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The collisional depopulation rate of the 2 3P0'1’2 triplet levels of Cv, Nvi, Ovi, Fvirr, and
Ne1x was determined from measured 235-23P line intensity ratios. The triplet lines were
observed in a hot #-pinch deuterium plasma seeded with a few percent of the element to be
examined. The plasma electron temperature and density were known from laser-light-scat-
tering experiments. The total depopulation rate of the 23Po'1,2 levels is mainly due to the
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235-23P collisional deexcitation rate. The measured rate agrees well with calculations by
Blaha based on the Coulomb—Born approximation. With these depopulation rates known, the
electron density of the plasma can be determined just by measuring the triplet-line intensity

ratios.

I. INTRODUCTION

The cross sections for excitation or ionization
of multiply ionized atoms by electron impact are
almost inaccessible experimentally, mainly be-
cause the cross-beam method is hardly applicable
to multiply charged ions. In recent years several
authors have therefore used measured line inten-
sities and well-diagnosed plasma parameters in
high-temperature plasma discharges to determine
distinct rate coefficients for excitation as well as
for ionization. Rate coefficients of heliumlike,
lithiumlike, and berylliumlike ions have been
evaluated especially, '~®

Knowledge of such rate coefficients can provide
valuable information on the plasma parameters of
laboratory and astrophysical plasmas. This paper
deals with the strong 2°S,-2°P; ; , triplet lines of
the heliumlike ions Cv, Nvi, Ovi, Fvii, and
Ne 1x and shows that if only the plasma electron
density and temperature are known, the 2P ; ,
collisional depopulation rate can be determined
from the triplet-line intensity ratios. A knowledge
of this rate allows, in turn, easy determination of
the electron density of a plasma by measuring the
relative intensities of a 2%5,-2%P, ; , triplet. Since
the triplet lines of all ions from Cv up to Neix lie

in the normal incidence uv and vacuum-uv regions,®

the experimental technique is relatively simple,
especially as no relative or absolute calibration of
the instrument is necessary for the evaluation of
the ratios of the closely spaced triplet lines. The
spectrograph has to provide sufficient resolution,

however, to separate the lines properly. This idea

came about when it was found that the 2°5,-2°P; , ,
triplet lines of O vir emitted from a #-pinch plasma
were not populated according to their statistical
weights, as originally expected. The 2°P, level
was usually found to be underpopulated compared
with the J=0 and J=2 levels. Evidently, the rela-
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tively strong 1 180—2 3P1 intercombination transition
depopulates the 2°P, level in competition with
other collisional rates (especially the 2%s-23p
rate) which try to reestablish a statistical popula-
tion among the triplet levels.

Discussion of the rate equations governing the
triplet-level population density led to a model for
determining the collisional deexcitation rate of the
2°Py,1,, levels by measuring the triplet-line inten-
sity ratios of Cv, Nvi, Ovi, Fvim, and Neix
after the deuterium plasma has been seeded with
the element in question. Since according to esti-
mates the 235,-2 SPO,l,z deexcitation-rate coeffi-
cient makes the largest contribution, it should be
possible to determine the 235,-2°P; , , excitation-
rate coefficient.

The model adopted and the assumptions made are
discussed in Sec. II. In Sec. III the experimental
technique and the measurements are described.
Section IV gives an analysis of the spectroscopic
observations and discusses the error limits. Fi-
nally, Sec. V compares the experimentally deduced
rates with theoretical estimates and discusses the
assumptions of Sec. II with respect to the experi-
mental findings.

II. POPULATION OF THE 231’07‘,2 LEVELS OF
HELIUMLIKE IONS

For the following analysis it is assumed that
ionization from a certain ionization stage exceeds
recombination from the next-higher ion, a situa-
tion which is usually met during the hot phase of
0-pinch plasmas. The dominant excitation rates,
deexcitation rates, and radiative transitions which
affect the 2%P levels are shown in Fig. 1. The
23Py,,5 levels as well as the 23S, level are essen-
tially populated by collisional excitation from the
ground level. The corresponding rate coefficient
13X1 was determined earlier for O vir by Elton and
Koppendorfer.? The 2 3P0,1,z levels communicate
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FIG. 1. Denotation of levels and transitions.

with the 23S, level by radiative transitions with
transition probability A, by collisional deexcita-
tion determined by #,Y, and by the corresponding
235-23p collisional excitation rate denoted by

ne Xz. The triplet levels are further depopulated
by ionizing collisions denoted by », X, ,, and by ex-
citing collisions predominantly into %D levels de-
noted by »,X;, n,X,, and n,X;. Radiative decay
into the 2 3P0,1'2 levels is possible and occurs again
mainly from the %D levels. R is the total decay
rate into the 23P level. Spin-exchange collisions
of the type 2 1P1-2 3P0,1'2 by electron exchange can-
not be excluded. The corresponding depletion rate
is indicated by 7, 1*X,.

The following considerations are based on the
assumption that essentially all population and de-
population processes except the radiative decay of
the 2°P, level via the 1'S,-2 3P, intercombination
transition establish a statistical population dis-
tribution among the 23P0,1,2 fine-structure levels.
This assumption is discussed in more detail. Ac-
cording to Percival and Seaton' the single cross
sections leading into fine-structure levels are
proportional to the statistical weights of the upper
levels. The depopulation-rate coefficient Y is the
same for each separate triplet transition, as is
easily proved by detailed balance considerations.
The transition probability A=A(23S5 -23P) is also
the same for each single triplet line. u According
to the Burger—Dorgelo—Ornstein sum rule'? all
radiative transitions into the 23P0,1,2 levels, which
are symbolized by R, again contribute proportion-
ally to the statistical weights of the final levels,
provided the starting sublevels are statistically
populated. Collisional transitions between the
23P,,1, sublevels are neglected. This is justified
by calculations of the collisional cross sections
for transitions between fine-structure levels of
hydrogenlike ions by Burgess, Hummer, and
Tully'® and by measurements of the population den-
sity of O v fine-structure levels by Engelhardt.
The spin-exchange depopulation-rate coefficient
13X2 is assumed to be the same for each triplet
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sublevel.

On these assumptions the only process which
works against statistical population distribution is
the 11S,-23P, radiative intercombination transition
with the transition probability *A. The steady-
state rate equations for the 2 3P0,1,z levels can now
be written

(ngn, Xy +npgn, X+R) Y =19 (A+1,C)

for 23P0 R (1)
(e Xy +npn, X+ R) S =0y (A+BA+n,C)

for 2%p,, (2)
(ngn, *Xy+nggn, X+R) ¥ =ng(A+n,C)

for 2°p, , (3)

where #n, C is the total collisional depopulation rate
of the 2%P level. The population density n, is that
of the 1S, ground level. #u,, n;, and n, are the
populations of the 23P J=0, 1, and 2 levels, re-
spectively. The values of the decisive coefficients
of Eqs. (1)-(3) are large enough to yield such short
time constants that the triplet population almost
instantly follows the ground-level population. This
justifies neglecting the time derivatives dn/dt,
dn,/dt, and dn,/dt. Dividing the steady-state equa-
tions by each other yields the triplet-line intensity
ratios

1(2 351—2 3P2) Iz Ny

TCS 2R b @
1(2351—2 3P1) _Il _ny 3 (5)
e e T .
I1(2°8,-2°Py) I, g 1+15A/(A+neC)

The intensities could be set equal to the popula-
tion densities because of the small energy differ-
ences between the levels. The collisional-rate
coefficient C which depopulates the triplet levels
is actually a sum of several rate coefficients:

C=Y(2%5-2°P) + Xx,(23P-3°D)

+X,(2°P-4%D) + X;(23P-5°D) + X,,, (2*P-cont. )
+Bx,(2'p, 215-2%pP) . (6)

The first coefficient ¥, the largest in this series,
describes the 235-23P collisional deexcitation.
The next three determine the excitation into the
3D levels, and the following the ionization out of
the 2°P levels into the continuum. The last rate
coefficient %X, is for singlet-triplet exchange.

If the depopulation rate »n, C is high relative to
the radiative decay via the 235-2°P transition and
the 115,-2°P, intercombination transition; i.e.,
n,C> A, Ays, the ratio I,/I, of Eq. (5) approaches
3, the statistical value. In the case of negligible
collisional transitions this intensity ratio reaches
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the value
I, A
4H _q__ 42 ~0.
1 3 T for n, (7)

The transition probability A=A(235-23P) is known
from Ref. 10, and the intercombination-line transi-
tion probability *A=134(115,-2°P,) has been cal-
culated by Drake and Dalgarno. 5 Estimates of the
rate coefficients for the optically allowed transi-
tions contained in C are available from Ref. 16,

Values for the 2'P-23P and 2!S-23P spin-ex-
change rate coefficients could be obtained from the
collisional cross sections of these transitions
which have been calculated by Burgess, Hummer,
and Tully. ® Sections III-V give measurements
and conclusions from them, which verify the de-
pendence

L 38 !
I, 1+PA/A+n,C) ~ ()

and allow the depopulation-rate coefficient C to be
determined. A discussion of how the single rate
coefficients contribute will also follow.

III. EXPERIMENT AND MEASUREMENTS

The source of radiation was a plasma generated
and heated by magnetic compression in a §-pinch
device with 200 kJ stored energy at 25 kV. Deute-
rium at filling pressures of 11, 17, 40, and 72
mTorr was ionized by two short axial discharges
before the main compression field was switched
on. The field rises in 2.75 usec to its maximum
value of 52 kG. This short rise time was achieved
by feeding the single-turn coil from two sides.

The length of the coil was 100 cm, its bore being
10 cm. The plasma produced in this way was ap-
proximately 80 cm long and 1-2 cm in diameter.
Its electron-density range was 10' <z, <7x 10
depending on the filling pressure. At low filling
pressure (11 and 17 mTorr) the ion temperatures
exceeded the electron temperature of 7,=200 eV
on average by a factor of up to 10, At 72-mTorr
filling pressure the electron and ion temperatures
differ by no more than a factor of 2.

The lifetime of the plasma is limited by end
losses to about 5 usec. All line radiation emitted
by the plasma stems from intrinsic or added im-
purities. Intrinsic impurities are usually a few
tenths of a percent of carbon, oxygen, and silicon.
As shown by Engelhardt, * the energy loss by radi-
ation from the plasma is in the percentage range
of the energy content of the electron gas and there-
fore does not affect the electron temperature.

Even added impurities of a few percent do not affect
the electron temperature. The electron density and
temperature were measured on the axis of the dis-
charge by 90° laser-light scattering using a 300-
MW ruby -laser pulse of 10-nsec duration. The
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scattered light was recorded by a nine-channel
monochromator. The half-width of the Gaussian
light profile yielded the electron temperature, and
the total line intensity, recorded with the absolute-
ly calibrated monochromator, gave the electron
density by means of the Thomson scattering coeffi-
cient. More information on the radial electron-
density profile was obtained by axial Mach-Zehnder
interferometry using visible light at 6300 A. sev-:
eral other diagnostic methods, not of particular in-
terest here, allowed the total plasma energy and
the ion temperature to be determined. The axial
flow of the plasma could be deduced from end-on
Doppler profile measurements of impurity line
radiation. From all these measurements and from
detailed comparison with a two-dimensional com-
puter program the plasma observed is well known
in size, density, and temperature throughout its
lifetime.

This plasma was observed end-on with a 1-m
normal-incidence spectrograph, McPherson Model
225, which can be used either as a spectrograph or
as a scanning monochromator.

First the 235,-2 3P0,1,2 triplet lines of Cv, Nvi,
Ovi, Fvirr, and Neix were photographically re-
corded and the wavelength determined as accurately
as possible.® Carbon was added in the form of
methane, CH,, and fluorine was added through the
compound C,H; F;. Photographically recorded
line intensities were not considered to yield reli-
able line intensity ratios because of integration
over time. The triplet lines were therefore
scanned, discharge by discharge, by photomulti-
plier recording. This way the line intensity ra-
tios could be determined at a suitable time, e.g.,
maximum line intensity, at which the electron den-
sity and temperature are reliably known.

For Ovir, Fvi, and Neix the 2°S,-23P,~to-
23%5,-2°%p, line intensity ratio of I,/I, equal to 5,
i.e., the statistical weight ratio, could be verified
within the limits of error. For Cv and Nv1 the
Doppler-broadened 235,-23p, and 235,-2°%P, lines
could not be sufficiently separated, and rather than
prove a statistical population of the levels J=2 and
0 we assumed it to be present for further evalua-
tions.

As an example, the 2°S,-2°P; ; , triplet of Ne1x
is shown in Fig., 2. It was plotted from a multiplier
recording at ¢=2.8 usec of the main discharge.

IV. ANALYSIS OF MEASUREMENTS

In order to check whether the intensity ratio I,/
I, follows relation (5) of Sec. II, it was plotted over
the ions observed. This is shown in Fig. 3, for
discharges of 40-mTorr filling pressure. The
solid curve connects the measured I,/I, intensity
ratios, which increasingly drop from the statistical
population ratio with ionic charge. The values
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FIG. 2. Multiplier recording of the
Ne x 235-23P triplet lines.
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I,/ Io=3A/(A + 1A) for the limit #,~ 0 as calculated
from the transition probabilities of Refs. 11 and 15
are also shown by the lower dashed curve. Although
the dependence of I/I, on Z cannot directly prove
Eq. (5) to be valid, it still shows that the 115,-2°P,
intercombination transition more and more de-
stroys a statistical population distribution the high-
er the ionic charge. It indicates, moreover, that
the model described in Sec. II is evidently not far
from reality.

Relation (5) was therefore used to determine
from the measured intensity ratios the collisional

Ip/3o
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FIG. 3. Intensity ratios of the 235-2°P multiplet of
heliumlike ions as emitted from a §~pinch discharge
plotted over the ionic charge.

-
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depopulation rate »,C. This rate is shown in Fig.
4 for Ovir plotted versus the electron density as
obtained from measurements using discharges with
different filling pressures. The fact of »n, C being
proportional to n, is proof that a collisional rate
has indeed been determined in this way. However,
it is still open to question whether this rate is
largely determined by one collisional-rate coeffi-
cient or by more than one.

In Table I values of the effective rate coefficients
C thus determined are given for the different ions.
The electron temperatures and densities at which
the different measurements were taken are also
listed. The values of #, and C again refer to dis-
charges with 40-mTorr filling pressure. T, de-
pends very weakly on the filling pressure and on #,,
and the coefficients C are independent of n,. The
electron temperatures differ for different ions be-
cause the electron temperature rises in time and
ions of higher charge show up later in the dis-
charge.

Ne Cmeas} [10%cm"]

0 T T T T T

0 1 2 3 4 5 6 nel10%em)

FIG. 4. Measured 2°%S-2°P depopulation rates of Oviz
for four different electron densities.
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In order to discuss which of the collisional pro-
cesses (viz., the 235-2°%p, 3°D-23p, 4°p-2°P ex-
citation processes, the ionization out of the 2°p
levels, or the 2'pP-2°p spin-exchange collisions)
decisively influence the measured rates, further
estimates have to be made.

For the optically allowed transitions fairly reli-
able estimates are available. Using the effective-
Gaunt-factor approximation of Seaton!’ and Van
Kegemorter!® for the excitation coefficients and
(after applying the principle of detailed balancing)
also for the deexcitation coefficient, we adopt the
following formulas for the collisional excitation-
and deexcitation-rate coefficient:

_ 5 _ Sl -AE /kT 3 -l
X,,»=1.6x10 AE(kTe)l/z e ecm sec™ ,
f5.448) ©
= -5 8q g 3 -1
Y, ,=1.6x10 Py (A T,) cm’sec™, (9)

where f, . is the absorption oscillator strength,
(g) is the effective Gaunt factor, g, and g, are the
statistical weights of the lower and upper levels,
AE is the energy difference between the levels in
electron volts, and T, is the electron tempera-
ture in electron volts. For the heliumlike ions
from Cv to Ne1x, formula (9) can be written for
the 235-23P deexcitation coefficient as

2.38x 107 -
Y (235-2 3P)=W cm®sec™ s (10)
e

where Z is the charge of the ion.

One arrives at radation (10) after replacing AE
by AE=1.08Z (eV) and f,,,=0.672"", which can be
done with an accuracy of 9% for all the ions men-
tioned. This can easily be verified with the values
for f,,, and AE as published by Wiese et al.'! and
Engelhardt and Sommer.® The 235-2°P depopula-
tion coefficient was calculated from formula (10).
Equation (8) was used to estimate the 23P-3°D,
23p-4°p, and 23P-5°D excitation-rate coefficients.
For the latter the excitation energies and oscillator
strengths were taken from Refs. 11 and 19. Since
the oscillator strength for the 2°P-4°D, 53D tran-
sitions of the heliumlike ions examined were not
available, the values of Her were taken for these
transitions. There is some indication, e.g., from
comparison with Liri, that the f values decrease
along the isoelectronic sequence for these transi-
tions. Their contribution may therefore be some-
what overestimated.

For estimation of the total ionization rate out of
the 2%P levels a formula is taken which Kunze et
al.* derived by comparing the effective-Gaunt-fac-
tor approximation”'m with the Bethe-Born approx-
imation and by taking Bely’s® work into account.
The rate coefficient for ionization out of the n=2
triplet levels (actually for both the 23S and 2°%P

TABLE I. Measured discharge parameters and total 23P
deexcitation rates.

Ne T, neC C
Ion 101 ecm=)  (eV) 108 sec’!)  (cm3 sec!)
Cv 2.9 160 4,8 1.66x 108
NvI 3.2 180 3.68 1.15x10°8
Ovir 4.75 215 4,42 1.05x 108
Fvirr 4.75 215 4,05 8.52x 10
Ne 1x 4,75 215 3.35 7.05%10"?

levels) becomes

3
3¢93p_, - -8 M M) ]
X(235,2°P~cont. )=7.5%x10 AE[(In NG +40
(kT)1/2

A S— __S‘_Ii 3 -1 11
X AETI0T exp( )cm sec. (11)

kT

According to Kunze? this relation applies well to
excited states of heliumlike ions. #; is the number
of electrons in the states considered. Fortunately
Burgess, Hummer, and Tully®? have recently cal-
culated =2 collisional exchange coefficients of
heliumlike ions. The largest turned out to be the
21p-23%p cross section, which exceeds the 21S-23P
cross section considerably. From these cross
sections the 2%P-2'P, 21S depopulation-rate coef-
ficients were evaluated for the different ions and
temperatures.

Values of these rate coefficients and their sum
(C.a,) are listed together with the measured values
(Cpess) in Table II. The ratios Cpen/Con, are also
shown. From this ratio it is readily seen that the
calculated and measured depopulation rates do not
differ by more than a factor of 2. The experimen-
tal values are throughout the larger ones. Blaha??
has calculated for the 23$-23%p excitation rates
for Ovr and Ne1x for electron and proton colli-
sions. These values together with values for Cv
and Nvi, again calculated by Blaha, # are also
shown in Table II. From the rations Cp,./Coa.
for these values it is easily seen that all discrep-
ancies are removed. This strongly indicates that
for An=0, the effective-Gaunt-factor approxima-
tion yields 2s-2p transition-rate coefficients which
are a factor of 2, too small in the temperature
region investigated.

In order to check the Z dependence of the de-
population-rate coefficients, the measured values
Cpeas Were plotted over ions Z (Fig. 5). For this
purpose the measured values were approximately
normalized to a common temperature of 215 eV
by assuming a (¢7,)'/2 dependence of the coeffi-
cients, which at least roughly holds for all optical-
ly allowed transitions. Also shown in Fig. 51is a
Z-% dependence (dashed curve), as expected from
formulas (8) and (9) for allowed transitions. The
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TABLE II. Rate coefficients in units of 101 ¢cm?® sec"!. Values in parentheses are taken from Refc. 22 and 23.

.. Y X3 X4 X5 Xion ;3X2 Cmeas

Ton kT, 2°s-2°p 2°p-3°p 2°P-4°p  2°p-5%D 23pP-cont. 2°P-2'P  Cuy, Cmess  Caalo
Cv 160 75.7 39.0 4.6 0.75 13.0 1.66 134.7 193 1.43
(115) (174.2) 1.1)

Nvi 180 49.2 21.8 2.2 0.69 6.4 1.26 81.5 127 1.56
(81) (113.4) (1.1)

Ovir 215 33.2 12.8 1.5 0.42 3.6 0.92 52.4 105 2.00
(65) (84.2) (1.25)

Fvinn 215 25.5 8.3 1.0 0.25 1.8 0.81 37.6 85.2 2.26
(.-.) (...) (...)

Neix 215 20.1 5.1 0.5 0.15 0.9 0.72 27.5 70.5 2.56
45) (52.4) (1.35)

error bars denote the limits for a 10% error in coefficients.

the measured intensity ratios. For small given
errors A(l,/I,) the error AC in the determination
of Cis as derived from Eq. (5):

AC 1 1 'L
C 0 /1)-3A/@A~TA) "3 (1, /1) A<I_o>'
Q2
From this dependence it is easily seen that the
error in determining C rises with I, /I,, approach-
ing infinity when I, /I, reaches the statistical pop-
ulation ratio 3. For this reason direct determi-
nation of C for Cv seems very uncertain and for
Nvr possible only with an error of about 100%.
This maximum error given by (12) is, however,
evidently reduced by averaging the measured
collisional rates C over four different filling pres-
sures, i.e., four different electron densities, as
shown in Fig. 4. For this reason the measured
points lie much closer to the Z=2 curve than
expected from relation (12). Singlet-triplet ex-
change collisions can be assumed to play no sig-
nificant role, unlike the 23P-33D excitation colli-
sions.

According to the estimates the 235-23P depopula-
tion coefficient Y is larger than any other one, and
one half of all depopulation collisions are due to it.
If the suspicion that the effective-Gaunt-factor
approximation underestimates the 2s-2p transitions
by a factor of 2 is true, then C_,, would essential-
ly represent the 235-23P rate coefficient.

V. CONCLUSIONS AND DISCUSSION

From the considerations of Sec. II and from the
measurements the following conclusions were
drawn.

(i) The deviation of the intensity ratio of the
23s,-2 3P0, 1,2 triplet lines from its statistical value
is a measure of the collisional depopulation rate
n,C of the 2°P ; , levels.

(ii) Because the electron density is known, the
rate coefficient C can be determined. This coeffi-
cient is actually a sum of several collisional-rate

(iii) The measured values of C are up to a fac-
tor of 2.6 larger than estimated values using the
effective-Gaunt-factor approximation. Values
calculated by Blaha,?*® however, diminish this
discrepancy to a factor of smaller than 1. 35, which
is well within the limits of experimental error.

(iv) According to theory the 2°%5-2°P rate coef-
ficient contributes most to the depopulation rate,
followed by the 23P-33D excitation- and the 23P-
cont. ionization-rate coefficient. The contribution
of the 2'P-2°%P exchange collisions is negligible.
For this reason the measurement of C is essential-
ly a confirmation of Blaha’s results. A sensitive
check on the contribution of the other rates is not
possible.

(v) The knowledge of the depopulation-rate co-
efficient C of the 23P level of Cv, Nvi,0 v, Fvi,

Cmeds
r168cm3sec
2_
154 N
N\
AN
\
1- S
| \[
~_ {
L
\2
054 1z
0 C[V N]II OISBI Fm NeIX -
5 6 7 8 9 4

FIG. 5. 2%5-23Pcollisional depopulation-rate coefficients
for the heliumlike ions from Cv to Ne .
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and Neix allows, in turn, determination of the
electron density of a laboratory or astrophysical
plasma just from the relative intensity measure-
ment of the 235-23P triplet lines.

For determination of electron densities, once C
and the transition probabilities A and 34 are
known, Eq. (5) can be used. When it is resolved
for the electron density, with I;/I, denoted by W,
this equation reads

_A wW(*A/A)+1]-3
e 3-w

Mg (13)
The error of the electron-density determination
gets larger for values of W which make the nu-
merator or denominator approach zero. For esti-
mating this error the right-hand side of Eq. (12)
can be used. From this a lower and an upper
boundary of the region in which sensitive electron-
density determination is possible can be found for
each ion. Ions of lower charge are, in principle,

(K=

better suited for plasmas of lower densities and
those of higher charge are preferable in case of
higher densities. The low-density limit of the
lighter ions, Cv, Nvi, and Ovir, does not, how-
ever, alter very much with ionic charge because
of an unfavorable variation of the ratio 13A/A. The
best ion to use for electron-density measurements
seems to be Ovii, at least for many laboratory
plasmas. It covers a range 5x 102y, <5x 107
cm™, is frequently present in a plasma as an im-
purity, and is more easily excited than the heavier
ions Fviir and Neix.
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