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Observation of 2p
' states in the electron-ionization efficiency curve
of helium between 58 and 59 eV
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(Received 27 June 1989)

High-resolution ionization efficiency curves using electron impact (58—59 eV) on helium are
presented. Two previously unknown structures are clearly seen in the spectra at 58.415+0.005 and

58.48+0.02 eV in addition to the large (He*) 2s2p ( D) negative-ion resonance. The line-shape pa-
rameters for the 'D state obtained by fitting the data to theoretical line profiles are
E„=58.283+0.003 eV, I'=59%4 meV, and Q = —0.70+0.04. The two new structures are tenta-
tively assigned to the (He ) 2p' electron configuration.

I. INTRODUCTION
High-resolution data showing total ionization cross

sections of low energy, monoenergetic [full width at half
maximum (FWHM} of about 20 meV] electrons on He
atoms are reported. Both negative-ion and neutral
discrete states interact with the ionization continuum to
produce perturbations (i.e., structure} in the ionization
eSciency curve. However, in the narrow energy range
between 58 and 59 eV, the only structure previously re-
ported in the ionization eSciency curve was that due to
the large negative-ion resonance 2s2p ( D). A simple
visual inspection of our data (see Figs. l and 2) clearly

shows the presence of two other structures.
None of the data were taken with the intention of

fitting of theoretical line profiles, but simply to confirm
the existence and the position of the new structures. As a
result the range of energy used was not ideally suited to
the requirements of the fitting procedure. These require-
ments are discussed later in the paper. However, fits of
the data to theoretical profiles do reveal that there are ac-
tually a total of four distinct structures in this energy
range. The additional feature detected through the fit
has parameters corresponding to the neutral state
2s2p( P').
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FIG. 1. Electron-ionization efficiency curve for helium for
the sum of three data sets (1A,1B,1C) taken at 1 meV/channel
(2 meV/channel plotted). The solid line is the best fit (four-
profile) theoretical curve (see text). The number of counts per
channel is about 900X 10 .
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FIG. 2. Electron-ionization efficiency curve for helium for
the sum of three data sets (2A,2B,2C) taken at 5 meV/channel.
The solid line is the best fit (four-profile) theoretical curve (see
text) with the same parameters (within the estimated error) as
that of Fig. 1. The number of counts per channel is about
450X10'.
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III. ANALYSIS OF DATA
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parameters when fitting a structure whose width is small-
er than 20 meV.

The fitting of the data would be better if more data
points had been taken on the low-energy side of the first
resonance. The first data points in sets 1A, 1B,1C are
more than halfway up the peak (before removal of low-

frequency components) of the large resonance. As a re-
sult, they are not ideally suited for fitting to theoretical
profiles, although the results of the fits are consistent with
sets 2A, 28,2C. The best results (i.e., lowest values of the
reduced y ) are obtained from data sets 28 and 2C which
are the only sets taken with the signal at the background
level on the low-energy side of the large resonance. The
data presented here represent over two months of con-
tinuous accumulation and the gathering of similar data
over a wider energy range will require a correspondingly
longer acquisition time.

IV. DISCUSSION OF RESULTS AND CONCLUSIONS

FIG. 4. Integral of the Fano profiles for several values of the
line-shape parameter Q. An arbitrary constant C(Q) has been
added to the curves shown in the figure.

FWHM used. The best fits are obtained with a FWHM
of 21 meV for the individual data sets (2A,28,2C). The
summed data sets have an increased effective width
(FWHM-2S meV) since one can only align the data sets
to within one channel. This effective width is a reason-
able value given the operating conditions of the electron
selector. However, since this distribution is only an ap-
proximation, one might expect larger uncertainties in the

The main result of interest is the observation of the two
new structures in the spectrum. This should be useful to
theoreticians as one of the simplest examples of a three-
electron, triply excited atomic system. It is useful to try
to explain the observed spectrum in the simplest possible
terms. In particular, it is important to see how well the
results can be interpreted when one does not include any
post-collision-interaction (PCI) effects and assume a sim-

ple superposition of negative-ion and neutral states
represented by the Fano and integrated Fano profiles. As
indicated below, this simple analysis does give a good
quantitative agreement with the observed spectrum. The
simplest interpretation of these results is that the new
structures are negative-ion states whose parent state is

TABLE I. Sample fits of three of the data sets using a high-pass filter whose 50% cuto6' point is
about 265 meV (53 channels). (a) One Fano profile(F) with upper energy limit of S8.28 eV (structure A
alone). (b) One Fano profile and one integrated profile (IF) with upper energy limit of 58.33 eV (struc-
ture A and B together). (c) Parameters for the 2s2p('P') state from other experimental results. Num-
bers in parentheses denote the estimated error in the last digit. Numbers in square brackets are proba-
bilities that the y is greater than the value obtained.

DS

2A(F)
2B(F)
2C(F)

2A(F)
2A(1F)
2B(F)
2B(1F)
3B(F)
3B(1F)

E (eV)

58.281(2)
58.281(2)
58.279(2)

58.282(2)
58.311(3)
58.284(2)
58.309(3)
58.282(2}
58.307(3)

I (meV)

58(2)
55(2)
59(2)

60(2)
8(5)

61(2)
8(3)

63(2)
6(3)

(a)

(b)

—0.74(4)
—0.69(3}
—0.75(3)

—0.76(4)
4(1)
—0.80(4)

2.9(7)
—0.83(4)

2.8(6)

y2 [Probability (%)]

1.35[16]
0.89[69]
1.03[42]

1.40[10]

0.90[65]

1.16[22]

58.312'
(c)

9.3+0.7
& 7.12+0.12'

'Reference 5.
Reference 6.

'Reference 7.
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TABLE II. Summary of the results obtained by fitting spectra to theoretical profiles. The electron
affinity (EA) of the parent state for the observed negative-ion states is given in the last column. The
numbers in parenthesis represent the estimated error in the last digit(s).

E„(eV)

58.283(3)
58.309(3)
58.415(5)
58.48(2)

I (me V)

59(4)
8(3)
&2

70(20)

—0.70(4)
4(2)
7(3)

1.0(5)

State

2s2p ~(2D )

2s 2p('P')
2p'('P)2P( S')
2p ( D)2p( D )

EA (eV)

0.026(5)
Not available

1.259(5)
1.42(2)

A. The 2s2p ( D ) and 2s2p( P') profiles

A good fit of the largest feature to a Fano profile is ob-
tained by restricting the energy range of the fit to below
58.28 eV. Such a restriction is necessary because above
that energy the perturbation produced by the 2s2p( P)
state is too strong to fit the curve to a single profile. For
example, the three data sets of Fig. 2 were analyzed using
the same filtering function and upper energy limit. The
resulting parameters are shown in Table I, along with the
reduced g and the probability that the y would be as
large as that observed. The quoted errors represent the
estimated errors from the least-squares fit as well as the
uncertainty of 1 meV in the calibration of the energy
scale. These error estimates must be interpreted as indi-
cating the consistency of the fit between data sets rather
than an actual estimated uncertainty in the resonance en-
ergy. There is additional uncertainty due to the effects of
the partially overlapping and/or unresolved structures
(including possible residual PCI eff'ects) and the approxi-
mate nature of the fitting function. Although the Ez ob-

TABLE III. A comparison of some of the experimental re-
sults for the helium 2s2p 'D negative-ion resonance energy
(structure A).

Energy (eV)

58.2+0. 1

58.2+0. 1

58.31+0.08
58.23+0.04
58.25+0.05

58.283+0.003

'Reference 9.
Reference 10.

'Reference 11.
Reference 12.

'Reference 13.

Source (experimental)

Simpson, Mielczarek, and Cooper'
Kuyatt, Simpson, and Mielczarek

Grissom, Compton, and Garrett'
Quemener, Paquet, and Marmet"
Sanche and Schultz'

This work

the next highest neutral state (2p2). The absence of PCI
effects in our data, as compared with the results of van
der Burgt, van Eck, and Heideman is likely because we
do not measure one excitation channel at a time. We
measure the total ionization cross section. The sum of
PCI effects over an infinite number of structures with
differing frequency and phase would greatly attenuate
these structures in the integrated cross section.

tained from the fit does increase systematically with de-
creasing filter bandwidth, the variation results in only a
fraction of a channel change ( —1.2 meV) for both the en-

ergy and width of the state. These small variations are
included in the final estimated error for each of the pa-
rameters.

The effect of an overlapping structure on the large res-
onance can be seen extending the fitting region by ten
channels to 58.33 meV, which would include a portion of
the narrow ((9 meV) 2s2p( P') state. It is then impossi-
ble to obtain a good fit (i.e., very small probability of less
than 0.1%). Inclusion of a second (integrated Fano}
profile in this extended region provides a good fit to the
data (see Table I(b)]. Not only are the parameters for the
large resonance very close to the first fit, but the parame-
ters for the second profile are those that one expects from
independent (spectroscopic) evidence. ' This good
agreement with known parameters of the neutra1 state is

certainly not a coincidence and can only be interpreted as
a confirmation that the assumed nature of the two
profiles (i.e., a Fano and an integrated Fano} is basically
correct.

B. The 2p ' profiles (structures C and D)

A good fit to the whole spectrum shown in Fig. 2 re-
quires four profiles to be used. The B profile (i.e., the one
obtained from the fit and not apparent from a simple
visual inspection of the spectra) has Ez =58.309+.003
eV corresponding to the neutral state 2s2p( P'). Howev-
er, the types of profile required for the two new structures
are not obvious from our data taken by itself. Although
the best fit is obtained using profiles corresponding to
negative-ion resonances, using any combination of
profiles works almost as well. The signal-to-noise ratio
for the two (new) structures is too small to distinguish be-
tween the filtered profiles given the large number of pa-
rameters (16) required. However, since there are no other
neutral helium states in this energy range, the structures
cannot be integrated Pano profiles. Therefore, either the
structures are negative-ion resonances, or they are due to
PCI effects and/or shape resonances.

The question then becomes whether the expected elec-
tron affinities of the nearest (higher-lying) neutral states
are large enough to assign the new structures to
negative-ion states. The next (higher) neutral state is the
2p ( P) at 59.674 eV. This electronic configuration is ex-
actly identical to the ground state of carbon
ls 2s 2p ( P). Not only do both have the same valence
configuration [i.e., 2p ( P)], but both have spherically
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symmetric cores with a net charge of +2e. Therefore
one would expect their electron affinities to be almost the
same.

The measured electron affinity for carbon is 1.268 eV
(Ref. 8). The observed E„ for the C structure in our heli-

um spectrum is 58.415+0.005 eV; an energy difference of
1.259 eV from the 2p ( P) state. Thus the simplest ex-
planation of these two new structures is that they are 2p
negative-ion resonances. It has been our experience that
only one negative-ion structure is observed for each neu-
tral (parent) term and that the negative-ion states ob-
served in the electron-ionization curve usually corre-
spond to the lowest term of the configuration. Thus, by
comparison with the homologous carbon states, we can
assign the C structure to the 2p ( P)2p( S') state. Simi-

larly, we expect that the D structure (Elt =58.48+0.02
eV) corresponds to the 2p ('D )2p( D') state, 1.42+0.02
eV below its parent state. However, this latter assign-
ment is not quite as convincing since the electron affinity
for the homologous carbon state is not known.

The four-profile fits give about the same results for the
A and B structures as in Table I. The results of our
analysis of the spectra are summarized in Table II and a
comparison of our Ez value for the A structure with oth-
er experimental results is provided in Table III. The best
agreement with a theoretical calculation is that of Smith
and Golden et al. ,

' who found the D state to lie at 58.34
eV, 20 meV below the 2s2p( P') state at 58.36 eV. We
find the state to be 29+3 meV below the accepted P' en-

ergy.

'Present address: Division of Health and Science, Red Deer
College, Box 5005, Red Deer, Alberta, Canada T4N 5H5.
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