collisional loss rate
from the total decay rate was sketched in Sec. II. Here we
present the results for He(11 'P) to illustrate the method.
The set of data points in Fig. 6 defines the total loss rate
for He(11 'P) over the pressure range 5 (P & 30 m Torr.
The contribution of radiative loss as a function of pressure
was initially evaluated using the effective imprisonment
radius of Fig. 2 and the transition probability data of
Wiese et a1. The difference between the total loss rate
and the radiative loss rate defines the collisional loss rate.
Finally, the collisional loss-rate coefficient I'(l l P) was
determined from a least-squares fit to the data in the
linear region. The result obtained for I (11 'P) was
(1.41+0.29) &(10 sec '/Torr, corresponding to an aver-
age cross section cr(11 'P) =(2.5+0.6))&10 ' cm . A
subsequent, more refined analysis based on a least-squares
algorithm for Eqs. (3) and (4) yielded both zero-pressure
lifetimes and the final collisional loss-rate coefficients.
These results are summarized in Table I.

FIG. 6. Effective total decay rate for He(11'P) vs helium
pressure. The inferred contributions from radiative and col-
lisional loss are also shown. The error bar reflects typical sta-
tistical uncertainty in the decay-rate determinations.

ditions relating to Figs. 3 and 5 is in the time scale for ex-
citation and observation, which is greater by 2 orders of
magnitude in the former case. An explanation of the
difference in the decay curves is found within the frame-
work of collisional 1 mixing. In a first approximation, re-
population effects (reciprocal transfers) become noticeable
after a time of the order of the effective lifetime of the re-
populating levels. The data of Fig. 3 yield an effective
lifetime of =4 @sec for the repopulating levels at n = 10, a
value which is much longer than the time scale for the
measurements of Fig. 5. Under these short-pulse condi-
tions (r~„i„&&r,tt), the long-lived higher-L states are sig-
nificantly underpopulated, and repopulation of the short-
lived n 'P levels through reciprocal transfer is negligible.

B. He(n 'P) loss cross sections:
Comparison with earlier work

The measured rate constants I (n 'P), corresponding to
the depopulation of He(n 'P) atoms by all collisional pro-
cesses, are presented in Table I. Related cross sections,
0(n 'P), derived from the relation (5), are also included in
the table together with similar results for 4&n &7 from
earlier investigations. A striking feature of the cross sec-
tions summarized in Table I is the exceedingly large
spread in the absolute values obtained by various investi-
gators for seemingly the same process. The weight of evi-
dence now points toward collisional I mixing as the prob-
able source of a major portion of this disparity. Recent
studies of 1 mixing have demonstrated that the cross sec-
tions for this process can exceed 10 A under favorable
conditions. ' ' In sharp contrast, essentially irreversible
processes which destroy the excited He(n 'P) atoms under
typical experimental conditions are characterized by much
smaller cross sections. For example, the associative ioni-

TABLE I. Measured rate coefficients I (n 'P), in units of 10' sec '/Torr, and the corresponding
average cross sections 0.(n 'P), in units of 10 ' cm, for the collisional loss of He(n 'P) in thermal col-
lisions with He(1 S). The numbers in parentheses represent the experimental uncertainties.

cr(n 'P) from other investigations

7
8
9

10
11
12
13

1.13(0.23)

2.65(0.53 )

5.18(1~ 04)

8.34( 1.67)
12.5(2.5)
14.2(2.8)
14.7(2.9)
14.4(2.9)
11.5(2.3)
9.65( 1.93)

1.98(0.44)

4.64( 1.07)

9.06(2.08 )

14.6( 3.4)
21.8(5 ~ 0)
24.9(5 ~ 7)
25.8(5.9)
25.2(5.8)
20.1(4.6)
16.9(3.9)

0.028 (Ref. 5), 2.0(0.2) (Ref. 8), 2.3(0.6) (Ref. 9),
2.5(0.2) (Ref. 10), 0.104(0.006) (Ref. 11), 0.20(0.02) (Ref. 12),
2.1(0.2) (Ref. 14), 0.63(0.09) (Ref. 15)
6.4(0.7) (Ref. 8), 7.2(0.7) (Ref. 10), 0.104(0.03) (Ref. 11),
5.8(0.6) (Ref. 14)
13(3) (Ref. 8), 12(1.5) (Ref. 10), 0.050(0.025) (Ref. 12),
11(1) (Ref. 14)
19(3) (Ref. 10), 0.34(0.03) (Ref. 12), 0.023(0.010) (Ref. 11)
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TABLE II. Relative cross sections for the collisional loss of He(n 'P) in thermal collisions with

He(1 'S).

This study Ref. 8

0.(n 'P)/CT(4 'P)
Ref. 10 Ref. 11 Ref. 12

4
5
6
7
8

9
10
11
12
13

1

2.3
4.6
7.4

11.0
12.6
13.0
12.7
10.2
8.5

1

3.2
6.5

1

2.9
4.8
7.6 0.22

0.25
1.7

1

2.44
5.06
9.38

16.0
25.6
39.1

57.2
81.0

112

zation cross sections for excited-He —normal-He collisions
0

at 300 K are (10 A . ' Under conditions where the I-

mixing process does not contribute, the pressure depen-
dence of the effective lifetime of an excited state will be
controlled by these situationally irreversible processes,
thus yielding significantly reduced effective depopulation
cross sections. The spread in the reported results is con-
sistent with this idea.

In Table II, we compare the relative cross sections from
the present investigation with similar results from earlier
studies. Our relative cross sections are in excellent agree-
ment with those of Wine and Glick, ' except for n=5,
and in fair agreement with those of Kay and Hughes. '
The results of Bennett et al. " and Bridgett et al. ' are in-

compatible with the other results in the table. The source
of this disparity is not clear but may relate to the initial
population distributions obtained in their decay-rate ex-
periments through the use of near-threshold electron-
impact excitation. The present results clearly show that
the total loss cross sections associated with process (1)
vary approximately as n only over the limited range
4&n &6. When normalized at n=4, an n" dependence
yields overestimations by =30% at n=7 and 300% at
n =10.

C. Asymptotic behavior of the cross sections

Theoretical studies by Hickman ' ' suggest that the
He(n 'P)-He(n 'S) I-mixing cross sections should vary ap-
proxirnately as n in the asymptotic region, as indicat-
ed in Fig. 8. Our results are in close agreement with this
prediction, but the asymptotic behavior is not accurately
defined by our measurements, primarily as a result of the
paucity of data beyond the peak.

Schiavone et al. ' have deduced effective I-mixing cross
sections of —10 ' cm in the case of thermal colhsions
between high Rydberg and ground-state helium atoms.
Their results were not n or I specific, but principal-
quantum-number distributions were determined using
selective field ionization of the high Rydberg atoms. An
effective I-mixing cross section of 200+&oo A was ob-
tained in the case of a distribution characterized by a
median principal quantum number of n=28 ~ This result
is not I specific, but previously cited theoretical studies in-

dicate that the I-mixing cross sections should depend
weakly on the initial I value when the 1 manifold is effec-
tively degenerate. Hence, it is of interest to compare our
lower-n, initial-I-specific measurements with the higher-n
results of Schiavone et al. ' Extrapolation of our n=13
result to n =28 through the use of the theoretically
predicted n asymptotic decline yields about 210 A, in
remarkable (and probably fortuitous) agreement with the
higher-n result. This comparison provides experimental
evidence for the general validity of the asymptotic form of
the theoretical I-mixing cross sections.

D. Comparison of cr(n 'P)
with R (n, I) + He I-mixing cross sections

Cross sections obtained in the present investigation ex-
hibit the following salient features: (1) increase closely in
proportion to n for 4(n &6; (2) reach a maximum of
(2.6+0.6) X10 ' cm at about n=10; and (3) decrease
roughly in proportion to n beyond the peak. These re-
sults are quite similar to those of Gallagher et al. ' for the
total loss (interpreted as l changing) of Na(n D)
(6& n & 15) in thermal collisions with He(1 'S), both with
regard to the n dependence of the loss and the magnitude
of the cross sections. Hugon et al. ' have also reported
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FIG. 7. Comparison of loss cross sections vs n for thermal
collisions of He(n 'P), Na(n ~D), and Rb(n F) with He(1'S).
The curve reflects predictions based on a scaling formula for I-

changing cross sections associated with the Na(n D)-He(1 'S)
collisions.
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similar results in the case of thermal collisions of Rb(n F)
(9 & n & 21) with He(1 'S).

The similarity of the results in these three cases is illus-

trated in Fig. 7. A curve based on the application of the

previously mentioned l-mixing scaling formula ' to the

Na(n D) + He collisions is seen to agree well with the ex-

perimental results. This formula is not directly applicable

to the He(n 'P) + He and Rb(n F) + He collisions since it

was derived assuming that the initial level was character-
ized by 1=2. An approximate modification required for a

valid comparison of the scaling-formula predictions with

the He(n 'P) and Rb(n F) results will subsequently be dis-

cussed. For present purposes, it suffices to note that the

scaling formula yields nearly identical results for the three

cases when n ) 10, in agreement with the observations.
The comparisons in Fig. 7 strongly suggest that the

dominant loss process for the excited atoms in each of the

three experiments was collisional I changing. Indeed, Gal-

lagher et al. ' convincingly demonstrated the dominance

of this process in their experiment by investigating the de-

cay of Na(n D) over a wide range of He concentrations.
At He pressures —1 Torr, the I-mixing process was found

to be complete, and the Na(n D) decayed at an effective
rate in agreement with the theoretical average rate for col-

lisionally mixed levels. Higgs et al. similarly deter-

mined that collisional l mixing was the only detectable

depopulation mechanism in their study of the destruction
of Xe(nf) Rydberg atoms by thermal collisions with Xe,
Kr, Ar, CO2, CO, and N2.

In addition, he suggests that the role of the core in the
thermal I-changing collisions is sufficiently unclear as to
warrant a detailed theoretical study based on a full molec-

ular approach. Several recent papers have been directed

toward clarification of these issues and toward the identi-

fication of model deficiencies.
Despite model limitations, considerable progress has

been made in theoretically describing the qualitative

features of the quasielastic 1-mixing collisions involving

selected Rydberg atoms and a number of collision

partners. In this connection, an approximate scaling for-

mula has been developed ' which allows the rapid estima-

tion of I-mixing cross sections associated with Rydberg
atom-perturber collisions at thermal energies. The scaling
formula has now been applied to numerous test cases and

has consistently reproduced the overall n dependence of
the measured cross sections, while only qualitatively

reproducing the absolute values (typically to within a fac-
tor of 2).

Prior to comparing the predictions of the scaling rela-

tionship with our measurements, it is of interest to consid-

er upper bounds for the 1-changing process as provided

within the framework of the impulse approximation. It
has been shown that the I-changing cross sections due

solely to Rydberg electron-perturber collisions should be

approximately equal to or less than the "average cross sec-
tion" for elastic scattering of free electrons having the

same velocity distribution as the Rydberg electron. This
"upper-limit" cross section o.„maybe written in the form

E. Comparisons with theoretical treatments of 1 mixing o„&(1/u)f v, o(v, )f(v, )dv, , (7)

It is of interest to consider our results within the frame-

work of recent theoretical treatments of I-changing col-

lisions. In this connection, we note that a completely sa-

tisfactory theory of transitions between Rydberg states in-

duced in thermal atom-atom collisions does not exist in

the case of the intermediate range of principal quantuin
numbers (5 &n & 15) pertinent to the present experiment.
In this domain of n, the velocity of the Rydberg electron

greatly exceeds the relative velocity in the atom-atom col-
lision at 300 K. Hence, a complete theoretical treatment
should be based on a molecular approach rather than on
the widely adopted separated-atom model. As previously
noted, Cohen has applied a molecular model in treating
excitation transfer in thermal He(1 'S)-He(3 L) collisions,
but apparently no attempt has been made to extend these
calculations beyond n =3. We are unaware of other
molecular treatments of the He-He' collision problem at
thermal energies.

Most of the recent simple theoretical descriptions of l-

changing thermal collisions are based on an impulse-type
treatment of the Rydberg electron-perturber interaction
and neglect the so-called "noninertiality" of the core.
Flannery has noted that these theoretical treatments do
not address certain "impulse-validity criteria" and tend to
yield results which significantly exceed the upper limit
imposed by the basic impulse expression. He also notes
that these treatments entail the use of further computa-
tional simplifications within the basic impulse expression,
a situation which necessitates additional validity criteria.

v, cr(v, )
(8)

Let us compare the upper limit from (8) with the data in

the case n =10, which corresponds to the peak experimen-

tal cross section. This value of n is sufficiently large to
justify the use of many of the "large-n approximations, "
as previously noted. The ratio ( v, /u ) is then about
1.2&&10 and cr(v, )=5.6X10 ' cm, yielding a value

6.7)& 10 ' cm for the upper-bound cross section at
n = 10. The experimental result in Table I
[(2.6+0.6)&(10 '3 cm ] exceeds the iinpulse upper limit

by a factor of 3.9. Inclusion of an upper limit for inelastic
transitions associated with the core-perturber interaction
increases the upper limit to =10 ' cm, a value which is

still significantly smaller than the measured value. Flan-

nery has noted that the impulse upper limit [Eq. (7)]
consistently yields values much lower than experiment,

where u is the mean relative collision velocity of the Ryd-

berg atom and the target, f (v, ) is the velocity distribution

function for the Rydberg electron, and o(v, ) is the free-

electron elastic-scattering cross section.
In the case of low-energy-electron scattering by He, the

cross section is weakly dependent on energy and remains

nearly constant over the range of velocities associated with

a Rydberg electron. Hence, the integral may be approxi-
mated by the product v, o.(u, ), where v, is the average

velocity of the electron. The expression (7) then takes the

simple form
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especially for the lighter targets, and has suggested that
the inclusion of an upper bound for core effects leads to
limits which are much more consistent with the measured
cross sections. However, in the present case of He-He*
collisions at 300 K, it is clear that inclusion of the sug-
gested upper bound for core effects does not substantially
improve the agreement with the experimental result. The
explanation of this discrepancy is unclear at this juncture
but may stem from the approximate nature of the upper
limit.

Let us now turn to a comparison of the experimental re-
sults with the recently published approximate scaling rela-
tionship for estimating I-mixing cross sections. Following
Hickman, ' the scaling relationship may be written in the
orm
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where f(y) and g(P) are empirically derived functions
based on limited quantum-theoretical results. The func-
tion f(y), termed the collision efficiency, decreases mono-
tonically with increasing values of the reduced parameter

y which is defined by

2vrn aohE

hv
(10)

with bE the "energy defect" for the collision and v the
mean relative collision speed. The other symbols have the
usual meanings. The function g(p), termed the probabili-
ty of encounter, increases with increasing p toward an ar-
bitrarily set asymptotic value of 0.6 for p&3.0. The re-
duced parameter p is defined by

o'im, „(np)=, op~;„(nd) .(n —4)
(n —9)

(12)

We have used this simple adjustment of Eq. (9) in com-
puting cross sections to compare with the data of Table I.

These computations are summarized in Fig. 8, where
they are compared with the measurements. (The values

(hA/2@m, ao)

(
—3.367

)

where A ~L (the scattering length) for large n

In order to apply Eq. (9) to the present problem, some
assumptions are required. The pertinent assumptions are:
(1) there is no selection rule for the 1-changing transitions;
(2) the bE(nD nF) separat—ions in He I are small enough
to justify quasidegeneracy; (3) A in Eq. (12) is adequately
represented by L for the range of n under consideration.
In the present experiment, the initial level had l=1 rather
than /=2, the value assumed in deriving the scaling rela-
tionship. The accessible final states are taken to be the
quasidegenerate set 1=2,3, . . . , n —l. (The state with
1=0 is neglected because of the relatively large energy gap
separating this state from the 1 & 1 states. ) When electron
spin is neglected, the number of accessible final states is
n —4. This compares with the number n —9 which was
used in the development of the scaling relationship. As-
sumption (1), which is reasonably well supported by both
theory and experiment, enables one to write

FIG. 8. Log-log presentation of the He(n 'P) collisional loss
cross sections illustrating the n behavior at low n and the trend
toward an -n variation beyond the peak. Predictions based
on a modified scaling relationship for I-changing collisions are
shown by dots connected with a broken line. The results of a
perturbative treatment of l-changing collisions in the weak-

collision approximation are represented by the solid line. The
cited works are as follows: Schiavone et al. , Ref. 41; scaling
formula, Ref. 31; and weak collisions, Ref. 32.

for bE were taken from Martin to n =20 and extrapolat-
ed to higher n by means of an n scaling. A value
1.8)& 10 cm sec ' was used for the mean relative collision
velocity. ) Cross sections computed from the modified
scaling relationship are uniformly about 0.7 of the mea-
sured values, which is within the estimated accuracy ' of
the scaling relationship. We also note from Fig. 8 that a
simple perturbative treatment of the I-mixing problem in
the weak-collision approximation has yielded results for
n & 11 which are in excellent agreement with the measured
values. The scattering-length approximation and JWKB
wave functions were used in these calculations, and it was
assumed that transitions with bn&0 could be neglected.
A simple formula for collisional 1 mixing resulted, i.e.,

oi~;„—(2nL )/(n v—) . (13)

This expression yields cross sections for n ) 11 which are
in satisfactory accord with those obtained from the scal-
ing relationship.

F. Implications for excitation transfer
in He(n 'P)-He collisions

It is of interest to consider the implications of the
present results for the general problem of possible bL
selection rules associated with thermal He(n 'P)-He col-
lisions. Interest in this problem dates to the theoretical
study of Lin and Fowler from which it was concluded
that transfers with ~~-=0,+2 should be favored in He-
He' collisions at thermal energies. Several subsequent
treatments of He(n 'P) collisional loss tended to support
the P~F transfer mechanism, but a growing body of
relevant data and theoretical computations have cast con-
siderable doubt on the degree of ~1- selectivity involved in
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the transfer of excitation. Indeed, the singlet-triplet an-

ticrossing studies of Freund et al. provide direct evi-

dence for violations of the hL =+2 selection rule.

Decay-rate data of the type shown in Fig. 3 provide in-

formation of value to the problem of &&- selectivity in the

collisions. In the case of reciprocal excitation transfer be-

tween two collisionally coupled levels, the decay of each

level is described by a sum of two exponential terms. The
inclusion of more than two states in the process merely in-

creases the number of exponential components required to
describe the decay of each level. In the absence of cas-

cade, a multiexponential decay would imply strong hL
selection rules in the collisions. In sharp contrast, the ab-

sence of ~l- selection rules for the collisions should result

in only two exponential components in the time-resolved

decay of a single level which was initially populated in a
selective manner. ' In the absence of b,L selection rules,

the transfer of population to the adjacent levels is statisti-

cally distributed under single-collision condition. Hence,
the "mixture" of adjacent states decays at a rate corre-

sponding to the statistically averaged radiative value for
the ensemble while the decay of the initially occupied level

reflects both radiative decay and collisional transfers. The
transfer of excitation is, of course, initially unidirectional,

but reciprocal transfers become increasingly important as

the populations of the adjacent levels grow.
In the present experiment, it was observed that the de-

cay of He(n 'P) was not adequately described by one or
two exponential components under certain experimental

conditions. For example, the decay curve in Fig. 3 re-

quires a minimum of three components for an adequate

description. Bagaev et al'. have similarly found that
several exponential components were required to describe

the decay of He(n 'P) levels with n = 5 —7 under their ex-

perimental conditions. Hence, it would appear that the

He(n 'P)-He data demand some degree of selectivity in the

b,L for the collisional mixing process, at least for the lev-

els with n & 10. The behavior of the longest-lived portion
of the He(10'P) decay is consistent with collisionally

mixed states with L & 3, in accord with the lower-n mea-

surements of Bagaev et al. These results suggest the

need for more refined studies to investigate the final-state

L distribution for collisions of type (1) under single-

collision conditions.
Although the present observations do not yield a final

answer to the question of &L selection rules for the
thermal He(n 'P)-He collisions, the prominent, slowly de-

caying tails on the He(n 'P) decay curves, under condi-
tions such that ~~„i„&r,tt, are most satisfactorily inter-

preted in terms of essentially unrestricted collisional mix-

ing of the n 'P level under study with adjacent L levels

(same n)
For example, the late-time decay of He(10 'P) in Fig. 3

is well characterized by a "lifetime" of about 4 psec. This
component contributes roughly 25% to the early-time de-

cay, a value greatly in excess of that expected for radiative
transfer from levels with n & 10 (see Sec. III A). Collision-
al mixing of He(10 P) with the adjacent 10L levels is ex-

pected to yield a slow component characterized by a life-
time of about 2.7 psec if the mixing is with the L & 2 lev-

els and about 3.4 psec if the mixing is restricted to levels

with L &3, as suggested by Bagaev et aI. The experi-

mental ~d~ exceeds both of these values, but the disparity

between r, tt and the longer statistically averaged lifetime

is deemed insignificant. Interpretational uncertainties

stemining from the possibilities of a small contribution

from long-lived cascade components and modest collision-

al n inixing with n = 11 (Ref. 48) do not permit us to une-

quivocally choose between the alternatives L & 2 and

L &3.
These results support the conclusion of Freund et al.

that transfers with ~L =+2 are not favored in the He-
He" collisions. For example, the upper limit expected for

ff in Fig. 3 if the 10 P~10F process were dominant is

about 1.1 psec, in disagreement with the observations.

However, the assumption of unrestricted collisional mix-

ing of He(10 P) with the 10L-singlets (L & 3) is consistent

with the observations, as noted above. When combined

with the complementary results of Bagaev et al. and

those of Freund et al. , the present observations suggest

the need for reinterpretation of the results from earlier

studies in which a selective n P~nF collisional process

was assumed in interpreting steady-state and time-resolved

studies of excitation transfer in helium.

V. SUMMARY AND CONCLUSIONS

Determinations of total loss cross sections for He(n 'P)

in collisions with He(1 'S) at 300 K have been made for a

range of intermediate principal quantum numbers

(4 & n & 13). These results significantly extend previous

measurements and provide valuable insight into the dom-

inant loss mechanism. The cross sections increase closely

in proportion to the geometric cross section over the limit-

ed range 4 & n & 6, reach a maximum of about 2.6X 10 A

at n=10, and decrease roughly as n above the peak.
These results are consistent with collisional I mixing as the

dominant quenching mechanism, in accord with a number

of recent investigations of the collisional destruction of
Rydberg atoms in thermal collisions with various per-

turbers. In particular, the He(n 'P)-He loss cross sections

are nearly identical to those associated with thermal

Na(n D)-He and Rb(n F)-He collisions when n &10, a
result which suggests that the Rydberg core plays a minor

role in t-changing collisions of this type.
It was found that a scaling relationship for I-changing

collisions, modified for the number of accessible final

states, yielded cross sections which were about 0.7 of the

experimental values over the full range of n An approxi-.
mate expression for cross sections of quasielastic collisions
(b,n =0) for intermediate n values (n —15—20), based on a
perturbative treatment of weak collisions in the
scattering-length approximation with JWKB wave func-

tions, yields results which are in excellent agreement with

the measurements when n & 11.
Finally, we note that the measurements were found to

be inconsistent with a strong "selection rule" &&-=2 for
the He(n P)-He collisions, in agreement with evidence

from other independent experiments. Rather, a model in

which the change in L during the collision is largely unre-
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stricted provides a much better interpretation of the obser-
vations.
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