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Measurements of the emitted line intensities from a 8 pinch discharge are interpreted in terms of a modified
corona model for heliumlike ions. The relative intensities of the resonance and intercombination lines have
been measured for C v and O vIr as a function of time, as has the absolute intensity of the C v 235-23P multi-
plet. Electron temperatures and densities are obtained as functions of radius and time from the spectrum
of Thomson-scattered laser light, and the densities also from Abel-inverted absolute continuum intensities.
The derived model allows for population of the n=2 levels by direct impact excitation and by cascading, for
collision-induced (exchange) transitions from =2 triplets to singlets, and for collisional ionization from
both the ground and the =2 triplet levels. Collisional de-excitation of the triplets is shown to be negligible
compared with exchange collisions and radiative transitions. Singlet excitation rates (near threshold) are
derived with an accuracy of 409, which agree with Seaton and Van Regemorter’s semiempirical formulas,
triplet excitation rates which are smaller than the singlet rates by a factor 1.8+4-0.2, and ground-state ion-
ization rates to an accuracy of 25%, agreeing with those estimated from the Born-exchange approximation
for hydrogenic ions, suitably modified for two-electron systems. The measured value for the triplet-singlet
exchange rate for C v is equal to } of the value calculated for He 1 using the close-coupling approximation, and
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it has an estimated accuracy of 257

I. INTRODUCTION

ELL-DIAGNOSED transient plasmas with elec-
tron temperatures in the million degree range
offer the opportunity of measuring rate coefficients (i.e.,
the product of cross section and initial electron velocity
averaged over the electron-velocity distribution func-
tion) for excitation and ionization processes important
in the quantitative analysis of, e.g., the spectra of the
solar corona, or high-density, high-temperature labora-
tory plasmas. Such analyses are required both to de-
termine the states of the hot plasmas and to assess
radiative energy losses, mostly through resonance radia-
tion in the vacuum ultraviolet or soft x-ray regions of
the spectrum. Direct measurements of the correspond-
ing electron-impact excitation and ionization cross sec-
tions for multiply ionized ions seem impractical, since
the cross sections decrease rapidly with increasing
charge (~2%), and because high-current ion beams are
difficult to obtain. However, what is needed in most
applications is the rate coefficients; but even when
required for comparison with calculated cross sections,
measurements of collisional rates in plasmas can yield
rather direct information when the velocity distribution
is measured from the spectrum of Thomson-scattered
light in the relevant energy range for the process under
study.

Several plasma sources have already been used for
spectroscopic investigations of collisional rate coeffi-
cients, notably the Princeton Stellarator C for neon ions!
(up to the lithium-like Ne viir) and neutral helium,? the
British Zeta for lithium-like ions? (mostly N v and O vi),
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and the Naval Research Laboratory Pharos Theta
pinch for heliumlike O vir ions.* Heliumlike ions are
particularly intriguing because of the relative simplicity
of the spectrum and thus the increased chances of mean-
ingful comparison with collision theory, compared with
lower stages of ionization. This would be even more true
for hydrogenic ions which, however, do not have strong
lines as convenient to observe as the 2351-23Py 1,2 lines
of the heliumlike ions. These lines are exceedingly in-
tense because the triplet levels are metastable and be-
cause the triplet excitation rate coefficients are compa-
rable to those for the singlet system. Heliumlike ions are
also especially interesting because they tend to be the
only ionization stage of any significant abundance when
their lines are first observed in a transient plasma. This
is due to the relatively small ionization energies of
lithiumlike ions, as compared with the excitation ener-
gies of heliumlike ions, which greatly reduces uncer-
tainties in abundance determinations and therefore also
in excitation rate coefficients obtained from absolute
line intensities.

These excitation rate coefficients (for O vir) were first
measured in the Pharos experiment.* The present paper
reports on similar measurements with improved ac-
curacy, due to the inclusion of Thomson scattering as a
diagnostic technique, and on an extension to the meas-
urement of ionization coefficients and the triplet-to-
singlet exchange rate. While the present measurements
are for C v and O v, comparison with theory is made
in such a way that the results should be of wider ap-
plicability. In the following, theoretical considerations
are reviewed which lead to a modified-corona model for
Whirter, Proceedings of the Fourth International Conference on the
Physics of Electronic and Atomic Collisions, Quebec, 1965, edited
by L. Kerwin and W. Fite (Science Bookcrafters, Hastings-on-
Hudson, N. Y., 1965).

(1‘;61;5 C. Elton and W. W. Képpendarfer, Phys. Rev. 160, 194

267



268

heliumlike ions, and spectroscopic rate equations are
derived which include all processes important in deter-
mining the observed spectrum. Theoretical estimates of
relevant cross sections are then employed to obtain rate
coefficients, either for subsequent comparison with ex-
periment or to justify some approximations in the model.

The experimental sections include a description of
the plasma source (a low-energy, large-diameter theta
pinch), the diagnostic measurements (Thomson scatter-
ing and absolute and relative line and continuum meas-
urements), and the measurements of resonance (11S¢-
21P;), intercombination (11S¢-23P;), and 2351-23Pq,1,2
line intensities. These measurements are interpreted
with the help of the modified-corona model. The results
are summarized by comparing measured and calculated
rate coefficients for singlet exitation and singlet ioni-
zation, and by deriving measured values for the triplet
excitation coefficient and the coefficient for the n=2
triplet-to-singlet exchange process.

II. THEORY
A. Tonization

In transient plasmas with rapidly rising electron tem-
peratures, the degree of ionization tends to lag behind
the values corresponding to the so-called corona equilib-
rium. Lines of a given ionization stage are therefore ob-
served at a temperature much higher (by about a factor
of 2 in the present case) than in typical corona ioni-
zation equilibrium cases. This implies that recombina-
tion rates, which decrease with increasing temperature,
are very much smaller than ionization rates, which
increase exponentially with increasing temperature, even
when dielectronic recombination® is considered in ad-
dition to the usual radiative recombination. The remain-
ing, rate-controlling processes are indicated on Fig. 1.

Compared with the hydrogen corona excitation
model, only the principal quantum number #=2 triplet
levels will be significantly overpopulated, thereby in-
troducing two additional processes for depopulating
these levels, i.e., direct ionization and transfer to 7=2
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Fic. 1. Energy-level scheme for heliumlike ions, showing those
processes taken into account in the present model.

5 A. Burgess, Astrophys. J. 139, 776 (1964).
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singlet levels, by collisions. Electron collision-induced
transitions within the #=2 triplet group are for
N2>2X10%(E'/Eg)*(kT/Eg)'/? cmm—® more likely than
radiative transitions between 23Pg 1, and 2353, £’ and
Ly being the energy differences of the 23S; and 22Po.1.»
levels and the hydrogen ionization energy, respectively,
and T being the electron temperature. (This estimate is
analogous to those performed in Refs. 6 and 7 to obtain
validity criteria for local thermal equilibrium, but
utilizes an effective Gaunt factor g~1, as appropriate
for the present value of E'/kT.) Moreover, since the
relevant energy-level difference tends to be only of the
order of 19, of thermal ion energies in these experiments,
ion collisions are probably about as effective as electron
collisions. Therefore, relative populations of the n=2
triplet levels should be governed by statistical weight
factors for all densities fulfilling N>>10(E’/Eg)?
X (ET/Eg)'? cm™3. This criterion is satisfied by a factor
>2 for all experimental conditions reported in the
present paper for which ionization via the triplet levels
is at all important (more than ~209, of the direct ioni-
zation from the ground state). It therefore suffices to
assume that the 23S;, 23Pg.1,» levels have statistical
populations, to use appropriate averages for the col-
lisional and radiative depopulation coefficients, and to
employ the sum of the excitation rate coefficients for
all n=2 triplet levels, including a (small) correction for
cascading. The near-statistical distribution in these
levels cannot be significantly disturbed by collisional or
radiative processes leading out of this group, because the
corresponding rate processes within the group are all
much faster. (Only for heavier heliumlike ions, radiative
decay of 23P; to the ground state becomes more likely
than to 23S;.)

The present model does not depend on a statistical
population within the #=2 singlet levels, and these
levels are treated together as one. Some relative over-
population of the 215 level may occur, but is always
much less than the triplet overpopulation.

We assume as an initial condition that practically all
ions of the species under investigation are in the helium-
like ground state (density N;). (This assumption is re-
quired only when considering ionization processes, and
can be shown to be valid to better than 5%,.) The ap-
propriate rate equation accounting for both direct ioni-
zation and ionization from the metastable triplet levels
(density Ns) by electron impacts (density N) is

dN;/dl=—IlNN1‘—aX31NN]. (1)

Here I, and I5 are ground-state ionization and triplet
excitation coefficients, and « is the relative probability
that such excitation is followed by ionization. This

¢ R. Wilson, J. Quant. Spectr. Radiative Transfer 2, 477 (1962).
7H. R. Griem, Plasma Spectroscosfy (McGraw-Hill Book
Company, Inc., New York, 1964), p. 150.
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probability is approximately

13;\.
4= (2)

- A+ (Xos+13).V ’

with the triplet ionization coefficient I3, the transition
probability A3 of the intercombination line, and the
triplet-singlet exchange collision rate coefficient Xos.

B. Excitation

Characteristic times for changes in the ground-state
density are, according to Egs. (1) and (2),
TERY

Xz !
: :[(I’er%‘\'“)‘\I , (3)
(1.\v1 /df A113+ (X23+[3).\'

which is of the order of microseconds in the present ex-
periment. Characteristic times for changes in the ex-
cited-state densities (V'3), in contrast, are much shorter.
They are at most of the order of radiative lifetimes
(4157 of the metastable levels or, more generally, of
the order [ A1+ (Xao3+13)N T, which tends to be less
than 0.1 usec here. To express excited-state densities
and accordingly also emission coefficients (e) in terms of
the ground-state densities, equilibrium excitation re-
lations are therefore sufficient, e.g., for the resonance
line (excitation energy Fy» and excitation rate coefficient
Xo1)

T=

€12= (/;‘12//47r) (Xg;_+ﬁX31)1\'1N. (4)

Here 8 is the relative probability that excitation of the
triplet levels (coefficient X3;) is followed by excitation
energy transfer to the excited singlet level (index 2),
which then decays rapidly. In a manner analogous to
Eq. (2), this probability is given by

RETAY

= (3)
A1zt (Xos+15).V

For the intercombination line, only triplet excitation
need be considered, multiplied with the probability v
that this is followed by radiative decay to the ground
state, i.e.,

e13=(E13/4m)yXs:V1N, (6)
with

AI 13

L A —
Az (Xas+-15) N

(7)

Easier to measure than the (absolute) emission co-
efficients of resonance and intercombination lines are

their ratios,
er Xo1 [ Xes/Xnm IsXn
—=—t -’—<'——-+1 +—~}\ (8)
€13 X31 A13 X3l A13X31

(using Ej2= Ey3), and the absolute value of the emission

coefficient ¢ for the 235,-2%Py,; » multiplet. This quan-
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tity is analogous to Eq. (6):

I A7
f=—— —— =Xy V1V (9)
dr A+ (Xos+15)\

where A’ is the average over all =2 triplet levels of
the transition probability for the 2551-23P¢ 1. tran-
sitions, i.e., 2 of the usual transition probability.
According to Eq. (8), the ratio of resonance and inter-
combination line intensities measured at low densities
is equal to the ratio of singlet and triplet excitation co-
efficients, and from the measured electron-density de-
pendence of the line-intensity ratio the combination of
terms contained in the square bracket can also be de-
duced. Using calculated radiative coefficients, this es-
sentially vields the triplet-singlet exchange rate coeffi-
cient X3, because according to the theoretical estimates
for the triplet ionization rate coefficient I3 (see the
following section) its contribution is rather small. I'rom
measured emission coefficients ¢ and Eq. (9) then
follow absolute values for the excitation coefficients,
inclusive of cascading. The measured decay times of
the lines at ideally constant electron density and tem-
perature (a method of correcting decay times for
changes in density will be described in a later section)
give with Eq. (3) the ionization coefficient ;. Similar
measurements at higher densities in principle yield an
experimental value for I, the triplet-ionization coefh-
cient, so that all collisional rate coefficients introduced in
the present corona model may be derived rather directly
from the observed quantities e;2/€13, €, and 7 (the ioni-
zation time), and their electron-density dependence.

C. Errors and Corrections

As in the case of the ionization time, the simplifying
assumptions made in the present model do not intro-
duce any serious uncertainties into the relations for
€12/ €13 and €. When the density-dependent term in Eq.
(8) is comparable to the first term, collisional and radi-
ative rates within the 2= 2 triplet group are about equal.
Relative populations in the 23Py,;,» levels might then
indeed be, e.g., 1:2 instead of 1:3, were they solely
controlled by processes within this group. This would
reduce the effective (averaged) value of 413 by a factor
of 8/9 and increase that for X»; by a factor of £, were,
e.g., triplet-singlet exchange collisions to involve ions
in the 235 state only. The quantity Xs3/4 5 would thus
increase by as much as a factor of 1.5, while I;/4;
should actually decrease by a small amount, ionization
from S levels being more likely than from P levels by
about a factor of 1.5. For this example, the quantity
in square brackets could accordingly change by an esti-
mated factor of 1.34, corresponding to a 179, increase
in the line-intensity ratio. However, this constitutes an
overestimate of errors introduced by assuming statis-
tical populations for all four n=2 triplet levels. Actually
the P levels will be preferentially populated from the
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ground state, which offsets some of the drain through
radiative transitions from P levels, whereas some of the
overpopulation in the S level will be drained off through
the collision-induced transitions to the singlet system.
Theoretical errors in the line-intensity ratio due to the
assumption of statistical populations are therefore prob-
ably no more than 109 in the case discussed and less
than that at higher densities. Also at low densities,
where the first term in Eq. (8) dominates, no significant
errors are to be expected, because singlet and triplet
cascading corrections would cancel, and for both lines
excitation of S and 2 levels would be effective.

In Eq. (9), a cascading correction must of course be
made to X3i, but other theoretical errors should again
be small. This is suggested by the fact that at extremelyv
low densities, where the density-dependent term in the
denominator is small, the remaining factor is simply
A’/ Ays, whose (averaged) value is independent of the
S-level population. Furthermore, as discussed above,
averages of X3 and I3 might be affected differently by
an overpopulation in the S levels, and corresponding
errors estimated analogously to those in Eq. (8) should
be no more than ~209% for the conditions of the present
experiment.

The cascading correction is essentially determined by
the relative cross sections for the 1S, to 3, and 115,
to 2'P; excitations, which are in turn approximately
proportional to the corresponding oscillator strengths.
This consideration leads to an estimated 209, correc-
tion. Errors in such an estimate from neglecting higher
levels and from increased excitation energies are in op-
posite directions and should therefore tend to cancel.

D. Collisional Rate Coefficients

FFor optically allowed dipole transitions the effective
Gaunt factor modification of Van Regemorter® and
Seaton® to the Bethe-Born approximation appears to
constitute a good approximation to the electron-impact
excitation cross sections even near threshold, if for ions
the effective Gaunt factor is there chosen as §~0.2.
The corresponding collisional rate coefficients assuming
a Maxwellian electron velocity distribution are, e.g.,

hdo ]L‘H 1/2/,“H ~ 1£12
0—<——> f21 exp(———-—) y (10)
m \kT EIQ kT

where the error introduced by neglecting the actual,
essentially logarithmic variation of 81 is less than 109,
for E1,/kT2>1. Also ,%, ag, and m have the usual mean-
ing. To the calculated value!! f;~0.65 for the resonance

8 H. Van Regemorter, Astrophys. J. 136, 906 (1962).

® M. J. Seaton, in Atomic and Molecular Processes, edited by
D. R. Bates (Academic Press Inc., New York, 1962), p. 414.

10 C. W. Allen, Astrophysical Quantities (Athlone Press, London,
1963), 2nd ed., p. 42.

'W. L. Wiese, M. W. Smith, and B. M. Glennon, National
Bureau of Standards. Report No. NSRDS-NBS-4, Vol. 1, 1966
(unpublished).
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line oscillator strength the 209, cascading correction
estimated above must be added and a similar amount
to account for excitation of the 215, level, judging from
Coulomb-Born approximation results!?-'* for hydrogenic
ions. The effective oscillator strength for the theoretical
estimate of the singlet excitation coefhicient is therefore
le":-«’ 09

To estimate the triplet ionization coefficient (ioni-
zation energy Fj;), one may write in analogy to Eq. (10)

]Z(Z.O AH 1/2 E3 * [LH df;;
Iy= 10—(—) exp(———)[ —
m \kT RT/) ) (EstE) dE

Xexp<——;>dlf, (11
kT

ignoring exchange and introducing £ as the final kinetic
energy of the “ejected” electron. With the hydrogenlike
value for the triplet continuum oscillator strength,

dfs BEy

—_—=— (12)
dE  332r(E3;+E)3

and on integrating by parts a formula results like Eq.
(10) with E; replacing E;» and an effective oscillator

strength
23 Ly
<1 %_+ t ') b
352 kT

Le., f3=0.17 for kT>>E; or, e.g., f~0.24 for kT ~2E;.
However, the effective Gaunt factor®? actually in-
creases slowly for k72> 2F;, so that use of f3~0.30 in
Eq. (10) throughout the relevant temperature range
should provide as good an approximation for the triplet
ionization coefficient as for the singlet excitation co-
efficient. We therefore adopt

flao L’,H I/ZEH LE3
I= 3—(——) — exp<———> .
m \kT/ F, kT
Most of the contribution to the integral in Eq. (11)
comes from ES Ey; and for kT2 2F5, which is the usual
situation, residual energies of the “colliding” electron
thus tend to be larger than the kinetic energies of the
“ejected” electron. Exchange effects should therefore
not be too important.

For ground-state (near threshold) ionization the situ-
ation is different, and for heliumlike ions (other than
for low 2) it is probably best to estimate the coefficient
I from the Born-exchange approximation for hydro-
genic ions,* multiplying by 2 to account for both bound
electrons and using the actual ionization energy £; and

fs=

(13)

(14)

2J. Tully, M. Sc. Dissertation, University of London, 1960
(unpublished).

% A. Burgess, Mém. Soc. Roy. Sci. Litge 4, 299 (1961).

“M. R. H. Rudge and S. B. Schwartz, Proc. Phys. Soc.
(London) 88, 563 (1966); see also I. L. Beygman and L. A.
Vainshtein, Soviet Astron. (to be published).
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the charge z on the ion after ejecting the electron. In
this manner, and making a numerical fit to the Maxwell
average, it follows that

hdo k 1/2 EH El
11217-——<E— exp(——). (15)
mz*\Enx/ FE\+kT kT

It is interesting to note that for 27~ E; this expression
agrees numerically with a relation obtained from Eq.
(10) by using ionization instead of excitation energies
and an effective oscillator strength 1.25, which is a
very reasonable value and therefore lends further sup-
port to the estimate of the triplet ionization coefficient
in Eq. (14).

For the triplet-singlet exchange collision rate coeffi-
cient no detailed calculations for heliumlike ions seem to
exist. However, calculations!® for neutral helium using
the close-coupling approximation indicate an average
cross section of o=1.0ra¢*En/E, if the electron energy
E is in the range between 0.2Eg and 0.7 Ex. Assuming
the usual 22 scaling law for the equivalent energies to be
valid, this corresponds rather well to the energy range
relevant for the calculation of the triplet-singlet rate
coefficient in typical plasmas. We therefore assume the
same 1/E dependence to hold for all heliumlike ions.
It remains to determine the z dependence of the cross
section. In the absence of direct calculations, we note
that our measured value for X»3 (seen later) is smaller
by a factor of ~5 than the rate coefficient corresponding
to the above mentioned cross section for neutral helium.
This suggests that for 2510 the exchange cross section
scales only as 1/z rather than as 1/2? for the optically
allowed transitions. With this scaling, the rate coeffi-
cient consistent with both the theoretical He1 and
measured C v values (see later) becomes

3.8 hao/Eu\V?
X23=—'——<—> .
2 m \kT

(16)

This rate coefficient is much larger than, say, the singlet
deexcitation coefficient to the ground state, which ac-
cording to Eq. (10) and using detailed balancing would
be smaller by a factor ~3Eg/E;; for C v. Since the
triplet excitation coefficient turns out be to about half
the singlet excitation coefficient, and because of the
larger statistical weight of the triplet levels, the triplet
deexcitation coefficient to the ground state would be
still smaller, say by En/2E:;, in comparison to the
triplet-singlet exchange rate. Neglecting collisional de-
excitation to the ground state therefore seems com-
pletely justified.

E. Radiative Rate Coefficients

Spontaneous transition probabilities for the 235~
23Py 1,2 lines can be calculated to a rather high accuracy
15 P. G. Burke, A. J. Taylor, J. W. Cooper, and S. Ormande,

in Fifth International Conference on the Physics of Electronic
and Atomic Collisions, Leningrad, 1967 (unpublished).

MEASUREMENT OF COLLISIONAL RATE COEFFICIENTS

271

(~5%), as judged from the fact that “best” theoretical
values of Weiss!! agree to within ~10%, with estimates
employing hydrogenic-ion radial matrix elements. To
obtain A4’, the calculated transition probability!! for the
multiplet 235-23P must only be multiplied by £ to effect
the appropriate average.

More problematical is the calculation of 413, which is
1 of the transition probability for the 115-2°P; inter-
combination line. It has been calculated recently®® for
He 1 to Ne 1x, accounting for spin-orbit and spin-spin
interactions and using Araki’s!” form for the energy
matrix, including the off-diagonal terms. The values ob-
tained are most likely within 209, of the true values, an
accuracy which is suggested by comparison with a
slightly less accurate calculation!® using different off-
diagonal energy matrix elements.

III. EXPERIMENT
A. Apparatus

The plasma used for these experiments was produced in
a §-pinch machine. Thisis described in detail elsewhere,
but the important parameters are as follows: The main
bank of 9 kJ stored energy at 40 kV, was discharged
through a single vacuum switch to a coil 30 cm long
and 17 cm in diam. Bias field and preheater banks were
discharged through the same coil. A peak compression
field of 13 kG was obtained with a half-cycle duration of
3.6 usec. A transparent fused silica discharge tube was
used. A normal operation condition was established
which was found to give a grossly stable and repro-
ducible plasma. In this condition the tube was filled to
an initial pressure of 12 mTorr of hydrogen, and a re-
verse bias field of 500 G was applied. This gave a
plasma of 4.5 cm diam. with electron temperature and
density of 220 eV and 4 X 105 cm~3, respectively. Photo-
graphic survey spectra revealed that the main impuri-
ties, in decreasing order of concentration, were oxygen,
carbon, and silicon. Figure 2 shows typical time histories
of the magnetic field, of Cv and O v lines, and of the
continuum.

The coil was split in its midplane to allow several
directions of viewing the plasma through the tube walls.
Thus, light from a laser, scattered by the plasma, was
viewed radially, as also were spectral line and con-
tinuum emission in the visible and quartz ultraviolet
regions. At shorter wavelengths measurements were
made axially using one of two instruments, a grazing
incidence spectrometer or a plane crystal Bragg spec-
trometer. Absolute quantitative measurements were in
all cases related to the plasma in the midplane of the
coil, axial viewing being used only for relative measure-
ments.

16 R. C. Elton, Astrophys. J. 148, 573 (1967).

17 G. Araki, Proc. Phys. Math. Soc. Japan 19, 128 (1937).
(1;:3%. H. Garstang and L. J. Shamey, Astrophys. J. 148, 665

A W. DeSilva and H.-J. Kunze (to be published).
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Fi1G. 2. Time variation of the magnetic field and
some of the spectroscopic observations.

An independent monitor of the plasma conditions
was provided by a quartz prism monochromator view-
ing the 2271 A C v 235,-2%P; line radially at the mid-
plane. By observing the time of appearance, time of
maximum intensity, decay rate, and peak intensity of
this line, it was possible to reject those occasional dis-
charges which did not meet the reproducibility require-
ments. In the case of other measurements of C v lines,
it was also possible to use the intensity of this monitor
to normalize the data and thereby to reduce the effec-
tive scatter. Since the diagnostic measurements could
not in general be made simultaneously, this C v monitor
has proved a most valuable facility.

In order to compare some of the data when taken at
a higher electron density, a second operating condition
was established. Here, the bank capacity was increased,
raising the energy to 15 kJ and the peak field to 17 kG.
Filling with 18 mTorr of hydrogen and using a bias field
of 600 G, the density was increased to 6.5X 10! cm—3
and the electron temperature to 240 eV. Except where
otherwise stated, all the measurements referred to were
taken at the normal operating condition described pre-
viously for the 9 k] bank.

B. Concentration of Impurity Elements

Measurements of excitation rates depend on a knowl-
edge of the concentration of the element concerned,
whether it occurs naturally as with carbon or oxygen,
or whether it is deliberately added. At our low filling
pressures, this is not a simple problem since selective
injection or loss to the walls can be important during
the preheater phase. (A detailed presentation of this
effect will be given elsewhere.2?) In carbon it was found

20 A. H. Gabriel and H.-J. Kunze (to be published).
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that the addition of up to 39, of carbon atoms, in the
form of methane, to the filling gas produced no change
in the intensities of C 11 and C v lines during the main
discharge. Above this concentration, however, a linear
increase in intensities was observed. The slope in this
linear region was therefore used to relate the intensity
with no added carbon to a background carbon concen-
tration. This level, produced by injection during the
preheater, was found to be 1.3%,. A similar experiment
for oxygen did not show this loss effect. The intensity
increase was linear from the start, and gave a back-
ground oxygen concentration of 3.6%.

C. Measurement of Electron Temperature and Density

Both of these parameters were measured as a func-
tion of radius and time in the midplane of the coil,
using a scattering technique, a general description of
which can be found, e.g., in Ref. 21.

The radiation from a Q-switched ruby laser, operated
at power levels between 100 and 200 MW, passed
axially along the discharge tube and was focused at the
midplane of the coil. Light scattered by the plasma was
observed at a scattering angle of 90°. The detecting
system was a multichannel arrangement similar to that
described in Ref. 22 and allowed the simultaneous mea-
surement of seven portions of the spectrum. The laser
head and the detecting system were mounted on a com-
mon carriage, permitting easy scanning of the scatter-
ing volume along a diameter of the plasma column.

The plasma conditions were such that no collective
effects modified the spectrum, i.e., the spectrum reflec-
ted exactly the electron velocity distribution. In all
cases a Gaussian shape of the spectrum was found,
thereby justifying the assumption of a true kinetic elec-
tron temperature. In Fig. 3(a) the time history of the
temperature on the axis is shown as well as the radial
temperature distribution at two different timepoints.
The experimental points are always average values of
several discharges.

The determination of the electron density requires an
absolute calibration of the scattered intensity. For this
the Rayleigh scattering in N, was used.?* By varying
the laser power and the N, pressure in the discharge
tube over a large range, the linearity of the Rayleigh
scattered light showed that no breakdown processes or
dust particles falsified the results. Figure 3(b) shows
the electron-density distributions corresponding to the
temperature values of Fig. 3(a).

Another value for the electron density can be obtained
from the absolute intensity of the continuum emission
in the visible. The diameter at the midplane of the dis-
charge tube was imaged on a } meter grating mono-

2 H.-J. Kunze, in Plasma Diagnostics, edited by Lochte-Holt-
greven (North Holland Publishing Co., Amsterdam, to be
published).

22 H.-J. Kunze, Z. Naturforsch. 20a, 801 (1965).

2 R. D. Watson and M. K. Clark, Phys. Rev. Letters 14,
1057 (1965).
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F1G. 3. Values obtained as a function of time ¢, and radius 7,
from the Thomson-scattering measurement; (a) for electron
temperature 7', and (b) for electron density N.

chromator. Radiation passing through the exit slit was
divided by means of small mirrors into eight equal
height elements and passed to separate multipliers. The
monochromator had a bandwidth of 16 A, and was set
at 5226 A, a region found to be free of line radiation.
Previous measurements around 4976 A, a region also
quite often used for this purpose, yielded too high elec-
tron densities. Photoelectric scans revealed a series of
weak lines appearing at the time of interest, which are
not listed. It is assumed that these lines correspond to
hydrogenlike transitions between levels of high prin-
cipal quantum numbers of high ionization stages of the
various impurity atoms. Such transitions are repre-
sented by groups of many closely spaced lines and may
not be recognized on time-integrated photographic spec-
tra when broadened by Stark and instrumental effects.
The channel sensitivities were calibrated absolutely
using the positive crater of a carbon arc, and its bright-
ness as reported by Hattenburg?4 and Magdeburg.2s The
signals relating to surface brightness were first corrected
for the discharge tube transmission, and then trans-
formed to volume emission using the standard Abel
integral equation. Density data were then calculated
on the assumption of free-free emission, and corrected
for the carbon and oxygen concentrations given above.
The resulting density profile agreed with that obtained
from light scattering, although the absolute values were

24 A. T. Hattenburg, Appl. Opt. 6, 95 (1967).
% H. Magdeburg, Z. Naturforsch. 20a, 980 (1965).
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somewhat higher. This can be attributed to neglecting
corrections for silicon and other impurities. Silicon
would be expected to ionize to a charge of X or XI so
that a concentration of only 0.5%, would give a 50%
increase in the continuum intensity. In view of this
factor, the density adopted was that obtained from the
scattering data.

D. Spectral Intensities

The absolute intensity of the C v 2351-2%Pq 1,2 multi-
plet was determined using the monochromator de-
scribed above in connection with the continuum meas-
urements. Due to the severe stray light problem as-
sociated with using the carbon arc at such short
wavelengths, a second monochromator (a }-m grating
instrument) was used as a predisperser for this measure-
ment. A preliminary experiment demonstrated that the
components of this multiplet had the expected statis-
tical intensity ratio, and thereafter the bandwidth was
set at 16 A to accept all three components. After taking
the Abel inversion, the radial profile was found to follow
closely the continuum profile, thus verifying the as-
sumption that the injected carbon is distributed uni-
formly through the plasma. The intensities were cor-
rected for the measured transmission of the discharge
tube wall which was found to be only 319, after several
thousand discharges. In this way for the peak of C v
(at 1.45 psec from the initiation of the main discharge)
an emission coefficient of ¢’=3.8 W cm™3 sr~! was ob-
tained on the axis of the discharge tube, with an esti-
mated error of +20%,.

Analysis according to the present corona model re-
quires only a relative measurement of the intensities
of the resonance 115,-2'P; and intercombination 115¢—
23P; lines. Since these lines are very close in wavelength
(40.27 and 40.73 A in the case of C v), no intensity
calibration of the spectrometer is required. Measure-
ments were made photoelectrically using a Bragg and a
grating spectrometer, and also photographically using
the grating instrument. The Bragg instrument was a
small device designed for solar observations and used
an OHM crystal (2d=63 A) with a single entrance Soller
collimator. For both instruments the detector consisted
of a thin layer of p-terphenyl as scintillator in front of a
1P21 photomultiplier. In the case of the Bragg instru-
ment, in addition, a filter combination was placed after
the Soller collimator in order to preselect the wavelength
range and thus to reduce the specular and diffuse re-
flected radiation from the crystal. Since no single filter
exists having a transmission window around 40 A, a
combination of 2700 A thick parlodion, 1400 A alumi-
num, and 3600 A indium was found to meet the re-
quirements. This filter combination was supported on
an 859% transmission fine nickel mesh. The grating
instrument used a 2 m 1200 line per mm grating at an
86° angle of incidence in the first and second orders.
For the photographic measurement emulsion calibration
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Fic. 4. A scan through the O v
resonance and intercombination lines
recorded with the KAP crystal
spectrometer.
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was carried out using a fine mesh screen as a neutral
filter. The time-integrated photographic measurement
was justified, since the other measurements showed that
for the normal discharge conditions there was no ap-
preciable C v emission from later times in the discharge.
All three measurements gave an intensity ratio reso-
nance/intercombination line of 3.540.5. The grating
photoelectric scan was repeated for the higher-density
condition and then gave a ratio of 6.04=1.0 at the peak
of Cv. Finally the measurement was carried out for
O vir using a KAP crystal (2d=26.8 A) instead of the
OHM crystal in the Bragg instrument, detector, and
filter arrangement remaining the same. Figure 4 shows
the intensity scan at 2.15 usec after the beginning of the
main discharge, each point representing an average
value of several measurements. We obtain from this a
value for €2/ €13 of 1.840.2.

Measurements of the decay rate of C v were carried
out on the 2351-23P,,;,» multiplet (see, e.g., Fig. 2).
The signals at this wavelength were more intense and
less troubled with photon noise fluctuations than the
shorter wavelength lines. The C v monitor channel was
used for this, leaving the 3-m monochromator free to
measure the continuum radiation simultaneously. Only

TaBLE I. Measured quantities.

Energy

Ion Quantity (k]) t(usec) kT (eV) N(cm™3)
Cv e =3.8Wcm3sr14+20% 9 1.45 210 3.8 X101
€12/ €13=3.530.5 9 1.45 215 3.0 X101

7=3.6 usec£30% 9 1.60 220 3.0 X101

7=4.5 usec+40% 9 2.05 205 2.6 X101

Cv e12/e13=6.0+1.0 15 1.80 240 6.5 X106
7=1.7 usecx15% 15 2.35 240 6.5 X101s

O vir €12/e13=1.8+0.2 9 2.15 200 2.5 X108

one of the continuum channels was used, and this
viewed along a diameter, accepting light from approxi-
mately the same volume of plasma as the C v monitor.
According to Eq. (9) the intensity of the C v multiplet
is, to a first approximation, proportional to the square
of the electron density; in addition, it depends on that
plasma volume which is seen by the viewing optics. The
continuum intensity (neglecting small changes in the
contribution from impurity ions due to changing 2)
shows the same dependence. Therefore, if one takes the
ratio of line to continuum intensity one is able to elimi-
nate changes in the plasma geometry, plasma losses,
and to a first approximation changes in density. In
practice one simply subtracts from the measured decay
rate of the line that of the continuum in order to obtain
the true ionization rate 1/7. After such correction the
ionization time of C v was found to be 3.6 usec (meas-
ured at 1.60 usec) and 4.5 usec (measured at 2.05 usec)
for the normal plasma and 1.7 usec (measured at 2.35
usec) for the high-density condition. The estimated ex-
perimental error is #2159, in the latter case, but 30%,
and 409, respectively for the first two values, since
owing to a shorter lifetime of the plasma, the continuum
corrections were considerable. The decay times of the
lines were always measured sufficiently late after the
peak, where residual ionization from C1v could not
falsify the results. The short duration of the present
plasma precluded meaningful measurements of the ioni-
zation time of O VIL

Finally, Table I shows a summary of the experi-
mental results. The varying values of 27 and N for
these measurements are accounted for by the two oper-
ating conditions, the different times during the dis-
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charge, and whether on axis or spatially averaged pa-
rameters are relevant.

IV. INTERPRETATIONS
A. Line Intensities

The ion temperatures measured were always greater
than electron temperatures,!® and it can readily be
shown that all the lines observed in the present experi-
ment were optically thin. We can therefore proceed with
the analysis without concern for problems of radiative
transfer.

As can be seen from Eq. (8), measurement of e12/e3
at sufficiently low density gives a direct value for the
ratio Xz1/Xs1. Such a low density could not be obtained
for C v in the present experiment. However, one finds
that for O vir, with a 20 times larger value of A3, the
present measurements are effectively at the low-density
limit. There is a reasonable theoretical basis for the
assumption that the ratio of the equivalent cross sec-
tions at threshold will not vary significantly along the
isoelectronic sequence.?® Since the O vII ratio measured
here is consistent with an extrapolated value from our
C v data we therefore adopt the value 1.8 for this ratio
as valid throughout the sequence, and furthermore as-
sume that (near threshold) it is independent of electron
temperature. This value is further supported by line
ratios of between 1.6 and 2.0 obtained for Ne1x in
Scylla.??

Equation (8) predicts a linear variation of €1o/ €13 with
N. The graph shown in Fig. 5 contains the two experi-
mental points for C v together with the low-density limit
discussed above. The slope of the best straight line
through these gives the quantity in the square bracket
in Eq. (8). Since the second term in this expression is
small, a theoretical value for I5 derived from Eq. (14)
was used in order to derive a value for X3 of 1.13X10~°
cm? sec™1£259.

It is interesting to reevaluate the O vir data from
Pharos? in the light of the present model, using our
experimental value of X,;, expressed in the form 8.6
X1078/2(kT)12, With e15/€13 measured as 2.5+0.5 at
kT=250 eV and N=(6.241.5)X 10 cm~3, we obtain
a value for Xs1/X5; of 1.540.5, which is consistent with
the value derived here. The interpretation carried
through in Ref. 4 is based on a similar model, but uses
an estimated 23S to 2'S transfer rate equivalent to a
value of X3 which is only 609, of the value derived here.

26 Near threshold, interactions are strong, so that a statistical
model should apply, in which each of the three electrons is equally
likely to leave the excited ion. We start with a singlet state, so
that this model predicts a ratio of 2:1 for the singlet and triplet
excitations, as a first approximation. Since this is close to the ob-
served value, we consider it very unlikely that there could be a
significant variation with z, say from B 1v to Ne 1x. As only values
near threshold are involved in our rate coefficients, the tempera-
ture variation of this ratio, due to differences in energy dependence
of the cross sections, will also be very small.

7 G. A. Sawyer, F. C. Jahoda, F. L. Ribe, and T. F. Stratton,
J- Quant. Spectr. Radiative Transfer 2, 467 (1962).
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F16. 5. The variation of e2/e3 with electron density N for C v.

It is now possible to derive a value for X, from Eq.
(9) using the measured value for ¢, together with the
above values for Xs3, X21/X 31, and a theoretical value
from Eq. 14 for the correction term 3. N is calculated
from the electron density and known carbon impurity
concentration, and assuming that 839, of the carbon is
in the C v ion at the time of peak C v emission. This
figure of 839, was obtained by solving with a computer
code the coupled rate equations for successive ionization
of carbon in a homogeneous plasma with a mean 7" and
N time history as measured for the experiment, and was
found to be quite insensitive to variations in these
parameters. The value obtained for X,; of 1.9XX10-10
cm?® sec™'4:409, agrees well with the theoretical value
of 1.5X1071° cm? sec™! obtained from Eq. (10).

B. Ionization

Using Eq. (1) one can now derive values for I; from
the measured decay times of the line intensities. For
the correction term in Eq. (1) (which is <209, for all
the present conditions) we use the above measured
values for X3 and X21/X31, together with theoretical
values for X1, and I; calculated as in Sec. II. In prin-
ciple, with measurements at two values of ¥, it is pos-
sible to obtain an experimental value for 7; also. How-
ever, since I3 occurs only in the correction term, and we
have a large error bracket on our low-density decay
times, this was not possible in the present experiment.
Three values of I, for C v were obtained corresponding
to the values of 7 given in the previous section.

V. SUMMARY AND CONCLUSIONS

Measurements have been made on the relative in-
tensities of the resonance and intercombination lines of
C vand O v as a function of time and at two values of
electron density, from a theta-pinch plasma. Absolute
intensity measurements were made on the 235-23P
multiplet of C v, also as a function of time. These data
have been analyzed using a modification of the usual
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TasLE II. Rate coefficients for C v.

Measurement
Calculated Measured accuracy
Coefficient kT (eV) (cm3 sec™?) (cm?® sec™) %)
Xas 230 1.13X107° equivalent to 25
(8.6X1078) /24/(kT) with kT in eV

X2 210 1.5X10710 1.9X10710 40
I, 220 6.4X1011 8.1X1071 35
205 5.6X10-11 7.6X1071 50

240 7.5X10™11 7.2Xx1071 25

I; 210-240 4.7X10710
Xo/Xu=138 10

= Both values for X 21 include the contribution from cascade, estimated as 20%,.

transient-corona model generalized for all heliumlike
ions. Because of the small radiative transition probability
from the 23P; level, two alternative depopulating proc-
esses for the =2 triplet levels become important, i.e.,
ionization and, more important, collisional transfer to
the n=2 singlet levels. Relative populations within the
n=2 triplet levels are close to statistical and these levels
are treated as one, as are also the n=2 singlet levels.

The measured rate coefficients derived from this anal-
ysis are given in Table II together with the values
derived from theory. As can be seen, the resonance line
excitation rate agrees with Seaton and Van Regemorter’s
semiempirical theory to within the experimental ac-
curacy of 40%,. Similarly, the ground-state ionization
rate is in agreement with the value obtained from the
hydrogenic Born-Exchange approximation (multiplied
by 2 to account for the presence of two bound electrons)
to within the experimental accuracy of 25%,. The triplet-
singlet exchange rate coefficient is equal to that given
by the close-coupling result for neutral helium, divided
by 2z, where z—1 is the charge on the ion. It should be
noted that the value quoted for Xs3 in Table II relates
to the entire n= 2 triplet population. If it were assumed*
e.g., that this all results from 235, to 215, transfer, then
the rate coefficient for transfer from the 23S; level
would be four times this value.

The ratio of singlet-to-triplet excitation rates is given
by the ratio of resonance to intercombination line in-
tensities in the low-density limit where the simple
corona relations apply. The value measured in this way
of 1.8 is expected to be valid for all heliumlike ions. In

particular most astrophysical spectra (in particular of
the sun) would satisfy conditions for the low-density
limit for C v and higher sequence members, so that the
line ratios observed would be expected to have this value,
providing the source is optically thin. Measured values
from the sun tend to support this prediction. Thus for
O vII a line-intensity ratio has been measured?®® of 2.2 to
~209%, and for C v a value of 1.540.5 was obtained. The
latter figure was derived from an analysis of the OSO-
IIT grazing-incidence spectra.?®

Now that the important rate coefficients have been
determined and generalized for the heliumlike sequence,
it is possible to propose new diagnostic methods for the
measurement of electron temperature and density,
based upon the above model. Details of such methods
are discussed fully in a separate paper.%
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