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Measurements of electron densities and population densities of excited states of neutral heli-
um are presented for afterglows in the C stellarator. Electron densities range from 10" to
3 %101 cm's, and electron temperatures range from 0.04 to 1 eV. Semiempirical cross=-
section formulas for transitions among excited levels are deduced by comparing observed
excited-state population densities with solutions of detailed transition-rate equations. The
agreement between computed and measured values is good, when the assumed cross sections
are comparable with impact-parameter approximation results; the agreement is poor —
especially at low electron densities and temperatures — when classical cross sections are

assumed.

I. INTRODUCTION

The rate of transitions of atoms between their
various excited states by means of electron colli-
sions is one of the major considerations in the
analysis of excitation and ionization processes in
plasmas. The cross sections for such transitions
cannot be measured directly, as can those for tran-
sitions from the ground state, so that one must rely
upon approximate theoretical cross sections or de-
ductions from indirect measurements.

The cross sections most commonly used' are the
classical impulse-approximation cross sections of
Gryzinski,?’? a notableapplication being the studies
of recombining plasma by Bates, Kingston, and
McWhirter.* The reason for using the classical
cross sections is that they provide a relatively
simple set of functions that seem to reproduce ex-
perimental observations with tolerable accura-
cy,23% 510 even though there are considerable
misgivings about the universal applicability of these
cross sections, 13

A different set of cross sections is provided by
the impact-parameter approximation of Seaton,
The transitions of greatest significance in excita-
tion problems are those in which the principal
quantum number changes by unity (z+ 7 +1) and
also, in nonhydrogenic atoms, those in which n
does not change. For such transitions the impact-
parameter cross sections are not very different
from Gryzifiski’s classical cross sections for
small »n, but the differences grow fairly rapidly
with increasing »; the Gryzifiski cross sections
being the larger near the threshold energies.

A review of the available experimental data for
recombining plasmas shows that (i) all reliable re-
sults in recombination-rate determinations are
restricted to a range of electron temperatures and
densities at which the critical collision rates occur
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at relatively small »; (ii) in the experimental re-
sults, as the critical » increases, the determina-
tion of electron temperature becomes progressive-
ly more uncertain; (iii) the interpretation of mea-
sured recombination rates, in terms of a rate co-
efficient @ (T,, n,) that is to be compared with
calculated values, is exceedingly sensitive to er-
rors in experimentally determined T, ; and (iv)
no self-consistent detailed comparison between
observed and calculated excited-state population
densities over a wide range of conditions (Te and
"e) has been satisfactorily achieved.

The present work was undertaken in an effort to
extend the range of plasma conditions for which
meaningful comparisons may be made between cal-
culations and measurements. The goal of the en-
deavor is to deduce a semiempirical formula for
the cross sections of collisional transitions between
the excited states of helium that will reproduce the
experimental observations and allow quantitative
comparison with various theoretical predictions.

II. MEASUREMENTS

The present measurements were made in essen-
tially the same way as those reported previous-
ly.5 8 !5 An Ohmic heating plasma was produced
in the C stellarator,'® with an electron density
7, ~4%10' cm—?2 and an electron temperature
T, ~ 20 eV, and the heating current was then ter-
minated as rapidly as possible. The electron den-
sity was measured with microwave interferom-
eters, and absolute intensities of most of the ob-
servable spectral lines were recorded as functions
of time with calibrated monochromators. Then,
assuming the plasma to be uniform along the line
of sight,!” and using well-known transition proba-
bilities, '8 population densities of excited states of
neutral and singly ionized helium were deduced.
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For the conditions considered, electron temper-
atures ranged from 0.04 to 1 eV, electron densi-
ties from 10 to 3x 10" ¢cm™3, and neutral helium
densities from 5x10' to 5x 10 ¢cm™3. This repre-
sents anextension by aboutanorder of magnitude of
the range of electron density for which reasonably
reliable density and light-intensity measurements
for stellarator afterglows are available.

In view of the similarity, in many respects, of
measurements for several stellarator runs, we
shall limit our discussion to two sets of observa-
tions, the results of which are presented in Figs.
1 — 4 and in Tables I and II. Since the only essen-
tial difference between the operating conditions
for the two cases is the initial helium pressure,
the results will serve to illustrate the reproduc-
ibility of certain aspects of the dependence of the
measured population densities on electron density
and temperature, and will show the effect of en-
trapment of resonance radiation.

Figures 1 and 2 show the average electron den-
sities for the two cases as functions of time. The
origins of the time axes are arbitrary but corre-
spond roughly to the times at which the respective
Ohmic heating currents were terminated. In each
case the electron densities were determined from
phase shifts of 4. 3- and 8. 6-mm microwave in-
terferometers, assuming a path length equal to
the nominal plasma diameter of 12.2 cm. The
estimated accuracy of the electron-density mea-
surements is +15% in the early part of the after-
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FIG. 1. Electron density n,, temperature Tp, and
loss rate —dn,/d; for a helium afterglow with initial
neutral gas pressure of 1 x10=3 Torr. Computed re-
combination rates are represented by solid circles
(present results) and triangles (classical cross sections).
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FIG. 2. Electron density #n,, temperature 7T, and
loss rate —dny/dt for a helium afterglow with initial
neutral gas pressure of 5 x10~* Torr. Computed re-

combination rates are represented by solid circles
(present results) and triangles (classical cross sections).
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FIG. 3. Measured population densities of excited
states of neutral helium for three different times in the
afterglow of Fig. 1.

glow, and +30% late in the afterglow. Since n
enters linearly in collisional transition rates,
this sets a corresponding limit on the accuracy of
the results discussed below.
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FIG. 4. Measured population densities of excited
states of neutral helium for three different times in the
afterglow of Fig. 2.

The slight difference in decay times of the elec-
tron densities of Figs. 1 and 2 results from the
difference in initial gas pressure and reflects a

more rapid cooling of the plasma for the higher-
pressure case.

The determination of electron temperature,
which is of crucial importance in comparisons of
computed recombination-rate coefficients with
measurements, and the remaining curves and
points appearing in Figs. 1 and 2 will be discussed
later.

Measured excited-state population densities
N /g, where g is statistical weight, for typical
plasma conditions are shown in Figs. 3 and 4,
plotted against ionization potential E;. The solid
line for each set of points represents the Saha
equilibrium population densities corresponding to
the values of n, and T, as shown, assuming plas-
ma neutrality N, =n,. Observations of the He 11
spectrum indicated a negligible degree of second
ionization for these measurements.

III. METHOD OF ANALYSIS
OF MEASUREMENTS

For each plasma condition in Figs. 3 and 4, a
critical value n, of the principal quantum number
n (approximately that for which the measured pop-
ulation densities are maximum) exists such that
collisional and radiative transition rates to neigh-
boring excited levels are equal. For n > n,, colli-
sional transitions are more important, and for
n < n,, radiative transitions dominate. The popu-
lation densities of excited levels for n < #, relative
to those for n > n, are largely determined by the
collisional transition rates for levels with n~n,

(and by the radiative transition rates). Therefore,
a cross-section formula for which computed popu-
lation densities are in good agreement with mea-
surements should yield reasonably accurate tran-
sition-rate coefficients for levels in the neighbor-
hood of ., provided that n, and T, are accurately
known.

An analysis similar to the present one was re-
ported earlier,'® but because of the restricted
range of plasma conditions and uncertainties in elec-
tron temperatures the results were inconclusive.

The method of calculating excited-state popula-
tion densities for the helium plasmas under con-
sideration is essentially the same as that used by
Bates, Kingston, and McWhirter.* A transition-
rate equationis written, for each of the atomic
levels chosen to be distinct, in terms of collision-
al and radiative transitions to and from other dis-
crete levels and the continuum. The time-deriva-
tive term in each equation, except that for the
ground level, is assumed to be negligible com-
pared to the other terms. Then, by invoking the
conservation of atoms, there results a set ofk+1
simultaneous, linear algebraic equations whichcan
be solved for the population densities of & discrete
levels and the rate of change of population density

of the ground level.
The grouping of states into discrete levels and

the treatment of ionization and radiative recombi-
nation for the present calculations are the same
as described in Ref. 15. Rate coefficients for
electron-induced bound-bound transitions differ
from those of Ref, 15, however, as described in
Sec. IV.

IV. CROSS SECTIONS

A suitable set of cross sections for describing
excitation in a helium plasma must not only ac-
count for the relative population densities of states
with different principal quantum numbers, but also
for states with the same principal quantum num-
ber and different angular momenta or multiplicity.
Certain features of the relative population densi-
ties of measurements such as those of Figs. 3
and 4 may be explained qualitatively in terms of
optically allowed transitions within an LS coupling
scheme. For example, one would expect the res-
onance transition to rapidly depopulate the 'P
states unless entrapment of the resonance radia-
tion becomes important. This effect is apparently
illustrated in the low-density measurements of
Figs. 3 and 4, where the 3'P state for both initial
gas pressures — and the higher !P states for the
higher pressure — show evidence of entrapment.®
Conversely, the small radiative-transition proba-
bilities for depopulating the 3P states can be ex-
pected to result in an overpopulation of the 3P
series.

Some features of the measurements, however,
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TABLE 1. Population deusities N/g (em™) of excited states of neutral helium. Initial pressure=1 X 1073 Torr.
(Superscripts in the table denote powers of 10 by which the numbers are to be multiplied.)

Time (msec) 0.50 0.75 1.0 1.3 3.0 5.1 7.5 10.0 12.7 16.2 20.0

ng (em™) 248 25" 248 20% 1.0% s5.0% 25" 1252 61!t 2.9M 1.61"

T, V) 1.1 0.65 0.42 0.33 0.23 0.151  0.104 0.074 0.052 0.042 0.036
State
313 s e eee 1'56 1.806 9‘95 6.35 3.75 1‘725 eee o cee
slp 5.7 2.4° 6.6 7.3° 3.7 2.1° 1.22° 6.1 2.6* .43 2.5°
3lp 75 2.7% 82 91° 46° 2.7° 1.40° 6.6 2.5% 7.6 2.18
33s 2.6° 7.6 220 25% 1108 5.9 2.9° 1.25° 4.9* 1.59
3%p 2,15 7.2°  1.90% 1.96° 1.20° 8.7° 6.1° 3.4° 1.46° 4.7 1.50*
3°D 1.50° 4.8° 1.20%° 1.23% 5.6° 2.9° 1.38° 6.1 2,34 7.2 2.8°
4ls 9.8 4.1° 1.24° 142 g9 5.8° 3.2° 1.36° 4.2 8.1°
4lp 7.9 25° 75 1.06° 5.9 3,45 1.55° 6.5 2.34 6.0° 1.80°
4'p 8.6 3.4° 9.4° 1.03° 5.6 3.4° 1.74° 7.41 2.8¢ 8.3° 3.8°
4°s 1.35° 5.3° 1.55% 1.82% 1.11° 7.0° 3.4° 1.31° 3.6% 7.43
43p 9.0 3.9° 1.10° 1.30° 8.0° 5.2° 3.1° 1.61° 7.3! 2.3¢ 6.9°
4°p 9.8 3.8° 1.02%° 1.12% 6.5° 3.9° 2.0° 9.0 3.34 8.5° 2.4°
5l 798 2.9 7.9 1.00° 6.8° 5.1° 3.5° 1.90° 8.34 2.14 5.0°
5ip 784 3.0° 7.0° 845 56° 4.15 2.6° 1.23% 4.34 1.10% 3.4
5p 6.70 2.2 6.0° 7.0° a7° 3.6° 2.2° 1.10° 4.34 1.15¢ 4.9
538 77t 2.8°  75% 9.9 7.9b 5.6° 3.7° 1.89° 7.0 1.45% 3.5°
5%p 75 2.6° 6.8° 9.0° 6.2° 4.7° 3.2° 1.77° 7.9 2.4% 7.4°
5°D 6.90 2.4° 6.1° 735 4.9 3.6° 2.45 1.22° 4.9 1.424 5.3°
6ls 6.2  1.60° 4.0° 5.8° 3.8 3.0° 2.3° 1.52° 7.8 2.7 8.6°
6lp 6.5° 1.8° 4.4° 545 3.4° 2.6° 1.85° 1.07° 4.8 1.46% 4.6°
6D 4.8 1.33° 32° 49 33° 2.5° 1.84° 1.19° 5.9% 1.814 6.2
6%s 5.5 1.85° 4.6° 5.9° 4.1° 3.2° 2.4° 1.67° 8.4! 2.6* 8.7
6’p 5.14  1.67° 425 56° 3.8 3.0° 2.3° 1.52° 8.24 2.8¢ 9.43
6°D 5.00  1.55° 3.6° 4.2° 2.9° 2.2% 1.63° 1.08° 5.5% 1.90 5.83
7ip see 1.53% 3.25 405 250 1.85°  1.40° 9.6 5.74 2.5% 1.00
7'p 45 1.30° 3.0° 3.6° 2.3° 1.69°  1.25° 8.4 5.0 2.1 8.2}
73s 6.2 1.85° 3.9° 45° 2.8° 2.1° 1.68° 1.17° 6.8% 2.6 9.43
7p 5.8 1.75° 3.7° 4.4 288 2.1° 1.52° 1.09° 7.1 3.3 1.31
7D 5.3 1.75° 3.6° 3.9° 25° 1.86°  1.37° 9.4* 5.6 2.44 9.6°
slp 4.4 1.16° 2.6° 2.8° 166° 1.14° 7.8 5.4* 3.3¢ 1.76* 8.6°
8°D 5.2 1.50° 3.1° 3.3%°  1.92° 1.32° 93¢ 6.3 4.1 2.0? 8.6°
9lp 48" 1.08° 2.1° 246° 1.53°  1.02° 6.6! 4.1 2.44 1.10% 5.0°
9°D 45 1.35° 25° 2.6 147 9.6t 6.3 4.14 2.6* 1.38* 6.3°
10'p 5.3 1.20° 245 25% 1.39° g.7f 5.6 3.5 2.14 1.024 5.1°
10°D 45*  1.07° 23° 25° 127" 7.9 4.8 2.9 1.74* 9.0° 4.9°
11'p eee 1.30° 235 24% 138 g.sf 5.54 3.14 1.70* 8.13 3.7
11°D 4.4 1.10° 23° 255 1.225 7.9t 4.24 2.5 1.41 6.7 3.3°
12'p cee 1.47° 2.8% 25" 1190 7.2 414 2.3¢ 1.214 5.8° 2.8°
12°D 4.1 1.04°5 20° 225 1.1 6.14 3.41 1.89% 1.044 5.2° 2.5%
13°D 4.2 96! 1.85% 225 1.07° 5.8t 3.34 1.88% 1.024 4.8° 2.3°
14°D eee 9.8* 1.855 225 1.05° 5.6 3.0¢ 1.47% 7.0 3.0° 1.30°
15°D 4.6 1.04° 170° 2.1° 1.02° 5.2¢ 2.8 1.43! 7.3 3.1° 1.33°
16°D cee 7t 1600 215 9.7t 5.24 2.8 1.30* 5.5° 2,2 8.9°
cannot be accounted for by optically allowed tran- population of the 'P states via the resonance tran-
sitions alone. For example, calculations such as sitions. But, as may be seen from Figs. 3 and 4,
those of Ref. 15, which do not include optically this is not observed in any of the present measure-
forbidden transitions among the excited LS coupled ments for » > 3. The precise cause for this simi-
states, often exhibit a separation between »#'D and larity of !D and 3D population densities is uncer-

73D population densities because of the rapid de- tain, although observations for a range of initial
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gas pressures show that imprisonment of reso-
nance radiation cannot be responsible. It may re-
flect a partial breakdown of LS coupling for the
higher nL states, as has been suggested by sever-
al authors in connection with excitation-transfer
phenomena.!? In the present calculations we mere-
ly assume that there are direct electron-induced
collisional transitions between singlet and triplet
states with the same principal quantum number
and orbital angular momentum for L > 2, In this
case the rate coefficients required are at least
5% of those for the corresponding #'P - »n'D tran-
sitions.

We have taken, for the cross section for dipole
transitions from a lower level p to an upper level
g, the expression

o (U

E 2
)=4( "H 2 1
pa pa <qu> S g ™o qu(%q), 1)

where qu is the transition energy, qu is the ab-
sorption oscillation strength, qu is the normal-
ized impact energy,

U =E/E, >1 (2)
pq / pg~ "’

and g, and Ey are the Bohr radius and the
rydberg (13. 6 eV), respectively. qu(qu) was
assumed to be of the form

v 11—~ 24U Dy 16), (3)
qu(qu)—qu (1-e Jn(U,  +

_ =Y
where 'rpq— B(];)qEH/qu) , (4)

and 8, ¥, and § are non-negative, dimensionless,
adjustable parameters, independent of p and gq.

For large impact energies (qu —~ ), qu(qu)
has the asymptotic form

~ -1 5
qu qu Inqu, (5)

so that Eq. (1) reduces to the Bethe approxima-
tion. At small qu, the shape and size of the
cross sections are determined by the three param-
eters: a change of B varies the magnitudes of all
the cross sections; a change iny produces a sys-
tematic variation of the cross sections with line
strength, relative to the variation produced by g3;
and a finite 6 allows the cross sections to remain
finite at Uy, =1, 32°

The Gryzinski classical cross sections for
n—-n+1 transitions in hydrogen are adequately
represented by the choice =1, y =0.4, 6=0. A
choice of f=1.2, y=0.7, 6=0 reproduces satis-
factorily the impact-parameter cross sections. »2!

In Ref. 15, Eq. (3) with 7pg=E, /(3.4 eV) and
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6=0 was used to represent the impact-parameter ap-

proximation cross sections. Although this choice
gives an adequate representation for the total

n -—n +1 transitions, it leads to an underestimate
of the cross sections of relatively small dipole
strength (e.g., # —# +2), and thus contributes to
the discrepancies between measured and computed
population densities noted in Ref. 15. In addition
to this change in the scaling in Eq. (3), it appears
that optically forbidden transitions should be ex-
plicitly included in the calculation, In Ref. 15,
optically forbidden transitions were ignored with
the assumption that their effect would be indistinguish-

able, in comparison with experiment, from a
minor modification of the cross sections for al-

lowed transitions. However, this is not always
true, especially in the case of the !S states. If
the forbidden transitions were negligible, the xn'S
states would show much stronger coupling to the
n'P states than is actually observed.

We have, therefore, explicitly introduced cross
sections for optically forbidden (AL # 1) transi-
tions into some of our present calculations, in or-
der to investigate the extent of the resulting im-
provement in agreement between calculated and
measured population densities. In analogy with
Egs. (1)-(5), the cross sections used for this pur-
pose are

oqu (qu):4(EH/EM)BMm02quf (%q) s (6)
where quf(%q): %q—z(l —e_yquUPq)
x(qu— 1 +6)UMoc qu‘ o (7)
and rquzl.GBqu—yK;'l >2 _42';‘1 J 1-v,
0 H (8)

with 8, v, and 6 the same parameters as in Egs.
(3) and (4). 1If one inserts asymptotic value of
F, qf as given in (7), then the cross section (6) re-
dﬁces to the Born approximation, and for B, , we
have used values interpolated from the hydrogenic
cross sections of Kingston and Lauer.?2 (B, . is
one-half their tabulated By, 7. ,+ ;+.) The quanti-
ty R, in Eq. (8) is the lower cutoff value!® 2 for
the impact parameter, which we have taken to be
* %

Rozaonpnq ’ 9)
where n; and ), are the effective quantum num-
bers for levels p and gq.

If the impact parameter results of Stauffer and
McDowell® are restricted such that the transition
probability with impact parameter R>R, may not
exceed 3 (corresponding to Seaton’s strong cou-
pling case'®), then the resulting cross sections for
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quadrupole transitions at low impact energies may
be satisfactorily represented by Eqs. (6)-(8) with
B=1.2, y =0,7, and 6=0, i.e., the same choice
for which Egs. (1)-(4) adequately represent im-
pact-parameter cross sections for strong dipole
transitions. With different choices of the param-
eters B8, y, 8, the near-threshold behavior of the
cross sections for forbidden transitions may be
varied in qualitatively the same fashion as for al-
lowed transitions.

The populations of the excited states of helium
are now computed, as described in the preceding
section, using cross sections given in Egs. (1)-
(8) for the transition rates. The set of param-
eters B, y, & are varied to optimize the agree-
ment with the experimental values over the ob-
served range of the plasma conditions. The
results and the effects of variation of some of the
parameters are described in Sec. V.

V. RESULTS

Examples of calculated population densities for
the plasma conditions of Fig. 4 are shown in Fig.
5. The plotted points are ratios of computed pop-
‘ulation densities to measured values, averaged
for each principal quantum number » using the
statistical weight as the weighting factor.

For the points in Fig. 5(a) forbidden transitions
were explicitly included as discussed above, and
B was changed by factors of 2 from one set of
points to the next with y =0.7 and § =0. For
n -n+1 transitions this corresponds roughly to
changing all cross sections at low and intermediate
energies by factors of 2. The approximate posi-
tion of n, is indicated by an arrow for each plasma
condition.

For the points in Fig. 5(b) the parameter y was
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varied, with 8 adjusted to keep the cross section
for the 6 — 7 transition constant, and with 6=0.
Nonexchange forbidden transitions among excited
levels were not explicitly included, but cross sec-
tions for dipole transitions were increased with
respect to the calculations of Fig. 5(a) (8 =1.5
versus 8 =0.6, fory =0.7) in order to maintain
agreement with measurements. The effect of this
latter change on the averaged population densities
is minute, as may be seen by comparing the solid
dots in Figs. 5(a) and 5(b).

Results of calculations assuming cross sections
with finite threshold values (5 =0.2) are shown in
Fig. 5(c), again including forbidden transitions as
in Fig. 5(a). Cross sections were held fixed while
the electron temperature was changed from one set
of points to the next by about 20%.

Figure 5 illustrates a number of important fea-
tures of the calculated population densities. A
change in the assumed cross sections has a pro-
nounced effect on the population densities of levels
with n < n, but almost no effect on levels with
n>n,. The cross sections that connect levels
in the neighborhood of #,, where collisional tran-
sition rates are comparable with radiative rates,
are largely responsible for determining relative
population densities. Atn < n, or n>n., the
cross sections may vary considerably without much
effect on populations.

A modest change in the assumed temperature,
with cross sections held fixed, results in a sub-
stantial change in the computed absolute population
densities, but little change in relative population
densities. We have, therefore, concentrated upon
comparisons of computed and measured relative
population densities, adjusting the electron tem-
perature to bring absolute population densities in-
to agreement for »>10. The electron tempera-
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tures obtained in this way are insensitive to the
assumed cross sections, varying by no more than
0.002 eV for any of the cross-section formulas
considered; and small errors in 7, introduced
by errors in measurement of n, or intensities,
have little effect on conclusions based upon rela-
tive population densities.

For the range of plasma conditions shown, where
3<n,<8, the measured population densities may
be reproduced to within about 20%, using y =0.7
in Eqs. (4) and (8). In this range, the quantity
fi)qEH/E , for ann—n+1 transition with n~n,
changes by more than an order of magnitude. The
calculations represented in Fig. 5(b) indicate that
in order to obtain satisfactory agreement between
computed and measured population densities
throughout this range of n, using Egs. (3), (4),
(7), and (8), we must have y =0.7+0,3. With giv-
en y, the value of 3 can be determined to about
+30%, according to Fig. 5(a).

The agreement between computed and measured
population densities appears to be somewhat better
for 5=0.2 (finite threshold values) than for 5=0
(zero threshold values), although the differences
are small. In either case, the cross section re-
quired for a strong dipole transition (when forbid-
den transitions are also included in the calcula-
tions) is approximately half that predicted by the
impact-parameter approximation. If nonexchange
forbidden transitions are not explicitly included in
the calculations, the cross sections that one must
assume for the allowed transitions in order to

-0 T T T T T T
— — Cose |

—=== Cose 2
—— Cose 3

-l
log, (E/Ey)

FIG. 6. Cross sections for n—n+1 transitions using
cross-section formulas optimized under three sets of
assumptions: case (1), allowed transitions only with
zero threshold values; case (2), allowed and forbidden
transitions with zero threshold values; case (3), al-
lowed and forbidden transitions with finite threshold
values.
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FIG. 7. Computed population densities of excited
states of neutral helium using an optimized cross-
section formula described in the text. The points are
to be compared with the measurements of Fig. 4.

achieve the best agreement with measurements are
somewhat larger than the impact-parameter re-
sults.

Figure 6 shows representative cross sections
for n -—n +1 transitions for three cases, in each of
which the parameter y was taken to be 0.7 and 8
was adjusted to give best agreement with measured
population densities: (i) zero threshold values
(6 =0) and no nonexchange forbidden transitions
(dashed curves); B =1.5; (ii) zero threshold values
with forbidden transitions included (dotted curves);
B =0.6; and (iii) finite threshold values (6 =0. 2),
with forbidden transitions included (solid curves);
B =0.5.

The cross sections are summed over final states
and averaged over initial states in the plotted
curves. Although the interpretation of each of the
three cases in terms of specific transitions is dif-
ferent, the effective cross section for an n~n +1
transition is essentially the same, especially for
electron energies about twice the threshold energy.
The agreement with the measured populations of
the different levels with the same principal quan-
tum number is best for case (iii), poorest for case
(i), especially for the #'S levels. Figure 7 shows
the computed population densities for the plasma
conditions of Fig. 4, using the cross sections of
case (iii). Evidently, the essential features of the
measurements are well represented.

In Fig. 8 the n—-n+1 cross sections for case (iii)
are compared with impact-parameter approxima-
tion cross sections for hydrogen using dipole tran-
sitions only,?' and with the classical cross sections
used by Bates et al.* Clearly the present results
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FIG. 8. Cross sections for n~ n+1 transitions,
comparing the optimized formula for case (3) de-
scribed in the text (solid curves) with results for hy-
drogen, using the classical approximation (dotted
curves) and the impact~parameter approximation,
neglecting forbidden transitions (dashed curves).

are in much closer accord with impact-parameter
cross sections than with classical cross sections.
If cross sections as large as the classical results
are assumed in the present calculations, the dis-
crepancy between computed and measured popula-
tion densities for the lower levels is approximately
equal to the ratio of the classical cross section for
the n, —n,+1 transition to the corresponding cross
sections of Fig. 6 at intermediate electron ener-
gies.

As a further example of the inability of classical
cross sections to account for our observations,
computed recombination rates are plotted in Figs.
1 and 2 along with —dn,/dt obtained from the slope
of the measured electron-density curves. The
solid circles were computed using cross sections
of Fig. 6. Except for minor discrepancies which
may be attributed to spatial variations and plasma
transport along the machine axis, the agreement
between the solid circles and the —dn,/dt curves
is good. On the other hand, the triangles, which
represent recombination rates interpolated from
the tables of Bates ef al., * clearly do not agree
with the observed rates of electron loss, especially
for low temperatures and densities. (When cross
sections comparable to Gryzifiski’s are assumed
in the present calculations for helium, the results
are essentially the same as those of Ref. 4.)

In previous work on recombination in helium
afterglows, % ® a reasonable agreement has been
reported with calculations based on classical cross
sections. The discrepancy between those results
and the present report is fairly modest at higher

temperatures and densities, but becomes quite
substantial at lower temperatures — especially at
extrapolations beyond the range of measurements.
The origin of the discrepancy lies in the determi-
nation of electron temperature in the recombining
plasma. At low densities, the electron tempera-
ture in the old measurements was determined from
plasma conductivity. ® It now appears that these
temperature measurements must be 20-30% too
high (less so at higher densities). Some of the
temperatures determined from the Saha equation
in Ref. 5 are likewise too high, especially at lower
densities and for T, <0.15 eV. Because of the
very strong temperature dependence of the recom-
bination-rate coefficient, such temperature differ-
ences have an appreciable effect on the recombi-
nation rates.

It must be emphasized that the present results
are not based primarily on total recombination
rates, but on detailed comparison of calculated
and measured population densities of the excited
states of helium over a large range of electron
densities and temperatures. Since the measure-
ment of the collisional transition rates is indepen-
dent of such factors as possible axial variations
of electron density and temperature in the stella-
rator (which somewhat affect the observed total
recombination rates), and because of the increased
range of the observed conditions, the reliability
of the present results represents a considerable
improvement over previous measurements.

The foregoing conclusions were based upon mea-
surements at low temperatures. A further result
may be deduced by considering the earlier part of
the afterglow. When the electron temperature is
in the range 0.3 < T, <1 eV, the computed popula-
tion densities of the lower excited states, espe-
cially the 23P level, are affected by the rate of de-
population of the 235 metastable level. The 1!S-
23S excitation cross section!? cannot account for
the required rate of depopulation of the 23S level.
The only other transition fast enough to bring cal-
culations and measurements for the 23P level into
agreement is the 235 - 2!S transition. If we sup-
pose that the cross section for the 23S - 2%P tran-
sition is represented with reasonable accuracy by
one of the optimized cross-section formulas dis-
cussed above, and take

0(238 - 218) =0 (U-1)/U® (10)

for the cross section for the 23S - 2!S transition,
then in order to obtain good agreement between
computed and measured population densities we
must have 0,=T07a,2+50% .

VI. SUMMARY

By comparing measured excited-state population
densities for helium afterglows with solutions of
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transition rate equations we draw the following
conclusions:

(a) For transitions not involving change of multi-
plicity, the cross sections given in Eqs. (1) and
(6), with =0.5, y =0.7, and 6=0.2, reproduce
the measured population densities adequately over
the entire range of plasma conditions. These
cross sections are in distinctly better accord with
the results of the semiclassical impact-parameter
approximation than with those of the classical im-
pulse approximation.

(b) The transfer of excitation between D and 3D
levels for the plasma conditions under considera-
tion is rapid, and may not be attributed to impris-

onment of resonance radiation or to transfer in-
duced by neutral atoms. If the peak cross section
for the 23S - 2!S transition is to reproduce the
measured population densities for the 2P level in
calculations, a value of 10 7a,? (within about a fac-
tor of 2) is required.
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