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High-resolution measurement of Beutler-Fano profiles for autoionizing Rydberg series of Xe
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Photoabsorption cross sections for the ns' and nd' autoionizing Rydberg series of Xe have been mea-
0

sured with a resolution of 7.4 mA using a high-resolution spectrometer and synchrotron radiation. The
cross sections are parametrized with the aid of a line-shape formula that is based on the multichannel-
quantum-defect theory and has a form analogous to Fano's resonance formula and are compared in de-
tail with theoretical predictions available in the literature.

PACS number(s): 32.80.Dz, 32.70.Jz

I. INTRODUCTION

Dipole-allowed single-electron excitation from the
mp 'So ground state of rare gases (m=3, 4, and 5

on Ar, Kr, and Xe, respectively) leads to the J=l
odd-parity levels, which belong to five Ryd-
berg series mp ( P3/2}ns [3/2];, mp ( P3/2)nd[1/2];,
mp ( P3r2)nd[3/2]i mp ( P|z2)ns'[1/2]& and

mp ( P, zz)nd'[3 /2];. The former three series built on
the mp P3/2 ion core converge to the first limit I3/2 and
the latter two series ns' and nd' built on mp I'j/2 con-
verge to the second limit I&/2. Between I3/2 and I,/2, the
ns' and nd' series are subject to autoionization. Photoab-
sorption spectra for these autoionization resonances of
rare gases were first observed by Beutler [1] and theoreti-
cally analyzed by Fano [2]. Thus characteristic line
shapes of the autoionization resonances are often called
Beutler-Fano profile.

Since the pioneering work by Beutler [1], much work
has been devoted to the study of these autoionization res-
onances of rare gases. In the case of Xe which we are
concerned with here, peak positions of the ns' and nd'
resonances were measured with high accuracy ( (5 mA)
by Yoshino and Freeman [3] using a high-resolution vuv

spectrograph, Bonin, Mcllrath, and Yoshino [4] using a
tunable vuv laser, and Wang and Knight [5] by means of
two-photon laser spectroscopy. Bonin, McIlrath, and
Yoshino [4] measured also a line shape of the 1ls' reso-
nance with a resolution of 2 mA [full width at half max-
imum (FWHM)]. Absolute photoabsorption cross sec-
tions in the autoionization region were measured by
Huffmann, Tanaka, and Larrabee [6], Metzger and Cook
[7], and Matsunaga, Jackson, and Watanabe [8] with
moderate resolutions (200-500 mA) and relative cross
sections were measured by Eland [9] with a resolution of
70 mA. Very recently, Wu et al. [10] measured relative
cross sections and angular distribution parameters P

0
across Ss' and 6d' resonances with a resolution of 26 mA
by means of synchrotron-based photoelectron spectrosco-
py

Recent theoretical investigations of the Beutler-Fano
autoionization resonances of rare gases were based on the
multichannel-quantum-defect theory (MQDT) [11,12].
Geiger [13] calculated Beutler-Fano profiles of autoioni-
zation resonances for Kr and Xe using MQDT parame-
ters obtained by semiempirical MQDT analysis [12] of
discrete energy levels and oscillator strengths. Johnson
et al. [14] studied autoionization resonances of rare gases
using relativistic MQDT: they obtained MQDT parame-
ters from an ab initio relativistic-random-phase-
approximation (RRPA) calculation. Connerade [15]ana-
lyzed the Xe autoionization resonances observed at a
moderate resolution using the MQDT formulation of Du-
bau and Seaton [16].

In the present work, we have measured the absolute
photoabsorption cross sections for Xe in the whole au-
toionization region with a resolution of 7.4 mA and then
parametrized the cross sections with the aid of a line-
shape formula [17] which is based on MQDT [11] and
has a form analogous to Fano's resonance formula [18].
We compare the obtained Beutler-Fano line-shape pa-
rameters with the theoretical predictions [13,14], illus-
trating that the high-resolution line-shape measurement
provides a sensitive test for the MQDT parameters.

II. EXPERIMENT

The apparatus and procedure are almost the same as
those in our previous measurement for Kr [19,20] and
thus a brief account is given here. The measurement was
carried out at the Photon Factory by using the high-
resolution facility [21] which consists of a 6.65-m off-
plane Eagle-type monochromator-spectrograph (6VOPE)
and a zero-dispersion tandem concave grating
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predisperser. The main spectrometer tank served as an
absorption cell and the Xe pressures were
4.7X10 —1.9X10 Torr. The 6.65-m grating of the
6VOPE, having 1200 grooves/mm and blazed at 5500 A,
was used in the sixth spectral order. The 6VOPE was
operated in the focal-plane-scanning mode, in which an
exit slit and photon detector move along the focal plane
while the predisperser system and the main grating
remain fixed. The entrance and exit slits widths were 10
pm, resulting in a measured Gaussian instrumental
profile of approximately 7.4 mA FWHM.

III. RESULTS
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In Fig. 1, a part of the measured absolute photoabsorp-
tion cross sections cr is plotted as a function of
v, &z=[R/(I, zz

E)]'~—, where E and R are the excita-
tion energy and the Rydberg constant, respectively. In
the absence of the s-d interaction, which we assume to be
the case, the Beutler-Fano profile in Fig. 1 can be de-
scribed by the following expression [17], which has a
form analogous to Fano's resonance formula [18] and is
based on the Seaton's MQDT [11]:

r„l
2 n(n —p, , )'

The nine parameters p&, WI, qI, o,i, and o ~ can be ob-
tained for each resonance pair by means of a least-squares
curve-fitting method. The solid curves drawn in Fig. 1

are an example of the results of the curve fitting. Every
fitted curve passes through the experimental data points,
suggesting the adequacy of Eqs. (1) and (2) as a paramet-
ric expression for the Beutler-Fano profile of the Xe ns'
and nd' autoionizing Rydberg series. The resultant line-
shape parameters of the ns' and nd' resonances are plot-
ted with open circles (0 ) in Fig. 2 as a function of excita-
tion photon energy (in units of eV).

We have investigated the effect of finite instrumental
width in the following manner. We first reproduce the
absorption data I, (A, ) from the above-obtained absorp-
tion cross section 0,~,:

I, (A, ) =exp[ —cr», (A, )Nl], (4)

where Xl is a column density of the Xe gas. Note that
I, (A. } given by Eq. (4) does not represent the observed ab-
sorption data because cr», (A, ) was obtained by correcting
the absorption data for scattered light and slow variation
in Nl during the measurement [20]. The I, (A, ) data are
then fitted with

I,.(A, ):—f exp[ —o,b(A, +M, )NI]F(M, )dM. , (5)

(e, +q, ) (E&+qz)
as p

+&a +OI, ,
1+m, 1+c.&

where cl is a periodic energy scale as given by

tan[a(v, &&+pi )]
W

7

I

for I =s and d. In Eq. (1), q, and q& are Fano's profile in-
dices for the s' and d' resonances, respectively, O.„and
cr,z represent the portions of the cross section describing
transitions to open channels that interact with the closed
s and d channels, respectively, and o b is a nonresonant
portion of the cross section. In Eq. (2), pl's and W, 's are
the quantum defects and the width parameters, respec-
tively. The present line-shape parameters pl, 8'I, q&, ~,&,

and a b were related to the MQDT parameters in our pre-
vious paper [17]. The width parameter WI is related to
the resonance width I'„& through the relation [17]
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FIG. 1. Photoabsorption cross sections o are plotted as a
function of v&zz. o, the present measurement; solid lines, the re-
sults of the curve fit with Eqs. (1) and (2).

where a,b(A, ) is expressed by Eq. (1) and the response of
the instrument to monochromatic radiation, F(5A, ), is as-
sumed to have a Gaussian profile with a FWHM of 7.4
mA. The range of integration, 2hZ. , is taken to be 33
mA. The line-shape parameters thus obtained for certain
members are also shown in Fig. 2 by solid circles (~).

In Fig. 2(c}, we compare the width parameters W,
corrected for the instrumental eff'ect (~ ) with the original
ones which are not corrected for the instrumental effect
(0 ). The original W, increases rapidly with an increase
in energy for n & 11, whereas the corrected 8', decreases
very slowly with an increase in energy. The abrupt in-
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crease in the original W, is therefore attributed to the
lack of instrumental resolution in dealing with the width
of the ns' resonances with n & 11. Bonin, McIlrath, and
Yoshino [4] measured the lls' resonance width to be
2.57+0.31 cm '. According to Eq. (4), this value corre-
sponds to W, =0.063, which is in excellent agreement
with our corrected value of W, =0.064 for 11s'. Figure
2(c) includes the W, values (A ) calculated with the aid of
Eq. (4) using the resonance width measured by Wu et al.
[10]. Although they took into account the instrumental
effect in an approximate manner for obtaining the
linewidth, their W, increases rapidly with an increase in

energy, implying that their resolution was insufhcient for
obtaining the reliable linewidth.

The effect of the finite instrumental resolution can also
be seen on o„ in Fig. 2(g). The decrease in o,d in Fig.
2(i) and the corresponding increase in oh in Fig. 2(j) for
high-n members might be some artifacts which could not
be sufficiently compensated for at present. The other pa-
rameters p„pd, Wd, q„and qd are insensitive to the in-

strumental resolution. (Note that p& and qi would be
strictly independent of the instrumental width if the in-
strumental profile were Lorentzian. ) The quantities

a„q, W, and o.,d+0&, which correspond to the transi-
tion probabilities (per unit energy) to the s' closed chan-
nel and to the d open channel, respectively, in the ab-
sence of the s-d coupling, are also insensitive to the in-
strumental resolution as can be seen in Figs. 2(h) and 2(j).

IV. DISCUSSION
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FIG. 2. Line-shape parameters for the ns' and nd' Beutler-
Fano resonances of Xe. 0, present measurement in which the
finite instrumental resolution is not accounted; ~, present mea-
surement in which corrections are made for the Gaussian in-
strumental function (7.4 mA FWHM); 0, measured by Wu
et al. [10];dashed curve, calculated from semiempirical MQDT
parameters by Geiger [13];solid curve, calculated from ab initio
RRPA-MQDT [14] parameters provided by Cheng [22].

To compare the measured Beutler-Fano line shapes
with those calculated by means of semiempirical [13] and
ab initio [14] methods, we reproduced the photoabsorp-
tion cross sections from the semiempirical [13]and ab ini
tio [14,22] MQDT parameters at certain energies and
then carried out curve fitting to the calculated cross sec-
tions using Eqs. (1) and (2). The semiempirical and ab in
itio line-shape parameters thus obtained were interpolat-
ed to give the dashed and solid curves, respectively, in
Fig. 2. We find general fair agreement between the mea-
sured and calculated line-shape parameters. However,
we should point out some significant discrepancies be-
tween them.

As can be seen in Figs. 2(a) and 2(b), the semiempirical
calculation for p, and pd show some discrepancies with
the measured values. These discrepancies may be as-
cribed in part to the insufficient energy-level data which
Geiger employed in his semiempirical MQDT analysis.
It may be worthwhile to carry out the semiempirical
MQDT analysis again for the updated energy-level data.
However, it is beyond the scope of this paper. The ab ini-
tio calculation gives systematically smaller values for p,
and pd and larger values for W, and Wd than the mea-

sured ones, as can be seen in Figs. 2(a) —2(d). Wu et al.
[10] also pointed out that the Ss' resonance width was
overestimated by the ab initio calculation.

As can be seen in Fig. 2(g), the ab initio calculation
predicts that o.„,which corresponds to the transition
probability to the s open channel, has a Cooper minimum
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just above the I,&2 limit. Accordingly, q„which has a
negative value in the autoionization region, decreases
rapidly with an increase in energy: the extrapolation of
q, goes to —00 at the Cooper minimum. [See the solid
curve in Fig. 2(e).] The measured cr„, however, increases
with an increase in energy, implying that o has the
Cooper minimum below the I3/z limit. [See Fig. 2(g).]
Accordingly, the measured q, has a positive value and de-
creases slowly with an increase in energy between I3/2
and I,&2, as can be seen in Fig. 2(e). The o ~ is consider-
ably overestimated by the semiempirical calculation, as
can be seen in Fig. 2(g).

The measured cr„q, 8', decreases slowly with an in-
crease in energy, as predicted by both calculations, and
lies just between these two calculations. [See Fig. 2(h).]
The measured O.,d and o,d+crb are in reasonable agree-
ment with both calculations as can be seen in Figs. 2(i)
and 2(j), whereas the o b is overestimated by the ab initio
calculation and underestimated by the semiempirical cal-

culation as can be seen in Fig. 2(j). (The semiempirical
orb goes to a negative value at high energy, suggesting
inappropriate extrapolation. )

In conclusion, working in the high-resolution measure-
ment for the absolute photoabsorption cross sections in
the autoionization region of Xe, we have obtained
gentler-Fano line-shape parameters as a function of pho-
ton energy, demonstrating that the high-resolution line-
shape measurement provides a sensitive test of the
MQDT parameters.
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