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Photoabsorption cross section and ion-yield spectra of helium double-excitation resonances
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The photoabsorption cross section and ion-yield spectra of He have been measured in the region of the
double-excitation resonances below theN52 threshold. For resonances decaying predominantly by autoion-
ization @the 2,0n series, low values ofn; notation of Herrick and Sinanogˇlu, Phys. Rev. A11, 97 ~1975!#, the
two kinds of spectra yield the same information. For resonances where substantial decay by fluorescence
occurs (2,1n and 2,21n series!, the ion-yield spectrum differs significantly from the cross section. The ratios
of peak intensity of one series to the other are clearly different and the Fano line shape parameter (q) of the
2,1n series also changes as a function ofn, in qualitative agreement with the trends expected when the
fluorescence channel is taken into account. These direct measurements confirm the influence of fluorescence on
the cross section and agree with previous indirect measurements.
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INTRODUCTION

The continuous development through the 1990s of s
x-ray synchrotron light sources has meant that the e
higher intensity and resolution has provided many oppo
nities for experimenters. Helium is the simplest noble g
and these improvements led first to the discovery of pre
ously unobserved but theoretically predicted doub
excitation resonances@1,2#, then later to the observation o
unexpected triplet and dipole forbidden states@3,4#. The de-
tection of states via the fluorescence decay and metas
atom signals@5–7# led to a paradigm shift in our understan
ing of the decay of the higher excited states. The importa
of spin-orbit coupling was recognized@7,8#, and it became
clear that fluorescence is not simply a minor correction
autoionization, as for deeper core levels, but rather it is
main decay channel for many states. Thus it was conclu
that the ion yield may not approximate the cross section w
for these resonances@6#. Berkowitz @9# has pointed out tha
above about 20 eV, and above the ionization potential in
case, for most atoms and molecules the quantum photoy
is close to 1, that is, one ion-electron pair is created for e
photon absorbed, and so the ion yield is generally prop
tional to the photoabsorption cross section. This general
tion needs to be refined in the narrow ranges near re
nances, and in the present case just below the dou
excitation thresholds. Since these resonances are very s
it is only with newer high resolution light sources that su
investigations are possible.

So far conclusions concerning the cross section have b
drawn from separate measurements of the ion yield and
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fluorescence decay channel. The goal of the present w
was to investigate whether measurement of the cross se
is influenced by the fluorescence channel and, if so, how
differs from an ion-yield spectrum for the doubly excite
states below theN52 threshold. Absolute cross section
have been measured frequently in the continuum region
fore @@10#, and references therein#, but it is rare to measure
the cross section on sharp resonances. Measurements
laboratory line sources have good resolution, but since
sources are not continuous in energy, spectral profiles ca
be determined. Electron scattering techniques have been
plied to measure absolute cross sections but their low re
lution ~of the order of 1 eV! means they are not adapted
sharp resonances. For He in particular we are not awar
systematic cross section measurements in the dou
excitation region, and the present work fills this gap.

EXPERIMENTAL DETAILS

The experiments were carried out on the gas phase p
toemission beamline Elettra@11# with the resolution set to
approximately 1.1 meV~2 meV for broader resonances!. At
the highest resolution the transmission function is no
simple Gaussian but consists of a main peak and two s
bands due to diffraction at the entrance slit; each sideb
had an intensity of 5–8 % of the main peak. This transm
sion function was determined for the isolated 2,213 reso-
nance and used in quantitative fitting to extract line sha
parameters. The fits were carried out by convoluting t
transmission function with the Fano profile:

I 5sa

~q1«!2

11«2 1sb , ~1!

where«5 (E2Er)/(G/2) , andE is the photon energy,Er
the resonance energy,G the lifetime of the state,sa the com-
ponent of the continuum cross section that interacts with
discrete state,sb the component that does not interact, andq
the Fano parameter.
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The spectra were measured with a double-ionizat
chamber@12# similar to that described by Samsonet al. @13#
at typical pressures of 0.7 mbar for the cross section
three orders of magnitude lower for the ion yield. This i
strument measures the absolute cross section provided
ion yield is nonzero, and has the advantage that the effec
stray light, higher order light, and saturation effects are
duced with respect to single-ion-chamber methods. The
yield spectra were measured in the same cell by reducing
pressure so that the ion yield was in the linear region,
measuring the ion current from one cell. An aluminum filt
was used to reduce the second order content of the radia
The energies were calibrated to the values of Domkeet al.
@2#.

We use the labels of Herrick and Sinanogˇlu @14# and Lin
@15#, namely, 2,0n for the strongest series (n1 in the original
notation of Madden and Codling@16#!, 2,1n for the next
strongest~originally n2), and 2,21n for the third strongest
~originally 2pnd).

RESULTS AND DISCUSSION

Figure 1 shows the photoabsorption cross sections of a
of states in the 2,0n series, and Table I lists the paramete
extracted. For the 2,0n resonances, the values of the Fa
parameterq and the lifetimes are in good agreement with t
results of Domkeet al. @2#. To obtain best fits, a small back
ground offset is necessary@sb in Eq. 1 is nonzero#. There are
no other continua present and decay by fluorescence is
ligible and sosb should be identically zero~this is the case
of a single bound channel and single continuum in the l

FIG. 1. Overview of the resonances below theN52 threshold.
~a! Lower resonances.~b! Higher resonances.
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guage of multichannel quantum defect theory!. This back-
ground of 0.16 Mb therefore represents the signal due
residual experimental offsets~stray light, etc.! and finite
resolution.

For the 2,13 state, Fig. 1~a!, the fits give a value of
q523.6 for both ion yield and cross section and lifetim
widths of 0.9 and 0.3 meV, respectively. The measured va
of the lifetime is limited by the resolution and so is in po
agreement with theory~0.105 meV! while the q value is
similar to that of Domkeet al. (23.5), Table I, and lower
than their theoretical value (24.25). We conclude that a rea
sonably accurate value ofq can be extracted, but since th
resolution is significantly larger than the natural width, on
an upper bound for the lifetime can be extracted.

Figure 2 shows a comparison of the ion-yield spectra a
absolute cross sections of the 2,21n and nearby 2,1n11 reso-
nances forn53, 4, and 5. The relative peak heights of th
states depend on the measurement technique, with the
state of each pair being markedly more intense when
absolute cross section is measured rather than the ion y
This is because the 2,21n states decay mostly by fluores
cence and this channel is not detected in an ion-yield sp
trum. The absolute measurement gives a better approx
tion to the relative cross sections, although still n
quantitative.

For the 2,1n series, fluorescence begins to play a role
high values ofn, although the autoionization transition ra
is dominant for the states studied here@17#. In this case we
have three channels: fluorescence, autoionization, and
continuum channel. In general terms we therefore expec
Eq. ~1! that the background cross sectionsb will be nonzero.
A second observation is that in the cross section meas
ments theq parameter increases with the quantum numben,
but this is not so in the ion-yield measurements. Previo
calculations@2# indicated thatq should decrease or remai
constant.

Robicheauxet al. @18# have discussed in detail the close
related case of photorecombination, the inverse proces
photoabsorption, for the situation in which fluorescence a
autoionization are competing channels. They found that
Fano factorq is proportional toq8A/(A1R), whereA andR
are the autoionization and radiative decay probabilities,
spectively, andq8 is the Fanoq parameter in the absence o
radiative coupling. We suggest that this is also the case

TABLE I. Line shape parameters.

State

Fano parameter Lifetime~meV!

Cross
section

q8

Ion
yield

q Ref. @2#
Cross
section

Ion
yield Ref. @2#

2,02 22.75 22.75 38 37
2,03 22.5 22.5 9.5 10
2,04 22.7 22.6 22.4 4.4 3.3 4.0
2,13 23.6 23.6 23.5 0.9 0.3 0.5
2,14 23.9 23.2 23.2 ,0.6 ,0.7 0.3
2,15 24.1 23.060.2 23.2 ,0.8 ,0.3 ,0.1
1-2
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the present case of photoabsorption,q5q8A/(A1R), where
q is the line shape parameter observed by ion yield, andq8 is
the parameter observed for the absolute cross section
can use the values of radiative and autoionization decay r
calculated by Liuet al. @17# to estimate the change inq,
Table II. This qualitatively explains the observed trend
which the value ofq8 increases with quantum numbern, and
therefore with the relative fluorescence rate.

For autoionizing resonances in the absence of fluo

FIG. 2. ~a! Comparison of ion yield and cross section for t
2,213 and 2,14 resonances.~b! Comparison of cross section an
ion yield for the 2,214 and 2,15 resonances.~c! Comparison of
cross section and ion yield for the 2,215 and 2,16 resonances.

TABLE II. Experimental and calculated ratios of the Fano ind
measured with cross section to the Fano index measured with
yield.

State

Ratio @~cross section!/~ion yield!#

Expt. Theor.

2,13 1.0 1.03
2,14 1.22 1.09
2,15 1.3660.1 1.19
04470
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cence and interacting with only a single continuum, the cr
section must go to zero at«52q. Robicheauxet al. @18#
have noted that in the presence of the fluorescence cha
this is no longer true.

The effective valueq8 obtained in the presence of fluo
rescence is different from the value ofq related to the auto-
ionization part of the resonance, and it is easy to underst
the direction of change ofq: the Lorentzian line shape in
creases the positive part of the cross section, increasing
modulus ofq, i.e., if q is negative,q8 is more negative, and
if q is positive,q8 is more positive.

Yan et al. @19# have calculated the photoabsorption cro
section usingR-matrix theory and convoluted their resul
with a spectral resolution function of 1 meV width, ver
close to the current value, to obtain ratios of the peak to p
heights of the 2,21n and 2,1n states. Their results and our
are shown in Table III, together with values estimat
roughly from Ref. @1# by enlarging the published figures
Clearly, the cross section gives better agreement with
et al.; the residual difference of a factor of 2 is likely to b
due to the fact that the resolution is poorer than the intrin
linewidths and so a simple convolution is only a rather a
proximate way of simulating the spectra. The ratio of o
peak heights for ion yield is different from that of Schu
et al., although their resolution was reported to be on
slightly better than ours. The reason for this discrepancy
not known but may imply that our resolution is a little wors
than estimated. Nevertheless, the cross section ratio is
sistently higher than their ion-yield ratio.

CONCLUSIONS

To date it has been inferred indirectly that in measuring
calculating the line profiles of the helium double-excitati
states, it is necessary to take into account the fluoresce
decay channel. We have shown this directly, namely, t
fluorescence influences the value of the cross section d
mined in an experiment, the line shape, and in particular
value ofq. This is so even when the resolution is well belo
the lifetime broadening. Thus a correct understanding of
cross section under resonant conditions requires cons
ation of all decay channels.
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TABLE III. Comparison of ratio of peak heights of absorptio
resonances.

States
Yan

et al. @19#
Schulz

et al. @1#
Ratio

~cross section!
Ratio

~ion yield!

2,213/2,14 0.34 0.0560.01 0.21 0.09
2,214/2,15 0.39 0.1360.03 0.22 0.06
2,215/2,16 0.1160.03 0.2 ,0.02
1-3
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