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Photoionization cross section of helium for photon energies 59—67 ev:
The (sp, 2n + )'P' Rydberg series of autoionizing resonances
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The central position of the 2s2p 'P' two-electron resonance of He at 206.21 A has been remea-
sured using the background continuum of the National Bureau of Standards storage ring facility.
In addition, the line-shape parameter q and width I of the resonance have also been obtained. %e
obtained a value of 60.151+0.010 eV for the resonance position, —2.6+0.3 for the line-shape pa-
rameter, and 0.038+0.002 eV for the width of the resonance. Our value for the resonance position
is in good agreement with the theoretical calculation of 60.145 eV of Bhatia and Temkin and lies
within the error budget of the previous experimental measurements of Madden and Codling. Pa-
rameter values for the other resonances have also been obtained and are in good agreement with the
earlier measurements of Madden and Codling.

I. INTRODUCTION

Helium has been an important test case for many
theoretical models' because the helium atom provides a
unique opportunity to study the correlated motion of two
electrons moving in a Coulomb field. The continuum
photoabsorption cross section of helium has been investi-
gated in detail over a broad energy range. The excitation
of two-electron autoionizing states of helium and the sub-
sequent analysis of the asymmetric resonant profile pro-
vides another important test of the accuracy of the contin-
uum solutions of the Schrodinger equation for this sys-
tem. Experimentally, the two-electron excitation states
converging to the n =2 levels of the helium ion have been
investigated by total absorption spectroscopy and by pho-
toelectron spectroscopy. The total absorption cross sec-
tion profile of the lowest energy resonance converging to
n =3 levels of the helium ion, the partial cross section, '

and the angular asymmetry parameter P for the Rydberg
series of resonances converging to this limit have also been
measured.

In this report we wish to focus on the series of reso-
nances converging to the n =2 levels of the helium ion.
Up to the present time, the classical work of Madden and
Codling has been the only experimental measurement of
the cross section of this system, from which they extract-
ed the parameters that describe the profiles of these reso-
nances. In addition, these resonances have been extensive-

ly studied theoretically by several authors. " ' In a series
of papers, ' Bhatia and Temkin have reported calcula-
tions of the resonance energy E„, the shape parameter q,
and the width I, of several autoionizing states in helium.
Recent calculations of Bhatia and Temkin corroborate
the experimental values of Madden and Codling except for
a small difference in the central position of the 2s2p 'P'
resonance. In this paper we describe measurements of the

line-profile parameters of several autoionizing states with
a series limit of He+ (n =2). A major goal of these mea-
surements was to complement the latest calculations of
Bhatia and Temkin, and provide a photometric evalua-
tion of the cross section of the resonances converging to
this limit.

II. EXPERIMENTAL

The experimental apparatus has been described in detail
elsewhere. Briefly, continuum radiation emitted from
the U. S. National Bureau of Standards (NBS) 2SO-MeV
electron synchrotron storage ring (SURF-II) has been em-
ployed to provide background radiation in the region
below 250 A for the observation of these two-electron
excitation states. An absorption cell was placed between
an elliptical focusing mirror and the entrance slit of a 3-m
grazing incidence monochromator. The cell was a
stainless-steel tube 96.40 cm in length, equipped with
aluminum windows about 0.1 pm thick at each end.
Research grade helium gas, without further purification,
was admitted into the system via a variable leak and a
flow system was established with an equivalent static pres-
sure of about 0.120 Torr or less. The gas load from the
gas cell was handled by two 1000 1/s liquid-helium cryo-
pumps located on separation chambers at either end of the
cell. Pressure measurements were made with a capaci-
tance manometer. The 3-m grazing incidence scanning
monochromator had a spectral bandpass of 0.072 A. The
channeltron used to detect uv photons was mounted on a
carriage constrained to the Rowland circle and the assem-
bly was driven by a lead screw. Another detector, located
near the storage ring, monitored visible radiation and thus
the electron current in the storage ring. The signal pro-
duced by the visible detector was amplified and used to
control the wavelength scan speed. Therefore as the beam
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decayed, the scan speed decreased proportionately so that
the optical system integrated the uv photon flux over a
constant number of electrons per data interval. This elim-

inated the need to correct the transmission data for the
slowly decaying electron beam.

III. DATA ANALYSIS

The experimental atomic cross section, expressed in Mb
(1 Mb=10 ' cm ), is given by the relation
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cr =0 10.35(T/pl)ln(IO/I),

where T is the temperature in degrees Kelvin, p is the
pressure in Torr, and 1 is the absorption path length in
centimeters. The quantity Io denotes the incident intensi-
ty without the gas in the cell and I is the detected intensi-
ty with gas in the cell. As can be seen from Eq. (1) for ab-
sorption cross section measurements, not only a
knowledge of the ratio of the incident to transmitted radi-
ation is required, but also the temperature, pressure, and
length of the absorbing gas or vapor. For the experimen-
tal conditions described here there was little difficulty in
determining T, l, and p to an accuracy of about 1%. The
accuracy of the intensity ratio Io/I is primarily deter-
mined by the linearity of the detector and the counting
statistics. Therefore, the accuracy of o is determined
mainly by the accuracy of ln(IO/I).

While it is not especially difficult to make relative mea-
surements of the transmission with a precision of 1%,
achieving comparable accuracies in absolute intensities is
much more difficult because of sources of systematic er-
rors. The major sources of systematic error are (1)
second-order radiation, (2) gas impurities, and (3) scat-
tered radiation. Tests were made to assess the source and
magnitude of these systematic errors. It was assumed that
second-order radiation is negligible since the 1000-A
aluminum-foil absorption-cell windows should reduce
second-order radiation to an undetectable level. As for (2)
and (3), impurities in the gas would produce a nonzero
value of the cross section at the resonance minimum (as-
suming the correlation index p = 1 for helium). The
minimum cross section was measured to be zero within
experimental error, which is also consistent with the as-
sumption that the sources of systematic error (1)—(3) are
negligible. The cross section was measured at a fixed
wavelength (200 A) as a function of pressure. The value
of the cross section obtained from the slope of the straight
line was equal to 1.24 Mb which can be compared to a
value of 1.28 Mb obtained from recent measurements.
The excellent agreement between the value of the cross
section with the recent critically evaluated compilation is
further evidence that the sources of systematic error
(1)—(3) are negligible. Finally, a plot of ln{IO/I) versus
pressure was observed to be linear, and pass through the
origin, within the uncertainties of the measurements.
Nonlinearities in this plot would suggest the presence of
scattered and/or second-order radiation. From an assess-
ment of these tests, it is estimated that the values of the
absorption cross section are accurate to +4%.

The transmission as a function of wavelength was com-
puted from the intensity Io(A, ) recorded without gas and
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FIG. 1. Typical transmission data for the lowest two-electron
excitation state, 2s2p 'I". The data are show by solid dots: the
model transmission calculated from Eqs. (2) and (3) is given by
the line.

the intensity I (A, ,o,p) recorded with gas. The variation of
transmission near the lowest 2s2p two-electron resonance
is shown in Fig. 1 and the transmission for the Rydberg
series is shown in Fig. 2. The width of the higher Ryd-
berg series members is comparable to or less than the
monochromator bandpass. In order to obtain the undis-
turbed cross section from the transmission data, it was
necessary to deconvolute the cross section from the Gauss-
ian spectrometer window function 8'(A, ). This was done
by modeling the transmission and comparing it with the
experimental data using a nonlinear least-squares fitting
algorithm. ' The model for the transmission is given by

Io(A, ,q, l )= f exp[ —nlo(A, ', q, l )]8'(1,—A, ')dA, ', (2)

where n, the atom number density, and I, the path length,
are measured quantities. The window function W(A, ) was
determined to be Gaussian with a full width at half
maximum of 0.072 A. The parameters describing the
model cross section were adjusted until a best least-
squared fit to the data was obtained.

I.OO

0;80

O
0;60

0.40
LLI-

r.=' i' /&a 4o'w"

0.20

0
I85.0

I

19I.O

I

I97.0
WAVELENGTH (A)

I

203.0
I

209.0

FIG. 2. Transmission profile for the (sp 2n+) 'I" Rydberg
series for levels up to n =10. Data are shown by solid dots; the
model transmission obtained from Eqs. (2) and (3) is given by
the line.
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The form of the cross section o is given by the formal-
ism developed by Fano for a Rydberg series interacting
with one continuum (i.e., p =1). Thus the cross section
for the (sP, 2n+) 'P' Rydberg series can be modeled by
the expression

l0.0

cr(A, ,q, I') =ob(A, )
g (q„/g'„)+ 1

g ( I/&„)'+1

The quantity 8'„ is the reduced energy and is defined as
8'„=[2(Ez hc/—A, )/I „],where E~ is the energy of the

nth resonance. The adjustable parameters q„, and I „are
the shape parameters and the resonance width of the reso-
nance with principal quantum number n, respectively.
The background cross section o.

b was chosen to be a poly-
nomial with the same shape as the most recent compila-
tion. The magnitude of the cross section, however, was
an adjustable parameter.

The preceding published wavelength positions of the
resonances (except that of the 2s2P 'P' resonance) con-
verging to the n =2 levels of the He+ were used as wave-
length standards to calibrate the wavelength scale of the
monochromator. The resonance position of the first
2s2p 'I" resonance was an adjustable parameter.

The width of the resonance quickly became narrow
compared to the spectral band of the monochromator,
which was about 0.02 eV (0.072 A). The monochromator
bandpass was several times wider than I for the higher
members of the series. To obtain the fit, shown as the
solid line in Fig. 3, to the data for the entire Rydberg
series, the cross section was modeled according to Eq. (3).
For an unperturbed Rydberg series q„ is constant for the
series and I „=const/n' . The quantity n' is the effec-
tive quantum number. Thus q„was set to equal q3 and
I'„was set to equal to 21.7 I 3/n' for n & 3. To approxi-
mate the behavior of the higher members of the series an
arctan dependence was added to the expression for the
value of the cross section of the Rydberg series given in
Eq. (3).
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FIG. 3. Helium photoabsorption cross section for the
(sp 2n + ) 'P' Rydberg series using parameters from Table I.

Typical transmission for the lowest two-electron excita-
tion state is shown in Fig. 1. The best least-squares fit to
the data is show~ as the solid line passing through the
data points.

Figure 2 illustrates typical transmission data for the
Rydberg series. The solid line is the model transmission
calculated using ihe least-squares adjusted parameters.
The values of the parameters obtained from this fitting
routine are shown in Table I. A comparison of the
theoretical and experimental parameters for the
(sP, 2n+) 'P' Rydberg series for levels up to n =10 is
given in Table II.

A detailed physical interpretation of the asymmetric
shape of the resonance in the continuum absorption of
helium has been given by Fano. The quantities q, the
asymmetry index, and I, the resonance width, have been
the subject of several other calculations. " The most re-
cent calculation of these parameters is given in the preced-
ing paper of Bhatia and Temkin. Figure 4 is a plot of
the cross section of 2s2P 'P' resonance obtained using the
parameters from Table I. The dashed line is a plot of the
energy-dependent background cross section. Figure 3
shows the cross section for the (sp2n+) 'P' Rydberg

TABLE I. Cross-scct1on parameters foI' two-electron states ln helium.

2
3
4
5
6
7
8
9

10

206.21
194.78
192.33
191.29
190.75
190.43
190.22
190.08
189.98

1.606
2.791
3.812
4.82
S.82
6.82
7.8S
8.85
9.90

—2.6 (+0.3)
—2.5 (+0.5)
—2.5b

—2.5
—2.5
—2.5
—2.5
—2.5
—2.5

0.038 (+0.002)
0.0083 (+0.002)
0.0038'
0.0014
0.0008
0.0005
0.0003
0.0002
0.0001

60.151 (+0.10)
63.655'
64.466
64.816"
64.999"
65.108
65.181
65.229'
65.263"

'Data from Ref. 7.
Value of q held constant for n & 4.

'I „ is inversely proportional to n* for n & 4.
Obtained from Ref. 7 using 12 398.52 to convert from A to CV.
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State

TABLE II. Comparison of the theoretical resonance parameters.

1po Propin'
Ei

Lipsky
et al.b

Burke
and

Taylor'

Drake
and

Dalganod

Altick
and

Moore'
r

Burke
and

McVicarf
r

2$2p 60.4 60.2744 60.149 0.0388 60.133 0.0366 60.340 0.0365 —2.97 60.269 0.0438 —2.59

2$p, 23

2sp, 24"

2sp, 25"

2$p, 26"

2$p ~27

2sp, 28"

2sp, 29"

2sp, 210"

63.6879

64.4786
64.49
64.8218

64.537 0.0051 —2.81 64.481 0.0037 —2.42

63.707 0.0070 —2.89 63.690 0.0087 —2.44

'Reference I I.
"Reference 18.
'Reference 13.
dReference 16.
'Reference 15.
Reference 1.

gReference 24.
"Reference 7.
'The quantities E and I are expressed in eV.

is the MC number scaled to the resonance energy. The quanti-"The energy quote y isd b MC
'

that for the absorption maximum. This is t e num er sc
t of 12 398.52 was used to convert wavelength to eV.
"Resonances with principal quantum number & 4 normalize
tyo

alized to the value of Ref. 7.
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FIG. 4. Helium photoabsorption cross section for the two-
electron excitation state, 2s2p 'P' using parameters from Table
I.
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FIG. 5. Graphic comparison of the resonance profile parame-
ters E, q, and for the 2s2p 'P' state. The authors are identified
by the symbols and the initials along the ordinate as follows:
AM (0), Ref. 15; BMc (+ ), Ref. 1; BT (Cl), Ref. 13; DD (Q),
Ref. 16; BhT (O ), Ref. 24; MC, Ref. 7; ME, present results.
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8hatia
and

Taking
r

TABLE II. (Continued. )

Madden
and

Codhng"
I

This work
r

60.145

63.6610

0.0363

0.009

—2.849

—2.6

60.133j

+0.015
63.655
+0.007
64.466
+0.007
64.816
+0.007
64.999
+0.007
65.108
+0.007
65.181
+0.007
65.229
+0.007
65.263

0.038
+0.004

0.008
+0.004

—2.80
+0.25
—2.0
+ 1.0

60.151
+0.010
63.655
+0.010
64.466

64.816

64.999

65.108

65.181

65.229

65.263

0.38
+0.002

0.0083
+0.002

0.0038

0.0014

0.0008

0.0005

0.0003

0.0002

0.0001

—2.6
+0.30
—2.5
+0.50
—2.5

—2.5

—2.5

—2.5

—2.5

—2.5

series for levels up to n =10, calculated using Eq. (3) and
the parameters obtained from Table I. The dashed line is
the plot of the energy-dependent background cross section
expressed in Mb (1 Mb= 10 ' cm ) which is given by the
equation

o(A, ) = —0.05504 —1.3624)& 10 "A,

+3.3822X10 'A, ',
where k is the wavelength in angstrom units. This analyt-
ical expression can be used to calculate the background
cross section between 65 and 280 A and agrees to within
+2% with the recent compilation of the helium cross
section.

In Fig. 5 the profile parameters q, E„, and I for the
2s2p 'I" resonance obtained from the present measure-
ments (ME) are compared with those obtained by Madden
and Codling (MC) and the available calculations, which
are identified by symbol and by the author's initials along
the ordinate. The calculated resonant energy of AM (Ref.
15) and BMc (Ref. 1) lie outside of the plotted range. The
authors DD (Ref. 16) and BI (Ref. 13) did not calculate
the value of the parameter q.

The values of the parameters obtained from the experi-
ments are in general consistent with the calculations.
However, there are trends which we now discuss. The res-
onance energy obtained from the calculations of BT (Ref.
13), and DD (Ref. 16) seem to be converging to a value of
nearly 60.145 eV, which is the value originally obtained by

BhT (Ref. 24) using a more sophisticated Hylleraas calcu-
lation. All the calculated widths except that of BMc lie
within the quoted error limits of the experiments. The ex-
periments suggest that the calculated width is somewhat
narrow. The quantity q is the most difficult one to mea-
sure and to calculate. The experiments and calculations
do overlap satisfactorily, but with a larger variation in the
value of q, which reflects the difficulty of either measur-
ing or calculating q. The calculations suggest that —2.8
is a reasonable value; however, the experimental evidence
may indicate a lower value of q is more appropriate. Of
all the calculations, only those of BhT (Ref. 24) lie within
the experimental error limits for all three quantities.

In all the calculations that produced a value for q, the
magnitude of this parameter decreased for higher series
Inembers. This decrease was also observed in both experi-
ment as well (see Table II). For n ~4 our data is con-
sistent with a model for which q„ is a constant and for
which I'„ is proportional to the reciprocal of n* (see
Table I and Fig. 2). The result is also reasonably con-
sistent with the results in Refs. 1 and 15.
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