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Quenching and excitation-transfer processes in the n =4 helium sublevels
in a low-pressure gow discharge

A. Catherinot and B.Dubreuil

(Received 11 July 1980}

Collisional and radiative processes in a glow discharge leading to quenching and excitation transfer in the n = 4
helium sublevels are investigated by means of a laser-perturbation method. Laser-induced population perturbations
are solutions of coupled rate equations, the coeKcients of which are determined by an accurate numerical method of
data analysis (the identification method) previously developed, so as to minimize the difference between
experimental curves and those calculated from the model. In the pressure and current-intensity ranges investigated,
only the radiative and atom-atom collision processes contribute to quenching and excitation transfer in the n = 4
sublevels. Numerical idt;ntification of the n = 4 experiments provides a nearly complete set of thermally averaged
cross sections and in particular shows that the singlet-triplet transfers are mainly due to stepwise collisional
processes via the 4Fstate.

I. INTRODUCTION He(4F) + He(l 'S) —He(4 D) + He(1 'S)

In two previous papers dealing with quenching
and excitation-transfer yrocesses in the n =3 he-
lium sublevels~ and excitation-transfer mecha-
nisms within the 3 D helium level fine structure,
henceforth, respectively, referred to as I and II,
we have demonstrated that a time-resolved laser-
per turbation technique associated w ith an eff icient
numerical method of data analysis (the identifica-
tion method) can lead to the accurate determination
of collisional- and radiative-rate coefficients in a
weakly ionized gas.

In this paper, the same procedure is applied to
the study of quenching and excitation-transfer
mechanisms in the n=4 helium sublevels pro-
duced in the positive column of a low-pressure,
low-current helium glow discharge. Despite nu-
merous experimental investigations both in helium-
electron-beam-interaction experiments3 5 and by
means of selective time-resolved laser-perturba-
tion techniques, s some questions are still open,
particularly those concerning the orbital quantum
number selection rules and the singlet-triplet ex-
citation transfers in atom-atom binary encounters.
These latter processes, in apparent contradiction
to the Wigner spin conservation rules, ~ were first
observed in 1932 by Lees et al. ' in an investigation
of the helium emission spectrum induced by elec-
tron impact and more recently improved by Maurer
et al. ~ and St John et al. In order to explain these
unexpected experimental results, according to the
Wigner spin conservation rules, Lin et al. '3 pro-
pose that singlet-triplet transfers may be ascribed
to two-step processes of the type

He(4 'D) + He(1 t S) —He(4F) + He(1 'S)

followed by

or

He(4F) —He(3 gD) + Jt v,

owing to the fact that the spin-orbit approximation
is not valid for He 1 (neutral helium) levels whose
orbital quantum numbers are larger than three.
The experimental study of Abrams et al.-'4 in a
helium discharge by means of a selective perturba-
tion method, and the theoretical calculations per-
formed by Pan den Eynde et al. '5 tend to support
the validity of this reaction scheme. Indeed, in
Ref. 15, calculating the Breit-Pauli Hamiltonian
matrix elements and the singlet-triplet mixing
coefficients of He I excited states, the authors
show that the 4F helium state wave function tjt4F

can be written

~4F singlet 44 tF triplet 44 F s

with

tgs~set ~ trtpiet =o 593 ~

Then the 4'F and 43F sublevels are largely mixed
and henceforth the 4F state will be considered as a
whole.

II. POPULATION RATE EQUATIONS

The excited-state population relaxations that
follow a short (compared to the typical excited-
state lifetimes) and selective optical pumping in a
stationary low-pressure, low-current helium glow
discharge have been widely studied in paper I. Let
us just recall that if the ~ft) —~tz) transition is
pumped by a laser pulse, the population variations
re¹(t)of the n+1 effectively perturbed levels can
be described in the laser-free regime by the
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"perturbed" rate equations:

d 6K]'=-~x,. g x„a,„+e.g z„+n.g s,,)/&i 0 gi 4'4 f

+ Q 6N~(A);A)(+n R~g +n~ Sg;),
Jgi

sN,.(t,) =aN, '. , i,j=1,2, . . . ,n+I.
(2)

a« ——a~,.—
g =igg0i

where a~; represents the population loss from
state ji) outside the n-state "perturbed system"
described by Eq. (6) (diffusion, associative ioniza-
tion, etc, ). Using the Eq. (8), the matrix A may
be written

In Eq. (2), the same notations as in paper I are
used. Particularly the following mechanisms have
been taken into account:

spontaneous emission of radiation (A,&, optical
escape factor)

j'&""'"=jj&+~;„ (3)

atom-atom collisional excitation transfer

j~&+ jground state) 't jg&+ jground state) +&E,

(4)

electron- atom inelastic collisions

ji) + e 't
j j) + e + hE,z. (6)

n, and n, are, respectively, the atomic ground
state and electronic population densities. In the
laser-free relaxation regime, the elementary pro-
cesses starting from jb& to populate the ji) states
can be entirely neglected and the b& state just acts
as a population "reservoir". Then, one can re-
move the jb & state population equation (2) in the

system which becomes

A&N, &N(to) = ENO, —— (6)

Qgy = Qgg + P~g (8)

where a,&
is the spontaneous transition coefficient

j j) —ji) (radiative transition) and pf& is the j j)—ji& transfer reaction rate induced by a process
characterized by the physical quantity Q (n„n„
for example). The diagonal element a,.; is negative
and corresponds to the total destruction rate co-
efficient of state ji). Generally, a„ is given as

EN~(t) = &N;(t) + f(t),
1

where A is a square matrix of order n, AN(t)
being the perturbed population state vector at time
t. Equation (7) expresses conservation of the par-
ticle number at each time when $(t) represents the
population losses induced from states ji& on states
jk&o j j), the populations of which do not intervene
explicitly in Eq. (2). In Eq. (6), an element a,&(i.
t j) of the matrix A represents the coefficient of
reactions leading to the formation of state ji&
from state

j j) . This element is positive and, as
in paper I, can be generally written

where &=la,z) and P~ =(P~z) are square matrix
of order n and Q are determined by the experi-
mental conditions: Gas pressure and temperature,
and discharge current intensity. As in I and D,
the problem now is to identify o.'and P from mea-
surements of the &N;(t). The relaxation matrix
A is determined so as to minimize the difference
between the experimental values of &N;(t) and the
ones calculated from the model by means of the
numerical identification method widely described
in Refs. 1, 2, 16, and 17.

III. EXPERIMENTAL SETUP

The experimental setup was described in pre-
vious papers dealing with collisional and radiative
processes in helium, '~' '9 hydrogen, ~ argon, '
and nitrogen ~ glow discharges. Let us just recall
the essential features of the experiment. The ex-
cited helium states are populated in a capillary
glow discharge with pressure and current-intensity
ranges respectively: 0.1 & I' & 4 Torr, and 10 & i
& 50 mA. The other characteristics of the dis-
charge are the same as in paper I and in paper II:
Electronic density. 10' & n, & 10"cm, electronic
mean kinetic energy 3 & E, c 20 eV, and gas tem-
perature T, =340+ 5 K. A tunable dye laser excited
by a nitrogen laser (energy/pulse & 10 p J, pulse
width -4 ns, spectral width -0.2 A) is used to in-
duce a population variation on a selected n =4
helium sublevel by optical pumping. The discharge
is longitudinally traversed by the laser beam and
the fluorescence light emitted by a cross section of
the positive column is observed by means of a
2-meter grating spectrometer and a photomuliplier
tube. Time dependence of the fluorescence light
intensity is analyzed by means of a Princeton Ap-
plied Research boxcar averager PAR 162 (time
resolution = 6 ns) connected to a Data General
minicomputer (Nova 3). Calibration of the system
is achieved by means of a tungsten-ribbon filament
lamp. M'" In fact, due to the linearity of Eq. (2),
only a relative calibration is needed.

IV. MEASUREMENTS AND SIMPLIFICATION OF EQ. (6}
A. Measurements

A partial diagram of the n=2, 3, and 4 He I
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FIG. 2. Relaxation equations, in matrix form, of the eleven-state perturbed system. (See text Sec. IV 8).

If we assume that singlet-triplet excitation trans-
fers between sublevels of orbital quantum number
L & 3 are negligible (dashed zone in I ig. 2), the A
matrix still simplifies and the system of Fig. 2
can be solved by blocks. As reported in paper I,
this last assumption agrees well with the experi-
mental results for the n=3 helium sublevels. In
the first numerical identifications, the whole n =4
subsystem was identified to the measured relaxa-
tion curves bN, (f) for various experimental situa-
tions (I', i) In all .cases, the singlet-triplet cou-
pling coefficients between (n=4, L & 3) sublevels
were found negligibly small and the following con-
clusions hold: According to Wigner spin conserva-

tion rules, the contributions of reactions

He(4 3'3, L&3)+He-He(433 ', L & 3)+He, S94$'

(14)

are negligible and excitation transfers by elec-
tronic inelastic collisions

He(43 '~, L & 3)+e-He(4 '2, L' & 3)+e, $94$'

(15)

are inefficient in our experimental conditions.
In the next calculations, these coefficients were

henceforth cancelled yielding a substantial gain in
computational time.

C. Determination of AA4F(t)

While the bN;(t) (~i) 944E) can be deduced from measurements of the corresponding variation of fluo-
rescence light intensity, as previously 6luoted in Sec. IVA. aN4p(f) is not directly attainable with our ex-
perimental device. However, r4N4p(t) can be deduced from experimental values of EN33D(t). Indeed, taking
into account the simplification of Sec. IVB, the eleventh equation in Fig. 2 can be written"' as:

d EN33~ =A, 3p DAN 3p+A 3p DION p+(n, R, p, ,D+n, S, p 3D)~

+ (n, R333-3 3D+n,S3 33-33D)~3 33 33D~3 3D

where T'33~ represents the total quenching rate
coefficient of the 3 SD state. As reported in paper
I for the same experimental conditions, no excita-
tion transfers induced by electronic collisions have

I

been observed and the excitation transfers 3 3P
3 D and 3 3S -3 D have been found very small

(o33p 33D =0.15+0.1 A3, 47333 33D & 0.1 A3) so that
these contributions in E4I. (16) are at least two
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FIG. 3. Comparison between experimental relaxation curves ~g(t) 'and "identified" ones for P = 3.35 Torr and
i = 40 mA; the 2 P-4 D transition is optically pumped (arbitrary units); 0 VO experimental results; ' ' identification
error = 7.0%, 600 iterations; —————identification error = 6.4%, 600 iterations.

I

orders of magnitude lower than the others. Fur-
thermore, A4s~ ssn(-0. 2VV 10' s ') «A4s~ ssn
(-1.3 10' s ')'s' and AN& s„(statistical weight
=21) is always larger than tsN4s~ (statistical
weight=9). s4 Then Eq. (18) may be written to a
rather good approximation as:

d 4+~s~
dg

—A4sg ssgAN4g —pssg4Nssg, (1V)

EN4s, (t) —
3 A d

+ 1'ss ENss

(18)

Note that in Eq. (18) the evaluation of the term
dtsNssn/dt from the experimental curve ENss~ is
needed. Despite leas t square calculations of
dtsNssn/dt, the experimental noise on tsNssD(t)
leads to small numerical instabilities yielding
"oscillations '

on the calculated tsN4~(t) curve, as
one can observe in Fig. 3 and in Fig. 4.

V. EXPERIMENTAL RESULTS AND NUMERICAL
IDENTIFICATION

A. 4 D, 4 P, and 4 D state popglation perturbations

For each of these three experiments, the n=4

Fssp is a function of helium pressure and has been
measured in paper I. Then for a given experimen-
tal situation, the population relaxation AN4~(t) can
be deduced from the measured tsNssn(t) through the
relation

i0
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FIG. 4. Comparison between experimental relaxation
curves hN& (t) and identified ones for P = 0.37 Torr and
and i = 40 mA; the 2 P-4 D transition is optically
pumped (arbitrary units); ~ o v experimental results;

~ ~ ~ identification error =. 9.1%, 600 iterations. —- ———
identification error= 9.S%, 600 iterations. At this pres-
sure value, excitation transfers on the 4 P, 4sS, and
4~S states are not detected experimentally.
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subsystem of Fig. 2 is identified to the experi-
mental relaxation curves AN, (f) f. or various pres-
sure values I' in the 0.3-4 Torr range and for
two discharge current intensities (i =30 and 40
mA). As examples, experimental relaxation
curves, measured in the 2'I'-O'B transition
pumping experiment, are compared to the corre-
sponding results given by the identification method
for a discharge current intensity i=40 mA. In
Fig. 3 (P=3.35 Torr) and in Fig. 4 (P=0.37 Torr).
Besides the rather good agreement observed be-
bveen experimental and calculated curves, Fig. 3
shows that even the bN4&~(f) and AN43z(t) curves
are quite well identified despite the small amount
of population variation induced on the 4'S and 43S
states by the 4 'D state laser perturbation, ex-
hibiting the efficiency of the identification method.
Qualitative information on the number of elemen-
tary processes leading to the ~i) —

~ j) population
transfers may already be deduced from the rela-
tive positions of relaxation curve maxima. For
instance, examination of Fig. 4 indicates that one
elementary process is needed for the O'D-4F
transfer, two processes for the 4 'D —43D one,
etc, . This is direct experimental evidence of the
previously mentioned major importance of the 4F
states in collisional redistribution of population
between singlet and triplet sublevels. As reported
in Eg. (1), one collision transfers population from
4 'D to 4F and another collision transfers popula-
tion from 4F to 43D, whereas no direct 4 'D-43D
process is observed.

No significant dependence on current intensity

has been observed for any relaxation curve bN, (t)
or any a;& coefficient. Some a;& coefficients are
shown as examples in Fig. 5 for i=30 and 40 mA
and for the given pressure values. In Eq. (2) one
can neglect the contribution of electron-inelastic
collisions to excitation transfer and quenching
processes of the n=4 sublevels. Then the a;&
can be written

co —ctgg +ttq pqg,

This result agrees well with previous investiga-
tions' ~~' '~ and with the rate coeff icient values
proposed by Burrel et al.

S41p 41s =2.2~0.7 x10-5 cm's-1

S41P-43D -1.5 x 10-5 cm3s-1

(E,-4.7 eV) for excitation transfers induced by
electronic collisions.

In the same way, similar results are obtained
when the 2 I'-4 D and the 2'S-O'P transitions
are optically pumped, the whole giving three in-
dependent sets of coefficients a;~ as functions of
helium pressure. Some of these identification re-
sults are summarized as function of P in Fig. 6.
A rather good agreement between the results is ob-
served. The u;~ and p;~ coefficients of Eq. (19)
are calculated from the curves a,.~ =f (P) of Fig. 6
by linear regression. Confidence intervals are ob-
tained through numerical data analysis by varying
the experimental points within their error bars.
The coefficients o. ,&

are the spontaneous radiative
transition probabilities whereas the p~& coefficients

8, ,
10s

10-
0.6 torr

3
4 D 3,35torr

0.3 7 t o r 'r

4P 4D
't 1 0.96 t or r

0
0

I

10 20
l

30 40

PEG. 5. Some quenching and coupling coefficients of the A matrix as a function of current intensity for various pres-
.sure values (Torr).
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&tt & &gt ~

This difference is due to collisional processes
leading to a loss of population from state i) to
states outside the perturbed system [see Eq. (9)].
Since for the eleven states involved in the per-
turbed system, the lifetimes are always much
shorter than the typical diffusion times, the dif-
ference

0' ~ ~—tt 6 ~ ~ —0' ~
1on

tt t
f gf

(21)

may be mainly ascribed to associative ionization
processes~5

He ~i) +He He&'+e. (22)

o I'" calculated by Eq. (21) gives at least an ex-
tremum value of the actual thermally average
cross section of reaction (22).

are the atom-atom collisional rates. P~& is related
to the corresponding thermally averaged cross
sections 0;~ by the relation

&, = j PP, ~x(6ff r,/~~ «-', (2O)

where B is the ideal gas constant and I is the re-
duced mass of the colliding partners. The radia-
tive coefficients and the collisional thermally
averaged cross sections thus obtained are sum-
marized, respectively, in Tables I and in II.

As in paper I, one can extract further informa-
tion from the a,~ values. Indeed, examination of
Table II shows that in numerous cases we have

B. 4 S and 4 S state population perturbation

As previously quoted in Sec. IVA, weak excita-
tion transfers are detected only for the higher
pressure values under study (Pas Torr). Then
for P & 3 Torr, one can assume with a good ap-
proximation that the &N4&~ and &N43~ population
variations decay according to a quasi-exponential
relaxation law

6¹4s~(t) = AN~4;~ exp(—I'4izt), i =1,3

as shown in Fig. 7 for P= 1.1 Torr and i=40 mA.
The I"

4&~ and I'43~ coefficients deduced from these
two experiments are plotted as a function of P
together with the coefficients identified from the
experimental data of Sec. VA in Figs. 6(c) and 6(g);
rather good agreement is observed.

VI. DISCUSSION AND COMPARISON WITH OTHER
WORKS

A. Radiative coefficients

As shown in Table I, the radiative coefficients
obtained agree quite well with the tabulated values
of Wiese et al. ~ and with lifetime measurements
performed in helium- electron-beam- interaction5
and in beam-foil~6 experiments. However a special
discussion must be, made for the O'P state. In-
deed, Fig. 6(b) shows that for P & 1 Torr, the
total destruction coefficient az& of the 4'P state
deviates largely from the straight line obtained
for higher pressure values. A similar behavior
had been observed previously'~ for the total

TABLE I. Comparison between measured total radiative destruction rates (e&&) and tabu-
lated values of Wiese et gl. {Ref.23), lifetime measurements of Thomson et gE. (Ref. 5) and
beam-foil study of Bukow et al. (Ref. 26).

Qgt
(This work) Reference 23 Reference 5 Reference 26

3.2 +0.5 2.73 +0.15 3.04 + 0.2

4 P-J
Jg ground state

(10' s-') 0.84+ 0.08 0.88 +0.05

A4z (10 s ) 1.6 + 0.3 1.39 + 0.14 1.39+0.06

A4J

A43p

(10 s )

(107 s-')

2.8 + 0.4

0.64 + 0.3

3.18 + 0.15

0.65 + 0.07

3.6 +1.2

0.8 + 0.1

3.1 +0.1

J A43s»J

A4 ~Q~ JJ
(10~ s ~)

(10~ s ~)

1.20 +0.05

2.0 +0.2

1.11+ 0.1

1.72 +0.2

1.12.+ 0.05

1.61 +0.2

1.28 + 0.06

1.61 + 0.07



QUENCHING AND EXCITATION-TRANSFER PROCESSES IN. . . 771

TABLE II. Measured thermally averaged cross sections for quenching 0.;&, excitation transfer 0.
&&, and associative

ionization 0""in 10 5 cm unit. Comparison with previous data: (a) Abrams et gl. (Ref. 14); (b) Shaw et al. {Ref.7);
(c) Glicket ul. (Ref. 4); (d) Jobe et al. (Ref. 3); (e) Kay et al. (Ref. 28); (f) Lin et al. (Ref. 13); (g) St John et al. (Ref.
12); (h) Frish et gl. (Ref. 29); (i) Cohen (Ref. 33).

(10 ~cm) This work Previous works

0'41D

0'41p

0'41S

04F
0'43D

043p
043s
0'41D-41p
041p-41D)
04ia-41S
04 S "41D

041D-4F
J4F 4iD

04ip a41s

041$ «41p

041p-4F
64F-41p .

041s -4F
04F-4's
043D-4F
&4F-43D

&43P-4F
04F-43p
04F-43S
043S -4F
043D-43p
043p-43D
043D-43s

043s -43D

043p-43S
043S -43p
0'yPD

0')i~
~45

~'S
='Iv.

~4~s

7.7 + 0.4
6.3 + 0.9
3.65 + 0.08
3.9 +0.4
4.5 + 0.5
3,6 + 0.3
2.40 + 0.07
1.0 + 0.2
2.1 + 0.6
0.35 + 0.08
0.3 +0.3
1.85+ 0.25
0.47 + 0.06
0.95 + 0.05
0.28 + 0.12
2.0 +1.5
0.14 ~ 0.03
0.18+ 0.06
0.10 + 0.03
0.66+0.13
0.35+0.04
0.30 + 0.13
0.20 + 0.05
0.10+ 0.05
0.01 + 0.01
0,88 + 0,16
0.58 + 0.13
0.35 + 0.03
0.07 + 0.07
0.29 + 0.03
0.03 + 0.02
4.5 +2.1
1.3 +1.3
1.9 +1.5
2.5 + 0.6
2.6 + 0.8
2.4 + 0.7
2.1 + 0.2

25 +2

8.0b
Vb. 13c. 2 5~0 7h

9.7 (410 —4 E) and 16 (4 D —4 E)", 56 (40 —4F)'
7.1 (4 E-4D) and 3.8 (4 E-4D)", 60+15 (4F-4D), 47+15 (4E —4D)

12, 21+5, 20e, 10~,1,2(4 P-4 E)~, 0b

9 0.2(4 E —4 P)g 0

5.1 (4D —4 E) and 14 (4 /7 —4E)b
1.1 (4'E-4'D) and 10 {O'E-4'D)"
0b
0b

0 99+0.24a, 8.1b

0.35 + 0.03

5.6b

9.4b

4 (4'E) and 1.3 (4'E)b
1.9", 0.431'
3 1b 0.166 (Tg= 300 K)
0.06 (7.'E= 300 K)

~ Reference 14.
b Reference 7.' Reference 4.

~ Reference 3.' Reference 28
~ Reference 13.

~ Reference 12.
"Reference 29.
' Reference 33.

quenching rate coefficient of the 3 'P helium state.
As reported, this result is quite suggestive of the
escape of radiation in the 4'P-1'S resonant transi-
tion (A4&~, &~e0) for the lower pressure values,
which is on the contrary entirely trapped (A4&~, &~
'=" 0) for I' & 2 Torr. A detailed study of this
mechanism has been made in Ref. 17 for the 3'P
state and results agree quite well with radiative
transfer theoretical calculations. 2' Finally, note
that all the radiative rate coefficients between
each pair of n=4 sublevels are found negligibly
small at measurement accuracy.

B. Collisional coefficients

The excellent agreement between the results
obtained in the five independent experiments
represents an important check on the coherence
and accuracy of the experimental and numerical
method. As a supplementary check of our ther-
mally averaged cross-section values, we have
compared the ratios c;~/v, , to their theoretical
values given by the microreversibility principle.
As reported in Table DI, agreement is quite good
while the 0;& values are obtained withbut any
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about 3 x 10 ~ cmss '. This value is found to be
of the same order of magnitude that the rate co-
efficient S4'~ 4is=2.2+0.7x10-' cm s ' mea-
sured by Burrel et al. in an electron-beam-
created helium plasma (E, =4.7 eV).

Our results are compared to previous mea- '

surements in Table II. Large discrepancies are
observed especially with investigations performed
in helium- elec tron-beam- interaction experi-
ments" 4'~' 'I '~9 whereas good agreement is
found with Abrams et al. ~4 for the two thermally
averaged cross sections they have measured by
means of a selective laser-perturbation tech-
nique. Indeed in helium- electron-beam- interac-
tion experiments, great difficulties arise in the
determination of individual cross section of a
selected reaction channel due to the nonselectivity
of the initial perturbation. Furthermore, as
clearly discussed by some authors3' further
obstacles arise from the contribution of numerous
processes such as radiation trapping, collisional
and radiative cascades from higher levels and
excitation transfers induced by low-energy
secondary electrons. Moreover, Burrel et gl. e

suggest that the large values (some 100 A2) mea-
sured in these helium- electron-beam- experiments
may be ascribed to reactions of the type

FIG. 7. Measured population relaxations AN4 ts(t) and

4N43sg) in arbitrary units and semilogarithmic scale
for P =1, 1 Torr, and j= 40 mA.

He(4 'D) + He(1 'S) —He(4E) + He(1 'S),
He(4E) +e —He(4'D) +e.

(24)

TABLE III. Comparison between experimental ratios
o&&/o&& and calculated values using the microreversi-
bility principle.

This work Microre vers ibility

0.476 +0.2
1.25 +1.25
0.254+ 0.07
3.39 +1.6

14 +10
0.55 + 0.35
0.53 +0.16
0.67 +0.3

10. +10
1.51 + 0,.6

&5
97 +8

&4&D4&p &4Ip4~D--
+4~D-4~S~+4~S-4~D

c4 D4p &4p4D--
&4&z 4 5~&4 s-4 ~
04&a.4Z~04S 4&J

04~s-4s~&4s-4's
043D-4 &4S-43D

~43~ 4z~~4Z-43P
+4F- 43S~+43S- 4E
~43D-43g~~43P-43D

43 43s~ 43S-43

~43D-43S~~43S 43Z

0.493
1.7
0.183
3.45

11
0.31
0.55
0.87

14
1.56

25.5
16.3

"a priori" assumption. Coming back to Fig. 6(c)
one can observe that the a&3 f(P) curve (——4'S-4'D
transfer) does not intercept the vertical axis at
the origin. This remaining contribution to the
4 '8-4 ~D transfer extrapolated at zero pressure
value is interpreted as being due to non-negligible
excitation transfers induced by electronic colli-
sions with a corresponding rate coefficient of

Then no concluding remarks can be infered from
the comparison of our results with those obtained
from nonselective methods due to the fact that,
besides the difficulties connected with the de-
termination of absolute cross sections in these
experiments, one does not actually know what
contributions are contained in the proposed
values.

On the other hand, the results obtained from
selective perturbation- experiments can be more
directly compared with our measurements. In-
deed, a quite good agreement is observed, as
previously mentioned, with results proposed in
Ref. 14. On the contrary, a large discrepancy is
observed with the cross-section values proposed
by Shaw et al. ' though they use a similar experi-
mental technique. However, several reasons can
explain these disagreements. Indeed, the cross
sections of Ref. 7 are only deduced from time re-
solved (resolution 10 ns) measurements of fluo-
rescence light intensities induced in the 4'P-2'S
and 4 D-23P transitions when the 4'D state is
perturbed by laser optical pumping of the 2 tP 4 tD

transition in an afterglow. Since the number of
unknowns is larger than the number of measure-
ments, the solution of such a problem is not unique
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and requires several assumptions. The model is
selected to give the best fit of the bvo experimen-
tal curves assuming that forward and backward
cross sections are connected by the microre-
versibility principle and that the only efficient
excitation transfers agree with signer spin con-
servation rules for the L & 3 sublevels and with
the selection rule &L =+1. This last assumption
is not supported theoretically and is not confirmed
in the other experiments. Moreover, the authors
do not give any error bars for their results since,
as said in Ref. 7, there is no guarantee that the
optimum model is a good representation of reality.
Then no direct comparison with our results can
be achieved.

In order to explain the measurement of St. John
et al. , Lin et al. '3 have suggested the selection
rule 4L =+ 2 though excitation transfer with 4L
=+1 and &L=+ 3 may weakly contribute in helium
atom-atom collisions. As one can observe in
Table jl, no strict selection rule on the orbital
quantum number changing can be isolated from the
results, at least for excitation transfers involving
states if the energy gap 4E between them is lower
than the mean kinetic energy of atoms (kT~). The
thermally averaged cross-section values o;,. main-
ly depend on 4E as shown in Fig. 8 where we have
summarized the present results and those pre-

viously obtained in paper I and in paper II as a
function of the dimensionless ratio bE/kT~. It is
noticeable that the cross-section values are dis-
tributed along a regular curve similar to the one
proposed by Stuckelberg3' for low energy quasi-
resonant collisions between excited and ground-
state atoms. On the contrary, differences are
observed as a function of 4l. for excitation trans-
fers with bE&kT: 4'S=j) and 4'S=ij) Th.is
last point can only be explained in terms of rela-
tive positions of interaction potential curve cross-
ings and relative values of potential humps and
atomic kinetic energy in a collision. "

To our knowledge, the only theoretical cross-
section values for the n =4 helium sublevels have
been proposed by Cohen33 and concerns the as-
sociative ionization of the 4 3S, 4 3P, and 4 3D

states. As shown in Table II, they are found
much smaller than the measured ones whereas for
the 3 3S, 3 3I', and 3 3D the agreement is quite good
as reported in paper I. The observed discrepancy
may be ascribed on one hand to the fact that the
measured o,""of Table D just represent a maxi-
mum value of the actual associative ionization
cross section as previously quoted (Eq. (21), and
on the other hand to the simplification performed
in the theoretical calculation. Specifically long-
range couplings have not been taken into account

g. 5. . A')

100=
..3D 3D

10.—

4F 4D

4P 4F

3P 3'D

S
4'S

P 4'S

~ ~ a I

0.0001 0.001 0.01 0.1
s s a i I &&sl I i i t i Ill . . . , „I I I s s & & ~ II a I I ssssal

10

FIG. 8. Excitation transfer thermally averaged cross sections as a function of the dimensionless ratio ~/kT~. The
n = 3 values are taken from paper I and paper II.
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despite their possible large contribution for states
with principal quantum number n & 4 as reported
in Ref. 33.

VII. CONCLUSION

The quenching and excitation transfer mecha-
nisms in the n=4 helium sublevels have been
studied in a glow discharge by the same procedure
as in paper I and in paper II. The results show
that even for this complicated system (seven
states interact), all the coupling coefficients be-
tween each state pair can. be determined with a
rather good accuracy, good guarantees of validity
and a threshold of detection as small as o -5
x 10 ~~ cm~. The measured radiative destruction

rates agree well with accepted values. The ex-
citation- transfer cross- section values obtained
clearly indicate that Wigner spin conservation
rules hold for atom-atom binary encounter in-
volving (n =4, «3) helium sublevels and that the
observed singlet-triplet excitation transfers are
due to stepwise processes via the 4I' state. On
the other hand, examination of Table II shows that
no strict selection rules on I.-number changing
collisions can be deduced from measurements but
the thermally averaged cross- section values ob-
tained agree rather well with the quasiresonant
low-energy collision theory of Stuckelberg. "
Finally, the present work demonstrates that the
laser-perturbation technique associated with the
identification method of data analysis now allows
us to consider complex interactive systems.
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