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Results from a joint experimental and theoretical investigation of electron-impact excitation of the
�5d106s�2S1/2→ �5d96s2�2D5/2,3/2 transitions in gold atoms are presented. The relative experimental data are
normalized to theoretical predictions obtained in a fully relativistic B-spline R-matrix �close-coupling� method.
There is generally good agreement between the measured and predicted energy dependence of the integral
cross section, although some discrepancies remain in the near-threshold maximum of the excitation function
for the �5d96s2�2D3/2 state.
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I. INTRODUCTION

In a recent publication �1�, we reported the results
of a joint experimental and theoretical investigation
concerning electron-impact excitation of the �5d106s�2S1/2
→ �5d106p�2P1/2,3/2 resonance transitions in gold atoms. As
pointed out in that paper, a detailed knowledge of this pro-
cess in general, and not restricted to resonance transitions
alone, is of great importance for modeling applications in
atmospheric physics, astrophysics, and plasma physics, to
name just a few. In addition, gold as a complex heavy atom
can be expected to be an excellent candidate for testing the-
oretical predictions, which need to be based on fully relativ-
istic approaches. Among those are the relativistic distorted-
wave �RDW� approximation �2�, the relativistic convergent
close-coupling �RCCC� �3� method, and the relativistic Dirac
B-spline R-matrix �DBSR� method �4�, all of which were
quite successful in describing the resonant excitation pro-
cess, provided proper care was taken of the complications
arising from the diffuse, though filled, 5d subshell in Au. In
the RCCC model, for example, this was done through adding
semiempirical one-body and two-body core-polarization
terms to the Dirac-Fock static potential of the otherwise inert
core, while the core-valence correlation was explicitly in-
cluded in the DBSR calculation by the use of term-
dependent, nonorthogonal orbital sets and the addition of tar-
get states with a 5d9 occupation to the close-coupling
expansion.

The present work is an extension of our previous efforts,
this time involving the �5d106s�2S1/2→ �5d96s2�2D5/2,3/2 tran-
sitions. Note that the �5d96s2�D3/2 state of gold serves as the
lower level of the 312.3-nm line in the gold vapor laser
�GVL�. Hence, a detailed knowledge of its connection to the
ground state by collisions with low-energy electrons is of
crucial importance for understanding the functioning of the
GVL.

From a purely theoretical point of view, describing the
optically forbidden �5d106s�2S1/2→ �5d96s2�2D5/2,3/2 transi-
tions is expected to be even more challenging than the reso-
nant excitation of the �5d106p�2P1/2,3/2 states from the

�5d106s�2S1/2 ground state. Given the apparent, though still
indirect, importance of the 5d subshell already for the reso-
nant processes, having a change in the 5d occupation num-
bers directly between the initial and final states should high-
light the role of this subshell even further. Also, looking at
the dominant configurations 5d106s and 5d96s2, one can ex-
pect a strong configuration dependence in both the 6s and 5d
one-electron orbitals.

At the present time, neither the RDW nor RCCC method
is applicable to the problem of interest to this paper, since
their computational implementations do not allow for the
opening of inner d subshells. In principle, the Dirac R-matrix
program �DARC� �5� and its most recent extension to include
a large number of pseudostates �6� could be used, but we are
not aware of previous or planned calculations in the near
future. In any case, the DBSR approach appears to be a very
promising tool to tackle the problem, due to its great flex-
ibility associated with the possibility of employing configu-
ration and even term-dependent orbitals.

The principal motivation of the present work, therefore, is
twofold: �i� to establish a set of experimental benchmark data
that can be used for modeling applications and �ii� to use
these data as a thorough test of the recently developed DBSR
method. As a by-product, we will argue below that the test is
sufficiently successful to put the relative experimental data,
with a reasonable degree of confidence, on an absolute scale.

After a brief description of the apparatus, concentrating
on the most important details for the present work �see �1�
for more general information�, the specifics of the computa-
tional model will be outlined. This is followed by the pre-
sentation and discussion of the results, as well as some con-
clusions.

II. EXPERIMENTAL APPARATUS AND MEASUREMENT
TECHNIQUES

The experimental arrangement is shown in Fig. 1. A laser-
induced fluorescence technique was used to study the exci-
tation function for the �5d96s2�2D3/2 state. This state was
chosen because it lies 2.658 eV above the ground state, and
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thus its thermal population in the gold beam is negligible.
Contrary to this, the thermal population of the 2D5/2 state in
the gold beam is very much larger than that which can be
excited from the ground state by electron impact. Due to this
thermal contamination, no measurement for the 2D5/2 state
was possible. A beam of gold atoms was produced by heating
gold wire in a molybdenum crucible, which was heated to
temperatures up to 1600 K by electron bombardment. Great
care was taken to isolate the gold beam from these electrons.
At this temperature the number density of gold atoms in the
interaction region was about 4�1014 m−3. The diameter of
the gold beam was 7.5 mm, and its angular divergence was
0.12 rad �full width at half maximum �FWHM��. The oven
temperature was measured with a thermocouple, and the
temperature was stabilized to 1 K over the course of the run
by a feedback loop that controlled the electron emission as
the oven temperature varied. The angular divergence of the
beam resulted in a Doppler broadening of the 2D3/2→ 2P1/2
transition of 130 MHz �FWHM�. While this value of the
Doppler broadening is not germane to the present excitation
function measurements, we include it here for completeness.
The electron beam crossed the gold beam at right angles and
was produced in a standard electrostatically focused electron
gun.

The pump laser was introduced to the vacuum chamber
through one of the side windows and intersected the atomic
beam at an angle of 90°. This intersection point was several
centimeters downstream from that between the electron and
atomic beams. Note that the lifetime of the D state is such
that at the mean speed of the gold atoms of 400 m /s there
was negligible loss of D-state atoms at the laser site. The
fluorescence was induced between the Hartree-Fock-Slater
levels of the D and P states, and there was a choice of six
possible transitions. We chose the F=3 to F�=2 transition

between the D state and the �5d106p�2P1/2 state because this
optimized the signal-to-noise ratio. The 627.8-nm laser light
was generated in an argon-ion pumped ring dye laser oper-
ating on DCM dye.

Fluorescent photons from the 2P1/2 state to the ground
state at 267.6 nm were collected with a collimating lens,
passed through an interference filter, and detected in a pho-
tomultiplier tube. A spherical mirror was mounted opposite
to the lens, and its focus was contained within the laser
atomic-beam interaction region. That mirror optimized the
fluorescent light intensity. Note that care was taken in the
experimental design to ensure that the measured florescence
signal is indeed directly proportional to the collision cross
section of interest. Provided that the 2P1/2 resonant level can
only spontaneously decay into the 2S1/2 ground state �this is
justified by the branching ratio being R=0.98 for that transi-
tion �7��, that no cascade contributions other than the small
2P1/2→ 2D3/2 cascade occur �this is satisfied by ensuring the
upper incident electron energy limit is restricted to being less
than 5.8 eV, which is below the nearest other cascade level�,
and that there are no interatomic collisions �this is satisfied
as the mean free path of the Au atoms is �600 mm with our
Au beam densities, which is much larger than the linear di-
mensions of the interaction region�, the rate equations for the
2P1/2 and 2D3/2 levels, under stationary conditions, reduce to
�8�

F3/2�E� =
Son�E� − Soff�E�

Ie�E�
, �1�

where F3/2�E� is the required excitation function, Son and Soff
are the measured decay fluorescence rates when the pump
laser is on and off, and Ie�E� is the incident electron-beam
current. Note that the output from the photomultiplier tube
was amplified and counted in one of two gated scalers. There
were several sources of background in this experiment. In
addition to what we discussed in a recent paper �1�—namely,
the rise in the dark current caused by the increase in tem-
perature inside the vacuum chamber—there was some con-
tamination of the atomic beam caused by thermally excited
D-state atoms. Another source of background was attributed
to the scattering of laser light through the optical system.
Therefore it was essential that both the laser beam and the
electron beam were chopped.

The laser beam was chopped with a rotating wheel, which
also generated a series of pulses that controlled the gates of
the scalers. It was shown that the ratio for electron excitation
of the 2D3/2 state to thermal excitation was about 10 to 1.

III. COMPUTATIONAL METHOD

The numerical calculations for this work are based upon a
fully relativistic DBSR method �4�. An important aspect, es-
pecially for a relatively complex target such as gold, is the
structure description, which is by no means trivial. A particu-
lar difficulty in gold is the filled and very diffuse 5d subshell.
While part of the Au spectrum consists of Rydberg-like
�. . .5d10nl� states, the two lowest excited states, which are the
topic of this paper, have the dominant configuration 5d96s2.

FIG. 1. Experimental configuration for the laser-induced fluo-
rescence technique measurements.
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Hence one can expect a significant configuration dependence
of the 5d and 6s orbitals.

The DBSR �close-coupling� approach is a newly devel-
oped extension of the BSR complex �9� to the fully relativ-
istic Dirac scheme. It is described in detail in a recent appli-
cation to e-Cs collisions �4�. The distinguishing features of
the method are �i� the ability to use term-dependent, and
hence nonorthogonal, sets of one-electron orbitals �Dirac
spinors in the present case� in the target description and �ii�
B-splines as the underlying, effectively complete basis to ex-
pand the wave function of the projectile. Furthermore, it is
an all-electron approach, and hence core-valence correlation
effects �such as the core polarization� can be described ab
initio. As usual, the R-matrix method allows for an efficient
calculation of results for a large number of collision energies,
as needed particularly in near-threshold regimes that are of-
ten dominated by resonance structures. On the other hand,
using a basis expansion for the projectile wave function lim-
its the energy range to low and intermediate energies. It is
also difficult to include a sufficient number of pseudostates
to fully account for coupling to the ionization continuum,
particularly for complex targets.

As mentioned previously, the low-energy spectrum of the
gold atom consists of states with configurations �5d10nl�, as
well as core-excited states with configurations �5d96s2� and
�5d96s6p�, respectively. For the first set, the principal corre-
lation effects originate from the interaction of the valence
electron with the core, whereas for the core-excited states the
valence correlation itself is also important. The core-valence
correlation was simulated by adding the 5d9n̄ln̄�l� configu-
rations, where the overbar indicates a correlated rather than a
physical orbital. Different sets of correlated orbitals n̄l were
optimized separately for the lowest state of each symmetry
with target electronic angular momentum J. Since the mean
radii for the n̄l orbitals lie between the mean radii of the core
and valence orbitals, this method allows us to incorporate the
core-valence correlation with a relatively small number of
configurations.

We then considered the physical core-excited �5d96s2�
and �5d96s6p� states in separate multiconfiguration Dirac-

Fock �MCDF� calculations. The expansions contained all
configurations with promotion of two valence electrons to
the set �6s ,6p ,6d ,5f�. Note that we employed relaxed 5d
and valence nl one-electron orbitals for the core-excited
states. These orbitals, therefore, are not orthogonal to the
corresponding orbitals in the �5d10nl� states. The relaxation
effects were found to be very important in the present case,
leading to corrections in the excitation energies of up to
1 eV. All the above calculations were carried out in the
Dirac-Fock approximation using the GRASP2K relativistic
atomic structure package �10�.

Finally, the entire spectrum of Au was recalculated using
the B-spline box-based expansion

��J�� = A���5d10���nl�� + ai��5d9n̄ln̄l��

+ bi��5d96s2� + ci��5d96s6p� , �2�

where A denotes the antisymmetrization operator, J is the
total electronic angular momentum of the target state, and �
is the parity. Depending on the parity of the state of interest,
either the ��5d96s2� �even� or ��5d96s6p� �odd� configura-
tions were allowed to mix in �2�. The unknown large and
small radial components for the outer valence electron,
��nl�, were expanded in separate B-spline bases as

P�r� = �
i=1

np

piBi
kp�r� , �3�

Q�r� = �
i=1

nq

qiBi
kq�r� . �4�

The coefficients of the B-spline expansions, pi and qi, to-
gether with the coefficients for the correlated and physical
core-excited configurations, ai, bi, and ci, were found by di-
agonalizing the Dirac-Coulomb Hamiltonian with the addi-
tional requirement that the wave functions vanish at the
boundary. Note that we do not impose orthogonality of the
valence orbitals nl to the correlated orbitals n̄l in the above
procedure. This speeds up the convergence of the expansion
�2� and yields accurate binding energies with a relatively
small number ��50� of correlated configurations for each
symmetry.

The number of physical states that we can generate in this
method depends upon the size a of the R-matrix box. We
chose a=30a0, with a0=0.529�10−10 m being the Bohr ra-
dius. This choice allowed us to obtain a good description for
all low-lying Rydberg-type bound states of Au up to n=8.
Along with these physical states, we also generated a set of
pseudostates for each symmetry, with the lowest states rep-
resenting the remaining bound states and the others repre-
senting the continuum. The resulting spectra also contain the
core-excited states with configurations �5d96s2� and
�5d96s6p�, respectively, some of which lie in the continuum.
As seen from Table I, the resulting target excitation energies
agreed with the experimental values at the level of 0.1 eV or
better, including the �5d96s2�2D5/2,3/2 states. Note that all cor-
related orbitals employed were optimized on the lowest five
states, individually for each state. As a result, the relative
energies for the lowest states agree much better with experi-

TABLE I. Calculated and observed �14� excitation energies for
the Au states included in the ten-state �10CC� close-coupling expan-
sion. Also given are the absolute energies �in atomic units� obtained
in the structure calculation.

State
Theory
�a.u.�

Theory
�eV�

Experiment
�eV�

Difference
�eV�

�5d106s�2S1/2 −19035.617394 0.000 0.000 0.000

�5d96s2�2D5/2 −19035.575631 1.136 1.135 0.001

�5d96s2�2D3/2 −19035.519800 2.656 2.658 −0.002

�5d106p�2P1/2 −19035.447124 4.633 4.632 0.001

�5d106p�2P3/2 −19035.429500 5.113 5.105 0.008

�5d107s�2S1/2 −19035.365593 6.852 6.755 0.097

�5d107p�2P3/2 −19035.340119 7.545 7.443 0.102

�5d107p�2P3/2 −19035.337845 7.607 7.529 0.078

�5d106d�2D3/2 −19035.333516 7.725 7.681 0.044

�5d106d�2D5/2 −19035.333260 7.732 7.691 0.040
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ment than those for the higher-lying states. The agreement
for the �5d96s6p� states is less satisfactory, with the differ-
ence in the excitation energies between experiment and
theory ranging from 0.1 to 0.5 eV. We did not include the
core-valence correlation for these states, since it would re-
quire consideration of the 5d8nln�l�n�l� configurations. This,
in turn, would lead to a tremendous, currently unmanageable
complication in the subsequent collision calculations. Note,
however, that the �5d96s6p� states were only considered in
order to check the convergence of our close-coupling expan-
sion, and hence they have a less direct effect on the results
presented below.

The oscillator strengths for the transitions between the
lowest five states of Au are presented in Table II. Our values
are in close agreement with the experimental data �7� and
also with recent RHF+CV �relativistic Hartree-Fock plus
core-polarization model potential� calculations �11�. As
shown in a set of previous theoretical calculations �see, for
example, Refs. �11,12��, both relativistic and core-
polarization effects are extremely important to establish a
reliable scale of f values for neutral Au and lead to correc-
tions up to factors of 2. While most previous calculations
accounted for such core-polarization effects through semi-
empirical potentials, we include these effects ab initio via the
core-excited correlated configurations. The good agreement
with the experimental data confirms the high accuracy of our
approach.

In the present calculations, we used the Dirac-Coulomb
Hamiltonian to describe both the N-electron target and the
�N+1�-electron collision systems. The total wave function
for each partial-wave symmetry was constructed from four-
component Dirac spinors. Note that the radial functions for
the large and small components were expanded in separate
B-spline bases of different order. This allowed us to avoid
the occurrence of pseudostates �13�. We used a semiexponen-
tial grid for the B-spline knot sequence and a relatively large
number �150� of splines to cover the inner region up to the
R-matrix radius of 30a0. This large number of splines was
required to correctly describe the finite-size nuclear model,
with a Fermi potential adopted in the present work.

In order to check the convergence of the close-coupling
expansion, we performed several sets of scattering calcula-
tions with a different number of target states included. The
initial close-coupling expansion contained ten target states
with configurations �5d106s ,6p ,7s ,7p ,6d� and �5d96s2�. We
also carried out 15-state calculations, including five addi-
tional states with configurations �5d96s6p�. These were cho-

sen on the basis of having the largest oscillator strengths for
dipole transitions from the �5d96s2� states. Finally, we car-
ried out a 32-state calculation, also including the physical
�5d108l� states and �5d10kl� pseudostates states �with
l=0,1 ,2� lying in the target continuum. Partial-wave contri-
butions up to a total electronic angular momentum of 15 for
the collision system were calculated numerically. No top-up
procedure was required to obtain partial-wave converged re-
sults for the transitions and energies under consideration. The
cross sections, and any other scattering parameters of inter-
est, were calculated in the same way as in the standard
R-matrix approach.

IV. RESULTS AND DISCUSSION

The experimental fluorescence yield from three different
measurements is shown in Fig. 2. We note that the measure-
ments are confined to impact energies less than about 6 eV.
The upper limit was set by the increasing significance of
267.6-nm photons arising from the direct excitation of the
P1/2 state. In principle, it is possible to normalize our D state
cross section to the known P state cross section at a particu-
lar energy—e.g., 5 eV. In our case, however, we were unable
to saturate the D state with the maximum laser power of
120 mW available to us. Consequently, only relative num-
bers are shown in this graph, but we indicate the level of
reproducibility by plotting the data obtained in three different
runs. This level of reproducibility is very good.

The theoretical results for the excitation function of both
�5d96s2� fine-structure states are shown in Fig. 3. In the up-
per panel, the predictions for the �5d96s2�2D3/2 state are com-
pared with the average of the experimental data obtained in
the different runs shown in Fig. 2. In this case, the experi-
mental data were normalized to the presumably best theoret-
ical prediction �32-state model� by a visual fit in the incident-
energy range between 4 and 6 eV. Comparison of the
theoretical results obtained with three different models, dis-

TABLE II. Comparison of calculated and observed oscillator
strengths for selected transitions in Au.

Transition This work
RHF+CP

�11�
Experiment

�7�

�6s�2S1/2→ �6p�2P1/2 0.172 0.170 0.176�0.003

�6s�2S1/2→ �6p�2P3/2 0.376 0.345 0.351�0.015

�5d96s2�2D5/2→ �6p�2P3/2 0.015 0.011 0.018�0.001

�5d96s2�2D3/2→ �6p�2P3/2 0.001 0.001 0.002�0.001

�5d96s2�2D3/2→ �6p�2P3/2 0.004 0.002 0.010�0.005

FIG. 2. Excitation function of the �5d96s2�2D3/2 state in gold.
Shown are the relative experimental results obtained in three differ-
ent runs.
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tinguished by the number of states included in the close-
coupling expansion �see Sec. III for details�, indicates a pos-
sibly slow convergence of the close-coupling expansion,
particularly with respect to the position of the maximum. It is
apparently very difficult to reproduce the measured shape of
the excitation function. Interestingly, the predicted shape for
the �5d96s2�2D5/2 level is much closer to the measurement
for the �5d96s2�2D3/2 state than the theory for this state. At
this point, we have no explanation for this most likely fortu-
itous finding, other than the convergence properties of the
expansion. Unfortunately, currently available computational
resources do not allow us to push these checks any further,
and we do not expect this fact to change significantly in the
foreseeable future.

Nevertheless, we believe that the agreement between ex-
periment and theory is sufficiently good to put the experi-
mental data on an absolute scale. Following well-established
trends, including more states in the close-coupling expansion
somewhat reduces the theoretical values for the excitation
function outside the resonance region. Setting the absolute
scale for the experimental data shown in the graph at an
uncertainty of about 50% seems to be a conservative esti-
mate. Table III lists the suggested absolute experimental val-
ues, obtained by averaging �if available� experimental data
from different runs at the same energy and normalizing to
theory as described above.

Comparing the theoretical results for the two fine-
structure levels shows a strong violation of the statistical
branching ratio �3:2 based on the relative weight factor pro-
portional to 2J+1�. This is a clear indication for the need to
treat this complicated problem in a fully relativistic manner.
The theoretically predicted difference in the peak height is
almost a factor of 4 between the 2D5/2 and 2D3/2 state, and
the factor is still about 2 at 6 eV.

Finally, Fig. 4 displays the dominant partial-wave contri-
butions to the excitation functions. Note that the broad
maxima are due to different angular-momentum symmetries
of the e-Au collision system: namely, J=1− for the 2D3/2
state and J=2− for the 2D5/2 state, respectively. In a nonrel-
ativistic picture, both symmetries contain contributions from
an incident p wave, with the f wave also contributing to
J=2−. Most interestingly, we see that only odd-parity sym-
metries, corresponding to incident and outgoing p and f
waves, contribute significantly to the cross section. This sug-
gests that the direct quadrupole-type 5d→6s one-electron
transition process is much less important than the dipole-
driven exchange process, in which an incident p or f con-

TABLE III. Suggested absolute experimental values for the
electron impact excitation cross section of the �5106s�2S1/2
→ �5d96s2�2D3/2 transition in gold. The uncertainties given are due
to statistics and reproducibility. We estimate the absolute scale to be
reliable within a factor of 2 �see text�.

Energy �eV� Cross section �a0
2�

2.30 0.05�0.03

2.50 0.75�0.10

2.55 0.65�0.10

2.60 1.40�0.18

2.75 3.54�0.36

2.80 4.95�0.49

2.95 8.78�0.83

3.00 10.43�1.04

3.15 10.97�1.01

3.20 10.97�1.04

3.35 9.72�0.91

3.40 9.00�0.86

3.55 7.25�0.68

3.60 7.44�0.73

3.75 6.21�0.60

3.80 5.64�0.55

4.00 4.56�0.44

4.20 4.49�0.44

4.40 3.52�0.34

4.60 3.20�0.31

4.80 3.04�0.31

5.00 2.60�0.29

5.20 3.13�0.31

5.40 2.33�0.23

5.60 1.72�0.21

5.80 1.82�0.21

FIG. 3. Cross sections for electron impact excitation of the
�5d96s2�2D5/3,3/2 states in gold. The experimental data in the top
panel were visually normalized to the 32CC predictions in the en-
ergy range 4–6 eV �see text�.

ELECTRON-IMPACT EXCITATION OF THE �5… PHYSICAL REVIEW A 78, 042713 �2008�

042713-5



tinuum electron interacts with the active target electron in a
complicated manner, ultimately leading again to a free elec-
tron with l=1 or l=3.

V. SUMMARY AND CONCLUSIONS

We have presented results from a joint experimental
and theoretical study of electron impact excitation of the
�5d106s�2S1/2→ �5d96s2�2D5/2,3/2 transitions in gold atoms.
The calculations were performed using a newly developed,
fully relativistic, and general B-spline R-matrix �close-
coupling� code that allows for the treatment of complex
atomic and ionic targets. In particular, relaxation effects in
the one-electron orbitals and core-valence correlation can be
treated ab initio and consistently in both the structure and the
collision calculations. In spite of some remaining disagree-
ments in the position and the relative height of the near-
threshold maximum in the excitation function, the overall
agreement between experiment gives us some confidence to
put the experimental data on an absolute scale. Such absolute
numbers are critical for the use of these data in modeling
applications. We also hope that the current work will stimu-
late future efforts, both experimentally and theoretically, on
this very challenging collision problem.
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FIG. 4. Dominant partial-wave contributions to the excitation
functions shown in Fig. 3. The thick lines represent the sums of the
contributions, while the individual terms are labeled. Note that the
J=0− and J=2− contributions are almost identical for the 2D3/2 and
hence hard to distinguish.
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