
Article

Electron collisional excitation cross-section
measurements and modeling for select Ni-like to Ge-like
gold transitions
M.J. May a, S.B. Hansen b, P. Beiersdorfera, N.M. Jordanc, J.H. Scofielda, K.J. Reeda, G.V. Browna, F.S. Porterd,
R.L. Kelleyd, C.A. Kilbourned, and K.R. Boyced

aLawrence Livermore National Laboratory, Livermore, CA 94550, USA; bICF Target Design, Sandia National Laboratories,
Albuquerque, NM 87185-1186, USA; cPlasma Physics, Pulsed Power and Microwave Lab, University of Michigan, Ann Arbor, MI
48109, USA; dNASA-Goddard Space Flight Center, Greenbelt, MD 20700, USA

Corresponding author: M.J. May (email: may13@llnl.gov)

Abstract
We have experimentally determined the electron collisional excitation cross-sections for several 3d→4f and 3d→5f excita-

tions in Ni- to Ge-like Au at energies of ∼ 0.4, 1, 2, and 3 keV above threshold energy, ET, for the 3d→4f excitations (ET ∼ 2.5
keV) and ∼ 0.2, 1, and 2 keV above threshold energy for the 3d→5f excitations (ET ∼ 3.3 keV). The cross-section measurements
are possible by using the GSFC micro-calorimeter to record emission spectra from beam plasmas created in the Livermore
EBIT-I electron beam ion trap. The cross-sections are experimentally determined from the ratio of the measured intensities
of the collisionally excited lines to the intensities of the radiative recombination lines in monoenergetic electron distribution
EBIT-I plasmas. The effects of polarization and Auger processes in the beam plasmas are accounted for in the cross-section de-
termination. Experimentally determined cross-sections are compared with those from HULLAC, DWS, and FAC calculations.
The measurements exhibit significant differences with the calculations of these excitation cross-sections.

Key words: collisional cross-sections, measurement, gold, M-shell, EBIT

1. Introduction
High-temperature plasmas exist in Z-pinches [1, 2], toka-

maks [3–5], astrophysical objects [6], and laser-produced plas-
mas [7–9]. Important parameters, such as radiation out-
put, energy deposition rate, charge state distribution (CSD),
etc., must be correctly predicted to understand these plas-
mas. This is especially true in the complex dynamics of the
indirect-driven inertially confined fusion (ICF) plasma experi-
ment [10–12], which depends upon the correct understanding
of many physical processes [13]. All these processes must be
implemented properly in the ICF modeling codes in order to
choose the correct input experimental parameters (e.g. laser
drive, hohlraum size, hohlraum material, capsule ablator ma-
terial, etc.) to optimize the performance of the ICF target.

One of these critical physical processess for ICF is the X-
ray radiation drive incident on the D-T fuel capsule from the
plasma inside the gold (Z = 79) or uranium (Z = 92) hohlraum.
This radiation drive should result in the compression of the
fuel in a very precise and controlled way. The radiation envi-
ronment inside the hohlraum will have a near-Plankian black
body spectrum with radiation temperatures, Tr, of ∼300 eV.
This quasi-Plankian black body has a significant contribu-
tion from non-thermal gold M-shell emission (Ephoton = 2–4
keV) [14], which can affect the performance of the fuel cap-

sule. A thorough understanding of the non-local thermody-
namic equilibrium (NLTE) gold plasma and radiation environ-
ment is needed to optimize the radiation coupling to the ICF
target capsule. Failure to predict accurately the gold radiation
spectrum can adversely affect the performance of indirectly
driven target experiments.

To understand and quantify properly, the X-ray radiation
drive from the hohlraum requires detailed knowledge of the
underlying atomic structure and atomic processes of the ma-
terials composing the ignition hohlraum. There are several
key aspects of the atomic physics (e.g. bound-bound transi-
tion photon energies, CSDs, line radiation intensities, etc.),
which, ideally, need to have a basis in accurate measure-
ments. The results of these measurements are either directly
put into the modeling codes or are used to help guide the
codes to the correct implementation of the atomic physics.

For instance, one important quantity is the CSD of the
gold ions in the plasma. The CSD must be known accurately
since it is critical for understanding radiation levels, energy
deposition, etc., of the high-temperature plasma at a given
condition (electron temperature (Te), Tr, and electron density
(ne)) [15]. The radiation field surrounding the ICF capsule is
dictated by the most abundant ions in the plasma. A shift of
a few charge states can significantly alter the energy of the

Can. J. Phys. 00: 1–16 (2023) | dx.doi.org/10.1139/cjp-2023-0121 1

https://orcid.org/0000-0001-7967-7337
https://orcid.org/0000-0002-1886-9770
mailto:may13@llnl.gov
http://dx.doi.org/10.1139/cjp-2023-0121


Canadian Science Publishing

2 Can. J. Phys. 00: 1–16 (2023) | dx.doi.org/10.1139/cjp-2023-0121

Table 1. Au n = 3d→4f and 3d→5f electron collisional excitations of interest.

ET (eV) ET (eV) ET (eV) ET (eV) Collisional excitation

Charge State Iso-sequence Measured HULLAC FAC DWS JLower-JUpper Transition

Au51+ Ni-like 2519.8±0.5 2512.84 2509.67 2508.61 0 → 1 3d10 → 3d4
3/23d5

5/24f7/2

Au51+ Ni-like 2603.6±0.5 2602.18 2598.34 2600.39 0 → 1 3d10 → 3d3
3/23d6

5/24f5/2

Au51+ Ni-like 3370.6±0.5 3370.93 3367.51 3362.27 0 → 1 3d10 → 3d4
3/23d5

5/25f7/2

Au51+ Ni-like 3458.3±0.5 3455.86 3452.37 3448.49 0 → 1 3d10 → 3d3
3/23d6

5/25f5/2

Au50+ Cu-like 2501.9±0.5 2496.70 2495.68 2501.60 1
2 → 3

2 3d104s → 3d4
3/23d5

5/24s4f7/2

Au50+ Cu-like 2589.4±0.5 2586.60 2584.41 2592.99 1
2 → 3

2 3d104s → 3d3
3/23d6

5/24s4f5/2

Au50+ Cu-like 3334.7±0.5 3334.48 3333.51 3357.84 1
2 → 3

2 3d104s → 3d4
3/23d5

5/24s5f7/2

Au50+ Cu-like 3420.8±0.5 3419.45 3417.76 3445.64 1
2 → 3

2 3d104s → 3d3
3/23d6

5/24s5f5/2

Au49+ Zn-like 2480.2±0.5 2485.09 2481.25 2487.10 0 → 1 3d104s2 → 3d4
3/23d5

5/24s24f7/2

Au49+ Zn-like 2572.8±0.5 2574.03 2569.00 2577.50 0 → 1 3d104s2 → 3d3
3/23d6

5/24s24f5/2

Au49+ Zn-like 3296.6±0.5 3302.42 3298.85 3429.80 0 → 1 3d104s2 → 3d4
3/23d5

5/24s25f7/2

Au49+ Zn-like 3382.7±0.5 3387.14 3383.29 3343.30 0 → 1 3d104s2 → 3d3
3/23d6

5/24s25f5/2

Au48+ Ga-like 2469.1±0.5 2469.05 2466.40 2472.10 1
2 → 3

2 3d104s24p1/2 → 3d4
3/23d5

5/24s24p1/24f7/2

Au48+ Ga-like 2556.3±0.5 2558.94 2551.98 2560.30 1
2 → 3

2 3d104s24p1/2 → 3d3
3/23d6

5/24s24p1/24f5/2

Au48+ Ga-like 3259.9±0.5 3266.31 3263.26 – 1
2 → 3

2 3d104s24p1/2 → 3d4
3/23d5

5/24s24p1/25f7/2

Au48+ Ga-like 3348.3±0.5 3351.70 3348.77 – 1
2 → 3

2 3d104s24p1/2 → 3d3
3/23d6

5/24s24p1/25f5/2

Au47+ Ge-like 2450.5±0.5 2454.05 2451.31 – 0 → 1 3d104s24p2
1/2 → 3d4

3/23d5
5/24s24p2

1/24f7/2

Au47+ Ge-like 2539.9±0.5 2541.11 2537.02 – 0 → 1 3d104s24p2
1/2 → 3d3

3/23d6
5/24s24p2

1/24f5/2

Au47+ Ge-like 3226.5±0.5 3230.99 3227.96 – 0 → 1 3d104s24p2
1/2 → 3d4

3/23d5
5/24s24p2

1/25f7/2

Au47+ Ge-like 3312.2±0.6 3316.56 3312.95 – 0 → 1 3d104s24p2
1/2 → 3d3

3/23d6
5/24s24p2

1/25f5/2

radiation field. The energy deposited in the ICF capsule abla-
tor directly affects the dynamics of the implosion.

Accurate electron collisional excitation cross-sections are
needed since these rates are used for proper interpretation of
the spectral intensities of highly charged gold ions for plasma
diagnostics. In fact, the determination of the ionization bal-
ance for a given plasma temperature is especially sensitive to
the values of the excitation cross-sections used to correlate
the intensity of a given line to the abundance of the emit-
ting ion species. Also, the intensity of the emission lines di-
rectly affects the total strength of the radiation field. Since
inaccuracies in the calculated cross-sections affect the under-
standing of the plasma, understanding their accuracy and un-
certainty is important. Accurate measurements of the cross-
sections will reduce these uncertainties.

To this end, we present our measurements and discuss our
technique for measuring the electron collisional excitation
cross-sections of selected M-shell transitions in Ni- to Ge-
like Au that contribute to the non-thermal component of
the ICF hohlraum radiation drive. Details of the 3d3/2→4f5/2,
3d5/2→4f7/2, 3d3/2→5f5/2, and 3d5/2→5f7/2 excitations cross-
sections investigated in this paper are given in Table 1. The
measurements were done at the Livermore EBIT-I electron
beam ion trap [16, 17], which has unique capabilities that al-
low the measurement of excitation cross-sections of highly
charged ions, as detailed by Chen et al. [18]. The cross-
sections were determined by fitting the observed 4f→3d and
5f→3d line emission and normalizing this emission to the
recorded radiative recombination (RR) emission from the
same ion and in the same plasma. The experimentally de-
termined cross-sections are compared with the calculated

cross-sections from the Hebrew University-Lawrence Liver-
more Atomic Code (HULLAC) [19], the Distorted Wave Code
(DWS) [20], and the Flexible Atomic Code (FAC) [21, 22].

2. Plasmas at the Livermore electron
beam ion trap

The gold plasmas for the collisional excitation cross-
section measurements were created in the Livermore EBIT-I
electron beam ion trap. Two different types of trapping cycles
having either a single monoenergetic beam energy condition
or a stepped-in-time two beam energy condition were used
to create the appropriate plasma conditions for these mea-
surements. The plasma conditions are detailed in Table 2. The
different conditions were chosen to measure the collisional
excitation cross-sections at several energies above the excita-
tion threshold energy, ET, for each transition. The measured
ET are given in Table 1 with uncertainties. The ET calculated
by HULLAC, FAC, and DWS are also given and differ from the
measured values by 1 to 5 eV.

Several conditions were chosen having single beam ener-
gies, EBeam (e.g. 2.92, 3.53, and 4.54 ± 0.04 keV). For these con-
ditions, the beam energy was kept constant for the duration
of the trapping cycle. The stepped two beam energy plasmas
had a lower energy (e.g. EBeam = 2.92 ± 0.04 keV) for 43 ms
followed by a higher energy (e.g. EBeam = 5.35 ± 0.04 keV) for
7 ms before immediately returning to the lower energy. This
step pattern was repeated for the duration of each trapping
cycle. In the stepped plasmas, the lower beam energy plasma
conditions were used to create the required charge balance
and to optimize the population of the ions of interest. The
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Table 2. Electron beam energy configurations utilized for the electron collisional excitation cross-
section measurements.

Dominant Lower EBeam Upper EBeam IBeam Duration of lower Duration of higher

Ions (keV) (keV) (mA) EBeam (ms) EBeam (ms)

Ni/Cu/Zn 5.35 ± 0.04 − 56 − −
Ni/Cu/Zn 4.54 ± 0.04 − 56 − −
Ni/Cu/Zn 3.53 ± 0.04 − 56 − −
Zn/Ga/Ge 2.92 ± 0.04 − 50 − −
Zn/Ga/Ge 2.92 ± 0.04 3.53 ± 0.04 50 43 7

Zn/Ga/Ge 2.92 ± 0.04 4.54 ± 0.04 50 43 7

Zn/Ga/Ge 2.92 ± 0.04 5.35 ± 0.04 54 43 7

Ni/Cu/Zn 4.54 ± 0.04 5.35 ± 0.04 56 43 7

higher beam energy conditions were used to create electrons
of the required energy. These electrons excited the ions in
the 3dn ground state into either the upper 4f or 5f transition
with a specific ET of the collisional excitation. In the single
beam energy plasmas, both the charge balance and electron
excitation conditions were satisfied using a single beam en-
ergy. The electron beam for these experiments had a Gaussian
electron energy distribution with a full width half maximum
(FWHM) of ≈50 eV. Each of these trapping cycle conditions
having either a single or stepped two beam energy plasma
was maintained for 8 to 12 s before the trap was emptied and
refilled with new Au atoms. The trapping cycle at each exper-
imental condition was repeated for ≈12 h in order to record
sufficient signal in the weak RR emission.

The Goddard Space Flight Center (GSFC) microcalorimeter
(XRS) [23, 24] was photometrically calibrated and was used to
record the collisionally excited Ni- to Ge-like gold lines from
the 4f→3d and 5f→3d X-ray transitions between photon en-
ergies, Eγ , of 2 to 4 keV and the RR features of Ni recom-
bining into Cu, Cu recombining into Zn, etc., between Eγ of
5 and 8 keV. The XRS detector head consisted of an array
of 30 active ion-implanted thermistors with a 8.5 μm thick
HgTe photon absorber. The thermistors directly measured the
temperature change of a single photon absorbed by the HgTe
absorber, which was cooled to 59 mK. The maximum count
rate was limited to ≈100 counts per second across the en-
tire array. The spectral resolution was ≈12 eV across the en-
tire spectral range used for these measurements. This res-
olution was slightly poorer than the 10 eV nominal resolu-
tion of other XRS measurements [25, 26] and may be the re-
sult of small instrumental drifts during the 12 h integration
times.

The XRS was time synchronized with the EBIT-I trapping
cycle. Each photon had a time stamp relating its detection
time to the time of the trapping cycle. Only the steady state
portion of each single beam energy plasma condition was se-
lected, and this spectrum was used for these measurements.
For the stepped two electron beam energy conditions, the
steady state portions of each beam condition were selected.
The RR spectrum from the lower energy condition and colli-
sionally excited spectrum from the upper energy conditions
were used for the collisional excitation cross-section mea-
surements.

Fig. 1. Measured microcalorimeter (XRS) [23, 24] spectrum of
the n=5f→3d Au transitions in an EBIT-I plasma having an
EBeam of 3.53 keV. The lower panel shows the spectrum (dots)
and the fit to the data. The dashed lines are the components
to the total fit (solid line). The upper panel shows the residual
of the fit to the data indicating the goodness of the fit.

A typical measured line emission spectrum (dots) of M-shell
gold between Eγ = 3.2–3.6 keV is given in the lower frame of
Fig. 1. An EBeam of 3.53 keV was used to create the Ni-, Cu- and
Zn-like Au charge states that are the dominant charge states
at this beam energy. Clearly seen are the n = 5f7/2→3d5/2 and
n = 5f5/2→3d3/2 transitions of interest. Fits to the data are
discussed below.

A typical measured RR spectrum (dots) is shown for an Au
plasma having an EBeam = 4.54 keV, in the lower frame of
Fig. 2. The measured recombination features from the con-
tinuum into the n = 4s, 4p1/2, 4p3/2, 4d, and 4f sublevels are
observed and are labeled in the figure. The major contribut-
ing charge states to these feature are the Ni-like ions recom-
bining into Cu-like ions, Cu-like ions recombining into Zn-
like ions, and Zn-like ions recombining into Ga-like gold ions.
Additional spectra and details of the EBIT measurements are
given in Refs. [27–30].
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Fig. 2. A radiative recombination (RR) spectrum from an Au
plasma with an EBeam of 4.54 keV measured by the XRS. In the
lower panel, the RR features are fit with calculations from
GRASP. The upper panel shows the residual of the fit to the
data indicating the goodness of the fit.

3. Cross-section calculations
Since atomic physics codes can calculate electron colli-

sional excitation cross-sections with slightly different meth-
ods, a comparison of the computational methods of several
codes is prudent. Three separate atomic physics codes (HUL-
LAC [19], DWS [20] and FAC [21, 22]) were used to calculate the
electron collisional excitation cross-sections for the 3d→4f
and 3d→5f excitations discussed here. HULLAC computed
the energy-level structure for each ion from the Dirac equa-
tion with a parametric potential. Total electron collisional ex-
citation cross-sections were calculated semi-relativistically in
the distorted wave approximation. DWS calculated fully rel-
ativistic distorted wave cross-sections and utilized the Dirac–
Fock–Slater potential. FAC calculated cross-sections in the dis-
torted wave approximation using the same factorization for-
mula used by HULLAC and a variant of the potential used
by DWS. HULLAC can only calculate the total cross-sections.
The FAC and DWS codes can calculate the cross-sections be-
tween the individual magnetic sub-levels that are important
for processes driven by a highly directional beam such as
in EBIT. The configurations used for each of the calcula-
tions are listed in Table 3. The configurations used by FAC
and HULLAC differed slightly. The DWS configurations were
minimal due to the complexities of running this code. All
the calculations utilized the configuration-interaction (CI)
method. The calculated excitation cross-sections from HUL-
LAC, FAC, and DWS for the transitions in Ni- to Ge-like gold
are given in Tables 4, 5, and 6. The cross-sections calculated
by the three codes are compared in Figs. 3, 4, 5, 6, and 7 for
Ni-, Cu-, Zn-, Ga- and Ge-like gold, respectively. In general,
the agreement between the total cross-sections calculated by
all three codes was good. The variations between the differ-

ent calculations were 10%–20%. The magnetic sub-level cross-
sections from FAC were in good agreement with those from
DWS. In a recent paper, Wu et al. [31] have calculated both
cross-sections and polarizations, P, of the 3d→5f lines for
Cu-like to Se-like gold following electron-impact excitation.
These calculated cross-sections for Cu-like gold are plotted in
Fig. 4 and are in reasonable agreement with the three calcu-
lations presented here.

4. Collisional excitation
cross-section measurements

The experimentally inferred collisional excitation cross-
sections for the 3d→4f and 3d→5f excitations in Ni-like to
Ge-like gold were determined from the measured intensities
of the collisionally excited lines, ICE, and the RR emission, IRR.
These cross-sections, σCE, are related to the ICE and IRR inten-
sities by the formula:

σCE = 1
βAA

∑
jGRR, jηRR, jTRR, jσRR, j

GCEηCETCE

ICE

IRR
(1)

The variables η and T are the XRS detector efficiency and fil-
ter transmissions in the XRS, respectively. The variable βAA

is the branching ratio that accounts for the autoionization
processes that affect each transition. The values σRR, j are the
RR cross-sections. GCE and GRR, j are the corrections for the
polarization effects on the measured ICE and IRR intensities,
respectively. In the single beam energy plasmas, the ICE and
IRR data used were fits of the spectra recorded from the steady
state portion in each beam configuration. In the stepped two
beam energy plasmas, the ICE line data were fits of the spec-
trum recorded in the steady state portion of the upper beam
energy condition in a given configuration. Similarly, the IRR

emission data were fits of the spectrum recorded in the steady
state portion of the lower beam energy condition in a given
configuration. These intensties were corrected for the differ-
ent time durations spent at each beam energy condition dur-
ing the trapping cycle.

We note that two types of polarizations can influence these
cross-section measurements. The first is due to the measure-
ment detection technique. Some X-ray measurement tech-
niques (e.g. using crystals) are selective in the detection of
different polarizations [32]. These techniques change the po-
larization of the detected photons and require additional cor-
rections for a cross-section determination. However, the XRS
detector records all photons equally regardless of polariza-
tion. No detector correction for polarization is required for
the XRS-recorded spectra.

The second polarization is that from geometry and the
viewing angle of the measurement. Both the line and RR
emission from the EBIT-I plasmas are polarized as a result
of the ions undergoing electron excitations in a directional
electron beam. The intensity and polarization of a given emis-
sion feature from a beam-excited ion depends on the obser-
vation angle relative to the direction defined by the relative
velocities of the ion and the electron. In the EBIT plasmas, we
assume that the ions are quasi-stationary and are interacting
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Table 3. Atomic configurations used for FAC, HULLAC, and DWS calculations.

FAC Ni-like HULLAC Ni-like DWS Ni-like

1s2 2[s,p]8 3[s,p,d]18 1s2 2[s,p]8 3p6 3d10 1s2 2[s,p]8 3p6 3d10

1s2 2[s,p]8 3s2 3p6 3d8 4s1 4[p,d,f ]1 1s2 2[s,p]8 3p6 3d9 4[s,p,d,f ]1 1s2 2[s,p]8 3p6 3d9 4[p,f ]1

1s2 2[s,p]8 3s2 3p6 3d8 4s2 1s2 2[s,p]8 3p6 3d9 5[s,p,d,f ]1 1s2 2[s,p]8 3p6 3d9 5[p,f ]1

1s2 2[s,p]8 3s2 3p6 3d8 4s1 5f1 1s2 2[s,p]8 3p5 3d10 4[s,p,d,f ]1

1s2 2[s,p]8 3[s,p,d]17 4[s,p,d,f ]1 1s2 2[s,p]8 3p5 3d10 5[s,p,d,f ]1

1s2 2[s,p]8 3[s,p,d]17 5[s,p,d,f,g]1

1s2 2[s,p]8 3[s,p,d]17 6[s,p,d,f,g]1

1s2 2[s,p]7 3s2 3p6 3d10 4[s,p,d,f ]1

1s1 2[s,p]8 3s2 3p6 3d10 4[s,p,d,f ]1

FAC Cu-like HULLAC Cu-like DWS Cu-like

1s2 2[s,p]8 3[s,p,d]18 4s1 1s2 2[s,p]8 3p6 3d10 4[s,p,d,f ]1 1s2 2[s,p]8 3p6 3d10 4s1

1s2 2[s,p]8 3[s,p,d]18 4[s,p,d,f ]1 1s2 2[s,p]8 3p6 3d10 4[s,p,d,f ]1 1s2 2[s,p]8 3p6 3d9 4s1 4[p,f ]1

1s2 2[s,p]8 3[s,p,d]18 5[s,p,d,f,g]1 1s2 2[s,p]8 3p6 3d9 4s1 4[s,p,d,f ]1 1s2 2[s,p]8 3p6 3d9 4s1 5[p,f ]1

1s2 2[s,p]8 3[s,p,d]18 6[s,p,d,f,g]1 1s2 2[s,p]8 3p6 3d9 4s1 5[s,p,d,f ]1

1s2 2[s,p]8 3[s,p,d]17 4s2 ‘ 1s2 2[s,p]8 3p5 3d10 4s1 4[s,p,d,f ]1

1s2 2[s,p]8 3[s,p,d]17 4s1 4[p,d,f ]1 1s2 2[s,p]8 3p5 3d10 4s1 5[s,p,d,f ]1

1s2 2[s,p]8 3[s,p,d]17 4s1 5[s,p,d,f ]1

FAC Zn-like HULLAC Zn-like DWS Zn-like

1s2 2[s,p]8 3[s,p,d]18 4s2 1s2 2[s,p]8 3p6 3d10 4[s,p,d,f ]2 1s2 2[s,p]8 3p6 3d10 4s2

1s2 2[s,p]8 3[s,p,d]18 4s1 4[p,d,f ]1 1s2 2[s,p]8 3p6 3d10 4s1 5[s,p,d,f ]1 1s2 2[s,p]8 3p6 3d9 4s2 4[p,f ]1

1s2 2[s,p]8 3[s,p,d]18 4s1 5[s,p,d,f,g]1 1s2 2[s,p]8 3p6 3d9 4s2 4[p,d,f ]1 1s2 2[s,p]8 3p6 3d9 4s2 5[p,f ]1

1s2 2[s,p]8 3[s,p,d]18 4s1 6[s,p,d,f,g]1 1s2 2[s,p]8 3p6 3d9 4s2 5[s,p,d,f ]1

1s2 2[s,p]8 3[s,p,d]17 4s2 4[p,d,f ]1 1s2 2[s,p]8 3p5 3d10 4s2 4[p,d,f ]1

1s2 2[s,p]8 3[s,p,d]17 4s2 5[s,p,d,f,g]1 1s2 2[s,p]8 3p5 3d10 4s2 5[s,p,d,f ]1

FAC Ga-like FAC Ga-like DWS Ga-like

1s2 2[s,p]8 3[s,p,d]18 4s2 4p1 1s2 2[s,p]8 3p6 3d10 4s2 4[p,d,f ]1 1s2 2[s,p]8 3p6 3d10 4s3

1s2 2[s,p]8 3[s,p,d]18 4s2 4[d,f ]1 1s2 2[s,p]8 3p6 3d10 4s2 5[s,p,d,f ]1 1s2 2[s,p]8 3p6 3d9 4s2 4[p,f ]1

1s2 2[s,p]8 3[s,p,d]18 4s1 4p2 1s2 2[s,p]8 3p6 3d10 4s1 4[p,d,f ]2

1s2 2[s,p]8 3[s,p,d]18 4s1 4p1 4[d,f ]1 1s2 2[s,p]8 3p6 3d10 4p1 4[d,f ]2

1s2 2[s,p]8 3[s,p,d]18 4s2 5[s,p,d,f,g]1 1s2 2[s,p]8 3p6 3d10 4d1 4f2

1s2 2[s,p]8 3[s,p,d]18 4s2 6[s,p,d,f,g]1 1s2 2[s,p]8 3p6 3d10 4d2 4f1

1s2 2[s,p]8 3s2 3p6 3d9 4s2 4p2 1s2 2[s,p]8 3p6 3d10 4s1 4p1 5[s,p,d,f ]1

1s2 2[s,p]8 3s2 3p6 3d9 4s2 4p1 4f1 1s2 2[s,p]8 3p6 3d9 4s2 4p1 5[s,p,d,f ]1

1s2 2[s,p]8 3s2 3p6 3d9 4s2 4p1 5f1 1s2 2[s,p]8 3p6 3d9 4s2 4p1 4[p,d,f ]1

1s2 2[s,p]8 3p5 3d10 4s2 4p1 5[s,p,d,f ]1

1s2 2[s,p]8 3p5 3d10 4s2 4p1 4[p,d,f ]1

FAC Ge-like FAC Ge-like DWS Ge-like

1s2 2[s,p]8 3[s,p,d]18 4s2 4p2 1s2 2[s,p]8 3p6 3d10 4s2 4[p,d,f ]2 Not available

1s2 2[s,p]8 3[s,p,d]18 4s2 4p1 4[d,f ]1 1s2 2[s,p]8 3p6 3d10 4s2 4p1 5[s,p,d,f ]1

1s2 2[s,p]8 3[s,p,d]18 4s1 4p3 1s2 2[s,p]8 3p6 3d10 4s1 4p2 4[p,d,f ]1

1s2 2[s,p]8 3[s,p,d]18 4s1 4p2 4[d,f ]1 1s2 2[s,p]8 3p6 3d10 4s1 4p2 5[s,p,d,f ]1

1s2 2[s,p]8 3[s,p,d]184s2 4p1 5[s,p,d,f,g]1

1s2 2[s,p]8 3[s,p,d]18 4s2 4p1 6[s,p,d,f,g]1

1s2 2[s,p]8 3s2 3p6 3d9 4s2 4p3

1s2 2[s,p]8 3s2 3p6 3d9 4s2 4p2 4f1

1s2 2[s,p]8 3s2 3p6 3d9 4s2 4p2 5f1

with electrons traveling along a single beam direction. In this
work, the emission is viewed 90◦ from the direction of the
electron beam. Corrections for the polarization are applied to
the measured RR and the CE emission for more accurate de-

terminations of each of the cross-sections. These corrections
are included by different methods as detailed below.

The General Relativistic Atomic Structure Program
(GRASP) [33, 34] provided RR cross-sections, σ RR, j, that
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Table 4. Selected collisional excitation cross-sections of interest from HULLAC.

Energy Above 3d5/2→4f7/2 3d3/2→4f5/2 3d5/2→5f7/2 3d3/2→5f5/2

Iso Transition Threshold σ (×10−21) σ (×10−21) σ (×10−21) σ (×10−21)

sequence (J-J) (eV) (cm2) (cm2) (cm2) (cm2)

Photon energy (eV) 2512.84 2602.18 3370.93 3455.86

Ni-like A (s−1) 2.114 × 1014 5.460 × 1014 1.684 × 1014 2.006 × 1014

Ni-like 0→1 100 17.250 37.780 5.391 5.593

Ni-like 0→1 1000 14.840 32.950 4.782 5.081

Ni-like 0→1 2000 13.320 29.440 4.357 4.654

Ni-like 0→1 5000 10.420 23.560 3.529 3.821

Ni-like 0→1 10000 8.021 18.280 2.780 3.020

Ni-like 0→1 20000 5.957 13.640 2.065 2.254

Photon energy (eV) 2496.80 2586.76 3333.71 3419.38

Cu-like A (s−1) 2.124 × 1014 5.278 × 1014 1.658 × 1014 1.922 × 1014

Cu-like 1/2→3/2 100 11.500 24.120 3.338 4.387

Cu-like 1/2→3/2 1000 9.928 21.090 2.991 3.820

Cu-like 1/2→3/2 2000 8.809 18.860 2.795 2.927

Cu-like 1/2→3/2 5000 6.935 15.000 2.267 2.396

Cu-like 1/2→3/2 10000 5.410 11.790 1.788 1.904

Cu-like 1/2→3/2 20000 4.021 8.808 1.328 1.422

Photon energy (eV) 2485.09 2574.03 3302.42 3387.14

Zn-like A (s−1) 2.133 × 1014 5.353 × 1014 1.673 × 1014 1.954 × 1014

Zn-like 0→1 100 15.740 39.570 5.667 5.322

Zn-like 0→1 1000 14.730 31.760 4.808 4.846

Zn-like 0→1 2000 13.080 28.440 4.389 4.446

Zn-like 0→1 5000 10.320 22.680 3.567 3.642

Zn-like 0→1 10000 8.061 17.850 2.821 2.895

Zn-like 0→1 20000 6.000 13.340 2.096 2.162

Photon energy (eV) 2469.05 2555.78 3265.88 3351.70

Ga-like A (s−1) 2.075 × 1014 5.325 × 1014 1.671 × 1014 1.944 × 1014

Ga-like 1/2→3/2 100 11.390 24.530 3.647 1.853

Ga-like 1/2→3/2 1000 10.830 23.730 3.531 1.813

Ga-like 1/2→3/2 2000 9.721 21.530 3.257 1.689

Ga-like 1/2→3/2 5000 7.906 17.720 2.754 1.441

Ga-like 1/2→3/2 10000 5.353 12.190 1.915 1.012

Ga-like 1/2→3/2 20000 3.302 7.579 1.182 0.630

Photon energy (eV) 2454.05 2541.11 3230.99 3316.56

Ge-like A (s−1) 2.088 × 1014 5.120 × 1014 1.673 × 1014 1.967 × 1014

Ge-like 0→1 100 16.890 35.540 5.632 5.829

Ge-like 0→1 1000 14.630 31.240 5.075 5.316

Ge-like 0→1 2000 13.020 28.060 3.762 4.880

Ge-like 0→1 5000 10.280 22.440 3.762 4.004

Ge-like 0→1 10000 8.046 17.710 2.972 3.187

Ge-like 0→1 20000 5.994 13.260 2.208 2.383

included the polarization effects, GRR, j, in the EBIT-I plasmas.
These calculated features were fit to the measured spectra
to determine the IRR for each beam condition. In the beam
plasma, the RR features appear as lines with widths equal to
FWHM of the Gaussian electron energy distribution of ≈50
eV. The energy of the ‘line’ is equal to the beam energy plus
the energy of recombination from the continuum into the
recombined state. Each RR feature was assumed to have a

Gaussian energy distribution which was used in the fitting
process. An example fit (red dashed line) of these features to
the measured spectra is given in the lower frame of Fig. 2
for an EBeam = 4.54 keV plasma condition. The individual
RR features are given as vertical lines in the figure. The
upper frame in Fig. 2 shows the small residual between the
measured data and the fit, which indicates the quality of
the fit.
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Table 5. Selected polarizations and collisional excitation cross sections of interest from FAC.

Energy above 3d5/2→4f7/2 3d3/2→4f5/2 3d5/2→5f7/2 3d3/2→5f5/2

Iso Transition Threshold P G σ (×10−21) P G σ (×10−21) P G σ (×10−21) P G σ (×10−21)

sequence (J-J) (eV) (cm2) (cm2) (cm2) (cm2)

Photon energy (eV) 2509.67 2598.34 3367.51 3452.37

Ni-like A (s−1) 2.124 × 1014 5.377 × 1014 1.598 × 1014 1.832 × 1014

Ni-like 0→1 148.07 0.286 1.11 16.907 0.285 1.10 36.251 0.278 1.10 5.004 0.278 1.10 5.047

Ni-like 0→1 2088.2 0.369 1.14 12.891 0.369 1.14 28.231 0.353 1.13 4.123 0.355 1.13 4.206

Ni-like 0→1 5073.9 0.378 1.14 10.181 0.380 1.15 22.548 0.371 1.14 3.370 0.375 1.14 3.467

Ni-like 0→1 9668.4 0.325 1.12 8.061 0.329 1.12 17.969 0.329 1.12 2.701 0.336 1.13 2.796

Ni-like 0→1 16739 0.231 1.08 6.437 0.237 1.09 14.404 0.248 1.09 2.150 0.257 1.09 2.235

Ni-like 0→1 27619 0.102 1.04 4.575 0.109 1.04 10.235 0.108 1.04 1.535 0.118 1.04 1.596

Photon energy (eV) 2495.68 2584.41 3333.51 3417.76

Cu-like A (s−1) 2.108 × 1014 5.123 × 1014 1.561 × 1014 1.746 × 1014

Cu-like 1/2→3/2 146.83 0.149 1.05 11.290 0.146 1.05 23.238 0.140 1.05 3.338 0.145 1.05 3.284

Cu-like 1/2→3/2 2067.7 0.196 1.07 8.661 0.195 1.07 18.197 0.185 1.07 2.762 0.188 1.07 2.748

Cu-like 1/2→3/2 5023.7 0.202 1.07 6.863 0.203 1.07 14.579 0.197 1.07 2.264 0.201 1.07 2.271

Cu-like 1/2→3/2 9572.5 0.173 1.06 5.447 0.175 1.06 11.645 0.174 1.06 1.817 0.179 1.06 1.835

Cu-like 1/2→3/2 16572. 0.121 1.04 4.354 0.124 1.04 9.345 0.130 1.05 1.449 0.135 1.05 1.468

Cu-like 1/2→3/2 27344. 0.052 1.02 3.099 0.056 1.02 6.652 0.056 1.02 1.036 0.061 1.02 1.050

Photon energy (eV) 2481.25 2569.00 3298.85 3383.29

Zn-like A (s−1) 2.084 × 1014 5.111 × 1014 1.530 × 1014 1.717 × 1014

Zn-like 0→1 145.65 0.280 1.10 16.933 0.278 1.10 35.151 0.272 1.10 5.033 0.272 1.10 4.964

Zn-like 0→1 2047.1 0.367 1.14 13.052 0.367 1.14 27.680 0.352 1.13 4.181 0.353 1.13 4.170

Zn-like 0→1 4973.1 0.379 1.14 10.375 0.380 1.15 22.251 0.372 1.14 3.435 0.376 1.14 3.455

Zn-like 0→1 9475.7 0.328 1.12 8.249 0.331 1.12 17.805 0.332 1.12 2.763 0.338 1.13 2.796

Zn-like 0→1 16404. 0.234 1.08 6.604 0.240 1.09 14.311 0.251 1.09 2.205 0.260 1.09 2.241

Zn-like 0→1 27066. 0.105 1.04 4.710 0.112 1.04 10.205 0.111 1.04 1.580 0.121 1.04 1.606

Photon energy (eV) 2466.40 2551.98 3263.26 3348.77

Ga-like A (s−1) 2.003 × 1014 5.023 × 1014 1.499 × 1014 1.593 × 1014

Ga-like 1/2→3/2 144.44 0.146 1.05 10.964 0.145 1.05 23.214 0.142 1.05 3.366 0.134 1.05 3.153

Ga-like 1/2→3/2 2105.8 0.196 1.07 8.429 0.196 1.07 18.273 0.188 1.07 2.792 0.184 1.07 2.643

Ga-like 1/2→3/2 5125.0 0.202 1.07 6.692 0.204 1.07 14.692 0.199 1.07 2.289 0.199 1.07 2.183

Ga-like 1/2→3/2 9772.6 0.172 1.06 5.316 0.175 1.06 11.752 0.175 1.06 1.836 0.177 1.06 1.762

Ga-like 1/2→3/2 16927. 0.118 1.04 4.255 0.123 1.04 9.444 0.128 1.04 1.465 0.132 1.05 1.411

Ga-like 1/2→3/2 27939. 0.050 1.02 3.027 0.055 1.02 6.723 0.053 1.02 1.047 0.057 1.02 1.009
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For each line emission spectrum, each line feature is fit
with a Gaussian line function to determine the ICE of each
transition. An example of a fit is given in the lower frame of
Fig. 1 for the 5f5/2→3d3/2 and 5f7/2→3d5/2 emission lines for a
plasma having an EBeam = 3.53 keV. The individual Gaussian
fits are shown as dashed lines with a nominal FWHM of the
instrumental spectral resolution of ≈12 eV. The total fit (solid
line), which is the sum of the dashed Gaussian peaks, com-
pares well with the measured spectrum. The upper frame in
Fig. 1 shows the residual between the measured data and the
fit. The residual is small indicating a good fit to the data and
an accurate determination of the intensity of each spectral
line.

For ICE emission, the polarization at an observation angle
of θ = 90◦ with respect to the electron beam can be expressed
as follows:

P = I‖ − I⊥
I‖ + I⊥

(2)

I‖ and I⊥ are the intensities of light with electric field vec-
tor parallel and perpendicular to the electron beam direc-
tion, respectively [35]. The polarization can be expressed as
a function of the magnetic sublevel cross-sections, which is
discussed in more detail in Ref. [36]. The magnetic sublevel
cross-sections were calculated by DWS and FAC. For the Ni-
like, Zn-like and, Ge-like 4f5/2→3d3/2, 4f7/2→3d5/2, 5f5/2→3d3/2,
and 5f7/2→3d5/2 transitions that have J = 1→0 [36]:

P = −1 × σ−1 − 2σ0 + σ+1

σ−1 + 2σ0 + σ+1
(3)

For the Cu-like and Ga-like 4f5/2→3d3/2, 4f7/2→3d5/2,
5f5/2→3d3/2 and 5f7/2→3d5/2 transitions having J= 3

2→ 1
2

[36]:

P =
3

(
σ 1

2
− σ 3

2

)

3σ 3
2

+ 5σ 1
2

(4)

Each of the magnetic sub-level cross-sections has an implicit
energy dependence. Therefore, the polarization of an emit-
ted photon varies with beam energy. The polarizations for the
4f→3d and 5f→3d Cu-like (Au51 +) and Zn-like (Au50 +) tran-
sitions determined using the calculated cross-sections from
both DWS and FAC are plotted in Figs. 8 and 9, respectively,
as a function of ET. The calculated polarizations of the 3d→5f
lines for Cu-like gold from Wu et al. [31] are also plotted
in Fig. 8. Reasonable agreement exists between the calcula-
tions of Wu et al. and the calculations presented here for the
Cu-, Zn-, Ga- and Ge-like polarizations. The polarizations de-
termined from both FAC and DWS are in good agreement.
The polarizations have a maximum at about 5 keV above ET.
The polarizations used for the transitions are given in Table 5
as determined from the FAC calculations. The polarization
is ≈0.35 at a EBeam = 4.54 keV for the 4f→3d (J = 1→0) and
5f→3d (J = 1→0) transitions in Zn-like Au. The polarization is
≈0.2 for this beam energy for the transitions having J = 3

2→ 1
2

in Cu-like gold. Because of the high-electron beam energy of
the present measurements, depolarization effects caused by
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Table 6. Selected collisional excitation cross-sections of interest from DWS.

Energy above 3d5/2→4f7/2 Energy above 3d3/2→4f5/2 Energy above 3d5/2→5f7/2 Energy above 3d3/2→5f5/2

Iso Transition threshold σ (×10−21) threshold σ (×10−21) threshold σ (×10−21) Threshold σ (×10−21)

sequence (J-J) (eV) (cm2) (eV) (cm2) (eV) (cm2) (eV) (cm2)

Ni-like Photon energy (eV) 2508.61 2600.39 3362.27 3448.49

Ni-like 0→1 − − − − 190.0 4.916 110.0 4.907

Ni-like 0→1 − − − − 240.0 4.886 160.0 4.876

Ni-like 0→1 − − − − 1190.0 4.392 1110.0 4.404

Ni-like 0→1 2090.0 14.073 2010.0 26.064 − − − −
Ni-like 0→1 2490.0 13.519 2410.0 25.048 1240.0 4.371 1160.0 4.380

Ni-like 0→1 − − − − 2240.0 3.988 2160.0 4.015

Ni-like 0→1 7490.0 9.688 7410.0 17.392 − − − −
Cu-like Photon energy (eV) 2501.60 2592.99 3357.84 3445.64

Cu-like 1/2→3/2 98.4 12.533 7.0 21.576 − − − −
Cu-like 1/2→3/2 498.4 11.679 407.0 20.013 − − − −
Cu-like 1/2→3/2 1048.4 10.796 957.0 18.386 191.5 1.570 104.4 2.785

Cu-like 1/2→3/2 1098.4 10.724 1007.0 18.261 241.5 1.560 154.4 2.768

Cu-like 1/2→3/2 2048.4 9.619 1957.0 16.221 1191.5 1.415 1104.4 2.497

Cu-like 1/2→3/2 2098.4 9.565 2007.0 16.126 1241.5 1.409 1154.4 2.487

Cu-like 1/2→3/2 3098.4 8.737 3007.0 14.621 2241.5 1.296 2154.4 2.274

Cu-like 1/2→3/2 6698.4 6.908 6607.0 11.334 5841.5 1.042 5754.4 1.795

Zn-like Photon energy (eV) 2487.10 2577.50 3429.80 3343.30

Zn-like 0→1 972.5 16.228 972.5 27.580 120.2 4.728 206.7 4.758

Zn-like 0→1 1022.5 16.120 1022.5 27.386 170.2 4.704 256.7 4.731

Zn-like 0→1 1972.5 14.483 1972.5 24.358 1120.2 4.261 1206.7 4.300

Zn-like 0→1 2022.5 14.411 2022.5 24.220 1170.2 4.240 1256.7 4.281

Zn-like 0→1 3022.5 13.186 3022.5 21.998 2170.2 3.887 2256.7 3.942

Zn-like 0→1 6622.5 10.442 6622.5 17.077 5770.2 3.078 5856.7 3.177
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Fig. 3. Experimentally determined collisional excitation
cross-sections for the 3d→4f and 3d→5f excitation in Ni-like
Au and comparisons to HULLAC, FAC, and DWS calculations.

Fig. 4. Experimentally determined collisional excitation
cross-sections for the 3d→4f and 3d→5f excitation in Cu-like
Au and comparisons to HULLAC, FAC, and DWS calculations.
A comparison with values from Wu et al. is also given.

a thermal (perpendicular) motion of the electrons can be ig-
nored [37].

For line emission, the angular distribution resulting from
the polarization, GCE, can be expressed as GCE = 3/(3-P) for
a dipole transition viewed at 90◦. The angular distribution
is defined as the ratio of the photon intensity at a given an-
gle to that of the photon intensity at 0◦ [35]. The GCE factors
for each of the transitions were determined from the calcu-
lated polarizations. The angular distributions for the 4f→3d
and 5f→3d Cu-like (Au51+) and Zn-like (Au50+) transitions are
given in Figs. 10 and 11, respectively, as a function of en-
ergy above threshold, ET. The GCE values are 5% to 15% larger
than unity and represent a necessary correction for the cross-
section measurements. The differences between the DWS and
FAC values for a given transition are less than ∼1% and are an
estimate on the uncertainty of each angular distribution fac-

Fig. 5. Experimentally determined collisional excitation
cross-sections for the 3d→4f and 3d→5f excitation in Zn-like
Au and comparisons to HULLAC, FAC, and DWS calculations.

Fig. 6. Experimentally determined collisional excitation
cross-sections for the 3d→4f and 3d→5f excitation in Ga-like
Au and comparisons to HULLAC, FAC, and DWS calculations.

Fig. 7. Experimentally determined collisional excitation
cross-sections for the 3d→4f and 3d→5f excitation in Ge-like
Au and comparisons to HULLAC and FAC calculations.
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Fig. 8. Photon polarizations derived from DWS and FAC cal-
culations as a function of energy above threshold, ET, for the
4f→3d and 5f→3d Cu-like (Au50 +) transitions. A comparison
with Wu et al. is also given.

Fig. 9. Photon polarizations derived from DWS and FAC cal-
culations as a function of energy above threshold, ET, for the
4f→3d (J = 1→0) and 5f→3d (J = 1→0) Zn-like (Au49+) tran-
sitions.

tor. This difference is not significant and is not included in the
uncertainty estimates in the cross-section determinations.

5. Auger and electron cascade processes
The upper states for the 5f→3d transitions exist at an en-

ergy above the ionization potential for Cu-, Zn-, Ga-, and Ge-
like Au ions. The upper state energies and ionization poten-
tials are given in Table 7. One might expect the Auger pro-
cess to affect the strength of these radiative decays. The 5f
excited state will decay either through the emitting of an
electron into the continuum or through radiative decay to
the ground state of the original ion. The apparent experimen-
tally determined cross-section from the line strength would

Fig. 10. Angular distributions derived from DWS and FAC
photon polarization calculations as a function of energy
above threshold, ET, for the 4f→3d and 5f→3d Cu-like (Au50+)
transitions.

Fig. 11. Angular distributions derived from DWS and FAC
photon polarization calculations as a function of energy
above threshold, ET, for the 4f→3d (J = 1→0) and 5f→3d (J
= 1→0) Zn-like (Au49+) transitions.

appear smaller without a correction for the fraction of the
excited electrons lost through the Auger processes. The up-
per states for the 4f→3d transitions are below the ionization
potential for these ions and should not be affected by Auger
processes.

For each of the Ni- through Ge-like 5f→3d transitions, the
collisional radiative model, SCRAM [38], was used to estimate
the magnitude of the Auger processes and the branching ra-
tios for the radiative decay. The branching ratio is the radia-
tive decay rate from the excited level, i, to the ground level, l,
divided by the sum over the radiative decay rates from level,
i, to the levels in the same charge state, j, plus the sum over
the Auger transitions from state, i, to levels in the next higher
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Table 7. Branching ratios for radiative decay for select 5f→3d transitions.

5f5/2→3d3/2 5f7/2→3d5/2

Ionization Upper Radiative Upper Radiative

potential state decay state decay

Isonuclear (eV) energy branching energy branching

sequence [NIST] (eV) ratio (eV) ratio

Ni 4888 3458.3 1.000 3370.6 1.000

Cu 2941 3420.8 0.82 ± 0.01 3334.7 0.83 ± 0.01

Zn 2870 3382.7 0.79 ± 0.04 3296.6 0.79 ± 0.04

Ga 2708 3348.3 0.71 ± 0.03 3259.9 0.79 ± 0.07

Ge 2640 3312.2 0.71 ± 0.04 3226.5 0.75 ± 0.04

charge state, k. This can be expressed as follows:

βi,l = Ai,l∑RadDecay
j Ai, j + ∑Auger

k Ai,k

(5)

The most significant contribution to the
∑RadDecay

j Ai, j term is
Ai, l at EBIT plasma conditions. The branching ratios are sum-
marized in Table 7 for the Ni- to Ge-like Au iso-sequences.
The Auger decay channels for the 5f excited states were
found to be significant for the Cu-, Zn-, Ga-, and Ge-like
Au ions and were corrected for in the determination of the
3d→5f collisional excitation cross-sections. As expected, the
branching ratios for the 4f→3d excited states were found
to be all greater than 0.99 for decays back to the ground
state.

These complex ions have a lot of transitions so ac-
counting for all the channels is a daunting task. The up-
per states are assumed to be primarily populated from
direct collisional excitation rather than ionization, radia-
tive cascades, or dielectronic capture in these low-density
plasmas. Model completeness can introduce uncertainties
in the branching ratio. Estimates of these uncertainties
are given in the table. The branching ratio uncertainties
have been included in the total error for the presented
cross-sections.

In addition, electrons excited into higher energy levels that
decay or cascade into the upper levels of the transitions un-
der study could affect the cross-section measurements. These
cascading electrons would tend to increase the population of
the upper level of a transition and increase the measured line
emission. The experimentally inferred cross-section would
appear to be enhanced from this additional electron popu-
lation channel. At these low densities, this effect should be
small. From the SCRAM modeling, the strong transitions into
the upper states of the transitions under study were iden-
tified. The branching ratios for these cascading transitions
were used to estimate the fraction of the upper-level popula-
tions from cascades. We estimate that the total contribution
to the electron populations from cascading electrons was at
most 1%–2%. The enhancement in the emission of each mea-
sured transition is small and well within the uncertainty of
each cross-section measurement.

6. Discussion
The comparisons between the total calculated cross-

section from HULLAC, FAC, and DWS, and the experimentally
determined cross-sections for the 3d→4f and 3d→5f excita-
tions are given in Fig. 3 for Ni-like, Fig. 4 for Cu-like, Fig. 5 for
Zn-like, Fig. 6 for Ga-like, and Fig. 7 for Ge-like Au. The points
with uncertainties are the experimentally determined cross-
sections. As stated above, the lines are the values from the cal-
culations. The experimentally determined cross-sections and
uncertainties are summarized in Tables 8, 9, 10, 11, and 12
for Ni-, Cu-, Zn-, Ga- and Ge-like gold respectively. The uncer-
tainties on each point included the statistical error from the
counts in the spectral line and RR features, the uncertainty
in the fits to the line or RR features in each charge state, the
uncertainties in the Auger processes, and the uncertainty in
the XRS photometric calibrations. Typical percentage values
for each type of uncertainty for an individual experimental
cross-section are given in Table 13. The largest source of un-
certainty in these measurements is the fitting error of the RR
peaks. All these uncertainties are all added in quadrature. The
uncertainty on a value given in the cross-section tables will
be less since several measurements and associate error were
averaged together.

For Ni-like and Cu-like Au, the cross-sections have been ex-
perimentally determined at approximately 1, 2, and 3 keV
above ET for the 3d→4f excitations (ET ∼ 2.5 keV) and at ap-
proximately 0.1, 1, and 2 keV above ET for the 3d→5f excita-
tions (ET ∼ 3.3 keV). The 3d→4f and 3d→5f experimentally
determined cross-sections are in resonable agreement with
the calculations for Ni-like Au. For Cu-like gold the 3d→5f
experimentally determined cross-sections are in resonable
agreement with the calculations; however, the 3d→4f exper-
imentally determined cross-sections are about 30% smaller
than those from the calculations.

For Zn-like, Ga-like, and Ge-like Au ions, the cross-
sections for both the 3d→4f and 3d→5f excitations have
been experimentally determined at similar energies above
ET as stated for the Ni-like and Cu-like Au ions. Addition-
ally, for the 3d→4f transitions, experimentally inferred cross-
sections were determined ∼0.4 keV above ET for the Zn-
like, Ga-like, and Ge-like Au ions. Both the Zn-like and Ga-
like experimentally determined 3d→4f and 3d→5f cross-
sections are in fair agreement but about 25% less than the cal-
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Table 8. Summary of experimentally determined collisional excitation cross-sections for
3d3/2→4f5/2, 3d5/2→4f7/2 3d3/2→5f5/2, and 3d5/2→5f7/2 in Ni-like Au.

Measured photon Energy above Cross-section

Transition energy (eV) threshold (eV) (cm2)

3d5/2→5f7/2 3370.6 159 ± 40 4.06 ± 0.31 × 10−21

3d5/2→5f7/2 3370.6 1169 ± 40 3.85 ± 0.40 × 10−21

3d5/2→5f7/2 3370.6 2169 ± 40 3.25 ± 0.58 × 10−21

3d3/2→5f5/2 3458.3 71 ± 40 3.70 ± 0.28 × 10−21

3d3/2→5f5/2 3458.3 1081 ± 40 3.67 ± 0.39 × 10−21

3d3/2→5f5/2 3458.3 2081 ± 40 3.39 ± 0.60 × 10−21

3d5/2→4f7/2 2519.8 1010 ± 40 1.69 ± 0.13 × 10−20

3d5/2→4f7/2 2519.8 2020 ± 40 1.46 ± 0.20 × 10−20

3d5/2→4f7/2 2519.8 3020 ± 40 1.36 ± 0.26 × 10−20

3d3/2→4f5/2 2603.6 926 ± 40 2.84 ± 0.22 × 10−20

3d3/2→4f5/2 2603.6 1936 ± 40 2.56 ± 0.27 × 10−20

3d3/2→4f5/2 2603.6 2936 ± 40 2.47 ± 0.45 × 10−20

Table 9. Summary of experimentally determined collisional excitation cross-sections for
3d3/2→4f5/2, 3d5/2→4f7/2 3d3/2→5f5/2, and 3d5/2→5f7/2 (J = 1/2 → 3/2) in Cu-like Au.

Measured photon Energy above Cross-section

Transition energy (eV) threshold (eV) (cm2)

3d5/2→5f7/2 3334.7 103 ± 40 2.39 ± 0.11 × 10−21

3d5/2→5f7/2 3334.7 1113 ± 40 2.13 ± 0.14 × 10−21

3d5/2→5f7/2 3334.7 2113 ± 40 1.85 ± 0.21 × 10−21

3d3/2→5f5/2 3420.8 196 ± 40 2.80 ± 0.14 × 10−21

3d3/2→5f5/2 3420.8 1206 ± 40 2.26 ± 0.16 × 10−21

3d3/2→5f5/2 3420.8 2206 ± 40 2.00 ± 0.23 × 10−21

3d5/2→4f7/2 2501.9 940 ± 40 1.39 ± 0.083 × 10−20

3d5/2→4f7/2 2501.9 1950 ± 40 1.10 ± 0.092 × 10−20

3d5/2→4f7/2 2501.9 2950 ± 40 1.01 ± 0.14 × 10−20

3d3/2→4f5/2 2589.4 1028 ± 40 7.11 ± 0.43 × 10−21

3d3/2→4f5/2 2589.4 2038 ± 40 6.10 ± 0.51 × 10−21

3d3/2→4f5/2 2589.4 3038 ± 40 5.72 ± 0.80 × 10−21

culations. Finally, the Ge-like Au experimentally determined
cross-sections are also about 25% below the calculations. How-
ever, the experimentally determined cross-sections for the
3d3/2→4f5/2 transition are about 50% below the calculations.
These measurements demonstrate that some errors are likely
to exist in the calculations of excitation cross-sections. It is
also possible that the theoretical Auger or radiative rates con-
tribute to the discrepancies.

The majority of the experimentally inferred cross-
sections are less than theory predicts. A hohlraum sim-
ulation using calculated cross-sections that are too large
might over-predict the emission from these M-shell transi-
tions by ∼30%. This should be observable in a discrepancy
between predicted energetics and radiation drive from a
hohlraum target and experimental measurements. Recent
View Factor experiments in hohlraums on the NIF have pro-
vided the first X-ray drive measurements from the capsule

point of view [39]. The experiments show a 15%–25% deficit
in the X-ray drive on the target relative to simulations. The
non-thermal gold M-shell emission is a significant contribu-
tion to the radiation drive on the capsule in these conditions.
The use of incorrect cross-sections for these M-shell lines in
the hohlraum modeling could account for and explain at
least part of this drive discrepancy.

7. Conclusion
The experimentally determined cross-sections have been

determined for the 3d5/2→5f7/2, 3d3/2→5f5/2, 3d5/2→4f7/2, and
3d3/2→4f5/2 excitations in Ni-, Cu-, Zn-, Ga- and Ge-like gold
ions. These cross-sections have been determined at a few
hundred eVs to approximately 3 keV above the theshold
energy for the excitations. For these measurements, the
LLNL EBIT-I was used to create gold plasmas having single
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Table 10. Summary of experimentally determined collisional excitation cross-sections for
3d3/2→4f5/2, 3d5/2→4f7/2, 3d3/2→5f5/2, and 3d5/2→5f7/2 in Zn-like Au.

Measured photon Energy above Cross

Transition energy (eV) threshold (eV) Section (cm2)

3d5/2→5f7/2 3296.6 235 ± 40 3.78 ± 0.13 × 10−21

3d5/2→5f7/2 3296.6 1240 ± 40 3.36 ± 0.17 × 10−21

3d5/2→5f7/2 3296.6 2244 ± 40 2.53 ± 0.24 × 10−21

3d3/2→5f5/2 3382.7 149 ± 40 3.23 ± 0.13 × 10−21

3d3/2→5f5/2 3382.7 1154 ± 40 2.73 ± 0.14 × 10−21

3d3/2→5f5/2 3382.7 2158 ± 40 1.94 ± 0.20 × 10−21

3d5/2→4f7/2 2480.2 442 ± 40 1.42 ± 0.078 ×
10−20

3d5/2→4f7/2 2480.2 1051 ± 40 1.13 ± 0.057 ×
10−20

3d5/2→4f7/2 2480.2 2057 ± 40 1.15 ± 0.073 ×
10−20

3d5/2→4f7/2 2480.2 3061 ± 40 8.79 ± 0.99 × 10−21

3d3/2→4f5/2 2572.8 350 ± 40 2.72 ± 0.15 × 10−20

3d3/2→4f5/2 2572.8 959 ± 40 2.18 ± 0.17 × 10−20

3d3/2→4f5/2 2572.8 1964 ± 40 2.10 ± 0.14 × 10−20

3d3/2→4f5/2 2572.8 2968 ± 40 1.98 ± 0.22 × 10−20

Table 11. Summary of experimentally determined collisional excitation cross-sections for
3d3/2→4f5/2, 3d5/2→4f7/2, 3d3/2→5f5/2, and 3d5/2→5f7/2 (J = 1/2 → 3/2) in Ga-like Au.

Measured photon Energy above Cross-section

Transition energy (eV) threshold (eV) (cm2)

3d5/2→5f7/2 3259.9 257 ± 40 2.66 ± 0.36 × 10−21

3d5/2→5f7/2 3259.9 1257 ± 40 2.11 ± 0.30 × 10−21

3d5/2→5f7/2 3259.9 2266 ± 40 1.85 ± 0.27 × 10−21

3d3/2→5f5/2 3348.3 185 ± 40 2.71 ± 0.28 × 10−21

3d3/2→5f5/2 3348.3 1186 ± 40 2.04 ± 0.23 × 10−21

3d3/2→5f5/2 3348.3 2194 ± 40 1.93 ± 0.22 × 10−21

3d5/2→4f7/2 2469.1 453 ± 40 8.37 ± 0.43 × 10−21

3d5/2→4f7/2 2469.1 1065 ± 40 7.79 ± 0.67 × 10−21

3d5/2→4f7/2 2469.1 2065 ± 40 6.46 ± 0.62 × 10−21

3d5/2→4f7/2 2469.1 3073 ± 40 5.22 ± 0.50 × 10−21

3d3/2→4f5/2 2556.3 366 ± 40 1.63 ± 0.085 × 10−20

3d3/2→4f5/2 2556.3 977 ± 40 1.60 ± 0.14 × 10−20

3d3/2→4f5/2 2556.3 1978 ± 40 1.21 ± 0.11 × 10−20

3d3/2→4f5/2 2556.3 2986 ± 40 1.20 ± 0.11 × 10−20

and two-stepped monoenergetic beams with several differ-
ent energies. The cross-sections were determined from fits
to the measured photometrically calibrated spectra that con-
tained collisionally excited line transitions and RR emission
from these plasmas. The effects of polarization and Auger
processes in the beam plasmas are accounted for in the
experimentally inferred cross-section determination. Cross-
sections calculated by available modeling codes (FAC, DWS,
and HULLAC) do not adequately reproduce all of the mea-
surements. In general, the disagreement between the ex-
perimentally inferred and calculated transitions were less
than ∼30%, but were found to be as high as 50% for some
cross-sections.

8. Disclaimer
This document was prepared as an account of work spon-

sored by an agency of the United States government. Neither
the United States government nor Lawrence Livermore Na-
tional Security, LLC, nor any of their employees makes any
warranty, expressed or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or useful-
ness of any information, apparatus, product, or process dis-
closed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, man-
ufacturer, or otherwise does not necessarily constitute or im-
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Table 12. Summary of experimentally determined collisional excitation cross-sections for
3d3/2→4f5/2, 3d5/2→4f7/2, 3d3/2→5f5/2, and 3d5/2→5f7/2 in Ge-like Au.

Measured photon Energy above Cross-section

Transition energy (eV) threshold (eV) (cm2)

3d5/2→5f7/2 3226.5 274 ± 40 3.50 ± 0.36 × 10−21

3d5/2→5f7/2 3226.5 1274 ± 40 2.96 ± 0.34 × 10−21

3d5/2→5f7/2 3226.5 2283 ± 40 2.56 ± 0.29 × 10−21

3d3/2→5f5/2 3312.2 221 ± 40 3.88 ± 0.40 × 10−21

3d3/2→5f5/2 3312.2 1222 ± 40 3.81 ± 0.43 × 10−21

3d3/2→5f5/2 3312.2 2230 ± 40 3.83 ± 0.43 × 10−21

3d5/2→4f7/2 2450.5 472 ± 40 1.39 ± 0.072 × 10−20

3d5/2→4f7/2 2450.5 1083 ± 40 1.22 ± 0.10 × 10−20

3d5/2→4f7/2 2450.5 2084 ± 40 1.14 ± 0.11 × 10−20

3d5/2→4f7/2 2450.5 3092 ± 40 9.38 ± 0.89 × 10−21

3d3/2→4f5/2 2539.9 383 ± 40 2.21 ± 0.11 × 10−20

3d3/2→4f5/2 2539.9 994 ± 40 1.97 ± 0.16 × 10−20

3d3/2→4f5/2 2539.9 1994 ± 40 1.75 ± 0.17 × 10−20

3d3/2→4f5/2 2539.9 3003 ± 40 1.49 ± 0.14 × 10−20

Table 13. Typical fractional uncertainties on an individual experimental cross-section.

Isonuclear sequence 28 29 30 31 32

Counts in the spectral line features 0.01 0.03 0.03 0.03 0.02

Counts in the RR features 0.02 0.08 0.06 0.04 0.04

RR fitting error 0.08 0.09 0.09 0.09 0.09

Auger processes 0.0 0.01 0.04 0.06 0.04

XRS calibration 0.05 0.05 0.05 0.05 0.05

Total error 0.11 0.14 0.13 0.13 0.12

ply its endorsement, recommendation, or favoring by the
United States government or Lawrence Livermore National
Security, LLC. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United
States government or Lawrence Livermore National Security,
LLC, and shall not be used for advertising or product endorse-
ment purposes.
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