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A broad, prominent emission blend is observed between 15 and 22 A from a plasma pro-
duced in a #-pinch deuterium discharge seeded with neon. The occurrence of this feature is
associated with radiative-Auger-transition channels in various intermediate ion species,
following the creation of short-lived 1s-orbit vacancies by the dielectronic capture of free
electrons. The calculated blended spectrum from several stages of ionization agrees with
the measured contour. A similar feature is detected near 27 A with oxygen seeding. The
measured intensities and shapes indicate that 2'S—11S two-photon spontaneous emission in
heliumlike ions is negligible for existing plasma conditions.

1. INTRODUCTION

One of the most fruitful regions of the spectrum
for observing higher-order atomic processes is
adjacent to strong Ka-type inner-shell resonance
lines which usually occur at high photon energy,
i.e., in a relatively uncluttered region where weak
“satellite” features can be observed in detail.
Evidences of multiple (e.g., double-electron,
double-photon) processes as well as nearly for-
bidden transitions have been repeatedly observed
in this region, all of which provide insight into
the finer details of atomic structure. It is of
interest to extend such studies to highly ionized
atoms where relatively simple systems can be
created from heavier elements with increased
nuclear charge and nucleus-electron interactions.
A high-temperature plasma provides a convenient
laboratory source of such ions at a sufficient den-
sity to permit spectroscopically resolved obser-
vations and with energetic electrons to provide
the required excitation.

The present investigation and analysis concerns
spectral regions on the long-wavelength sides of
the strong resonance lines of the heliumlike Ne®*
and O°* ions, and in particular relatively intense
and broad features rising above the background
continuum in the 15-22-A and 25-30-A regions,
respectively. (A similar feature has recently
been observed near 45 A in a plasma created in
a Tokamak device and is attributed to carbon im-
purities.!) These integrated features are far more
intense than the normal electron-ion bremsstrah-
lung emission and are also too narrow and dis-
tinct to be associated with this process.? Also,
an observed gradual decay of the emission with
increasing wavelength is in the opposite sense to
that expected from electron-ion radiative recom-
bination. An identification with an ion-atom asso-
ciation reaction emission is ruled out by the MeV-
range ion energies required. The general shapes

of these features and the coincidence with a plasma
electronkinetic temperature sufficiently high to pro-
duce the observed resonance line radiation initially
suggested® an association with two-photon emission
from the 2'S—1'Stransition in the heliumlike ions;
however, thedetailed intensity measurements and
analyses described in this paper indicate that the
emission is far too intense for this process or,
furthermore, to result from simple electron-
collisional excitation in any single ion for normal
plasma conditions. Also, the measured intensity
contour decays too rapidly with increasing wave-
length for two-photon emission.

The broad emission may, however, be asso-
ciated* with a blend from inner-shell electron
transitions in several ionic species. Indeed, it
has been possible to obtain excellent agreement
between the measured contour and a model in
which the responsible radiative transitions involve
two electrons simultaneously; i.e., a (small) por-
tion of the 2p— 1s electron transition energy is
utilized by another bound electron in either an
ionization or excitation transition, with the re-
mainder of the energy released in a single pho-
ton. Such processes are usually referred to
collectively as a “radiative-Auger” effect, and
the resulting satellites to normal Ko x-ray lines
have been observed in heavier atoms.*™!° Theo-
retical studies complementing these observations
have also been published.?'®'!! Radiative-Auger
effects have been explained both from (a) an analo-
gy with “shaking” effects common to g-decay!'™*
and inner-shell photoionization'* (where the cen-
tral potential acting on an electron is suddenly
altered, resulting in its excitation during the re-
arrangement which follows) and (b) according to
configuration interactions between final sin-
gle-hole and double-hole states. The latter ap-
proach has been invoked®'® to explain anomalies
not amenable to the former sudden-approxima-
tion approach. In explaining the emission pro-
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file observed here, we will rely'® for convenience
on the extensive theoretical and experimental re-
sults available for the shake-off and shake-up
effects,’® even though the results may also be
understood by configuration interactions (see Sec.
IVC). In radiative-Auger transitions, shaking
effects occur following the filling of a 1s vacancy
and are more closely analogous to positron decay
of the nucleus, the small additional effect of which
has been included in one calculation.!’

In a plasma, a vacancy in the 1s orbit can be
created either by direct collisional removal of
an electron, or by the dielectronic capture into
a metastable complex of a free electron with the
simultaneous promotion of an inner-shell elec-
tron (inverse to autoionization). In a recent study®'®
using a similar plasma device, it is shown ex-
perimentally that the latter process dominates.
Also, the value for the electron temperature that
is derived here from analyzing the relative spon-
taneous line emission from 2p to 1s electron tran-
sitions in Ne”" and Ne®* ions, assuming dielec-
tronic capture into Ne”, is consistent both with
the value obtained from a laser light scattering
experiment and with the predictions of a numeri-
cal model for the plasma. This temperature also
leads to a consistent value for the electron densi-
ty from the absolute Ne®* ion line emission. These
consistencies further support the dielectronic-
capture modei.

The observed dominance of the broadband emis-
sion over line radiation is explained by the tran-
sient existence of an electron in a quasi-bound-
state from which ionization is probable; this is
similar to a resonant scattering process. The
intensities for the two broad features observed
remain unexplained, since probabilities for the
radiative-Auger stabilization channel from a quasi-
stationary-state are unknown, and also since it
has not been possible to time and space resolve
the feature in the present experiment, i.e., the
duration and exact location of the intermediate ion
species relative to the higher species producing
the line radiation is not known.

In Sec. II which follows, the experimental appa-
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ratus and procedures are described, including
those for the important intensity calibration. Only
the (more accurate) relative intensity calibration
over the wavelength region of interest is necessary
for the analysis; however an extraction and use of
the absolute intensity of the line emission from the
Ne®* ijon adds assurance that this emission orig-
inates from a volume of “normal” plasma con-
ditions. Following a presentation of the experi-
mental observations in Sec. III, an interpretation
of the observed spectral contour is given in Sec.
IV according to the model described above for a
blend of radiative-Auger emissions from several
ionization stages. The paper concludes with a
discussion in Sec. V of the importance of radia-
tive-Auger transitions in the interpretation of
soft-x-ray emission and radiative energy losses
from high-temperature plasmas.

II. DESCRIPTION OF EXPERIMENT
A. 6 -pinch device

The emission reported here was obtained from
a plasma generated in a 50-kJ -pinch device.?+20
The plasma was formed within a single-turn coil
of length 80 cm and was compressed radially from
an initial diameter of 10 cm to a final diameter of
~2 cm and axially to a length of ~50 cm. The
electrical characteristics are given in Table I.
The sequence of operation began with two preion-
izer ring discharges, one beyond each end of the
coil. A slowly rising antiparallel (to the main
field) bias magnetic field was also introduced at
this time by a current flowing through the main
compression coil. This was followed after 10
usec by a low-energy preheating discharge through
the compression coil. The main discharge began
25 usec after the initiation of the preionizer. The
quartz chamber used was filled initially with deu-
terium (which was purified by passing through a
heated palladium thimble) to a pressure of 15
mTorr, and heavier gases were added as desired.
Since it was necessary to repeat the discharge
cycle many times to obtain a spectrum (see Sec.
III), an automatic gas-mixing and circuit-recycling

TABLE I. 6-pinch parameters.

Main Bias Preheater Preionizer
Total capacitance (uF) 255 900 1.7 0.126
Charging potential (kV) 19.5 5.0 17.5 17.5
Energy (kJ) 48.5 11.3 0.26 0.019
Ringing period (pusec) 17 100 1.8 1.5
Inductance (nH) 29 280 50 450
Max. current (MA) 1.8 0.28 0.10 0.009
Max. field (kG) 29 -4 .4 1.5 oo
Firing time delay (usec) 25 0 10 0
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system was devised® to maintain the maximum
possible reproducibility in plasma conditions from
one discharge to the next. The reproducibility was
monitored through the discharge current as well
as the time-resolved visible line radiation both
from the atomic deuterium in the early stages

of the discharge and from ionized impurity ele-
ments at later times. Streak photographs were
taken in visible light through radial slots in the
coil. Time-resolved (framing) visible-light photo-
graphs of the entire plasma were obtained through
a perforated coil, particularly to determine the
plasma dimensions. No axial plasma segmenting?*
was observed at the low fill pressure and short
plasma length present.

B. Grazing-incidence spectrograph

To obtain maximum emission and spectral reso-
lution, the plasma was viewed axially with a 2.2-m
grazing-incidence vacuum spectrograph. Although
the instrument was equipped for photoelectric
measurements, the intensity was too low for sin-
gle-shot measurements, and multishot time-inte-
grated photographic (plate) recording was used.

A special gold-coated 600-grooves/mm grating??
with a blaze angle of 1.5° was used at an incidence
angle of 87.5° from the normal. Kodak short wave-
length radiation (SWR) plates were used in recording
the data. A slit width as great as 24 um was
necessary to obtain sufficient photon flux for a
reasonable number of discharges.

Baffles were placed before the entrance slit of
the spectrograph to assure that only radiation
from the plasma was recorded; i.e., impurity
radiation near the walls could not enter the spec-
trograph. The interior of the spectrograph was
also carefully baffled to prevent scattered radia-
tion from reaching the plate. A soot-blackened
central-image trap was necessary to prevent plate-
fogging from this radiation. No visible-light plate-
fogging was detected through a 6-mm-thick quartz
window, following these procedures.

Because of the construction of the spectrograph
and the low grazing angle used, the short wave-
lengths of interest fell close to the end of the
photographic plate. For this reason, and to better
approach the optimum blaze wavelength (~60 A
first order), the neon spectrum was observed in
second order with the overlapping first order ef-
ficiently reduced by thin filters of both VYNS-3
( copolymer consisting of nine molecules vinyl
chloride per vinyl acetate molecules; specific
gravity?® =1.39) and aluminum. Large areas of
VYNS-3 were readily prepared®* in 0.3-1.0um lay-
ers for high transmission, but were only useful for
wavelengths shorter shorter than the L edge of chlo-

rine, measured here tobe at 61.5 A. The alumin-
um filter is essentially opaque from 30to 172 A.

A large reduction in intensity from strong first-
order carbon-ion lines in the vicinity was an
indication of the efficiency of these filters.

C. Spectrograph intensity calibration

For analysis of the second-order neon spectrum,
both relative and absolute instrumental sensitivi-
ties were determined for the grazing-incidence
spectrograph over the true wavelength range of
12-23 A and for the photographic density range
of the data. This calibration was performed (see
Fig. 1) using a Henke-type®® high-current dc x-ray
source which emitted strong-line radiation from
anode elements of Zn, Cu, F, and O. A flow
proportional counter was used to measure the
photon flux entering the spectrograph slit,?® and
the calibration was performed through filters
identical to those used in obtaining the data from
the plasma. The counter was operated at atmo-
spheric pressure in P-10 gas (90% argon, 10%
methane) and at a potential of 1500-2000 V with
an energy resolution close to the theoretical limit.?”
Because the resolution is limited for such a count-
er, the spectra from the x-ray tube were also
measured with a Bragg rotating-crystal spectrom-
eter to identify possible blended impurity lines.
Details of the calibration techniques involved are
available elsewhere.?°

The resulting measured instrumental sensitivity
in units of exposure on the photographic plate
per photon cm™ at the entrance slit is shown as
a function of wavelength in Fig. 2 for second order.
In order to simulate the observed spectral fea-
ture with computations, the spectrograph sen-
sitivity data of Fig. 2 had to be rendered into
a computer-compatible form. This was done by
approximating the sensitivity with a second-order
polynomial whose coefficients were derived by
a least-squares fit to the data points in Fig. 2 and
to an additional point (needed to straddle the spec-

/S GRAZING-INCIBENCE
% SPECTRSRRAPH
NENKE-TURE
ANOSE

FIG. 1. Schematic of method for intensity calibration
of grazing-incidence spectrograph.
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FIG. 2. Second-order absolute sensitivity vs true
wavelength for grazing-incidence spectrograph in ex-
posure units (exp, consistent with Fig. 3) per photon
cm™ at the entrance slit. A data point at 25 A was de-
duced as discussed in text. Kodak type SWR emulsion
used.

tral range of the observations) at 25 A where the
sengitivity was estimated to be 1.5x107!® expo-
sure units per photon cm™. The choice of this
point ensured that the instrument sensitivity in-
creased monotonically with wavelength with a slope
approximately equal to that expected from both
rough-grating reflectivity calculations and from
calibrations on similar instruments.?®*2® The
selection of the above value for sensitivity at 25 A
is further supported by a calibration measurement
on the present spectrograph which provided a lower
limit for sensitivity at 23.7 A (oxygen Ka).

The density-versus-exposure data necessary
to complete this calibration are shown in Fig. 3
for both Kodak types SWR and 101 emulsions.
(The latter showed excessive surface irregulari-
ties and eould not be used for data collection on
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FIG. 3. Plate density vs exposure for Kodak types
101 and SWR emulsions for wavelengths shown. Expo-
sure scale (same for 8.3 and 13—-30 A SWR data) is
normalized such that an exposure of unity produces a
density of 0.6 and is consistent with Fig. 2. Absolute
exposure for type 101 emulsion ~ 1/6 that of type SWR
at same density.

the ¢-pinch; it proved useful in the relative cali-
bration, however.) The over-all accuracy of the
relative calibration was judged to be +15%. The
spectroscopic data for the double-electron transi-
tions are reduced below, using only this relative
calibration. The absolute calibration, which is
used below to deduce a consistent value for the
plasma electron density from the Ne®* ion line
radiation, is considered to be accurate to within
a factor of 3. Failure of the reciprocity law be-
tween the dc calibration and the 1-5-usec plasma
exposures is not expected to affect appreciably
the calibration, since grain activation is expected
to occur from single-photon exposure in this en-
ergy range.?®

III. OBSERVATIONS

The spectra were photographed in second order
through an ~ 4000-A-thick VYNS-3 filter by super-
imposing sequences of first 30 and then 50 dis-
charges at plate positions partially shifted par-
allel to the spectral lines, so as to provide a cen-
tral overlap exposure from 80 discharges. This
technique provided density-versus-exposure in-
formation directly from the data plate over the
wavelength range covered, by using lines of vari-
ous exposure. Densitometer tracings of the spec-
tra obtained for 80 discharges with 12% neon and
with 6% (molecular) oxygen added to a 15-mTorr
deuterium fill gas are shown in Figs. 4 and 5. All
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FIG. 4. Comparison between a densitometer tracing of
the time-integrated second-order neon prominence and
a computed blend of radiative-Auger emission (converted
to photographic density using Figs. 2 and 3 for SWR
emulsion). Relative contributions from each ionic
species are also shown in density units. A 5% contri-
bution from radiative-excitation-type transitions is in-
cluded here.
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FIG. 5. Comparison between a densitometer tracing
of the time-integrated first-order oxygen prominence
and a computed blend of radiative-Auger emission (con-
verted to photographic density using Figs. 2 and 3 for
SWR emulsion). Relative contributions from each ionic
species are also shown in density units. A 15% contri-
bution from radiative-excitation-type transitions is in-
cluded here.

of the major lines in these spectra have been
identified®» **3! ag originating in highly stripped
ions of carbon, nitrogen, oxygen, and neon.

The broad feature between 30 and 44 A (second
order) shown in Fig. 4 appeared only in the pres-
ence of strong resonance-line radiation from the
Ne®* ion, and is associated with a sufficiently
high electron kinetic temperature to excite the
Ka-type lines in this and lower ionic species of
neon. The direct association with neon ions
was confirmed by repeating the measurements
with 6% (molecular) oxygen, under which con-
ditions the same feature did not appear, and an
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additional feature appeared between 25 and 30 A
(first order) as shown in Fig. 5; the latter is asso-
ciated below with similar radiative-Auger transi-
tions in oxygen ions. As further verification, the
neon spectrum was repeated (with 160 discharges)
using an ~7500-A-thick aluminum filter, which
has no absorption edges in the vicinity, and the
third and fourth orders of the feature were re-
corded as well.

The measured absolute plasma emissions are
listed in Table II for the neon feature as well as
for nearby relevant lines. The absolute intensities
are given mostly for completeness, since it is
the relative intensity (~15% precision) which is
of importance in explaining below the source of
the prominent broadband emission and in deducing
an electron temperature for the plasma. The
absolute intensity (X3 accuracy) of the 23P-~11S
line of the Ne®" ion is only used in deducing a value
for the electron density.

IV. INTERPRETATION

In order to properly identify the origin of the
observed features, a model capable of simulating
the observations as closely as possible must be
developed. Such a model should first be capable
of predicting the over-all contour of the feature
as well as any reproducible discrete structure
detected. If possible, the observed intensity
should also be predictable. Finally, any further
predictions of the particular model chosen should
be consistent with observations.

A. Contour

Concerning the shape and structure of the fea-
tures, the instrumental calibration allows us to
conclude that the true emission decays with in-

TABLE II. Measured neon line and continuum emission per discharge from the plasma ac-
cording to the data shown in Fig. 4. The relative precision is expected to be +15% and the
absolute precision x3. The emission is over 4n steradians.

Wavelength Emission Power density ?
Species Transition A) (10'® photons) (10* W/cm?®)
Ne8* 1s2p 3P — 1521 13.55° 6.4 1.2
1s (%5)2s2p (P) %P — 15225 %S 13.65 C}
T+ 9

Ne 1s2p22D — 1s%2p 2P 13.71°¢ 1.28 0.22

1s22s7"12pk s
Ne?*-Ne™  1s2si2p* — {1522s"2p"'2np 15-22 160 Note d

(n =3, »)

2 Volume is 160 cm®; exposure time is 5 usec.

b See Ref. 31.

€ See Ref, 39.

dVolume and exposure time are variable for blended species.



1878 R. C. ELTON AND L. J. PALUMBO 9

creasing wavelength much more rapidly than can
be explained by the originally proposed® model
of 1s2s5'S—~ 1s2'S two-photon emission,* although
the short-wavelength portion remains consistent
with a reduced resonance-photon energy. The
shape is remarkably similar to that familiar in
Ka-satellite x-ray spectra and associated with
radiative-Auger transitions, where radiation
from a 2p— 1s transition is accompanied by the
release of a valence electron. It is this two-step
process, i.e., the filling of a 1s-orbit vacancy
by a 2p electron and the promotion of ancther
electron, that has been successfully applied here
in explaining the observed detailed contour. The
complete model must include creation of the
initial 1s-orbit vacancy and this is developed as
needed, first to estimate the relative emission
for each ion and finally to satisfy the over-all
consistency requirements for the model.

The dominant mode of that radiative-Auger
decay process which results in ionization may be
described for low-Z ions by

s' 1522s72p8 72 (
1s2s72p% = ! +hv +e, (1)
' 182231 —12pk-1§
where 0<j<2, 1sk=<6, j+k=2. The main
(2p - 1s) transition is electric dipole,® with the
energy shared by the photon kv and the
released electron. Monopole decay® (25— 1s) is
also possible as a double-dipole transition, but
is neglected here since the yield is expected to
be much lower than for dipole decay.®® Promotion
of an alternate 2s or 2p electron is assumed to
occur as a rvesult of the filling of the 1s-orbit
vacancy and is therefore considered to be gov-
erned by monopole selection rules,®3 which con-
siderably reduces the number of possible transi-
tions.*® A continuous spectrum of photons re-
sults corresponding to the range of kinetic en-
ergies for the ejected electron, the distribution
of which is given by calculations for 8 decay and
from experiments on photoionization. Promotion
of the alternate electron to a higher bound state
is also possible, with a probability decreasing
rapidly'? with increasing principal quantum num-
ber. Such excitation to 2 =3 orbits was included
in the numerical modeling in sufficient amounts
to fit the measured results.

The total radiative-Auger emission rate per cm?
is given by N;,N,PY ,, where N;, is the density of
ions in the initial state (no 1s vacancies), N, is
the electron density, P is the total rate coeffi-
cient for is-vacancy production, and Y,, is the
branching ratio for the radiative-Auger process.
In order to evaluate this for any particular ion,

it is necessary to know the relative population

rate NP for the various possible excited terms
formed from each significantly populated initial
term of density N ;.. The most likely mechanism
for 1s-orbit vacancy production in 6-pinch plasmas
has been found'® to be by electron-ion dielectronic
capture, whereby a 1s electron is promoted to a
higher bound orbit during the collision of an ion
with a free electron which has subthreshold kinetic
energy for direct excitation or ionization. The
rate coefficient P for this process and for a par-
ticular ionic configuration is determined by de-
tailed balancing® to be proportional to (w;/w;)A,S,
where w; and w; are statistical weights for the
initial and final terms, respectively, A, is the
autoionization rate for the final term, and S(7,)

is a Saha function dependent on the electron tem-
perature T',.

The total spectral profile for a particular ex-
cited term formed from a particular initial-ion
term thus scales as (w;/w;)N;,A,, assuming con-
stant values for N,, T,, and Y,, and this rela-
tion is used in computing the expected shape for
each ionic species. (The justification for this
assumption concerning Y, is that all double-elec-
tron transitions involved, i.e., radiative and non-
radiative Auger, scale the same with ionization,
and that the spontaneous radiative-decay contribu-
tion is negligible compared to the total decay rate
for low-Z ions.?"'%8) Mean values for the auto-
ionization rates A, for those terms within a (final)
configuration which are allowed to autoionize are
obtainable from recently calculated averaged
(over all terms and weighted according to statis-
tical weights) Auger rates for both neon®” and
oxygen® ions. These are obtained for both 2s2p
and 2p2p active-electron combinations by multi-
plying the calculated Auger rates by the total
statistical weight wy, for all terms in a given con-
figuration and dividing by the total statistical
weight for those terms permitted to autoionize.
Since no more detailed information is known on
term dependence, such mean values must suffice.
The results used for configurations important in
the present analysis (many are not required due
to insignificant initial term populations as dis-
cussed below) are collected in Table III. For
the Ne™ and O°" lithiumlike ions it has been possi-
ble to obtain separate rates for the 1s(25)2s2p(*P)
and 1s5(2S)2s2p(®P) configurations by equating the
calculated Auger rate to a statistically weighted
average of the autoionization rates for these two
configurations and requiring approximately a 4:1
ratio, respectively, for the autoionization rates,
according to recent calculations.®** % The branch-
ing ratio Y, was divided between 2s2p and 2p2p
active-electron combinations for all stages of
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TABLE III. Autoionization rates A,x10%/atu for configurations of total statistical weight w and terms shown in
neon and oxygen ions populated by dielectric capture and allowed to decay by radiative-Auger transitions (1 atu=2.42

%1071 sec).
2s-2s 2s-2p 2p-2p
Configuration wy Terms A,(Ne) A4,(0) Terms A,(Ne) A, 0) Terms A,(Ne) A, O)
1s2s%2p® 2 s 55.3
1s2s%2p° 12 p,%p 45.4
1s2s%2pt 30 ’s,%p,%p,'P 33.1 22.5
1s2s%2p° 40 %s,%P,%D, %S 24.6 18.9 'P,'p.*P,%D 24.7 18.0
1s2s2p* 60 ¢P)y’pP, ¢P)P, 47.9 35.1
3D , Sp
1s2s2p? 30 %5,2p 2p 4P 15.2 122 . 19.2 15.0
1s2s2p° 80 (PP, (P)P, 28.1 21.8
('D)*D, (D)D,
kip’AlD
1s2s%2p 12 'p,%p 15.4 13.2 P3P 8.61 7.25
1s2s2p° 60 s,'p,1p,3s, 11.3 9.47 's,'p,%s,%D 21.7 17.7
¢P)°’P, (PP,
p
152p° 40 p,p,%,%D 31.6 21.8
1s(S)2s2p (‘'P) 6 p 10.75  9.36
1s(S)2s2p éP) 18 p 2.69 2.34
1s2p? 30 %5,°D 24.2 20.6

ionization according to an expected 1:4 ratio,
obtained from available data for a change in
screening due to photoionization from the 1s or-
bit.4* (Such data seem more appropriate than those
from B decay'” for the present application.) The
required statistical weights w; for the final terms
correspond to those terms listed in Table III;
those for the initial terms w; correspond to the
relevant initial terms as discussed below. For
the portion resulting in ionization, the detailed
wavelength distribution of the photon emission
was determined using Eq. (24) of Ref. 12 for the
distribution of free-electron energy following
shake-off. Finally, the branching ratios between
transitions ending in ionization or excitation for
oxygen and neon were introduced as adjustable
parameters for best fit to the data for each ele-
ment.

In computing the contribution from each ex-
cited ionic term, the energies for the excited
configurations were obtained from calculations®
and those for the final configurations from the
combined binding energies of the electrons de-
termined from tabulated ionization potentials*®
and wavelengths®! and from calculated energy
levels.** From 1 to 13 excited ionic terms are
populated by dielectronic capture from signifi-

cantly populated ground-state terms and are
allowed to decay by radiative-Auger ionization into
from one to nine low-lying terms (filled 1s orbit)
of the next higher stage of ionization; from 6 to
58 of such transitions have a nonzero probability
depending on the species. For radiative-Auger
transitions involving excitation, an average (per
ionization stage) of 75 transitions from terms
with a 1s-orbit vacancy into terms with configura-
tions of the form 1s22s* 2p” 3l had to be considered.
The relative initial-ion term populations Ny,
were included as follows for neon ions (the re-
sults were also applied to the isoelectronic oxygen
ions). The analysis began with the Ne®" ion, since
the density of Ne®" ions is insignificant as evi-
denced by the absence of the Ly-«a line. In the
formation of Ne™ ions from Ne®*, only the 1s%!S
initial ground term is involved; the 1s2s3S “meta-
stable” term is not significantly populated since
it is not formed by autoionization of Ne™ and
since the rates for electron-collisional depopula-
tion both to the 1s2p3P term (for which the J =1
level decays rapidly*® to the ground term) and
to the continuum through ionization*'* greatly
exceeds the population rate from the ground
term.® % (Metastable-state depopulation by
Auger transitions is forbidden by energy con-
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siderations for the singly excited initial states
considered here.) For dielectronic capture onto
Ne’™ ions to form Ne®', about equal population
densities were assumed for the 1522s2S and 152 2p
2P initial terms, since 2s-2p electron-collisional
excitation® is balanced by collisional deexcita-
tion and radiative decay®! for the close spacing
involved and for the electron density derived in
Sec. IV D below. In forming Ne®" excited ions,

a population density for the low-lying 1s% 2s2p

’P “metastable” term in the Ne®* ion was assumed
to be equal to about one-half of that for the 1s%2s?
1S ground term from a measurement on a similar
g-pinch device.*” This ratio is much less than
the thermal equilibrium value of 9:1 and depends
on a balance between electron-collisional exci-
tation from the ground term%® and deexcitation
both by the inverse collisional transition as well
as by electron spin-exchange transitions (with a
rate coefficient of ~107!° cm®sec™ expected®®)

to the n =2 singlet terms. This ratio will be den-
sity independent, since only electron-collisional
rates are involved.

For lower ionic species, data do not exist such
as are available for the higher species, and rough
estimates are necessary. In forming Ne*", the
population of the 1s®2s2p* *P metastable term in
the Ne®* ion must be accounted for, as well as
the 1s?2s?2p2P ground term. The excitation rate
of the 2*P term from the ground term%? was taken
as the dipole rate given by the Bethe-Born ap-
proximation®*%* divided by 15 (from the available
Ne®" data®); the deexcitation rate was determined
by detailed balancing, and the 2*P- 22P rate co-
efficient was taken as 107 cm®sec™ again by
analogy to the Ne®* data. The resulting popula-
tion density ratio N(2%P)/N(22P) is approximately
one-half, which is less than the thermal equilib-
rium value of 2 (as was the case for the Ne®* ion).
Data also do not exist for forming excited Ne®*
ions. However, in the initial Ne** ion, the 1s®
2s22p% 1S and 'D terms are sufficiently close to
the ground term to be in thermal equilibrium.
Because of a low statistical weight, the popula-
tion of the 'S term is neglected and that of the
D term taken to be 2 that of the *P ground term,
according to the statistical weight ratio. An esti-
mate of the population of the 1s%2s2p°5S meta-
stable term was made in a similar fashion to that
for the 24P term in Ne®' above, using a 235-~23S
exchange-rate coefficient of 107*° cm®sec™
again*®+*:5%.58 and accounting for ionization from
the excited n =2 triplet levels.*®'* This popula-
tion was found to be negligibly small. For Ne®*
and Ne?* ions (Ne?* included in the analysis but
of negligible importance, as was Ne'* forming
neutral neon), which form Ne?* and Ne'*, respec-

tively, the n =2 metastable terms are sufficiently
close to the ground term and removed from higher
terms to assume an equilibrium statistical dis-
tribution to exist according to electron-collisional
spin-exchange excitation and deexcitation. While
these estimates for metastable population densi-
ties are approximate, the only effect of their
inclusion is in the finer structure of the gross
contribution for each species as shown in Figs.

4 and 5; i.e., they are included mainly for com-
pleteness.

The numerical results of this modeling for sev-
eral neon ions are included in Fig. 4, along with
a densitometer tracing of the total feature. Com-
puted and measured contours may be compared
directly, since the former have been corrected
for instrument efficiency and converted to plate
density. The finite spectrograph resolving power
was included by convolution. Shown in Fig. 4
is a computed blend as well as the individual
contributions from each ionic species, with the
emission weighted empirically according to fac-
tors of 8, 10, 6, 5, 4, and 2 for emissions from
Ne?* through Ne’' ions, respectively. A 5% con-
tribution from transitions ending in excitation is
included here for a best fit at the shorter wave-
lengths.

The blended-contour comparison for oxygen ions
is shown in Fig. 5, where empirical weighting
factors of 10, 6, 5, 4, and 2 have been used for
O?* through O°* ions, respectively. A 15% con-
tribution for the excitation mode was included for
best fit. In the case of oxygen, the hydrogenic
ion O™ is generated in the plasma as evidenced
by the presence of the Ly-« line; however the
analysis was not extended to include contributions
arising from the presence of this ion since the
relative contribution from the higher species has
already been indicated to be small; in any case,
no significant emission is found in the region of the
predicted O°* edge at 30.3 A. Since the oxygen
broadband emission occurs in first order and the
present instrumental calibration is limited to
second order, a first-order calibration®® com-
pleted on a similar instrument was adequate for
computing the relative oxygen emission for the
rather narrow wavelength band (~5 A) involved.

B. Intensity

It is clear from the results of the instrumental
calibration that the broadband emission relative
to that from the nearby heliumlike resonance
lines is far too intense to be explained as a sat-
ellite feature evolving from this ion alone. (The
fact that the features are observed only under
conditions where the heliumlike resonance lines
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are also emitted is most likely due to the re-
quirement of high-energy electrons for 1s-elec-
tron promotion and not to a more direct correla-
tion.) The association above with a blend of con-
tributions from various ionic species aids in ex-
plaining the large intensities observed, although
other indicators (such as line radiation) for these
species are absent in this spectral region. Re-
calling that the present results were necessarily
limited (by the low sensitivity of the detection
apparatus) to time- and space-integrated mea-
surements, it is clear that no further under-
standing can be gained concerning the emission
level; i.e., the broadband emission may be occur-
ring in different regions and for different time
intervals than for any particular nearby spectral
line to which it might be compared. Likewise,

no definite conclusions can be drawn concerning
the intensity ratio between the neon and oxygen
features.

C. Self-consistency

For any model, observations should be con-
sistent with all predictions. In radiative-Auger
decay (ignoring the ls-vacancy production phase),
Ko-type inner-shell lines should be present, as
well as satellite lines due to the promotion of
bound electrons to higher discrete levels. From
shake-up theory for low-lying orbits in ionized
species, the latter blended lines are expected
to contribute at the short-wavelength end of the
feature (~16 A in neon) and could be expected to
represent up to 23% of the total radiative-Auger
emission.”? This effect was included in the model
as described above, but the resulting emission
was found to be weak in the experiment (5% for
neon, 15% for oxygen from best-fit analyses).
Also, except for the lithiumlike ionic species,
no Ka-type inner-shell radiation was observed.

In order to explain the apparent absence of
strong inner-shell line radiation in the presence
of prominent radiative-Auger emission, it is
necessary to adopt a mechanism for 1s-orbit
vacancy production which can produce quasi-
stationary “would-be-bound states”®®*5® with the
captured electron in broad, quasidiscrete levels
from which it preferentially leaves through auto-
ionization (Auger) or radiative-Auger transitions.
In the dielectronic capture excitation model adopt-
ed above, such a metastable complex is formed
and may be considered as a subthreshold reso-
nance in the scattering of free electrons from
ions.® Following “capture,” stabilization may
occur through various channels such as (a) radia-
tive decay (rearrangement collision with radiative
recombination), (b) autoionization (elastic scat-
tering collision), or (c) radiative-Auger (re-

arrangement with bremsstrahlung-type emission).
[Radiative decay with alternate-electron excitation
may be considered a subchannel of (a) in this
context, with two photons emitted as line radiation
in the final stabilization.] Thus the observed
prominent emission might be considered as a
resonance in the normal electron-ion bremsstrah-
lung emission, with the intensity described by
interactions between discrete and continuum con-
figurations. The observed preference for re-
emission of the captured electron implies a short
interaction time compared both to a bound elec-
tron orbit time and consequently also to the life-
time of the excited state. Whether the dominant
continuum emission (over line emission) is asso-
ciated with a broadened contributing free-electron
energy distribution (associated with a short life-
time) or with a preference for 1s-electron excita-
tion into a variable-energy virtual state®-® with
an excited inner-shell electron below the 2p level
is not resolved.

In the simplified contour model adopted above,
radiative-Auger electron emission from a dis-
crete bound state (shake-off/shake-up model) was
assumed for convenience, rather than a quasi-
continuum distribution of energies. The effect
of this assumption on the numerical results has
been discrete steps (except for an included
instrumental smearing effect) for each species
indicated in Figs. 4 and 5. This has aided in
identifying the proper relative contribution to be
included for each ion. The added effect of fur-
ther smoothing of the edges due to quasidiscrete
levels is evident in the experimental data.

D. Plasma conditions

A specific knowledge of plasma conditions was
not essential in completing the above analysis.
However, since the broad features were observed
only when characteristic line radiation from the
heliumlike species was present, it is of interest
to ascertain that this line radiation corresponds
to normal plasma conditions for a ¢-pinch device,
that the measured electron temperature is suffi-
ciently high to assure abundant high-energy elec-
trons for inner-shell excitation, and that the di-
electronic-capture excitation model adopted, when
used to deduce an electron temperature, gives a
consistent value, i.e., that it is a valid model for
inner-shell excitation in this plasma.

A value for the electron temperature T, is ob-
tained independently of any knowledge of the elec-
tron density from a comparison of the spontaneous
emission / (7+) from the 1s(3S) 2s2p(*P) 2P~ 1s%2s
IS inner-shell line of the Ne™ ion at 13.65 A with
the emission I(8+) from the optically thin 1s2p%P
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~ 1s%1S intercombination line of Ne®* at 13.55 A.
It is assumed that the former line forms by di-
electronic recombination and the latter line by
electron collisional excitation from the ground
level.*%5* The intensity ratio is given by'®'3

1(2+) ) ;C}(g}( kT, ‘>eXP< kT, f)) (2)

where (£)=0.2 is an effective Gaunt factor aver-
aged over a Maxwellian velocity distribution,

w; =6 for the 1s(2S)2s2p(*P)2P term, A,

is the radiative decay rate for the Ne”* -ion line
(numerically equal to 1.74X107* atu™ or 7.2Xx10'?
sec™!), E;and E¥ are, respectively, thebindingen-
ergies of the ground and excited states of the Ne®* ion,
E, is thebinding energy of the Ne”* 1s(35)2s2p(* P)*P
term, « is the fine-structure constant, and a,

is the Bohr radius. The oscillator strength f is
taken as 0.55 from that for 1S—2!P excitation,
since the rate for this transition is approximately
equal (within 10%) to that for the total 1!S—~23S
+23P excitation which leads to the intercombina-
tion line emission (assuming the depopulation rate
of the n=2 triplet levels by spin-exchange col-
lisions to be small compared to the radiative de-
cay rate to the 1S ground level).*®: 5! Equa-
tion (2) yields an electron kinetic temperature of
kT, =150 eV for a measured intensity ratio of 0.1
(Table II), recalling that I(7+) here is approxi-
mately one-half of the Ne™ satellite-line blend.'®

A value for the electron density in the plasma
is determined from the measured absolute in-
tensity from the Ne®* intercombination line (see
Table II), which is optically thin because of the
low oscillator strength. The total intensity of
this line is again determined by the electron-
collisional excitation rate into the upper 1s2p%P
term and is given by N,N; X(i,i*)VAt, where
X(,i*) is the excitation-rate coefficient,*5*

V is the volume of the emitting plasma (= 160 cm?)
and Af=5 usec is the time interval for the emis-
sion, determined both from a numerical model
(see below) and from time-resolved soft-x-ray
measurements near 15 A through a thin (3 um)
nickel foil. Accounting for the eight electrons
contributed from each neon atom as well as those
from the deuterium atoms, an electron density

of N,=6x10* cm™ is deduced.

These measured values for electron tempera-
ture and density are in very close agreement with
calculated values for this particular plasma (shown
in Fig. 6) using a numerical model for 6-pinch
plasmas® which yields a peak electron kinetic
temperature of 27, =145 eV and density of N,
=6.2x10" cm™, with a Ne®* -ion existence inter-
val ot ~o usec. The electron temperature deduced
is also in close agreement with that found from

90° laser light scattering.®® The predicted ion
temperature T'; rises slower than the electron
temperature and approaches T, (within 20%) at
T usec.

From the results of the numerical simulation of
plasma conditions shown in Fig. 6, it is seen that
the electron temperature reaches 70% of its peak
value at 1.2 usec when the Ne®** ion is present
and the electron density has risen to greater than
10 ¢cm™3, so that there is a sufficient density
of high-energy electrons present to generate K-
shell vacancies in this and higher stages of ion-
ization. [The heliumlike ions (such as Ne®*) are
often the terminal point, since their ionization
potential is always much greater than the lower
stages.] Measurements of the contributions from
each ion stage are not possible at the low signal
levels available.

V. DISCUSSION

The shapes of the pronounced features observed
in the soft-x-ray continuum plasma spectra are
explained as blended emission from radiative-
Auger transitions following the creation of 1s-
orbit vacancies by inelastic electron-ion reso-
nance collisions in various ionic species. Such

RELATIVE ABUNDANCE

NeS™
c ! 2 3 a s e 7 8
TIME (usec)

FIG. 6. Numerically predicted spatially-integrated
population evolution for the neon ionization stages and
the maximum (radially) electron density and electron
and ion temperatures. Only sequential ionization and
radiative recombination are included.
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radiation represents a new energy-loss mech-
anism for the plasma, as the free electrons are
captured and subsequently released with consid-
erably reduced energy, with the excess energy
converted to radiation. For example, in the
present experiment the total emission from the
feature associated with neon is measured (Table
II) to exceed the expected total bremsstrahlung
and recombination emission®: * for the plasma
parameters and volume given in Sec. IV, although
again the specific regions of radiation are not
resolved. The importance of this emission to
the energy balance in a specific plasma,®*:%* is
not easy to predict at present, since the relevant
process rates for contributing ions are not well
known and the population densities of the various
ionic species present are often not known as func-
tions of time and space. Unfortunately, the
present experiment cannot provide further infor-
mation on the specific rates, since the emitting
volume and duration for each species is not mea-
surable. However, with what is presently known,
it is reasonable to assume that the presence of solely
hydrogenic and heliumlike species of light ele-
ments in high-temperature plasmas is not likely
to result in significantly increased radiative
losses due to radiative-Auger processes.
Radiative-Auger emission would seem to be
most important both ina plasma (such as generated
here) where the initial electron heating rate ex-

ceeds the impurity ionization rate so that several
intermediate stages of ionization can contribute,
and in hot quiescent plasmas in which cold im-
purity ions are likely to enter more rapidly than
they are stripped of outer electrons. To better
understand the significance of this process, it

is clear that observations under more favorable
conditions for detailed localized measurements
(perhaps forthcoming!) are required, as well as
further theoretical studies on the radiative-Auger
stabilization channel.
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