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of nonresonance transition lifetimes in helium
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Radiative lifetimes of the n 'S (n =3—6) and n 'P (n = 3—5) states in He i have been measured us-

ing pulsed excitation by a high-energy electron beam over a broad pressure range of the He target.
The observed pressure dependences reveal that these nonresonance transitions are subjected to
strong radiative trapping effects for higher pressures that may have distorted earlier precision mea-
surements of He I lifetimes. This effect is particularly large for the 2'S —3 P transition for which
published experimental values are, on the average, about 10% higher than accurate theoretical
values.

I. INTRODUCTION

y= 1 — —koR (koR ((I),
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where ko is the absorption coeKcient at the center of the
transition i ~f given by
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Here X& denotes the density of the lower state f, while
the remaining quantities have their usual meanings.

The presence of radiative trapping has a profound
inhuence on lifetime measurements of resonance transi-
tions and too long w values will always be registered un-
less the ground-state density of the atoms is very low.
Repeated emission and absorption of resonance radiation
may also signal its presence as a self-reversal of the emis-
sion lines. Thus, radiative trapping and self-absorption
are intimately connected processes and if a considerable
lengthening of a lifetime is observed for a spectral line be-
cause of trapping, the same line could then show self-
absorption or self-reversal effects and vice versa.

While trapping and self-reversal of resonance transi-
tions have been treated in a great number of papers, this
is not the case concerning nonreson ance transitions.
However, it was demonstrated in our laboratory that

Emission from excited levels i to lower levels f in
atoms and molecules may be subject to repeated absorp-
tion and reernission processes before it finally escapes the
light source. This reduces the effective decay rate of the
transition from the spontaneous emission transition prob-
ability A,f to an apparent value A,'f'where

A,f =y A,f, 0 + y + 1 .

Here y is called by various names in the literature such as
"trapping factor, " "escape factor, " or "imprisonment
factor". If the trapping is assumed to take place within
an infinite cylinder with radius R, an approximate formu-
la' for y gives

trapping effects also could yield a considerable distortion
of lifetimes of nonresonance transitions. More
specifically, lifetimes ~ of the 1sf-2p; transitions in Art
were measured using high-power electron excitation and
the high-frequency deffection (HFD) technique and a
strong increase of ~ was observed with increasing pres-
sure of the argon target gas. The largest effects were ob-
served for transitions terminating on the metastable
(J =0,2) ls3 and Iss levels and a considerable effect was
also observed for the remaining transitions terminating
on the (J= 1) ls2 and ls4 levels. Thus the experiments
revealed trapping effects in the (nonresonant) ls&-2p; ra-
diation indicating the creation of considerable population
of the ls3 &

levels (due to metastability) and the ls2 4 lev-
els (due to strong pumping following trapping of the
lpo-ls2 4 resonance radiation). Similar effects should ap-
pear in all experimental situations where the ground-state
density of the atoms is high enough and a su%ciently
effective (nonselective) excitation is applied. In particu-
lar, analogous situations should occur in other rare gas
atoms excited in various kind of light sources involving
particle bombardment. As emphasized in Ref. 2 trapping
of the nonresonance radiation may then appear in a
treacherous way and escape the attention of the observer.

Subsequently, other authors have also discussed trap-
ping of nonresonance radiation and some of them have
been sceptical to the interpretation of our results (cf.
Refs. 4 and 5). For instance, it has been suggested that
our observed lifetime prolongations are primarily due to
disalignment effects and not to trapping effects. Accord-
ingly, we have repeated our studies of the 1sf-2p; transi-
tions in Ar I and searched for self-reversal effects using a
conventional hollow-cathode lamp. At a high spectral
resolution (1:10) accomplished by a newly constructed
scanning monochromator (the so-called MEGA spec-
trometer ) it was indeed found that all the studied ls&-2p;
lines in Art (and in Net) showed self-reversal effects
when the lamp was operated at high enough power.
Moreover, studies of a particular sequence 1s5-2p;
showed that the self-reversal increased with increasing
values of ko as calculated using relation (3). Thus, the
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observed self-reversal of the ArI 1s-2p transitions sup-
port our original suggestion that these transitions may
also be subjected to trapping effects in lifetime measure-
ments.

In the present work we have investigated trapping
effects on nonresonance radiation in He I. This is a par-
ticularly convenient case for studies of this kind since the

spectrum contains extended sequences of easy accessible
lines with different transition probabilities to a common
lower state. Moreover, the HeI lifetimes have earlier
been subjected to a great number of experimental investi-
gations as well as highly accurate calculations.
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As follows from the partial level scheme of He? (Fig.
1), two sequences of transitions 2 'P n'S an—d 2 S nP—
are particularly well suited for studies of radiative trap-
ping of nonresonance transitions. Thus, the 2 'P —n 'S se-
quence has transition probabilities ranging from
(18—0. 18)X 10 s ' for n =3—6 and considerable popula-
tions of the 2 'P state could be built up as a result of
pumping following trapping of the very intense 1 'S —2 'P
radiation if the ground-state population is high enough.
Even larger populations should be created of the 2 S
state in view of the metastability of this state yielding a
substantial trapping of, in the first place, the 2 S—3 P
radiation (A, =388.9 nm). Figure 2 shows a compilation
of 16 different experimental estimates of the lifetime for
this transition (cf. Ref. 8 and references therein). Obvi-
ously, the spread in the results are much larger than the

FIG. 2. Compilation of 16 different experimental determina-
tions of w(3 'P} in He I (see Ref'. 8 and references therein). Solid
circles denote measurements using electron excitation work us-

ing a static gas target. The average value, 104+3 ns is
significantly higher than the indicated theoretical values (Refs.
8—10) and the results of the present work suggest that the
discrepancy is due to radiative trapping. However, it may be
noted that measurements using beam-foil technique (BFS) and
the Hanle effect overlap the theoretical values.

individually quoted errors and the average result
r= 104+3 ns (Table I) is larger than all theoretical results
(cf. Refs. 8 —10) that are in the range 94.7—98.1 ns with a
stated accuracy of 1% or better.

The great majority of the considered r(3 P) lifetime
measurements have been performed using electron excita-
tion at various pressures and in our opinion the
discrepancy between the average experimental value and
theory is significant and caused by radiation trapping.
This discrepancy has been pointed out earlier, for in-
stance in Ref. 11, but the authors" suggest that the cal-
culated values are not sufficiently accurate for a compar-
ison with their experimental value ( =113+3ns) obtained
via electron beam excitation of a 5 —400-rnTorr helium
target.

In beam-foil excitation radiation trapping should in
principle be absent in view of the very low densities, but
unfortunately the 3 'P lifetime is a little too long for accu-
rate determinations using this technique. Nevertheless, it
is interesting to note that the two measurements in Fig. 2
denoted BFS have been estimated using beam-foil tech-
nique yielding 89+5 ns (Ref. 12) and 93+12 ns (Ref. 13),
i.e., overlapping the theoretical values.

0- 1

FICx. 1. Partial level scheme of Her indicating the nonreso-
nance transitions (A, , nm} studied in the present lifetime investi-
gations. At electron excitation of a helium target the intense
58.4-nm radiation might pump the 2 'P state up to a consider-
able population as a consequence of resonance trapping. Even
larger populations of 2 S may be created in view of metastabili-
ty. In this way the indicated transitions might be subjected to
trapping effects which should lengthen the lifetimes at higher
pressures.

III. EXPERIMENTS AND RESULTS

Lifetimes of the HeI transitions displayed in Fig. 1

were measured using the high-frequency deAection tech-
nique using a 20-keV, 30-mA beam of electrons exciting a
helium gas target. The emission was studied at various
spectral resolution ranging from 5X10 up to 10 using a
2-m Czerny Turner scanning monochromator equipped
with different cooled photomultipliers, EMI 9789 SG (for
A, &600 nm) and Hamamatsu R 943-02 (for A, )600 nm).
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A very intense HeI spectrum was observed and lifetime
studies of the n 'S and n I' levels are in principle
straightforward using this technique even for high n
values (n ~ 13) as presented in Ref. 14. Since the aim of
the present work primarily is to establish trapping effects,
lifetimes of the 2 'I' —n 'S and 2 S—n I' transitions were
measured for lower n values and the pressure dependence
was carefully checked within a broad range (0.2 —100
mTorr). The decay curves were registered at various
sweep frequencies in order to look for possible cascade
components, and the final determinations were made at
455 kHZ. Examples of typical decay curves are displayed
in Fig. 3 showing ~(3 P) at two very diff'erent target pres-
sures (0.5 and 100 mTorr).

No traces of cascades are discernible and this is the
case also for the remaining transitions. This negligible
cascade feedings of the presently studied transitions have
also been noticed by earlier investigators (cf. Refs. 12 and
15) and this is a consequence of the positions and life-
times of the possible cascading states in He r. Thus, cas-
cades of the n 'S states are negligible since they may only
occur from the (n') n ) 'P states which have much short-
er lifetimes and dominating branches to the 1 'S state. In
the case of a given n I' state, the possible cascading
states are (n') n+1) S,D that have much smaller elec-
tron excitation cross sections and shorter lifetimes for the
dominating n ' =n + 1 components.

As shown in Fig. 3 we find that r(3 P) increases a fac-
tor of 2 when the He target pressure is increased from O. S
to 100 mTorr. Since thermal collision deexcitation eA'ects
would yield an opposite eff'ect (i.e., a shortening of ~ with
increased pressure), the observed lengthening should be
due to strong trapping eftects.

Figures 4 and 5 display our measured pressure depen-
dences of the lifetimes of the n 'S and n I' levels, respec-
tively. The solid lines represent the expected pressure
dependence if only thermal collision eA'ects aA'ect this
dependence. The collision cross sections are extracted
from Ref. 16 and the curves are matched to the associat-
ed experimental points at low pressures. It follows from
Fig. 4 that r(n '5) show trapping eff'ects which gradually
decrease with increasing n being barely observable for
n = 5 at 100 mTorr, while for n =6 the pressure depen-
dence follows the Stern-Volmer curve (i.e., it is dominat-
ed by thermal collision effects). This n dependence is ex-
pected in view of relation (3) since the product A,&l,,f has
the values 7.0, 0.84, 0.27, and 0.13 (10 ' m s ') for
n =3, 4, 5, and 6, respectively. It is dificult to perform a
more accurate estimate of the expected n dependence
since trapping of the branching transitions to the n' 'P
states then have to be considered which would require
knowledge of the populations of these levels. For 3 'S,
however, there is only the 2 'I' —3 'S branch and we find
from Eq. (2) that the 30% lengthening of ~(3 'S) observed
at p =100 mTorr corresponds to koR =0.21 which ac-
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FIG. 3. The decay curve of the 3 'P level in He I recorded at
two difFerent pressures and 455-kHz sweep frequency using the
high-frequency deAection technique. While the recorded value
at 0.5 mTorr is in close agreement with the average result of
other measurements (see Fig. 2 and Table I), a 100% lengthen-
ing of the lifetime is observed at 100 mTorr which indicates the
presence of strong radiation trapping efFects of the 2 S—3 'P ra-
diation.

TABLE I. Lifetimes of low-lying n 'S and n P levels in HeI (ns). A, this work. 8, average experi-
mental (see Ref. 8 and references therein}. The figure within parentheses describes the number of con-
sidered measurements. C, theory, Ref. 8. D, theory, Ref. 9. E, theory complication 10 (with A6, &p and
c4 5p 5 scaled from Ref. 9). Sources: 3 'S, 4 P; A. W. Weiss (unpublished) . 4 'S,6 'S; E. Tre6tz, A.
Scluter, K. H. Dettmar, and K. Jorgens, Z. Astrophys. 44, 1 (1957). 5'S, Coulomb approximation.
3'P, B. SchifF and C. L. Pekeris, Phys. Rev. 134, A368 (1964). 5 P, A. Dalgarno and A. E. Kingston,
Proc. Phys. Soc. London Ser. A 72, 1053 (1958).

Level A C D E

3'S 55.2
4'S 89.8
5'S 150
6'S 240
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