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Spectra of rare-earth atoms praseodymium, Z=59, to ytterbium, Z=70, emitted from the high-

temperature (1 keV) low-density (10"cm ') TEXT tokamak (at the Fusion Research Center, University

of Texas, Austin) and high-density (10 cm ') laser plasmas have been recorded in the soft-x-ray range
0

of 50-200 A with an image intensifier detector and on photographic plates. The brightest n =4 to n =4
transitions of galliumlike ions have been identified and their emission patterns have been studied by com-

parison with ab initio atomic structure calculations and collisional radiative models under the respective

plasma conditions. We have investigated the use of the ratios of the intensities of 4-4 transitions as indi-

cators of plasma densities. This is possible owing to the doublet structure of the galliumlike ground

state, which leads to a strong density dependence for ratios of transitions between low-lying levels. We

have also used semiempirical ionization balance calculations to characterize the charge state distribution
of the tokamak plasmas, in preparation for an investigation of the use of ratios of galliumlike to zinclike

and copperlike emission features as indicators of whether the impurities are in coronal equilibrium or
undergoing ionization.

PACS number(s): 32.70.Fw, 32.30.Jc, 52.25.—b

INTRODUCTION

Soft-x-ray emission from rare-earth elements
(Z =58—71) is of interest for its role in x ray laser and
inertial confinement fusion experiments, and also for its
potential as a bright x ray source for lithography and mi-

croscopy [1,2]. However, the main motivation for the
present work is the potential use of galliumlike lines, to-
gether with adjacent copper- and zinclike lines, of the
rare-earth ions as probes of transport phenomena in low-

density, high-temperature tokamak plasmas. The relative
intensity ratios of strong emission lines of copper-, zinc-,
and galliumlike ions will differ depending on whether co-
ronal equilibrium or transient ionizing (when particle
transport is fast) conditions obtain, mainly owing to the
eff'ect of excitation-autoionization processes [3]. The
temperatures of maximum abundance for the ions dis-
cussed here are affected by the inclusion of autoionization
and dielectronic recombination processes in ionization

equilibrium calculations. Anomalous" values for the
brightness ratios, i.e., ratios different from those obtained
assuming that each ion emits at its temperature of max-

'Permanent address: Racah Institute of Physics, The Hebrew
University, Jerusalem, Israel.

~Permanent address: General Atomics, San Diego, CA 92186-
9784.

imum abundance, are indicative of rapid transport in the
plasma.

Before exploring the use of rare-earth elements as
probes of transport phenomena in low-density plasmas,
we shall identify some n =4 to n =—4 transitions between
the lower energy levels in the galliumlike ions of the
rare-earth atoms, and explain how to use the relative in-

tensities of the spectroscopic emissions of heavy elements
in high-temperature tokamak or laser-produced fusion
plasmas to infer reliably the emitting plasma density.
The ground-state doublet structure of the galliumlike
charge state of the atoms in this study provides us with a
mechanism to estimate local plasma densities. This work
identifies the brightest lines of galliumlike ions from
Pr + to Yb + and examines the use of An =0 transi-
tions within the n =4 shell of those ions as possible densi-

ty diagnostics in high-temperature plasmas over a large
range of electron densities, 10' —10 ' cm

The emission pattern of rare-earth elemen's between 50
and 2000 A was first studied in low-energy laser-
produced plasmas at temperatures between 50 and 200
eV [4]. The quasiband emission patterns seen by Carrol
and O' Sullivan have been reproduced in a variety of
sources, such as high-energy laser [5,6], spark [7], and
tokamak [8] produced plasmas. All these spectra showed
a band of quasicontinuum, resulting from the superposi-
tion of a very large number of individual transitions emit-
ted by many charge states having 4p 4d or 4p" ground
configurations. Mandelbaum et al. discuss in detail the
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spectral composition of this band in Ref. [7]. Charge
states with relatively simple ground states, such as
copper-, zinc-, and galliumlike (4s, 4s, and 4s 4p, respec-
tively), dominate the emission spectra in plasmas with
electron temperatures in excess of 500 eV. These charge
states emit at wavelengths which in general are longer
than the wavelengths of the bands.

Resonance copper- and zinclike lines of praseodymi-
um, europium, gadolinium, dysprosium, and ytterbium
have been identified in tokamak plasmas [9] while praseo-
dymium, samarium, europium, gadolinium, and ytterbi-
um have been studied in laser-produced plasmas [10,11].
Further, the intercornbination lines of zinclike ions with
Z & 50 [12] and other weak zinclike lines of samarium,
gadolinium, dysprosium, and ytterbium in laser-produced

plasma spectra [13,14] have been reported. However, for
galliumlike ions, line identifications have been made only
for lower-Z elements, namely, from Br v to In xrx
[15—17].

Studies of galliumlike spectra for Z ~ 49 have resulted
in a serniempirical linear par ametrization of the
4s 4p Pi/2 P3/2 energy gap for all atoms from gallium
to uranium, based on replacing the nuclear charge Z with
a screened nuclear charge Z —S(Z) in the hydrogenic ex-

pression for the 4p fine-structure separation [18]. The ex-
pression includes a high-order Sommerfeld expansion of
the Dirac energy as well as quantum electrodynamics
corrections [19]. This linearity is observed experimental-
ly to hold for nuclear charges Z between 31 and 49 and
demonstrated in calculations for Z up to 58, at which
point relativistic effects in the atomic core cause a depar-
ture from linearity. Multiconfiguration Dirac-Fock cal-
culations [20] have modeled this departure from linearity.
Our calculations for the low-lying energy-level structure
of the galliumlike rare-earth atoms studied here predict
the same departure from linearity (see Fig. 1).

EXPERIMENTS

The rare-earth elements praseodymium (Z =59), euro-
pium (Z =63 ), gadolinium (Z =64), dysprosium
(Z =66), and ytterbium (Z =70) were introduced into
the TEXT tokamak (at the Fusion Research Center, Uni-
versity of Texas, Austin) by the laser blow-off technique
[21]. The most important parameters in the experiment
are summarized as follows: a toroidal magnetic field of
28 kG, a plasma current of 300 kA during the fiat top, a
plasma major radius of 100 cm, and minor radius of 27
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cm. The central electron temperature was 1 keV in most
of the experiments (but up to l. 5 —1.7 keV temperatures
were reached in helium discharges) and the central elec-
tron density was 3.5X10' cm . The radial profiles of
density and temperature are approximately Gaussian in

shape; the electron temperature is maximum on axis and
decreases to about 15 eV at the limiter radius [22].

The spectra were recorded by the grazing-incidence
time-resolving spectrograph (GRITS) developed at the
Johns Hopkins University [23]. The GRITS provides
wavelength coverage from 50 to 360 A and the detector
may be moved along the Rowland circle to cover simul-

taneously a 40—80-A region with a 0.7-A resolution [line
profile full width at half maximum (FWHM)]. The image
intensifier detector on the experiment provided a 5.4-ms
time integration of the incoming Aux.

The instrument has been photometrically calibrated
between 50 and 360 A, using synchrotron radiation from
the NIST SURF II electron storage ring. The uncertain-
ty in the absolute brightness measurements due to scat-
tered light, second-order contamination, and other eftects
is approximately 30%%uo. A wavelength calibration was

performed using a polynomial interpolation procedure
between well-known lines of intrinsic (C, 0, Ti, and Fe)
and injected impurities in the tokamak discharge; es-
timated uncertainty in the determination of the wave-
length of an unknown line is 0.2 A. For most of the mea-
surements reported here, the spectrograph viewed the
plasma along a line of sight through its center.

Figure 2 is a detailed europium spectrum taken from
the TEXT plasma in the wavelength range of 90 to 110
A. The trace displayed is one taken during the frame of
maximum copper- and zinclike emission from which the
intrinsic background (the frame before the europium in-

jection) has been subtracted.
In the laser experiments, a Nd-glass laser beam was fo-

cused on planar praseodymium, samarium, gadolinium,
dysprosium, and ytterbium targets. The laser energy was
70 J and the pulse shape was a Gaussian of 3.5 ns
(FWHM). The laser beam was focused to a spot size of
several micrometers and the power density on the target

was of the order of 10' W/cm . The pulse rate was

about one shot every 20 min, and three to six shots were
fired to obtain strong lines on the Kodak SC5 photo-
graphic plates. A 2-m grazing incidence Schwob-
Fraenkel spectrograph [24] equipped with a 600-
groove/mm grating allowed the recording of the spec-
trum over the 5 —350 A range. Its spectral resolution in

this experiment was 0.01 A. The recorded spectra in the
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FIG. 3. Comparison of the soft-x-ray emission of gadolinium

from a tokamak plasma (top) and a laser-produced plasma (bot-

tom). The frame shown for the tokamak spectrum is that of
maximum emission in the galliumlike e line. The dotted trace is

that of the tokamak plasma's spectrum just prior to the injec-
tion of the gadolinium.
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range of interest were analyzed by a microdensitometer
and the relative intensities were determined from the
measured photographic density. Although this spec-
trometer was not calibrated photometrically, the errors in
the relative line intensities are less than 30% for lines
separated by less than 5 A in the spectrum.

Figure 3 shows two gadolinium emission spectra in the
70—100 A range, one from the laser-produced plasma
(bottom trace) and the second from the tokamak plasma
(top trace). The gross character of the spectra rejects the
very different densities of the emitting plasmas; the laser-
produced plasma contains many more lines than the
tokamak plasma, and their relative intensities are
different than those of the tokamak spectrum. Finally, it
should be noted that the time-resolved nature of the

TABLE I. Transitions from the excited configurations 4$4p
and 4$4d to the ground-state configuration 4$4p in galliumlike
ions. Numbers in parentheses are the total J value for the level;
a subscript of —or + after an orbital quantum number indi-

cates either I —$ or I+$ coupling in a jj-coupling scheme, re-
spectively. For example, 4p+ would be a 4p electron with a to-
tal jof —'.

4$4p ( —')-4$4d ( —)

4$4p( —')-4$4d(
2 )

4$ '4p(
2 )-4$4p 4p+( —,

'
)

4$4p( —)-4$4p 4p ( —,
'

)

4$ '4p( —,
' )-4$4p 4p ( —,

'
)

4: 4p( )-4$4d(-, )

'

TABLE II. A comparison of the measured galliumlike transition wavelengths in the tokamak and

the laser-produced plasma with wavelengths calculated by RELAc. Also, a comparison between the
transition intensity as measured in the tokamak plasma and the prediction of a collisional-radiative
model.

Transition

Pr XXIX

a
b

C

d
e

Tokamak
wavelength (A)

87.7

125.7

128.3

RELAC
wavelength (A)

87.76
105.65
123.29
123.79
129.18

Tokamak
intensity

100 0'
b

20 0'

10.0'

CR Model
(10' cm )

74
24

100
7

75

Laser-produced
plasma wavelength

(A)

105.23
125.25
125.65
128.44

Eu XXXIII
a
b

C

d
e

Gd XXXIv
a
b
C

d
e

Dy xxxvI
a
b
C

d
e

Yb Xr.
a
b
C

d
e

77.9

102.8

105.6

74.1

98.1

100.6

67.5

89.1

90.9

57.4

73.4

74.5

77.00
105.65
101.35
123.79
104.88

73.26
89.15
96.55
96.84
99.66

66.74
83.61
87.71
87.95
90.13

56.08
73.50
72.47
72.64
73.96

100.0'

100.0

60.0

100.0'

100.0

60.0

83.0

100.0

80.0

100.0

80

82

100
12
97

3
81

100
5

72
1

62

100
2

62
1

57

74.14
90.95
98.11

100.45

74.22
73.40

74.56

'This transition is in the band produced by lower charge states; it is therefore difficult to measure its in-
tensity.
Blended with the copperlike 4s(J= —')—4p( J=

2 ) transition.
'This transition is suppressed due to excitation-autoionization processes.
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takamak spectrum lets one know whether low or high
charge states are emitting along the line of sight in the
plasma. On the other hand, time-integrated laser-
produced plasma spectra obscure the spatial and time
separation of various emitting charge states.

ATOMIC STRUCTURE CALCULATIONS
AND COLLISIONAL RADIATIVE MODELS

Ab initio atomic structure calculations have been per-
formed for copper-, zinc-, and galliumlike praseodymi-
um, europium, gadolinium, dysprosium, and ytterbium
using the parametric potential code RELAC, the relativis-
tic version of MAPPAc [25]. Using the HULLAc package
developed at Hebrew University and Lawrence Liver-
more Laboratory, a collisional-radiative model has been
constructed for the copper-, zinc-, and galliumlike ion of
each of the five atoms mentioned above [26].

Table I lists the transitions between the ten energy lev-

els derived from the configurations 4s4p and 4s 4d and
the levels of the ground-state doublet in the galliumlike
ions calculated using RELAC.

To study the use of high charge states of transition
metals as probes of transport phenomena in the plasma,
the relative abundance of gallium-, zinc-, and copperlike
ions must be estimated. From our collisional-radiative
models for each charge state, we create synthetic spectra
of the copper-, zinc-, and galliumlike ions emitted in co-
ronal equilibrium using relative abundances for the vari-
ous ions extracted from the literature [3,28]. The relative
abundance of an ion X to the next highest charge state
X +' is determined by the ratio of the total ionization
rate from X to X +' to the total recombination rate
from X +' to X . The terms in the ionization rate in-

clude direct collisional ionization and excitation autoioni-
zation, and the terms in the recombination rate include
radiative and dielectronic recombination.

As is pointed out in Ref. [3], excitation-autoionization
processes greatly suppress the galliumlike spectra of the
lower-Z rare-earth atoms, namely, praseodymium, euro-
pium, and gadolinium. There are strongly autoionizing
channels from the galliumlike charge states through
3d 4s 4p4f excited levels into zinclike 4s and 4s4p lev-

els [3,27]. These excitation-autoionization channels grow
progressively weaker as Z increases, until, at Z =66, they
become negligible as the autoionizing levels dip below the
ionization limit.

For zinc- and galliumlike charge states of praseodymi-
um and dysprosium, models of relative abundances have
been created in Ref. [3], where an ab initio calculation by
RELAC of autoionization rates was combined with stan-
dard approximations for direct ionization and radiative
and dielectronic recombination. The model for dysprosi-
um in that work is for a range of electron temperatures
which we find too low for the present work. In this pa-
per, the re1ative abundance of copper- to zinc- and zine-
to galliumlike ions is taken from Ref. [28]. The model of
charge state distributions found in Ref. [28] uses sem-
iempirical fits to relativistic distorted-wave approxima-
tion cross sections for electron-impact ionization,
Kramer's classica1 cross section for radiative recombina-

tion, and the Burgess and Merts formula for dielectronic
recombination rates, as well as a semiempirical, ad hoc
augmentation of ionization rates to account for
excitation-autoionization efFects in elements with Z 64.

RESULTS AND DISCUSSION
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FIG. 4 Soft-x-ray emission pattern of three rare-earth ele-

ments, Eu, Gd, and Dy. The frame shown for each element is

that of maximum emission in the galliumlike e line. Labeled

transitions are identified in Table I.

Table II lists measured and calculated wavelengths and
intensities for transitions a, b, c, d, and e for elements
with Z's between 59 and 70. The data for praseodymium
are calculated at T, equal to 600 eV for europium at 800
eV, gadolinium at 1000 eV, dysprosium at 1.6 keV, and
ytterbium at 2.0 keV. The temperatures used in the cal-
culation of the spectra of the galliumlike ion of praseo-
dymium, europium, and gadolinium are lower than usual-

ly assumed for maximum abundance, which rejects in-

cluding excitation-autoionization processes in ionization
balance calculations [28]. Because the excitation-
autoionization channels are quenched for Z ~ 66, only
collisional ionization and radiative and dielectronic
recombination are included in the ionization balance cal-
culation. Such a calculation predicts a maximum abun-

dance of Dy + and Yb + at a temperature under 1 keV.
These temperatures contradict what is seen in the experi-
ments. Thus the calculations of the temperatures of max-
imum abundance used here for dysprosium and ytterbi-
um were modified by an ad hoc enhancement of the
dielectronic recombination rate, which served to raise the
predicted temperatures [28] (explained in more detail
below). All intensities are normalized to the brightest
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line in the spectrum of each ion.
Figure 4 shows the isoelectronic trends of the stronger

galliumlike lines of europium, gadolinium, and dysprosi-
um in the tokamak spectra. The three strong transitions,
4s p( —,')—s 4d( —', ), s p( —,')—s pI/z p3/p(2), and
4s 4p( ,') —4s4—pI/24p3/2(2), (a, c, and e as named in Table
I, respectively) are identified in both tokamak and laser-
produced plasma spectra. There is another 4p-41 transi-
tion, b, and several other 4s-4p transitions, such as d, pre-
dicted to lie near these three in wavelength (discussed
below), but only a, c, and e were predicted to be bright in
the tokamak spectra. This is not surprising as a, c, and e
are fed collisionally from the ground state, where there is
always a large population. However, as the density of the
plasma increases the upper state in the 4s 4p doublet,
P3/Q is collisionally populated faster than its M l decay

to the ground state can depopulate it. As a result, b and
d are predicted to become increasingly bright compared
to a, c, and e. Thus emission from lines b and 1can serve
as density diagnostics between 10' and 10' cm . Emis-
sion features b and d are seen in the laser-produced plas-
ma, but due to the large uncertainty in the brightness
measurements on the photographic plates they are only
entered in Table II as wavelengths, and no statement is
made regarding their intensities.

Figure 5 shows the predicted behavior of the bright-
ness of transitions c and e (top) and b and d (bottom) rela-
tive to transition a (which remains strong at all densities,
and for all elements, analyzed here) as a function of elec-
tron density. (Since opacity afFects the brightness of reso-
nance lines at densities above 10' cm, calculations
above 10' cm included escape factors for a plasma 250
JMm thick and with the ion temperature nearly equal to
the electron temperature. ) The transitions c and e are
close in wavelength to each other and are well separated
from transition a. The figure serves to illustrate the
behavior of the galliumlike lines for these ions in a
crowded spectral region as a function of free-electron
density. This behavior of these ratios is very similar for
all of the ions considered here, even praseodymium, the
only difFerence being that in the models, a is not con-
sistently the strongest emission feature as a function of
density for Z (64. The figure also shows the experimen-
tal (tokamak) value of the c/a and e/a ratios along with
a 60% uncertainty in the measured brightness reflecting
the uncertainty in the estimate of the a line intensity.
This line always "sits" on the quasicontinuum generated
by the lower charge states with 4p 4d " ground
configurations. Since the laser spectra are not photome-
trically calibrated and the intensity estimates are limited

c/a &—

e/a &

LAc
47

C

01--

'c', 'e' both have ground state of 4s 4p(1/2), like 'a'2

FIG. 5. The calculated electron-density
dependence of galliumlike transition emissivi-
ties between 10" and 10 ' cm . The top
frame is of the ratio of Gd xxxrv c and e to a
at T, =800 eV and the bottom frame is b and d
to a also at T, =800 eV. Labeled transitions
are identified in Table I. Opacity effects
strongly determine the shape of the ratios for b
and d above 10' cm
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by the crude model used to account for opacity, we did
not compare the experiment with the prediction in Fig. 5.

As was reported in Ref. [3], excitation-autoionization
processes make observations of the brightness of gallium-
like praseodymium and europium emission features very
difficult because the fractional abundance of the charge
state is greatly suppressed. While it is very difficult to
measure accurately the intensity of a for praseodymium
in the presence of emission from lower charge states, it is
straightforward to compare the intensities of lines c and e
for praseodymium. The agreement between the mea-
sured relative brightness of praseodymium emission
features e and e in the tokamak spectra and the predicted
relative brightness of the features in the collisional-
radiative (CR) model is quite good. Good agreement is
achieved between the measured line intensities in the
tokamak and the predictions of the collisional-radiative
model for europium and gadolinium.

From praseodymium to gadolinium, the brightness of
transition c is always greater than that of e in the
tokamak spectra. This brightness is observed to reverse
in relative strength for dysprosium and ytterbium (see

Table II). The collisional-radiative model calculation
predicts that for all Z, the value of the brightness of c will

be greater than the value of the brightness of e, but the
discrepancy between theory and experiment is small com-
pared to the 30% uncertainty in the brightness measure-
ments of each line.

RELAc calculations reveal that as Z increases from
praseodymium to europium, the 4s 4d3/p5/2 levels de-

crease in energy relative to the 4s (4@3/3) J =
—,', —'„and —',

levels. Figure 6 shows the energy-level diagrams for
some of the first 12 levels of Pr +, Gd +, and Yb +, re-
spectively. (The corresponding diagrams for Eu 2+ and

Dy + would look just like that of the gadolinium ion. )

Note the crossing between the 4s 4d3/3 level and the

4s(4@3/3) complex that occurs between Pr + and Gd +

and between the 4s 4d, /3 level and the 4s(4@3/2) com-

plex that occurs between Gd + and Yb +. The level

crossings shown here between the 4s 41 complex and the

4s(4@3/3 ) complex cause predicted shifts in position rela-
tive to each other of the galliumlike transitions b, f, and

d, identified in Table I. That is, in Table II, b is shorter

Pr XXIX Enerav Level Dlaaram

1 1 84861
1 1 48232

4s 24rS

1 05426 1

1 0461 60

91 7063 4
4s(4p. )

I
I5/2

4s24p
I
I9/2 1 /2

I I
I I I Total J1/2 ".3/2 5/2

1 4881 68
1 45692 1

13986551370598

1 251 1 65

R

4s24p

Gd XXXIV Enerav Level Oiaaram

Yb XL Enerav Level Diaaram

4s24d

4s(4p+) 2

Total 8

FIG. 6. Energy-level diagram for some of
the first 12 levels of Pr '+, Gd '+, and Yb' +.
Levels shown come from the 4s 4p, 4s(4p3/p)',
and 4s'4d configurations. Odd-parity levels

are on the left-hand side of the center line,
even-parity levels are on the right.

2009527
1 968922
1 95307 1

4s 4d

1 789050
1 785556 4s(4p )

4s+4 p

I
I3/2
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Gal-like FIG. 7. Synthetic spectrum for the rare-
earth element dysprosium showing emission

from gallium-, zinc-, and copperlike charge
states. The spectrum is calculated at T, =1.6
keV for all charge states and with

n, =3.0X10" cm '. All charge states in this
spectrum have been given equal relative abun-

dance.
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wavelength (A)
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in wavelength than d for Pr + but longer in wavelength
than d for Yb +. All three of these transitions end on
the 4s 4p3/2 level; thus the energy ordering of their upper
states determines the ordering of their wavelengths. The
observed shift of the wavelength of transition b with
respect to that of transition c (b is much shorter than c
for praseodymium, and longer than c for ytterbium) on
the other hand is due to the increased splitting of the two
4s 4p ground levels. A similar effect should have been
seen for transitions f and e. Unfortunately, f was too
faint to allow for a wavelength measurement to be report-
ed here.

Figure 7 is a synthetic spectrum of dysprosium with
copper-, zinc, and galliumlike ions present and with adja-
cent charge states coupled through ionization balance
calculations as described above. The spectrum is calcu-
lated with an electron temperature of 1600 eV for the
gallium-, zinc-, and copperlike charge states, and with an
electron density of 3.0X10' cm . Emission features of
gallium-, zinc-, and copperlike dysprosium are barely
measurable in plasmas with core temperatures of 1.0 to
1.2 keV, as shown in Fig. 8. As one can see by compar-
ing Figs. 7 and 8, given the conditions used in the syn-
thetic spectrum, the model agrees well with the experi-
mental spectrum. The discussion of the relative abun-

dance of the three charge states has been briefiy present-
ed in Ref. [28]. As is mentioned above, this implies that
our initial estimate of a temperature of maximum frac-
tional abundance for galliumlike dysprosium of under 1

keV is too low. The calculation for the relative bright-
ness of emission features in Table II was done at a
"modified" electron temperature of 1.6 keV; the intensi-
ties in Table II are relative intensities and are insensitive
to changes of a factor of a few in temperature. This work
is currently being developed in another paper.

CONCLUSION

Soft-x-ray spectra of highly ionized rare-earth atoms
have been recorded from tokamak and laser-produced
plasmas. The transitions between ground, 4s 4p, and ex-
cited 4s4p and 4s 4d states in galliumlike ions have been
studied by comparison of the experimental data with pre-
dictions of ab initio energy-level calculations and
collisional-radiative models. Three transitions, a, c, and
e, fed by the 4s 4p( —,') true ground state have been
identified in both plasmas. Predictions of the brightness
ratios of these emission features at low densities and low
Z agree well with experimentally measured ratios. At
higher densities, opacity effects and blending make the
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FIG. 8. Two experimental spectra of
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copperlike emission features in the 85—95-A
range. Bottom frame: recorded in a plasma
with a core temperature of 1.5 keV. This spec-

0
trum is a blow up of the 85—95-A range where
the gallium-, zinc-, and copperlike emission
features are found. Both spectra are on the
same absolute brightness scale.
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comparison dificult.
We also identify in the laser plasma two transitions, b

and d, fed from the higher energy J =
—,
' component of the

ground configuration. These transitions exhibit a strong
density dependence in their emission brightness. A sixth
transition, 4s 4p( —', )—4s 4d( —', ), was too faint to be mea-

sured.
For each rare-earth ion, calculations of the energy-

level structure and scaling as a function of Z need a fully
relativistic atomic structure code. Our studies reveal lev-

el crossing in galliumlike ions that cause a corresponding
reordering of their emission features. Also, isoelectronic
trends in the ground term doublet splitting of these ions
were studied. Agreement between our results at high Z's
and previously published results at lower Z's was found
for the ground-state fine structure of these ions.

Another point of this study is to lay the ground work
to see if galliumlike emission features can be used in com-

parison to zinc-, and copperlike emission features as a di-

agnostic measure of transport phenomena in tokamak
plasmas. By using a detailed ionization equilibrium rnod-

el, we were able to construct an accurate model of the
charge state distribution in the plasma under equilibrium
conditions. Comparisons made between models for
dysprosium. and the experiment are in agreement, and
will be discussed in more detail in a forthcoming paper.
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