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Dipole-quadrupole interference spectroscopy: Observation of an autoionizing He 'D Rydberg series
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We have used dipole-quadrupole interference spectroscopy to observe an optically forbidden quadrupole
Rydberg series of helium autoionizing levels. The technique measures the forward-backward asymmetry of
photoelectron angular distributions produced in the vacuum ultraviolet photoionization of helium. The resonant
behavior of this asymmetry in the region of a quadrupole autoionizing level enables the determination of the
position, width, and Fano line-profile parameter ¢ of the level. We have obtained these quantities for the He
»(1,0)F 'D Rydberg series for n = 2—7. We find that for n > 3 all three quantities have the expected n scaling,
with a quantum defect of 0.31. For n > 3 the average g parameter lies close to zero, whereas for n = 2 it is

negative.
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I. INTRODUCTION

One of the most important and versatile tuneable sources for
atomic spectroscopy is synchrotron radiation, first proposed
as a spectroscopic tool in the 1940s and developed during
the 1950s [1,2]. An important milestone in the use of
synchrotron radiation, and of particular interest here, was the
first observation of doubly excited He autoionizing levels by
Madden and Codling in 1963 [3]. They detected the first eight
members of the main Rydberg series with orbital momentum
L = 1, of which the lowest may be designated He 2s2p('P)
and higher members as mixtures of 2snp and 2pns [4].

The arrival of far-ultraviolet synchrotron radiation sources
allowed the systematic exploration of autoionizing levels
of many atoms. Helium was investigated with increasingly
high resolution, culminating in the benchmark experiments of
Domke et al. [5], who clearly resolved the main He autoioniz-
ing !P series up ton = 16, in addition to many other extremely
weak series. The strong electron-electron correlation effects
present in He preclude a single-configuration description and
the (sp,2n=4) scheme (originally called the (2n+) scheme
[4]) may be used for two of the optically allowed series
while the y(K ,T)j? classification scheme [6] (also written as
2(K,T)4 [7-10]) may be used for both optically allowed and
optically forbidden series. The quantities Kand7 correspond
to angular, and A radial, correlations of the two electrons in a
hyperspherical coordinate description of He. A discussion of
these schemes is given in Ref. [10], for example.

A limitation of absorption spectroscopy is that only certain
types of energy levels can be observed. Levels excited by
a dipole transition can readily be seen, but those excited
by a quadrupole transition cannot because the absorption
cross section is reduced by a factor of a? < 107, where
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o =~ 1/137 is the fine-structure constant [11]. Thus, since He
has a 'S ground state, 'P, but not 'D, autoionizing states
are observed in absorption experiments using synchrotron
radiation.

In fact, it is possible to observe 'D autoionizing states indi-
rectly by isolating the quantum-mechanical dipole-quadrupole
interference term that occurs in the angular distribution of the
emitted photoelectrons. This cross term is of order o« compared
with the dipole cross section and hence may be seen as an
~ 1% effect. Inrecent years there have been dipole-quadrupole
interference studies of individual autoionizing levels in Cd [11]
and He [12,13].

The helium experiment [12,13] demonstrated that it was
possible to obtain 'D autoionizing level positions, widths,
and Fano g parameters [14] from the interference term. We
have named this technique dipole-quadrupole interference
spectroscopy (DiQulS). An important aspect of the technique
is the ability to obtain the true value of the 'D ¢ parameter. As
noted in our previous work [12,13], this cannot be obtained
from charged-particle scattering experiments because the
substantial presence of octupole and higher multipoles affects
the observed line profile. In photoionization the quadrupole-
octupole interference term is a factor of «?> smaller than
the quadrupole-dipole interference term and may be ignored.
Here we present DiQulS measurements of the He »(1,0); D
Rydberg series [8]; this series may also be approximately
described as 2pnp 'D.

II. THEORY

The dipole-quadrupole interference term has been quan-
tified in the asymmetry parameter y which appears in the
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photoelectron angular distribution appropriate to helium [15],

do(0.9)
e

Here o7 is the dipole photoabsorption cross section, the
radiation is incident in the x direction and linearly polarized
along the z axis, and the photoelectron direction is given in
spherical polar coordinates. For reflection through the origin
the interference term changes sign but the dipole term does
not. Thus the difference between measurements at different
directions can be used to extract y.

In the absence of autoionization o and y are slowly varying
functions of energy. However, Eq. (1) is also valid when
autoionization is present. For the L = 1,2 Rydberg series
of autoionizing levels with energy E,; of interest here, all
members have linewidths I';,;, much less than level separations
|En. — Eu+1yr|. Equation (1) may therefore be applied to each
individual pair of dipole and quadrupole levels of the same #,
with the substitution of the resonant forms of the dipole cross
section o X and dipole-quadrupole interference parameter y,X.
These are given by [12]

(o} 2 . 2
4—(3cos 0 4+ y sin6 cos” 6 cos @). (1)
T

R (in +8n1)2
=0 7"

O = T+ e 2
and
R cos(8r — 61 + Aya — Ayp)
Yo = VO{ cos(83 — 81) }
x{ qn2+8n12 }/{ qn1 + €nl } 3)
(1+e2) 21 L1 +62)”

For each resonance ¢, is the Fano line profile index and
e = (@ — E,p)/(Tyr/2) is the energy with respect to the
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resonance position measured in units of the half-width of the
resonance. The phase of each unperturbed continuum wave is
81, and the extra phase shift due to autoionization A, is given
by cot A, = —é&, [14].

The values of the dipole cross section o;(E,), the asym-
metry parameter yy(E,), and the continuum phases 6, (E,) are
those that would exist in the absence of any resonances and are
all assumed to be constant in the region E,, = (E,; + E2)/2
of each pair of resonances. On the other hand, o,% and yf
vary rapidly in the region of a pair of resonances. Thus the
experimental behavior of X yields the positions, widths, and
Fano g parameters of quadrupole resonances.

III. EXPERIMENT

The experiments were carried out on the plane-grating
monochromator beamline at the Synchrotron Radiation Cen-
ter, University of Wisconsin—-Madison using an electron
spectrometer system designed and built at Argonne National
Laboratory. The electron spectrometer uses four parallel-
plate electron analyzers mounted on a rotation stage at the
magic angle with respect to the rotation axis and with the
rotation axis perpendicular to the photon beam direction and
polarization axis. The asymmetry parameter y is determined
from differences of photoelectron intensities measured at
selected angles of the rotation axis. Details are given in
Refs. [13,16].

The construction of y involves two quantities, the sum and
difference spectra, for each n, which are separately used to
extract the parameters of the quadrupole resonances. The sum
spectra give high-quality photoabsorption cross sections o.X,
which when fitted to Eq. (2) yield the experimental energy
resolution and the E,;, I',;;, and g, for each n. For the
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FIG. 1. (Color online) Energy dependence of the dipole cross section . for He (sp,2n+) ! P (top of each panel; see the text) and asymmetry
parameter y for He »(1,0); 'D and (sp,2n+) 'P (bottom of each panel) autoionizing Rydberg series for n = 2—7. The data and statistical errors
are indicated in each figure as discrete points. The fits, described in the text, are shown as solid lines.
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present experiments the resolution depends on the setting of
the monochromator slits and the full width at half maximum
of the Gaussian instrument function is approximately 11 meV
for n =2, 8 meV for n = 3-6, and 7 meV for n = 7. These
parameters are then used in a fit of the difference spectra,
which are proportional to the product o.% ¥, given by Eqs. (2)
and (3). (Note that the use of this form eliminates problems
encountered with singularities—even though folded with the
energy resolution—when trying to fit y directly [17].) The fits
yielded the quadrupole resonance parameters E,,, [, and
qn2; the y9(E,); and the relative phases 6,(E,) — 61(E,).

We also investigated the use of instrument functions that
differ from a pure single Gaussian function. In particular,
a function consisting of two, slightly separated, identical
Gaussian functions give slightly better fits to the dipole
cross section in the region of the minima for n = 5-7 for
which the resonance widths are significantly narrower than
the instrument function. However, the fitted parameters are no
different (to within the fitting uncertainties) from the single
Gaussian instrument function. The results given in this paper
therefore use a pure single Gaussian instrument function for
all n.

IV. RESULTS AND DISCUSSION

The experimental data for n = 2—7 and their fits are shown
in Fig. 1. The top part of each panel shows the dipole cross
section formed from the sum of the count rates of the forward
(F) and backward (B) photoelectron detector signals. The
bottom part of each panel shows the experimental asymmetry
parameter y, formed from differences and sums in the
photoelectron detectors. The fitted curves for y are obtained
by dividing the fitted curves to the difference spectra by the
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FIG. 2. (Color online) Plot of the experimental resonance en-
ergies in the form /Ryg./(E; — E,») vs n* for quantum defect
a2 = 0.31. (The error bars are smaller than the size of the symbols.)
The straight line is Eq. (5).

fitted sum spectra. All the fitted curves shown correspond to
reduced x? values close to unity.

Table I presents the corresponding values of the fitted
parameters, where they are compared with those from our ear-
lier experiment on n = 2 [12], ejected-electron spectroscopy
[18,19], ion-impact data [20], and theoretical calculations
[6,18]. Our energy scales are calibrated using the known
positions of 'P resonances [3,10]; this introduces an extra
uncertainty in E,; of 4 meV [10] in addition to the fitting
uncertainties shown in the table. In general, the agreement with
the values found from the various experimental techniques and
theory is very good.

TABLE 1. Energies E,,, widths I',», and g,, parameters of He »(1,0)} 'D n = 2-7 autoionizing levels. The experimental values (this
work) are the result of fitting Eq. (3) to the data of Fig. 1. Other workers’ experimental values are from Refs. [12,18-20]. The theoretical
values of energies and widths (and their range in parentheses) are a compilation of those in Refs. [6,18] and references therein. The numbers
in parentheses for the experimental data are uncertainties in the last digits: 0.0649(65) means 0.0649 =+ 0.0065.

This work Experiment Theory
n En2 (CV) 1_‘nZ (eV) qn2 En2 (CV) FnZ (CV) qn2 EnZ (CV) FnZ (eV)
2 59.911(4) 0.0649(65) —0.19(10) 59.905(5)* 0.057(3)* —0.25(7) 59.950(45) 0.0676(34)
59.903(8)" 0.052(21)°
59.89(3)¢ 0.072(18)°
59.85(9)¢
3 63.522(2) 0.0178(22) 0.12(16) 63.515(9)" 0.012(8)° 63.529(13) 0.0161(10)
63.50(3)¢
63.51(4)¢
4 64.401(1) 0.0056(6) —0.04(14) 64.400(8)° 64.408(8) 0.0068(5)
64.39(3)¢
64.44(2)¢
5 64.782(1) 0.0040(5) 0.22(19) 64.804(23)° 64.789(9) 0.0034(2)
6 64.984(1) 0.0026(4) 0.15(27) 64.988(9) 0.0021(3)
7 65.098(2) 0.0015(6) 0.39(72) 65.096(1) 0.0012(0)

4Reference [12].
bReference [18].
‘Reference [19].
dReference [20].
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FIG. 3. (Color online) Plot of the experimental resonance widths
in the form Fn}l/ 3 vs n* for quantum defect p,,, = 0.31. The straight

line is a least-squares fit that passes through the origin.

The results of our present experiment are consistent with
those of the earlier experiment on n = 2 [12]; the slightly
smaller fitted uncertainties of the latter reflect its longer run
times and hence better statistics. Note also that the poorer
energy resolution of the earlier experiment (220 meV) results
in a much weaker observed modulation of y (Ref. [12], Fig. 1)
in the region of the narrow (37 meV) n = 2 'P resonance than
that of the present experiment, whereas the much broader 'D
resonance is relatively unaffected.

For well-behaved Rydberg series of autoionizing levels, the
energies, widths, and Fano g parameters should obey certain
relationships [14,21]. The energies above the ground-state
neutral atom should be given by

RHe _ RHe
(n - /’LnZ)z (n*)2 ,
where E7 is the ionization potential that leaves the He™ ion in
the N = 2 state, Ry, = 13.6038 eV is the Rydberg constant

for neutral helium [10], @,» is the quantum defect of the
quadrupole series, and n* = n — p, is the effective quantum
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FIG. 4. (Color online) Circles, the experimental Fano line profile
parameters g,, vs n. Diamond, the first-order electron-impact calcu-
lation from Ref. [22] (see the text). The horizontal solid and dashed
lines are the weighted average and uncertainty of the experimental
qn2, respectively.

PHYSICAL REVIEW A 86, 053408 (2012)

number. This may be rearranged as

RHe

*
[ A 5
Ej—En ©)

This relationship is tested in Fig. 2 for our experimental data,
which, for n > 3, are in good agreement with Eq. (5) with
Mn2 = 0.31. (The data point for n = 2 lies slightly away from
the straight line, as expected for the lowest member of a
Rydberg series.)

This agreement implies that the widths I',, should be
approximately proportional to (1/n*)?, which follows from
the fact that the inner part of the wave functions for each n
differ only by a normalization factor [21]. Although this is
strictly valid only for n > 1, our results are in quite good
agreement with this approximation, as can be seen in Fig. 3,
which plots F;;/ 3 vs n* and where the straight line is a linear
least-squares fit constrained to pass through the origin.

Finally, the Fano line profile index g,, should be inde-
pendent of n since it is given by the ratio of two matrix
elements that have the same n scaling [21]. Figure 4 shows
that our experimental values are consistent with a weighted
average of g,» = —0.04 +0.06. For n = 2, a value of gy =
—0.19 £ 0.10 is only just compatible with this average and is
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FIG. 5. (Color online) Top: circles, experimental y, vs photon
energy; triangle, value from Ref. [12]. Except where shown, the
uncertainties are less than the size of the symbols. The dashed line
is the RPAE calculation from Ref. [13]. The dash-dotted line is a
linear fit to the data. Bottom: circles, experimental unperturbed phase
differences 8, — 8; vs photon energy; triangle, value from Ref. [12].
The dotted line is the RPAE calculation from Ref. [13].
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in fact significantly more negative than any of the other g,,.
We note that »(1,0)," 'D for n = 2 may be represented by an
almost pure 2 p2 configuration, whereas for n > 3 the nominal
2pnp configurations may contain an admixture of 2snd. It is
possible that even a small admixture may profoundly affect
the excitation mechanism (e.g., via 1s — nd accompanied by
(Ls|2s) overlap). Also shown in the figure is a calculation of
g for high-incident-energy electron-impact ionization using
the R matrix with pseudostates (RMPS) approach [22]. At
high incident energies a first-order calculation asymptotically
approaches that for photoionization [23]. RMPS photoioniza-
tion calculations are called for to compare the n = 2 with the
n > 3 g parameters.

The fits also yield values of the nonresonant y; and 8, — §;
in the energy region of each pair of resonances. These are
plotted in Fig. 5, where they are compared with the random-
phase approximation with exchange (RPAE) calculations from
Ref. [13]. The calculated yy is in quite good agreement with
the experimental results. Also shown in the top panel is a
linear fit to the data; although there is some scatter to the data,
all points lie within 2.5¢ of the line, where o is their fitted
uncertainty. The calculated §, — §; in the bottom panel is not
in good agreement with the fitted data. Although the latter have
large uncertainties, they suggest that the phase difference lies
close to zero for n > 2.

V. CONCLUSION

We have used DiQulS to measure the energies, widths,
and Fano asymmetry parameters of a Rydberg series of
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autoionizing levels in helium excited from the ground
state by a quadrupole transition. Although these levels can
be observed using charged-particle-impact ionization [18],
the excitation mechanisms are fundamentally different. Parti-
cle impact involves many multipoles and a pure quadrupole g
parameter cannot be extracted; it has also been shown that such
a g parameter is a complex quantity with equally important
real and imaginary parts [22]. There are also postcollision
interaction effects which distort the line shape and shift the
resonance position. Finally, the energy resolution of a particle-
impact experiment [18] is typically an order of magnitude
worse than that of a synchrotron experiment, which severely
curtails the maximum observable n of a Rydberg series.

Our results highlight the need for theoretical calculations
of the quadrupole series g parameters and new calculations
of Y and §, — &; over the energy range covered by our
experiments.
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