
PHYSICAL REVIEW E 68, 036402 ~2003!
X-ray spectral measurements and collisional radiative modeling
of Ni- to Kr-like Au ions in electron beam ion trap plasmas

M. J. May, K. B. Fournier, P. Beiersdorfer, H. Chen, and K. L. Wong
Lawrence Livermore National Laboratory, P.O. Box 808 L260, Livermore, California 94551, USA

~Received 23 April 2003; published 19 September 2003!

The line emission ofn57→3, 6→3, 5→3, and 4→3 transitions in Ni- to Kr-like gold ions produced in
the Livermore electron beam ion traps EBIT-I and EBIT-II has been recorded with an x-ray crystal spectrom-
eter and a photometrically calibrated microcalorimeter. The plasmas had either monoenergetic electron beams
with Ebeam52.66, 3.53, or 4.54 keV or an experimentally simulated thermal electron distributions withTe

52.5 keV. The electron densities were'1012cm23. The measured spectra have been compared to atomic
structure calculations and synthetic spectra provided by the Hebrew University Lawrence Livermore Atomic
Code atomic data package. Line identifications and accurate photon energy measurements have been made for
many collisionally excited transitions. Approximately 140 lines have been identified in nine charge states.
Agreement within 20–30 % exists between the measured and modeled line intensities for most lines excited by
the monoenergetic electron beam plasmas, although some larger discrepancies can be found for some weaker
features.

DOI: 10.1103/PhysRevE.68.036402 PACS number~s!: 52.20.Fs, 52.25.Jm, 34.70.1e, 34.80.Kw
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I. INTRODUCTION

High temperature plasmas exist inZ pinches@1,2#, toka-
maks @3–5#, astrophysical objects@6#, and laser produced
plasmas@7–9#. Important parameters such as radiation o
put, energy deposition rate, charge state distribution, en
balance, etc., must be correctly predicted to understand t
plasmas. In indirect-drive inertially confined fusion~ICF!
plasmas, laser radiation heats the inside of a gold hohlra
producing a plasma that emits intense x rays. The x-ray
diation drives the capsule implosion and influences the
sulting fusion yield. Understanding the radiation drive r
quires the correct implementation of atomic physics in
modeling codes that are used to predict the intensity
photon energy of the Au x rays. Experiments must be don
a variety of conditions, not just those involving hohlraum
to provide the relevant atomic data and to test the mode
codes. For example, accurate measurements in low de
plasmas of the photon energy of line emission can be use
correct the energy level structure calculated by atomic st
ture codes and to improve the calculated rates of the ato
physics processes used for the modeling of high density
periments. Also, emission line intensities measured in
density plasmas can be used to advance collisional radia
models and serve to select among the different approa
for calculating electron impact rates.

The need for controlled laboratory measurements
provide accurate atomic data is clear. Gold x-ray spectr
ICF relevant spectral regions have been previously stud
by Kiyokawa et al. @10#. They recorded the 5f→3d and
6 f→3d line groups from Ni- to Ga-like Au withEphoton of
3–4 keV from a laser heated gold disk. However, these
groups were misidentified as being composed of the 6d3/2
→3p3/2 and 6d3/2→3p1/2 transitions. In later laser-produce
plasma experiments, Bauche-Arnoultet al. @11# re-measured
and correctly identified these line groups. In an experim
with the NOVA laser, Foordet al. @12# inferred the average
1063-651X/2003/68~3!/036402~11!/$20.00 68 0364
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charge statêq& of a gold plasma from the 5f→3d lines in
the Ni- to Kr-like ions. For this experiment, a gold microd
buried in a Be foil was laser heated to steady state condit
with Te52.2 keV andne5631020 cm23. The^q& of 149.3
was inferred by comparing the recorded spectrum with m
eling from the Hebrew University Lawrence Livermor
Atomic Code~HULLAC ! @13#. Glenzeret al. @14# also mea-
sured a spectrum of the 5f→3d lines emitted from a fusion
hohlraum plasma withTe52.6 keV, ne51.431021 cm23,
andTrad5210 eV and inferred âq& of 15261. Foordet al.
and Glenzeret al. found reasonable agreement between
observed value of̂q& and predictions from the plasma mod
eling codeRIGEL @15#. However, the modeling of the spectr
features in the high density experiments was challenging
to the many competing processes and effects~e.g., opacity,
two-electron processes, photoionization, pressure broa
ing, etc.! and the transient nature of the experiment. Li
identification and photon energy measurements were
possible due to the presence of unresolved transi
arrays@11#.

Here we present a systematic study of the emission fr
Ni- to Kr-like gold by using the plasmas of the Livermor
electron beam ion traps EBIT-I and EBIT-II@16,17#. The
gold plasmas were created with either a monoenergetic e
tron beam or an experimentally simulated thermal elect
distribution. The line emission from the gold ions was o
served in steady state at densities of'1012 cm23. The plas-
mas at these densities have fewer active atomic physics
cesses and are more straightforward to model than the l
produced plasma experiments. Tra¨bert et al. @18# used these
plasmas to identify and to measure the photon energies o
n54→4 extreme ultraviolet~EUV! transitions between 30
and 60 Å from Cu- to Kr-like gold ions. In addition, th
charge state distribution~CSD! of gold has been inferred fo
both the experimentally simulated thermal electron distrib
tion and monoenergetic beam plasmas by comparing
measured spectra with HULLAC modeling@19,20#.
©2003 The American Physical Society02-1
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For this paper, we recorded the emission fromn54→3,
5→3, 6→3, and 7→3 x-ray transitions from Ni- to Kr-like
gold ions between 1500 and 5000 eV by employing bot
photometrically calibrated x-ray microcalorimeter~XRS!
@21# and an x-ray crystal spectrometer@22#. HULLAC was
used to calculate the atomic structure and rates for comp
sons with experiment. Approximately 140 emission lines
tween 1500 and 5000 eV have been identified, and accu
photon energy measurements have been made. Differ
between the measured photon energies and HULLAC ar
large as 20 eV, though many lines agree within a few
Synthetic spectra for plasmas withEbeam53.53 and 4.54 keV
were generated by HULLAC and by using the CSD measu
ments in Ref.@20#. Agreement within 20–30 % exists be
tween the XRS spectra and the HULLAC predictions for t
more intense lines, although large discrepancies do exis
some of the weaker lines. In these low density plasmas
collisional excitation models for the Ni- to Ga-like charg
states have been validated to this level of accuracy ov
very broad photon energy range~1500–5000 eV!. This
analysis illustrates the limitations of modern spectral mo
calculations. The present analysis implies that HULLA
may provide spectra with similar accuracy for high dens
collisional plasmas, especially if the photon energies are
rected to the experimental values.

II. EXPERIMENT

Gold plasmas were produced in the electron beam
traps EBIT-I and EBIT-II by successive electron collision
ionization of low-charged ions introduced into the trap fro
a metal vacuum vapor ion source@23#. Radial trapping of the
ions in the electron mode@24# was achieved by the electro
static attraction of the electron beam. Two end drift tub
which have a positive bias of a few hundred volts with
spect to a center drift tube, confined the ions axially alo
the beam. Plasmas produced by either a monoenergetic
tron beam or an experimentally simulated thermal elect
distribution were utilized to obtain the data presented he

The monoenergetic electron beam plasmas create
EBIT-I had energiesEbeam of 4.5460.04, 3.5360.04, and
2.6660.04 keV. The reported beam energies are correc
for the space charge effects of a beam current of'55 mA.
The space chargeVsp (eV) is estimated to be22.5I beam

(mA)/AEbeam(keV) @16#. The electron beam had a Gaussi
electron energy distribution with a full width at half max
mum of '50 eV. After entering the trap, the gold was io
ized by the monoenergetic beam for'50 ms. The time his-
tory of the Au x-ray emission was monitored with a soli
state Ge detector to check when it came into steady s
which was after 1 sec. The ions were held in the trap by
monoenergetic beam for another 8 sec for the spectral m
surements. The trap was then emptied by removing the v
age on the upper drift tube. For each of the beam energ
the trapping cycle was repeated for a total data acquisi
time of '12 h during which time spectra were recorde
This time was necessary for the x-ray crystal spectrom
and the XRS to collect a sufficient number of counts.
XRS data were taken for the 2.66 keV plasma.
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For the EBIT-II plasma with the experimentally simulate
thermal electron distribution, the gold particles were initia
ionized with a 2.2 keV monoenergetic electron beam
'50 ms after entering the trap. Then the electron beam
ergy and anode voltages were swept to map out a Maxw
Boltzmann ~MB! electron distribution in time with a tem
perature Te of 2.5060.04 keV by using the technique
described in Ref.@25#. In each sweep, the time spent at
electron beam energy was proportional to the experiment
simulated temperature’s Maxwell-Boltzmann electron dis
bution probability at that energy. The reported temperat
includes the space charge correction for'41 mA of beam
current. The beam energy was swept in 256 discrete volt
steps between electron energies of 0.2 eV and 12.5 keV. C
currently, the anode voltage was swept to maintain a cons
density in the electron beam. Each sweep, which lasted 5
was continuously repeated until the end of the elect
mode. Again, the Au x-ray emission was monitored a
came into steady state after about 1 sec. The Au ions w
held in the trap and interacted with the MB electron beam
another 6 sec during which time spectra were measured.
trapping cycle was repeated for'12 h until sufficient signal
was recorded by the x-ray crystal spectrometer. The X
was not installed on EBIT-II during the MB experiments.

The x-ray crystal spectrometer@22# recorded in first order
the high-resolution spectra of then55 f→3d and the n
54 f→3d transitions of Ni- to Kr-like gold ions between
photon energies of 3100 to 3500 eV and 2400 to 2600
respectively. Sample raw spectra for plasmas withEbeam
53.53 and 2.66 keV are shown in Figs. 1 and 2, respectiv
The design of the x-ray crystal spectrometer accommoda
two channels each having a separate crystal and gas
proportional counter, which allowed both spectral ranges
be measured simultaneously. For these measurements
Si~111! crystals with lattice spacings of 2d56.2712 Å were
used. The nominal Bragg angle was 36° for the 5f→3d

FIG. 1. Raw 4f→3d spectrum at an electron beam energy
3.53 keV recorded with the x-ray crystal spectrometer.
2-2
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transitions and 53° for the 4f→3d transitions. The x rays
from each crystal were dispersed onto one of the t
position-sensitive, gas flow proportional counters filled w
'1 atm of P10 gas. The gas counter windows were eith
4 mm of polypropylene or 1mm of polyimide. In addition,
each window was coated with a 100–200 Å Al layer.
vacuum isolation window composed of 0.5mm of polyimide
was located between the crystal spectrometer and EBIT-
EBIT-II. The total energy coverage of each channel w
'500 eV for the 5f→3d and '300 eV for the 4f→3d
transitions. The energy resolution was'5.0 eV at 3300 eV
and'2.5 eV at 2500 eV. A sharp falloff in the efficiency i
the higher energy spectrum occurred below 3210 eV du

FIG. 2. Rawn54 f→3d spectrum at an electron beam ener
of 2.66 keV recorded with the x-ray crystal spectrometer.

FIG. 3. Raw XRS spectrum in a plasma havingEbeam of 4.54
keV.
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the Ar K absorption edge in theP10 gas. The lower energy
region did not have anyP10 absorption edges. The absor
tion of the gas and the transmission efficiency of the w
dows were taken into account when the experimental sp
trum was compared with the modeling.

The XRS microcalorimeter@21# recorded gold spectra be
tween 1500 and 7500 eV. It was used to determine the p
ton energies for the spectral regions not covered by the c
tal spectrometer and to measure absolute line intensi
Sample raw spectra are shown in Figs. 3 and 4 forEbeam
54.54 and 3.53 keV, respectively. The XRS at our facility
the engineering version of the NASA Goddard Space Fli
Center microcalorimeter flown on Astro-E@26#, which failed
to reach orbit. The XRS detector head consisted of an a
of 36 ion-implanted thermistors~30 active! with a 8.5-mm
thick HgTe photon absorber that had a total effective area
12.5 mm2. The thermistors directly measured the tempe
ture change of a single photon absorbed by the HgTe
spectrum can be extracted from the thermistor data since
change in temperature caused by a photon absorption is
portional to the photon energy. To measure the small chan
in temperature, the detector head was cooled to an opera
temperature of 59 mK by an adiabatic demagnetization
frigerator mounted inside a Dewar filled with superfluid h
lium. Since each absorber-thermistor must be recooled a
each photon event, the maximum count rate was limited
'100 counts per second across the entire array. This c
rate is well suited for astrophysical observations. The pho
fluxes from EBIT-I and EBIT-II plasmas are typically ver
low. However, to keep the total flux onto the XRS below t
saturation point, the beam current was kept below 60 m
The width of the observed lines was'12 eV. This was
slightly larger than the 10 eV nominal resolution of the XR
and may be the results of small instrumental drifts during
12 h integration times.

A filter stack was located at the entrance of the XR

FIG. 4. Raw XRS spectrum in a plasma havingEbeam of 3.53
keV.
2-3
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which isolated its vacuum from that of the plasma a
reduced the thermal loading on the Dewar. The fil
stack consisted of five thin foil filters~four Al/polyimide
with thicknesses of 545 Å/795 Å, 1023 Å/1045 Å
1023 Å/1085 Å, 1023 Å/1085 Å, and 200 Å/1000 Å). Th
photometric response of the XRS has been determ
@27,28# and was applied to the raw spectra for comparis
with the HULLAC modeling. The photometric respons
~Fig. 5! included both the transmissions of the filters~short
dashed line! and the absorption of the HgTe~long dashed
lines!. The K absorption edges of O and Al at 525 eV a
1480 eV, respectively, are seen in the filter transmiss
curve. The HgTe absorption efficiency was.95% for pho-
tons that had less than 6 keV of energy. At the higher pho
energies, the absorption efficiency in the HgTe dropped
<75% at 8 keV.

III. PHOTON ENERGY CALIBRATIONS

For the x-ray crystal spectrometer, the photon energy c
bration of each crystal-proportional counter channel was
termined separately from well-known calibration lines. F
the 3100–3500 eV range, the calibration lines used were
2p→1s Ly-a1,2 transitions in H-like argon and the 1s2p
→1s2 (1P1→1S0), 1s2p→1s2 (3P1→1S0), and 1s2s
→1s2 (3S1→1S0) resonance, intercombination, and forbi
den lines in He-like argon. The equivalent H-like and He-li
transitions of sulfur from SF6 gas were used to calibrate th
2400 to 2600 eV region. These calibration lines have b
calculated with much higher accuracy than the uncertaint
our measurements@29,30#. The gases Ar and SF6 were intro-
duced into the plasma by using a gas injector that ha
continuous flow. The calibration spectra were measured
plasmas with constant electron beam energies of 4.4 keV
Ar and 3.7 keV for SF6, without gold being injected into the
trap.

The calibration lines measured by each crystal-dete
channel were fit with a Gaussian line profile to determ
their central channel numberxc . Each central channel num
ber corresponded to a Bragg angleuc and a photon wave
lengthlc through the Bragg dispersion equation. A linear
was performed on the calibration points to relateuBragg to

FIG. 5. Photometric response of the XRS.
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channel numberx for each crystal-detector channel. The
was inserted into the Bragg equation to obtain the wa
length

nl~Å!52d sin~uBragg!52d sin~mx1b!.

The variablesm andb are the fitting coefficients. The photo
energy for each crystal-detector channel was obtained f
Ephoton(eV)512 398.42/l(Å). The profile of each Au line
was fit with a Gaussian function to determine its cent
channel number and intensity. The photon energy of e
line was obtained from the appropriate calibration. The
perimental error on each measured energy included the
certainty in determining the centroid of the calibration a
the gold lines and the uncertainty in the fit of each ene
dispersion. The measured photon energies for the 4f→3d
and 5f→3d transitions are listed in Table I with the unce
tainties on the measurements given in parenthesis after
photon energies.

The photon energy calibration of the XRS was determin
between 300 and 7800 eV by also using a set of well-kno
calibration lines. These lines were the 2p→1s Ly-a1,2 tran-
sitions in H-like C, N, O, Ar, and Fe and the 1s2p→1s2

(1P1→1S0), 1s2p→1s2 (3P1→1S0), and 1s2s→1s2

(3S1→1S0) resonance, intercombination, and forbidden lin
in He-like N, Ar, and Fe. In addition, the 1s3p→1s2 (1P1
→1S0) line of He-like Fe was also used. Nitrogen and arg
gas were injected into the trap for the calibration measu
ments. Carbon and oxygen were present as background
in the trap. Iron was introduced into a plasma having a be
energy of 8.1 keV by using the metal vacuum vapor i
source.

The photon energy calibration of each of the 30 pixels
the XRS was determined separately. The central channe
each calibration line was determined from a Gaussian line
The photon energy versus channel number data for e
pixel was fit with a fourth order polynomial. Each XRS pix
had a slightly different fit and photon energy calibration. T
final XRS spectrum was the sum of all the pixel measu
ments after the application of the polynomial fits. The phot
energy and intensity of each Au line was obtained from
Gaussian fit to the final XRS spectrum. For blended lin
each feature was fit with as many Gaussians as necessa
get a good fit. For some features, especially below 3000
~e.g., Zn4sd-1!, it was impossible to determine individua
lines even with a sufficient number of Gaussians in the
Consequently, these features were considered to be
‘‘line’’ with an average photon energy and a total intensi
The measured photon energies are listed in Table I. The m
surements of the 4→3 and 5→3 and Ni4pd-1 transitions
with the XRS are not given since the crystal spectrome
provided more accurate photon energies.

The error on each photon energy included the uncerta
in determining the centroid of the calibration and the go
lines, the line blending, the uncertainty in the energy disp
sion, and the accuracy of the polynomial fit. For the ve
blended features below 3000 eV, the uncertainties were
termined from the widths of the total line feature. The erro
~in eV! in the energy dispersion resulted from drifts in th
2-4
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TABLE I. Au wavelength identifications of then54→3, 5→3, 6→3, and 7→3 transitions measured with the XRS and x-ray crys
spectrometers. Column 1 contains a label given to each line, which includes the isoelectronic sequence,n and, of the upper level,, of the
lower level, and a unique number for each line. Errors on the experimental photon energies in eV are given in the parenthesis. ‘‘b’’
a blended line. ‘‘u’’ signifies an unidentified line.

Label
Charge
state Instrument

EExperiment

(eV)
EHULLAC

(eV) EExperiment-EHUL JUpper-JLower Transition

Ga4sd-1 Au481 XRS 1798.8~4.0! 1798.34 0.46 5
2 -1

2 3p63d3/2
4 3d5/2

5 4p1/2
2 -3p63d104s4p1/2

2

Zn4sd-3 Au491 XRS 1812.9~4.0! 1818.75 25.9 2-1 3p63d3/2
4 3d5/2

5 4s24p1/2-3p63d104s4p1/2

Zn4sd-3 Au491 XRS b 1819.81 26.9 3-1 3p63d3/2
4 3d5/2

5 4s24p1/2-3p63d104s4p1/2

Zn4sd-2 Au491 XRS b 1826.92 0.58 2 - 0 3p63d3/2
4 3d5/2

5 4s24p1/2-3p63d104s4p1/2

Zn4sd-2 Au491 XRS 1827.5~4.0! 1827.38 0.12 4-2 3p63d3/2
4 3d5/2

5 4s24p3/2-3p63d104s4p3/2

Cu4sd-3 Au501 XRS 1843.9~1.6! 1842.23 1.7 5
2 - 1

2 3p63d3/2
4 3d5/2

5 4s2-3p63d104s
Ni4sd-1 Au511 XRS 1862.8~1.6! 1860.84 2.0 2-0 3p63d3/2

4 3d5/2
5 4s-3p63d10

Zn4sd-1 Au491 XRS 1917.6~6.0! 1909.35 8.3 2-1 3p63d3/2
3 3d5/2

6 4s24p1/2-3p63d104s4p1/2

Zn4sd-1 Au491 XRS b 1914.90 2.7 0-2 3p63d3/2
3 3d5/2

6 4s24p3/2-3p63d104s4p3/2

Zn4sd-1 Au491 XRS b 1917.53 0.07 2-0 3p63d3/2
3 3d5/2

6 4s24p1/2-3p63d104s4p1/2

Zn4sd-1 Au491 XRS b 1919.88 22.3 3-2 3p63d3/2
3 3d5/2

6 4s24p3/2-3p63d104s4p3/2

Zn4sd-1 Au491 XRS b 1922.74 25.1 2-2 3p63d3/2
3 3d5/2

6 4s24p3/2-3p63d104s4p3/2

Cu4sd-2 Au501 XRS 1933.4~4.0! 1933.44 20.04 3
2 -1

2 3p63d3/2
3 3d5/2

6 4s2-3p63d104s
Ni4pd-6 Au511 XRS 1954.1~1.6! 1951.43 2.7 2-0 3p63d3/2

3 3d5/2
6 4s-3p63d10

Ga4pd-1 Au481 XRS 2002.9~4.0! 2001.19 1.7 3
2 - 1

2 3p63d3/2
3 3d5/2

6 4p1/2
2 -3p63d104p1/2

Zn4pd-3 Au491 XRS 2024.2~1.6! 2019.77 4.4 1-0 3p63d3/2
3 3d5/2

6 4s24p1/2-3p63d104s2

Cu4pd-6 Au501 XRS 2042.9~1.6! 2039.08 3.8 3
2 - 1

2 3p63d3/2
3 3d5/2

6 4s4p1/2-3p63d104s
Cu4pd-6 Au501 XRS b 2040.02 2.9 1

2 - 1
2 3p63d3/2

3 3d5/2
6 4s4p1/2-3p63d104s

Ni4pd-5 Au511 XRS 2066.0~1.6! 2063.65 2.4 1-0 3p63d3/2
3 3d5/2

6 4p1/2-3p63d10

Zn4pd-2 Au491 XRS u 2071.13 1 - 0 3p63d3/2
4 3d5/2

5 4s24p3/2-3p63d104s2

Cu4pd-5 Au501 XRS b 2084.60 3.4 3
2 - 1

2 3p63d3/2
4 3d5/2

5 4s4p3/2-3p63d104s
Cu4pd-5 Au501 XRS 2088.0~1.6! 2085.76 2.2 1

2 - 1
2 3p63d3/2

4 3d5/2
5 4s4p3/2-3p63d104s

Cu4pd-4 Au501 XRS 2102.1~1.6! 2102.84 20.74 3
2 -1

2 3p63d3/2
4 3d5/2

5 4s4p3/2-3p63d104s
Ni4pd-4 Au511 XRS 2118.6~1.6! 2117.28 1.3 1-0 3p63d3/2

4 3d5/2
5 4p3/2-3p63d10

Cu4sd-1 Au501 XRS 2140.4~4.0! 2141.86 21.5 1
2 - 3

2 3p63d3/2
3 3d5/2

6 4s4d3/2-3p63d104p3/2

Zn4pd-1 Au491 XRS 2159.8~4.0! 2159.66 0.14 1-0 3p63d3/2
3 3d5/2

6 4s24p3/2-3p63d104s2

Cu4pd-3 Au501 XRS u 2169.52 1
2 -1

2 3p63d3/2
3 3d5/2

6 4s4p3/2-3p63d104s
Cu4pd-2 Au501 XRS 2176.2~3.0! 2173.74 2.5 3

2 - 1
2 3p63d3/2

3 3d5/2
6 4s4p3/2-3p63d104s

Cu4pd-1 Au501 XRS 2187.9~3.0! 2192.23 24.3 1
2 - 1

2 3p63d3/2
3 3d5/2

6 4s4p3/2-3p63d104s
Ni4pd-3 Au511 XRS 2205.0~1.6! 2206.51 21.5 1 - 0 3p63d3/2

3 3d5/2
6 4p3/2-3p63d10

Ga4sp-1 Au481 XRS u 2334.87 1
2 -3

2 3p1/2
2 3p3/2

3 3d104p1/24p3/2-3p63d104s4p1/24p3/2

Zn4sp-2 Au491 XRS b 2348.53 212.1 2 - 3 3p1/2
2 3p3/2

3 3d104s24 f 7/2-3p63d104s4 f 7/2

Zn4sp-2 Au491 XRS 2336.4~3.0! 2354.23 217.8 0-1 3p1/2
2 3p3/2

3 3d104s24p3/2-3p63d104s4p3/2

Cu4sp-3 Au501 XRS 2350.0~3.0! 2361.19 210.2 3
2 - 1

2 3p1/2
2 3p3/2

3 3d104s2-3p63d104s
Cu4sp-3 Au501 XRS b 2362.81 212.8 5

2 - 7
2 3p1/2

2 3p3/2
3 3d104s4 f 7/2-3p63d104 f 7/2

Ni4sp-1 Au511 XRS 2375.9~1.6! 2377.58 21.7 1-0 3p1/2
2 3p3/2

3 3d104s-3p63d10

Cu4sp-2 Au501 XRS 2376.1~1.6! 2380.73 24.6 1
2 - 3

2 3p1/2
2 3p3/2

3 3d104s4p3/2-3p63d104p3/2

Kr4fd-2 Au431 crystal 2395.4~0.5! 2398.97 23.6 1-0 3d3/2
4 3d5/2

5 4p64 f 7/2-3d104p6

Br4fd-6 Au441 crystal 2414.8~0.5! 2415.00 20.2 5
2 - 3

2 3d3/2
4 3d5/2

5 4p1/2
2 4p3/2

3 4 f 7/2-3d104p1/2
2 4p3/2

3

Br4fd-5 Au441 crystal 2417.2~0.5! 2415.38 1.8 1
2 - 3

2 3d3/2
4 3d5/2

5 4p1/2
2 4p3/2

3 4 f 7/2-3d104p1/2
2 4p3/2

3

Br4fd-4 Au441 crystal 2410.1~0.5! 2417.54 27.4 3
2 - 3

2 3d3/2
4 3d5/2

5 4p1/2
2 4p3/2

3 4 f 7/2-3d104p1/2
2 4p3/2

3

Se4fd-8 Au451 crystal 2423.4~0.5! 2428.10 24.7 1-0 3d3/2
4 3d5/2

5 4p1/2
2 4p3/2

2 4 f 7/2-3d104p1/2
2 4p3/2

2

Se4fd-7 Au451 crystal 2428.6~0.5! 2428.77 20.17 3-2 3d3/2
4 3d5/2

5 4p1/24p3/2
3 4 f 5/2-3d104p1/2

2 4p3/2
2

Se4fd-6 Au451 crystal 2430.1~0.5! 2429.67 0.43 1-2 3d3/2
4 3d5/2

5 4p1/2
2 4p3/2

2 4 f 7/2-3d104p1/2
2 4p3/2

2

Se4fd-5 Au451 crystal 2427.0~0.5! 2429.82 22.8 2-2 3d3/2
4 3d5/2

5 4p1/2
2 4p3/2

2 4 f 7/2-3d104p1/2
2 4p3/2

2

As4fd-6 Au461 crystal 2439.4~0.5! 2442.16 22.8 3
2 - 3

2 3d3/2
4 3d5/2

5 4p1/2
2 4p3/24 f 7/2-3d104p1/2

2 4p3/2

As4fd-5 Au461 crystal 2441.1~0.5! 2443.26 22.2 5
2 - 3

2 3d3/2
4 3d5/2

5 4p1/2
2 4p3/24 f 7/2-3d104p1/2

2 4p3/2

As4fd-4 Au461 crystal 2435.8~0.5! 2445.24 29.4 1
2 - 3

2 3d3/2
4 3d5/2

5 4p1/2
2 4p3/24 f 7/2-3d104p1/2

2 4p3/2
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TABLE I. ~Continued!.

Label
Charge
state Instrument

EExperiment

(eV)
EHULLAC

(eV) EExperiment-EHUL JUpper-JLower Transition

Ge4fd-2 Au471 crystal 2450.5~0.5! 2454.05 23.6 1-0 3d3/2
4 3d5/2

5 4p1/2
2 4 f 7/2-3d104p1/2

2

Ga4fd-4 Au481 crystal 2463.2~0.5! 2468.71 25.5 1
2 - 1

2 3d3/2
4 3d5/2

5 4p1/24 f 7/2-3d104p1/2

Ga4fd-3 Au481 crystal 2469.1~0.5! 2469.05 0.05 3
2 -1

2 3d3/2
4 3d5/2

5 4p1/24 f 7/2-3d104p1/2

Zn4fd-2 Au491 crystal 2480.2~0.5! 2485.09 24.9 1-0 3d3/2
4 3d5/2

5 4s24 f 7/2-3d104s2

Kr4fd-1 Au431 crystal u 2485.17 1-0 3d3/2
3 3d5/2

6 4p64 f 5/2-3d104p6

Cu4fd-4 Au501 crystal b 2496.40 5.5 1
2 - 1

2 3d3/2
4 3d5/2

5 4s4 f 7/2-3d104s
Cu4fd-3 Au501 crystal 2501.9~0.5! 2496.70 5.2 3

2 - 1
2 3d3/2

4 3d5/2
5 4s4 f 7/2-3d104s

Br4fd-3 Au441 crystal 2495.9~0.5! 2500.93 25.0 1
2 - 3

2 3d3/2
3 3d5/2

6 4p1/2
2 4p3/2

3 4 f 5/2-3d104p1/2
2 4p3/2

3

Br4fd-2 Au441 crystal 2498.9~0.5! 2501.84 22.9 5
2 - 3

2 3d3/2
3 3d5/2

6 4p1/2
2 4p3/2

3 4 f 5/2-3d104p1/2
2 4p3/2

3

Br4fd-1 Au441 crystal 2501.5~0.5! 2503.61 22.1 3
2 - 3

2 3d3/2
3 3d5/2

6 4p1/2
2 4p3/2

3 4 f 5/2-3d104p1/2
2 4p3/2

3

Ni4fd-2 Au511 crystal 2519.8~0.5! 2512.84 7.0 1-0 3d3/2
4 3d5/2

5 4 f 7/2-3d10

Se4fd-4 Au451 crystal 2519.8~0.5! 2514.58 5.2 1-0 3d3/2
3 3d5/2

6 4p1/2
2 4p3/2

2 4 f 5/2-3d104p1/2
2 4p3/2

2

Se4fd-3 Au451 crystal 2517.2~0.5! 2514.78 2.4 1-2 3d3/2
3 3d5/2

6 4p1/2
2 4p3/2

2 4 f 5/2-3d104p1/2
2 4p3/2

2

Se4fd-2 Au451 crystal 2512.3~0.5! 2516.16 23.9 3-2 3d3/2
3 3d5/2

6 4p1/2
2 4p3/2

2 4 f 5/2-3d104p1/2
2 4p3/2

2

Se4fd-1 Au451 crystal 2514.8~0.5! 2516.21 21.4 2-2 3d3/2
3 3d5/2

6 4p1/2
2 4p3/2

2 4 f 5/2-3d104p1/2
2 4p3/2

2

As4fd-3 Au461 crystal 2530.3~0.5! 2528.46 1.8 3
2 - 3

2 3d3/2
3 3d5/2

6 4p1/2
2 4p3/24 f 5/2-3d104p1/2

2 4p3/2

As4fd-2 Au461 crystal 2527.8~0.5! 2530.58 22.8 1
2 - 3

2 3d3/2
3 3d5/2

6 4p1/2
2 4p3/24 f 5/2-3d104p1/2

2 4p3/2

As4fd-1 Au461 crystal 2524.9~0.5! 2530.68 25.8 5
2 - 3

2 3d3/2
3 3d5/2

6 4p1/2
2 4p3/24 f 5/2-3d104p1/2

2 4p3/2

Ge4fd-1 Au471 crystal 2539.9~0.5! 2541.11 21.2 1-0 3d3/2
3 3d5/2

6 4p1/2
2 4 f 5/2-3d104p1/2

2

Ga4fd-2 Au481 crystal 2556.3~0.5! 2555.78 0.52 3
2 -1

2 3d3/2
3 3d5/2

6 4p1/24 f 5/2-3d104p1/2

Ga4fd-1 Au481 crystal 2560.1~0.5! 2558.94 1.2 1
2 - 1

2 3d3/2
3 3d5/2

6 4p1/24 f 5/2-3d104p1/2

Zn4fd-1 Au491 crystal 2572.8~0.5! 2574.03 21.2 1-0 3d3/2
3 3d5/2

6 4s24 f 5/2 - 3d104s2

Cu4fd-2 Au501 crystal 2588.3~0.5! 2584.82 3.5 1
2 - 1

2 3d3/2
3 3d5/2

6 4s4 f 5/2-3d104s
Cu4fd-1 Au501 crystal 2589.4~0.5! 2586.60 2.8 3

2 - 1
2 3d3/2

3 3d5/2
6 4s4 f 5/2-3d104s

Ni4fd-1 Au511 crystal 2603.6~0.5! 2602.18 1.4 1-0 3d3/2
3 3d5/2

6 4 f 5/2-3d10

Zn4sp-1 Au491 XRS 2761.8~3.0! 2772.68 210.9 2-3 3p1/23p3/2
4 3d104s24 f 5/2-3p63d104s4 f 5/2

Ga4dp-1 Au481 XRS b 2775.42 213.6 1
2 - 1

2 3p1/2
2 3p3/2

3 3d104p1/24d5/2-3p63d104p1/2

Ga4dp-1 Au481 XRS 2751.2~3.0! 2776.04 224.8 1
2 - 3

2 3p1/2
2 3p3/2

3 3d104p1/24d5/2-3p63d104p1/2

Cu4sp-1 Au501 XRS 2790.6~3.0! 2792.22 21.6 1
2 - 1

2 3p1/23p3/2
4 3d104s4p1/2-3p63d104p1/2

Zn4dp-1 Au491 XRS b 2794.05 23.5 1-0 3p1/2
2 3p3/2

3 3d104s24d5/2-3p63d104s2

Cu4dp-3 Au501 XRS 2808.4~3.0! 2807.21 1.2 3
2 - 1

2 3p1/2
2 3p3/2

3 3d104sd5/2-3p63d104s
Cu4dp-2 Au501 XRS b 2813.13 24,7 1

2 - 1
2 3p1/2

2 3p3/2
3 3d104s4d5/2-3p63d104s

Ni4dp-2 Au511 XRS 2825.5~3.0! 2827.82 22.3 1-0 3p1/2
2 3p3/2

3 3d104d5/2-3p63d10

Cu4fp-1 Au501 XRS u 3000.34 3
2 -1

2 3p1/2
2 3p3/2

3 3d104s4 f 7/2-3p63d104s
Ni4fp-1 Au511 XRS 3012.4~1.6! 3015.00 22.6 2-0 3p1/2

2 3p3/2
3 3d104 f 7/2-3p63d10

Kr5fd-2 Au431 crystal u 3100.39 1-0 3d3/2
4 3d5/2

5 4p65 f 7/2-3d104p6

Br5fd-6 Au441 crystal u 3134.88 1
2 -3

2 3d3/2
4 3d5/2

5 4p1/2
2 4p3/2

3 5 f 7/2-3d104p1/2
2 4p3/2

3

Br5fd-5 Au441 crystal 3131.9~0.5! 3136.43 24.5 3
2 - 3

2 3d3/2
4 3d5/2

5 4p1/2
2 4p3/2

3 5 f 7/2-3d104p1/2
2 4p3/2

3

Br5fd-4 Au441 crystal u 3136.86 5
2 -3

2 3d3/2
4 3d5/2

5 4p1/2
2 4p3/2

3 5 f 7/2-3d104p1/2
2 4p3/2

3

Se5fd-8 Au451 crystal u 3167.14 1-0 3d3/2
4 3d5/2

5 4p1/2
2 4p3/2

2 5 f 7/2-3d104p1/2
2 4p3/2

2

Se5fd-7 Au451 crystal 3164.2~0.6! 3167.27 23.1 1-2 3d3/2
4 3d5/2

5 4p1/2
2 4p3/2

2 5 f 7/2-3d104p1/2
2 4p3/2

2

Se5fd-6 Au451 crystal 3179.8~0.7! 3167.84 12.5 2-2 3d3/2
4 3d5/2

5 4p1/2
2 4p3/2

2 5 f 7/2-3d104p1/2
2 4p3/2

2

Se5fd-5 Au451 crystal 3167.3~0.9! 3168.40 21.1 3-2 3d3/2
3 3d5/2

6 4p1/2
2 4p3/2

2 5 f 5/2-3d104p1/2
2 4p3/2

2

Ni5pd-1 Au511 XRS 3173.3~1.6! 3184.68 211.4 1-0 3p63d3/2
4 3d5/2

5 5p3/2-3p63d10

Cu4dp-1 Au501 XRS 3205.4~1.6! 3205.60 20.2 3
2 - 1

2 3p1/23p3/2
4 3d104s4d3/2-3p63d104s

Ni4dp-1 Au511 crystal 3226.7~0.7! 3224.19 2.5 1-0 3p1/23p3/2
4 3d104d3/2-3p63d10

Kr5fd-1 Au431 crystal u 3184.22 1-0 3d3/2
3 3d5/2

6 4p65 f 5/2-3d104p6

As5fd-6 Au461 crystal u 3200.33 3
2 -3

2 3d3/2
4 3d5/2

5 4p1/2
2 4p3/25 f 7/2-3d104p1/2

2 4p3/2

As5fd-5 Au461 crystal 3191.1~0.7! 3200.96 210.0 1
2 - 3

2 3d3/2
4 3d5/2

5 4p1/2
2 4p3/25 f 7/2-3d104p1/2

2 4p3/2

As5fd-4 Au461 crystal 3194.1~0.5! 3201.71 27.6 5
2 - 3

2 3d3/2
4 3d5/2

5 4p1/24p3/2
2 5 f 7/2-3d104p1/2

2 4p3/2
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TABLE I. ~Continued!.

Label
Charge
state Instrument

EExperiment

(eV)
EHULLAC

(eV) EExperiment-EHUL JUpper-JLower Transition

Br5fd-3 Au441 crystal 3213.9~0.6! 3219.67 25.8 1
2 - 3

2 3d3/2
3 3d5/2

6 4p1/2
2 4p3/2

3 5 f 5/2-3d104p1/2
2 4p3/2

3

Br5fd-2 Au441 crystal 3207.0~0.5! 3220.25 213.3 5
2 - 3

2 3d3/2
3 3d5/2

6 4p1/2
2 4p3/2

3 5 f 5/2-3d104p1/2
2 4p3/2

3

Br5fd-1 Au441 crystal 3211.2~0.6! 3221.01 29.8 3
2 - 3

2 3d3/2
3 3d5/2

6 4p1/2
2 4p3/2

3 5 f 5/2-3d104p1/2
2 4p3/2

3

Ge5fd-2 Au471 crystal 3226.5~0.5! 3230.99 24.5 1-0 3d3/2
4 3d5/2

5 4p1/2
2 5 f 7/2-3d104p1/2

2

Se5fd-4 Au451 crystal u 3252.03 1-0 3d3/2
3 3d5/2

6 4p1/2
2 4p3/2

2 5 f 5/2-3d104p1/2
2 4p3/2

2

Se5fd-3 Au451 crystal 3241.9~0.5! 3252.52 210.6 3-2 3d3/2
3 3d5/2

6 4p1/24p3/2
3 5 f 5/2-3d104p1/2

2 4p3/2
2

Se5fd-2 Au451 crystal 3245.8~0.5! 3252.77 27.0 1-2 3d3/2
3 3d5/2

6 4p1/2
2 4p3/2

2 5 f 5/2-3d104p1/2
2 4p3/2

2

Se5fd-1 Au451 crystal u 3252.97 2-2 3d3/2
3 3d5/2

6 4p1/2
2 4p3/2

2 5 f 5/2-3d104p1/2
2 4p3/2

2

Ga5fd-4 Au481 crystal 3259.9~0.5! 3265.88 26.0 3
2 - 1

2 3d3/2
4 3d5/2

5 4p1/25 f 7/2-3d104p1/2

Ga5fd-3 Au481 crystal b 3266.31 1
2 -1

2 3d3/2
4 3d5/2

5 4p1/25 f 7/2-3d104p1/2

As5fd-3 Au461 crystal 3273.7~0.5! 3285.36 211.7 3
2 - 3

2 3d3/2
3 3d5/2

6 4p1/2
2 4p3/25 f 5/2-3d104p1/2

2 4p3/2

As5fd-2 Au461 crystal 3276.8~0.6! 3286.23 29.4 5
2 - 3

2 3d3/2
3 3d5/2

6 4p1/2
2 4p3/25 f 5/2-3d104p1/2

2 4p3/2

As5fd-1 Au461 crystal 3283.7~0.6! 3286.75 23.1 1
2 - 3

2 3d3/2
3 3d5/2

6 4p1/2
2 4p3/25 f 5/2-3d104p1/2

2 4p3/2

Zn5fd-1 Au491 crystal 3296.6~0.5! 3302.42 25.8 1-0 3d3/2
4 3d5/2

5 4s25 f 7/2-3d104s2

Ge5fd-1 Au471 crystal 3312.2~0.6! 3316.56 24.4 1-0 3d3/2
3 3d5/2

6 4p1/2
2 5 f 5/2-3d104p1/2

2

Cu5fd-4 Au501 crystal 3333.2~0.5! 3333.49 20.29 1
2 -1

2 3d3/2
4 3d5/2

5 4s5 f 7/2-3d104s
Cu5fd-3 Au501 crystal 3334.7~0.5! 3334.48 0.22 3

2 -1
2 3d3/2

4 3d5/2
5 4s5 f 7/2-3d104s

Ga5fd-2 Au481 crystal 3345.3~0.6! 3350.34 25.0 1
2 - 1

2 3d3/2
3 3d5/2

6 4p1/25 f 5/2-3d104p1/2

Ga5fd-1 Au481 crystal 3348.3~0.5! 3351.70 23.4 3
2 - 1

2 3d3/2
3 3d5/2

6 4p1/25 f 5/2-3d104p1/2

Ni5fd-2 Au511 crystal 3370.6~0.5! 3370.93 20.33 1-0 3d3/2
4 3d5/2

5 5 f 7/2-3d10

Zn5fd-1 Au491 crystal 3382.7~0.5! 3387.14 24.4 1-0 3d3/2
3 3d5/2

6 4s25 f 5/2-3d104s2

Cu5fd-2 Au501 crystal 3420.8~0.6! 3419.07 1.7 3
2 - 1

2 3d3/2
3 3d5/2

6 4s 5f5/2-3d104s
Cu5fd-1 Au501 crystal 3426.2~0.5! 3419.45 6.8 1

2 - 1
2 3d3/2

3 3d5/2
6 4s5 f 5/2-3d104s

Ni5fd-1 Au511 crystal 3458.3~0.5! 3455.86 2.4 1-0 3d3/2
3 3d5/2

6 5 f 5/2-3d10

Ni5sp-1 Au511 XRS 3575.2~1.6! 3575.66 20.46 1-0 3p1/2
2 3p3/2

3 3d105s-3p63d10

Cu6fd-2 Au501 XRS b 3787.56 0.44 1
2 -1

2 3p63d3/2
4 3d5/2

5 4s6 f 7/2-3p63d104s
Cu6fd-2 Au501 XRS 3788.0~1.6! 3788.72 20.72 3

2 -1
2 3p63d3/2

4 3d5/2
5 4s6 f 7/2-3p63d104s

Ni5dp-1 Au511 XRS 3792.0~1.6! 3792.55 0.55 1-0 3p1/2
2 3p3/2

3 3d105d5/2-3p63d10

Ni6fd-2 Au511 XRS 3838.6~1.6! 3836.44 2.2 1-0 3p63d3/2
4 3d5/2

5 6 f 7/2-3p63d10

Cu6fd-1 Au501 XRS 3878.3~1.6! 3875.29 3.0 3
2 - 1

2 3p63d3/2
3 3d5/2

6 4s6 f 5/2-3p63d104s
Cu6fd-1 Au501 XRS b 3875.65 1

2 -1
2 3p63d3/2

3 3d5/2
6 4s6 f 5/2-3p63d104s

Ni6fd-1 Au511 XRS 3927.1~1.6! 3923.36 3.7 1-0 3p63d3/2
3 3d5/2

6 6 f 5/2-3p63d10

Cu7fd-2 Au501 XRS 4059.5~1.6! 4059.79 20.29 3
2 -1

2 3p63d3/2
4 3d5/2

5 4s7 f 7/2-3p63d104s
Ni7fd-2 Au511 XRS 4118.7~1.6! 4116.12 2.6 1-0 3p63d3/2

4 3d5/2
5 7 f 7/2-3p63d10

Cu7fd-1 Au501 XRS 4150.5~1.6! 4147.80 2.7 3
2 - 1

2 3p63d3/2
3 3d5/2

6 4s7 f 5/2-3p63d104s
Ni7fd-1 Au511 XRS 4208.3~1.6! 4204.48 3.8 1-0 3p63d3/2

3 3d5/2
6 7 f 5/2-3p63d10

Ni5dp-1 Au511 XRS b 4205.77 2.5 1-0 3p1/23p3/2
4 3d105d3/2-3p63d10

Cu8fd-1 Au501 XRS 4245.1~1.6! 4235.07 10.0 3
2 - 1

2 3p63d3/2
4 3d5/2

5 4s8 f 7/2-3p63d104s
Ni8fd-2 Au511 XRS b 4297.01 4.8 1-0 3p63d3/2

4 3d5/2
5 8 f 7/2-3p63d10

Ni6dp-1 Au511 XRS 4301.8~1.6! 4298.95 2.85 1-0 3p1/2
2 3p3/2

3 3d106d5/2-3p63d10

Ni8fd-1 Au511 XRS 4391.4~1.6! 4386.71 4.7 1-0 3p63d3/2
3 3d5/2

6 8 f 5/2-3p63d10

Ni7dp-1 Au511 XRS 4599.5~1.6! 4597.86 1.6 1-0 3p1/2
2 3p3/2

3 3d107d5/2-3p63d10
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XRS electronics during the time period for each measu
ment. The uncertainties are shown in parenthesis after
photon energies.

IV. ATOMIC PHYSICS AND SPECTRAL MODELING

The HULLAC atomic data package@13# was used to cal-
culate the atomic structure, transition rates, and synthetic
03640
-
he

e

intensities for the Ni- to Kr-like Au ions. The HULLAC data
were used to identify the measured transitions. Synth
spectra were produced for detailed comparisons with
XRS spectra from the monoenergetic beam plasmas ha
Ebeam54.54 and 3.53 keV. Detailed modeling of the expe
mentally simulated thermal plasmas is discussed in R
@19,20,31#.

The radiative transition rates and energy level structure
2-7
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each ionization state were calculated from the Dirac equa
with a parametric potential. Electron impact excitation cro
sectionss were calculated semirelativistically in the di
torted wave approximation. For the experimentally simula
thermal plasma, the final electron-impact excitation rate
efficients Q5^sv& were obtained by integrating over
Maxwell-Boltzmann electron energy distribution. The va
ablev is the velocity of the electrons. For the monoenerge
electron beam plasmas, the effective electron impact rate
efficient was justsv at the beam energy of interest.

Due to the low electron density of the trapped ions,
modeling in this paper only addresses transitions that are
primarily through collisional excitation from the groun
level. Nevertheless, all possiblen54→4 and n53→4 to
3→7 excitations to singly excited configurations were
cluded for Ni- to Ga-like ions. The models for the Ge
Kr-like ions contained only then54→4, n53→4, and 3
→5 excitations. To create the Ge- to Kr-like ions required
beam energy of less than 3.0 keV, which is below the thre
old for collisional excitation for then>6 transitions. There-
fore, these lines were not observed in the XRS spectra
were not modeled. The simpler ions such as Ni- and Kr-l
gold included several hundred levels. The more complica
ions such as As-like gold had several thousand levels.
level populations of each ionization state were coupled w
those of the adjacent, higher-charged ion. The model for
higher-charged ion included fewer levels than the low
charged ion and was only considered to include the sm
effect of dielectronic recombination on the collisionally e
cited transitions. Dielectronic recombination rate coefficie
were found by requiring detailed balance of the HULLA
autoionization rates. All electric and magnetic dipole a
quadrupole radiative transitions (E1, M1, E2, and M2)
were included. The rate coefficients and the radiative tra
tion probabilities were put into a collisional-radiative matri
The level populations were calculated by solving the coup
set of equations

dnj

dt
505(

i
niRi→ j2nj(

i
Rj→ i ,

whereni is the relative population of level ‘‘i ’’ of a given
ion, Rj→ i is the rate at which population transfers from lev
‘‘ j ’’ to level ‘‘ i , ’’ which can be in the adjacent ionizatio
state. The relative emissivityJi→ j for each transition within

TABLE II. Charge state balance used for HULLAC modeling
EBIT-I plasmas withEbeam53.53 and 4.54 keV.

Ionization
state

Ion fraction
at 4.54 keV

Ion fraction
at 3.53 keV

Au151 0.70 0.20
Au150 0.26 0.35
Au149 0.048 0.31
Au148 0.10
Au147 0.035
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an ionization state was calculated for either a Maxwe
Boltzmann temperature or a Gaussian electron distribu
with DEFWHM550 eV.

The monoenergetic beam plasmas contained sev
charge states of gold. A charge state distribution was requ
to fully model each spectrum. HULLAC could not calcula
an accurate CSD. Therefore, the CSDs were determined
independently scaling HULLAC intensities in each ioniz
tion state to each of the 5f→3d and 4f→3d spectral lines
recorded by the crystal spectrometer. The average C
from both spectral bands were used to create a synth
spectrum and are listed in Table II for the plasmas w
Ebeam54.53 and 3.63 keV. A detailed discussion of the CS
analysis and the crystal spectrometer calibration is prese
in Ref. @20#.

V. SPECTRAL LINE IDENTIFICATIONS

Many emission lines between 1500 and 5000 eV w
identified in the XRS and crystal spectra in all four plasm
Each plasma allowed us to isolate a specific set of gold i
ization states in the trap. The highest monoenergetic be
plasma hadEbeam54.54 keV, which is near the calculate
ionization threshold of Ni-like gold at 4.89 keV@32# but well
above the threshold to ionize Cu-like into Ni-like at 2.9
keV. Therefore, Ni-like Au was the dominant ion in the tra
and produced the most intense emission lines. The Cu-
Zn-like ions existed in the trap but in smaller concentratio
and produced weaker line emission. Appropriately adjust
the beam energy distribution shifted the ion fraction in t
trap to ions as low as Kr-like. The experimentally simulat
thermal plasmas facilitated the observation of the 5f→3d
transitions in the Kr- to As-like ions. These charge sta
existed in the plasma withEbeam52.66 keV. However, the
5 f→3d transitions could not be observed in the plasm
since the electron beam energy was well below the thresh
energy of collisional excitation for these lines. Of course,
the experimentally simulated thermal plasma, the samp
beam energies reached low and high enough to both cr
ions of these isosequences and to collisionally excite e
trons to the 5f levels.

Several major emission features exist in the XRS spe
recorded in the beam plasmas. Between'2400 eV and a
photon energy equivalent to the beam energy, collisiona
excited pairs of lines are produced fromn f5/2→3d3/2 and
n f7/2→3d5/2 transitions andnd3/2→3p1/2 and nd5/2→3p3/2
transitions~see Figs. 3 and 4! wheren54, 5, 6, and 7. The
n f5/2→3d3/2 and nd3/2→3p1/2 transitions in the Ni- to Kr-
like ions are the higher energy component in each pair.
tween 1500 and 2400 eV, the emission was dominated
4s→3d ~electric quadrupole,E2), 4p→3d ~electric dipole,
E1), 4s→3p (E1), 4d→3p (E1), and 4f→3p (E2) tran-
sitions. It is interesting to note that the ‘‘forbidden’’E2 tran-
sitions were some of the most intense lines in the spectra
were present due to the low density in our experiment. T
has been observed before in even higher-Z ions @33,34#. The
emission features at photon energies much greater than
line emission were produced by radiative recombination
Ni-like→Cu-like, Cu-like→Zn-like, etc. Line emission be
2-8
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FIG. 6. Photometrically calibrated XRS spe
trum of the EBIT-I plasma~top! and synthetic
HULLAC spectrum~bottom! at a beam energy o
4.54 keV.X1, X5, andX15 denotes the magnifi-
cation of they axis.
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tween a photon energy equivalent to the beam energy and
radiative recombination lines were not produced by co
sional excitation from the ground. The upper levels of the
lines were populated by dielectronic capture channels
were resonant at the beam energy.

The identifications of the 5f→3d, 4f→3d, and the
Ni4pd-1 transitions measured by the crystal spectrometer
listed in Table I. For most of the lines in the crystal spect
the identifications were straightforward. Ni-, Zn-, Ge-, a
Kr-like ions have closed subshells of 3d10, 4s2, 4p1/2

2 , 4p6,
respectively. Cu- and Ga-like ions have a single electron
the open 4s or 4p1/2 subshells, respectively, for their groun
configurations. These ground configurations resulted in a
tal of two or four transitions in the52 → 3

2 and 7
2 → 5

2 pairs of
transitions for each ionization state. For instance, the Ni-
ion had only one line in each pair ofn f5/2→3d3/2 andn f7/2
→3d5/2 transitions. The calculated HULLAC x-ray transitio
energies differed by 3–10 eV from the measured photon
ergies at 3500 eV. The relative level of accuracy of the c
culations was better than in the EUV@18# and was good
enough to associate a given measured line to a predi
atomic transition. Unfortunately, a few of the weakJ5 1

2

→ 1
2 transitions were blended with the strongerJ5 3

2 → 1
2

transitions and could not be unambiguously identified.
As-, Se-, and Br-like ions have electrons in the open 4p3/2

subshell, which result in three to four different transitions
each n f5/2→3d3/2 and n f7/2→3d5/2 line pair that were
closely spaced in energy. These lines were weaker than
lines from the adjacent Ge-like ions and were sligh
blended in the x-ray crystal spectra, which made their id
tification less certain. The identification of these lines w
done by matching the measured intensities with those f
HULLAC. A few of these lines were too weak and could n
be identified. Also, the 5f 7/2→3d5/2 transitions of the Br, Se
As, Kr-like ions were very weak since their photon energ
were just below the Ar K edge of the proportional count
Most of these could not be measured. The Ni5pd-1 a
Cu4pd-1 transitions were also below the Ar K edge. T
XRS photon energies are listed for these two lines.
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Identifications and photon energy measurements with
XRS were limited to the more intense transitions of the N
Cu-, Zn-, and Ga-like ions. Detailed identifications of the A
to Kr-like ions could not be done by using the XRS spec
due to its poorer spectral resolution and the large numbe
relatively weak lines in the spectra.

The line identifications in the XRS spectra were done i
similar manner to the lines in the x-ray crystal spect
Above 3000 eV, a transition predicted by HULLAC could b
associated with a measured line. Below 3000 eV, this w
more difficult. Some features were obvious blends of seve

FIG. 7. Photometrically calibrated XRS spectrum of the EBIT
plasma~top! and synthetic HULLAC spectrum~bottom! at a beam
energy of 3.63 keV.X1 andX5 denotes the magnification of they
axis.
2-9
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lines with a spectral width larger than the instrumental wid
More than one HULLAC transition was associated w
these features. In some cases, it was not possible to ide
individual lines, and all the HULLAC transitions were give
the same identification label. For example, five sepa
HULLAC transitions in the Zn4sd-1 feature could not b
individually identified. In a few instances, no measured l
could be associated with a predicted HULLAC line.

The emission lines with photon energies greater th
Ebeam53.53 keV were a result of dielectronic capture of
→Cu-like, Cu→Zn-like, etc. into states that were resona
at the beam energy. The strongest stabilization transit
were emitted between 3600 and 4000 eV and were fed
capture into states of the form3d3d6,n8,8 where3d indi-
cates a vacancy in the 3d shell and 10<n8<15. The primary
stablization transitions were 3d96,n8,8→3d10n8,8. The
analysis of the lines fed by dielectronic recombination c
ture processes will be discussed in a later paper.

VI. SPECTRAL LINE INTENSITIES

Synthetic spectra were generated for theEbeam53.53 and
4.54 keV plasmas. Each intensity was convoluted with

TABLE III. Comparison of measured and HULLAC line inten
sities for Ni-, Zn-, and Cu-like Au for a plasma withEbeam

54.54 keV for lines with a discrepancy greater than 40% betw
theory and experiment. Column 1 contains a label given to e
line, which includes the isoelectronic sequence,n and , of the
upper level, the, of the lower level and a unique number for ea
line. Errors bars are given in parenthesis. ‘‘b’’ signifies a blend
line.

Label EHULLAC ~eV! I Experiment~Counts! I HULLAC ~Counts!

Cu4sd-3 1842.23 52000~200! 23000
Zn4pd-3 2019.77 17000~100! 3600
Cu4pd-5 2084.60 b 7000
Cu4pd-5 2085.76 21000~100! 7600
Cu4sd-1 2141.86 6800~80! 3000
Cu4pd-2 2173.74 9800~100! 3600
Cu4pd-1 2192.23 6300~80! 2600
Zn4sp-2 2348.53 b 1100
Zn4sp-2 2354.23 5800~80! 1400
Cu4sp-3 2361.19 31000~200! 5100
Cu4sp-3 2362.81 b 5000
Ni4sp-1 2377.58 75000~300! 26000
Zn4fd-2 2485.09 23000~200! 7300
Cu4fd-4 2496.40 b 16000
Cu4fd-3 2496.70 66000~300! 32000
Cu4fd-2 2584.82 b 34000
Cu4fd-1 2586.60 120000~300! 66000
Zn4sp-1 2772.68 7200~100! 430
Cu4sp-1 2792.22 23000~200! 3000
Ni5pd-1 3184.68 6400~80! 1700
Zn5fd-2 3302.42 4000~60! 1600
Ni5sp-1 3575.66 2700~50! 530
Ni5dp-1 3792.55 1900~40! 5100
Ni7dp-1 4597.86 1400~40! 640
03640
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Gaussian line width function with aDEFWHM of 12 eV. Fig-
ures 6 and 7 compare the photometrically calibrated X
spectra and the synthetic spectra for both plasmas.
HULLAC spectra have been normalized to the Ni-like 5f
→3d transitions in the XRS spectra. The features at 31
3684, and 3323 eV are the He-like 2p1s→1s2, He-like
3p1s→1s2, and the H-like 2p→1s transitions of argon and
are not modeled here. For both of these plasmas, HULL
simulated all the features in the XRS spectra and many of
lines’ intensities agree within 20–30 %. The agreemen
better for theEbeam54.54 keV plasma. The largest disagre
ment was in the 3.53 keV spectrum at 2600 eV. TheI Experiment
and I HULLAC are listed in Tables III and IV for lines wher
the discrepancy between theory and experiment was gre
than 40%. The intensities are the areas of the Gaussian
ther from the fits or the HULLAC simulations. For blende
features, the measured intensity is listed for the brigh
feature predicted by HULLAC. The uncertainties on ea
experimental intensity are just the statistical error. For
weakest lines, the experimental intensity could be grea
than the HULLAC prediction by more than a factor of 5.

VII. CONCLUSION

The spectra of Ni- to Kr-like gold have been measur
with a crystal spectrometer and an x-ray microcalorimete
EBIT-I and EBIT-II plasmas having either an experimenta
simulated thermal electron distribution of 2.5 keV or a m
noenergetic electron beam of 4.54, 3.53, or 2.66 keV. Th

n
h

d

TABLE IV. Comparison of measured and HULLAC line inten
sities for Ni-, Zn-, Cu-, and Ga-like Au for a plasma withEbeam

53.53 keV for lines with a discrepancy greater than 40% betw
theory and experiment. Column 1 contains a label given to e
line, which includes the isoelectronic sequence,n and , of the
upper level,, of the lower level, and a unique number for each lin
Errors bars are given in parenthesis. ‘‘b’’ signifies a blended lin

Label EHULLAC (eV) I Experiment(Counts) I HULLAC (Counts)

Ga4sd-1 1798.34 12000~100! 5600
Zn4sd-2 1826.92 b 7500
Zn4sd-2 1827.38 45000~200! 8900
Cu4sd-2 1933.44 12000~100! 23000
Cu4sp-3 2361.19 48000~200! 10000
Cu4sp-3 2362.81 b 9400
Ni4sp-1 2377.58 b 10000
Cu4sp-2 2380.73 33000~200! 14000
Zn4fd-2 2485.09 59000~200! 76000
Cu4fd-2 2584.82 b 65000
Cu4fd-1 2586.60 120000~300! 120000
Zn4sp-1 2772.68 17000~100! 6500
Ga4dp-1 2775.42 b 1500
Ga4dp-1 2776.04 16000~100! 2900
Cu4sp-1 2792.22 28000~200! 3200
Zn4dp-1 2794.05 b 11000
Cu4dp-1 3205.60 640~30! 20
Ni4dp-1 3224.19 1400~40! 20
Zn5fd-1 3387.14 7300~90! 17000
2-10
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spectra have been compared with atomic physics calculat
from the HULLAC code. Approximately 140 emission line
have been identified and accurate photon energies have
determined. Good agreement exists between the meas
and the predicted values of the photon energy for lines
tween 1500 and 5000 eV. The measured line position m
then be used to shift the modeled photon energies. The H
LAC modeling of collisionally excited lines agreed with th
spectra recorded by the photometrically calibrated mic
calorimeter in the 3.53 and 4.54 keV electron beam plas
within 20–30 %, although larger differences were noted
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some of the weaker lines. This means that the CSD distr
tion inferred from such comparisons can be off by a simi
amount. The present measurements help illustrate the lim
tions of modern calculations.
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