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Absolute optical oscillator strengths for the electronic excitation of atoms
at high resolution: Experimental methods and measurements for helium
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An alternative method is described for the measurement of absolute optical oscillator strengths
(cross sections) for electronic excitation of free atoms and molecules throughout the discrete region
of the valence-shell spectrum at high energy resolution (full width at half maximum of 0.048 eV).
The technique, utilizing the virtual-photon field of a fast electron inelastically scattered at negligible
momentum transfer, avoids many of the difficulties associated with the various direct optical tech-
niques that have traditionally been used for absolute optical oscillator strength measurements. The
method is also free of the bandwidth (line saturation) effects that can seriously limit the accuracy of
photoabsorption cross-section measurements for discrete transitions of narrow linewidth obtained
using the Beer-Lambert law [Io/I =exp(n! o ~ ) ]. Since the line-saturation effects are not widely ap-
preciated and are only usually considered in the context of peak heights, a detailed analysis of this
problem is presented, with consideration of the integrated cross section (oscillator strength) over the
profile of each discrete peak. The suitability of the high-resolution dipole (e, e) method for general
application to atomic and molecular electronic spectra is evaluated by test measurements of the ab-
solute dipole (optical) oscillator strengths for the photoexcitation and photoionization of helium,
since for this atom detailed quantum-mechanical calculations using highly correlated wave func-
tions have been reported. The absolute scale is obtained from the Thomas-Reiche-Kuhn sum-rule
normalization of the Bethe-Born transformed electron-energy-loss spectrum and does not involve
the difficult determinations of photon flux or target density. The measured dipole oscillator
strengths for helium excitation (1 'S~n 'P, n =2—7) are in excellent quantitative agreement with
the calculations reported by Schiff and Pekeris [Phys. Rev. 134, A368 (1964)] and by Fernley, Tay-
lor, and Seaton [J. Phys. B 20, 6457 (1987)]. The absolute measurements are also compared with

other experimental and theoretical oscillator strength determinations for photoexcitation and pho-
toionization processes in helium up to 180 eV, including the 2snp and 3snp autoionizing resonances
in the 59—72-eV energy region.

I. INTRODUCTION

A. General considerations

Absolute optical oscillator strength (cross section) in-
formation is of great importance because of the need to
know electronic transition probabilities for both valence-
and inner-shell excitation and ionization processes in
many areas of application including plasmas, fusion
research, lithography, aeronomy, astrophysics, space
chemistry and physics, laser development, radiation biol-
ogy, dosimetry, health physics, and radiation protection.
Such information is also a crucial requirement for the de-
velopment and evaluation of quantum-mechanical
theoretical methods and for the modeling procedures
used for various phenomena involving electronic transi-
tions induced by energetic radiation. '

However, most spectroscopic studies to date for
discrete electronic excitation processes have emphasized
the determination of transition energies rather than oscil-
lator strengths since the former quantities are generally
relatively easier to obtain both experimentally and
theoretically. In contrast, only rather limited informa-
tion is available for the corresponding absolute optical os-

cillator strengths (or equivalent quantities reflecting tran-
sition probability such as cross section, lifetime,
linewidth, extinction coefficient, 3 value) for atoms. In
the case of discrete electronic transitions for molecules
such quantities are extremely sparse, while for core (inner
shell) processes the available data are even more limited.
In particular oscillator strengths are in very short supply
for transition energies beyond 10 eV where most
valence-shell electronic excitation and ionization process-
es occur. This situation is partly due to the well-known
inherent difhculties of quantitative work in the vacuum
uv and soft-x-ray regions of the electromagnetic spectrum
(i.e., beyond the LiF cutofI). These and other limitations
provide considerable challenges in both photoabsorption
and photoemission studies. The situation also reflects the
limitations and application restrictions of other types of
optical methods such as lifetime, line profile, self-
absorption, and level crossing techniques.

From a theoretical standpoint, calculation offers an al-
ternative approach to oscillator strength determination.
However, such computational methods require extremely
sophisticated correlated wave functions and reasonable
accuracy is at present only feasible for the simplest atoms
such as hydrogen and helium.
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B. Optical methods
for determining optical oscillator strengths

for discrete transitions

A variety of different optically based methods have
traditionally been used for the determination of most of
the optical oscillator strength data available for discrete
electronic transitions in the literature. Only a limited
amount of data are available for atoms, and many of
these are to be found in the important compilations pub-
lished by Wiese and co-workers. ' Very little information
is available for molecules. The oscillator strength data
base is extremely limited due to the fact that such mea-
surements are difficult to perform and also because most
available methods suffer from a variety of often serious
difficulties and/or limitations which severely restrict their
range of application. %'iese and co-workers' have dis-
cussed various aspects of the optical methods used for
atoms and provides useful conversion formulas relating
the various quantities produced by the different types of
measurements.

The most commonly used optical measurement tech-
niques include (a) photoabsorption via the Beer-Lambert
law, " (b) lifetime measurements by level crossing tech-
niques (including the Hanle efFect), ' ' (c) lifetime mea-
surements by beam-foil methods, ' (d) emission profile
measurements from plasmas' and beams, ' (e) resonance
broadening emission profiles, ' (f) self-absorption, '

(g)
total absorption, ' and (h) optical phase matching. The
strengths and weaknesses of these methods with regard to
their widespread general application to atomic and
molecular spectra are summarized in Table I. Also
shown in Table I are corresponding considerations for
theory as well as for the electron-impact-based oscillator
strength methods discussed in Sec. I C below. Methods
(b) —(h) have all been used but only in selected favorable
cases involving relatively intense atomic transitions.
However, such approaches are generally complex and
various limitations make them unsuitable for widespread
application across the complete valence-shell spectral
range for atomic and in particular molecular targets. Al-
though in principle Beer-Lambert law photoabsorption
measurements would seem to offer a straightforward
means for routine measurement of absolute optical oscil-
lator strengths for atomic and molecular transitions over
a wide spectral range, application of the method may
often result in large errors. Since the limitations of this
method are not widely appreciated, the special case of the
Beer-Lambert law photoabsorption method will now be
discussed in detail.

C. Photoabsorption and the Beer-Lambert law

Photoabsorption via the Beer-Lambert law [method
(a)] can in principle be applied readily to the complete
valence-shell spectrum of atoms and molecules and the
measurement procedure would seem to be quite straight-
forward in principle. However, in practice very few
determinations of absolute oscillator strengths have actu-
ally been made using this method. This is because there
are very serious problems that can arise when Beer-
Lambert law photoabsorption spectra are used for abso-

ol

Io
o- =—ln

N I (2)

where Io and I are the incident and transmitted light
fluxes, respectively, n is the target density per cm, l is
the path length in cm, o is the photoabsorption cross
section in cm (1 Mb=10 ' cm; 1 Mb=1.0975X10
difFerential oscillator strength units) and the column
number N =nl. It should be noted, however, that Eqs. (1)
and (2) are only strictly valid for the unphysical situation
of zero bandwidth (i.e., infinite energy resolution) as dis-
cussed in Refs. 24—27. Difficulties arise because a loga-
rithmic transform is required [Eq. (2)] in order to obtain
the absolute cross section o. from the percentage
transmission (I/Io) obtained from the experimental mea-
surements. As a result of this logarithmic transform the
measured cross section at the characteristic energy will
correspond to a weighted average cross section cr (which
is often much less than the true cross section cr ) in situa-
tions where the bandwidth (b,E) is a significant fraction
of, or greater than, the natural linewidth (AL) for a tran-
sition. This limitation and the fact that measured
peak values of cross sections are often a function of the
instrument as much as of the target has been reviewed in
some detail by Hudson and commented on by oth-
ers. ' The situation is potentially particularly serious
for intense narrow lines in the discrete region because of
the Bohr frequency condition and the fact that the line
profile varies rapidly within the bandwidth unless the
latter is much narrower than the natural linewidth. Hud-
son has also discussed the so-called "apparent pressure"
effect and shown how the bandwidth effects can be mini-
mized (but never entirely eliminated) by the tedious pro-
cedure of extrapolating measured peak intensities for
each separate transition to zero column number N. How-
ever, even with such procedures, as Hudson correctly
points out, I approaches Io as this optically thin limit is
approached and thus the greatest weight is placed on the
least accurate data. The net result is that accurate opti-
cal oscillator strengths often cannot be obtained from
photoabsorption measurements for very sharp, intense
lines (for example, compare Refs. 11 and 29—33). These
problems are likely to be particularly severe in the vacu-
um uv and soft x-ray regions of the spectrum where low
light ftuxes, even from monochromated synchrotron
sources, often result in the use of wide monochromator
exit slits. These bandwidth effects will occur when the
usual arrangement exists with the monochromator placed
between the continuum light source and the sample cell.
This arrangement is the usual situation on synchrotron

lute intensity (oscillator strength) determinations rather
than just for indicating energy levels. These problems,
which are not always widely appreciated or well under-
stood, arise from the finite energy resolution of any real
optical monochromator.

The Beer-Lambert law can be stated as

Io
=exp(nlo~) =exp(¹r~)
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beam lines (i) because of the ultrahigh vacuum require-
ments in the storage ring and the monochromator and (ii)
because the monochromator is usually an integral part of
the beam line facility feeding different possible experi-
mental arrangements. However, these spurious band-
width effects would also inhuence the measured cross-
sections if the sample cell was placed between the source
and monochromator as occurs in many laboratory spec-
trometer arrangements.

Despite the serious deficiencies which can complicate
the determination of absolute optical oscillator strengths
for discrete transitions using the Beer-Lambert law, it is
still sometimes used and it can then often result in spuri-
ous results which are not always apparently realized by
the experimenters. A particularly drastic example of
such "line-saturation" bandwidth effects occurs in the
vacuum uv absorption spectrum of Nz (Ref. 33) illustrat-
ed in Fig. 1. The vacuum uv spectrum as reported by
Giirtler, Saile, and Koch on an absolute scale [Fig. 1(a)]
has high enough resolution to show evidence of rotational
effects. This optical absorption spectrum is compared
with a high impact energy, negligible momentum
transfer, high-resolution (bE =0.017 eV) electron-
energy-loss spectrum in Fig. 1(b) over the same energy

3-
(a) Photoabsorption [33] N2

- 300

CCI

C.
C

2-

13.2 13.0 12.8
Photon energy (eV)

I

12.6

- 200

- 100
O

V

i-0
12.4

8 ~

(b) Dipole (e,e) spectroscopy [34]

Il

- Spp

2500 eV
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4-
b,E = 0.017 eV 400

e = 00

13.2
I

13.0
I I

I
I

12.8 12.6
Energy (eV)

12.4

FIG. 1. Comparison of the valence-shell electronic excitation
spectra of nitrogen obtained by photoabsorption and electron-
impact experiments in the energy region 12.4—13.2 eV. (a) Ab-
solute photoabsorption spectrum adapted from Fig. 1 of Ref.
33—the dashed lines have been drawn to show the position of
the maximum cross sections of the peaks according to the nu-
merical values given in the text of Ref. 33. (b) Electron-energy-
loss spectrum (Ref. 34)—the spectrum was made absolute by
reference to a recently obtained oscillator strength spectrum of
N (Ref. 86).

region. Clearly three are large differences in relative in-
tensity, in the 12.6—13.0-eV range and particularly in the
12.9—13.0-eV region. These differences reAect serious
line-saturation effects in the optical work in the
12.9—13.0-eV region due to the finite bandwidth of the in-
cident radiation and the extremely narrow natural
linewidth of these intense transitions. As can be seen
from Fig. 1 these factors have dramatic effects on the de-
rived optical oscillator strength (cross section) in the pho-
toabsorption spectrum. Clearly not only the peak height
but also the peak area (and thus the apparent oscillator
strength) is drastically reduced in the optical spectrum.
In contrast, the corresponding absolute optical oscillator
strength spectrum obtained via electron-energy-loss spec-
troscopy (EELS) in Fig. 1(b) (see Sec. ID) shows the
correct relative intensities (band areas) even though it is
at lower energy resolution than the optical work. This
large intensity effect in the electronic spectrum of Nz was
earlier pointed out in electron impact studies by Lassettre
et al. and also by Geiger and Stickel. Subsequently,
extrapolation of very carefully controlled optical mea-
surements, ' made as a function of column number N,
was found to give results consistent with the intensities
derived from the EELS measurements.

It is important to note that the treatment of line-
saturation effects by Hudson only emphasizes the effects
of finite bandwidth on the peak heights of sharp spectral
lines (i.e., the cross section at the maximum) and how
such effects may, hopefully, be minimized by extrapola-
tion to zero column number. As Hudson has shown, a
40%%uo error still exists in a peak height cross section for
the situation where the linewidth and bandwidth are
equal, even at X =0. However, it should be remembered
that an accurately measured oscillator strength for a
discrete transition should involve an integral over the
whole profile of the spectral line and should not just be
assessed from the peak height. The peak area in a photo-
absorption experiment is of course also severely
inAuenced by the bandwidth effects, which result in a
significant reduction in both peak height and peak area,
as can be seen in Fig. 1. This clearly leads to an integrat-
ed optical oscillator strength for the transition which is
significantly in error unless the bandwidth is very narrow
compared with the narrowest features in the spectrum—
regardless of whether or not such features are resolved.
Such errors are therefore likely to be particularly serious
for molecular spectra because of the vibrational and rota-
tional fine structure —as can be seen in Fig. 1. Since in
general different lines in the same spectrum have different
natural linewidth the cross-section perturbations are
furthermore different for every transition [see again Figs.
1(a) and l(b)]. Thus the complete spectroscopy (i.e., all
linewidths and line shapes) must already be known if any
meaningful understanding of photoabsorption cross sec-
tions for spectral lines is to be obtained. If such informa-
tion were available, then of course the oscillator strengths
would already be known from the linewidths. Clearly
then, one can never be sure that the correct oscillator
strength has been obtained in a photoabsorption experi-
ment unless either the information is already available in
some form from other sources, or the absolute integrated
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spectral intensities can be shown to be effectively in-
dependent of the bandwidth as well as the column num-
ber X.

Given the above considerations it is necessary to ex-
tend the peak height analysis of Hudson to consider the
effects of bandwidth on the integrated cross section over
the spectral line profile (i.e., peak area) in the photoab-
sorption experiment. For example, consider (Fig. 2) the
effects of convoluting an assumed Gaussian-shaped ab-
sorption peak of natural linewidth 61. with a triangular
monochromator bandwidth bE. In this case, Eq. (1) can
be rewritten as

I(bE, E)=IO(bE, E)exp[ —(o (bE,E)N] .

The area A, (see Fig. 2, left-hand side) of the unconvolut-
ed Gaussian absorption peak depends linearly on the per-
centage absorption [(Io I)/Io—] of Io(E) at the peak
maximum for a given AI.. The area of the Gaussian peak
is, of course, unchanged by convolution with the band-
width b,E regardless of b,E/b, I.. That is, considering the
percentage absorption

peak Io E I E peak Io AEyE I 6E)E
Io(E)

dE=
Io(bE, E)

or

A)=22 .

peak p„k Io(bE, E)
A4= f cr (bE,E)dE= —f ln

N I(bE,E)
(6)

It is found that A 3 is always greater than A 4 unless AE is
equal to zero, which is only true of course for the hy-
pothetical case of infinitely narrow bandwidth. In more
detail mathematically, area A, is convoluted by band-
width hE to yield an area A2 such that A, =32. If area
Az is also a Gaussian distribution with full width at half
maximum (FWHM) approximately equal to
(b,I. + b,E ) '~, then under this circumstance, A

&

= A 2

(=1/S) (where S is a scale factor in order that we may
vary the area under the Gaussian peak). After integra-
tion of Eqs. (5) and (6), we obtain

However, in order to calculate the photoabsorption cross
section o~(E) a logarithmic transformation [see Eq. (2)]
of Io/I is needed. The logarithmic transform, together
with the resonant nature of discrete excitation by pho-
tons, is the root cause of the line-saturation bandwidth
effects and the resulting spurious experimental cross sec-
tions which often occur in absolute photoabsorption mea-
surements using Beer's law. In the case of the logarith-
mic conversion we have for the cross-sectional areas be-
fore and after convolution (Fig. 2, right-hand side)

peak 1 peak Io(E)
A3= f o (E)dE= —f ln dE,

N I(E)

Gaussian absorption peak

% absorption
of Q(E) &p(E)

Io(E)
pQ)

Ag

convoluted with triangular
spectrometer bandwidth hE

% absorption
of Q(hE, E) ap(AE, E)

~2)1/2

Al = Aq A3&A4

FIG. p. Diagrammatic representation of the line-saturation e6'ect occurring in photoabsorption experiments when the Beer-
Lambert law is used to determine the integrated cross section of a discrete transition.
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put the most emphasis on the least-accurate data and
hence the extrapolated value is likely to be inaccurate.
The procedure only minimizes the bandwidth effect and
the resulting cross section may in some cases still be sub-
ject to large error. As one example, Yoshino et al. "
have stated that the (12,0) transition of ' 02 is too nar-
row to be measured using the Beer-Lambert law photoab-
sorption method.

In summary then, the above model calculations indi-
cate that it is often extremely difficult to obtain highly ac-
curate optical oscillator strengths for discrete transitions
in optical photoabsorption experiments based on the
Beer-Lambert law, especially for very sharp peaks with
high cross section. As such, absolute photoabsorption
cross sections obtained for discrete transitions using the
Beer-Lambert law must always be viewed with some cau-
tion because of the possibility of significant systematic er-
rors due to finite bandwidth effects, which in general will
be different for every transition. Therefore widespread
application of Beer-Lambert law photoabsorption
methods to the study of discrete atomic and molecular
spectra is not practical if accurate cross sections are
desired. In the following discussion alternative methods
of determining optical oscillator strengths are described
that do not suffer from these spurious bandwidth effects.

D. Electron-impact methods
for determining optical oscillator strengths

may be compared with the nonresonant process of
electron-impact excitation

e(EO)+M~M*+e(EO E) . — (10)

Clearly the electron-energy loss (E) is analogous to the
photon energy E. The intensity of scattered electrons is
measured rather than a percentage absorption. The non-
resonant nature of the electron-impact excitation process
together with avoidance of the logarithmic Beer-Lambert
law in determining oscillator strength (cross section)
means that the line-saturation bandwidth problem, which
often complicates photoabsorption experiments, is elim-
inated in the EELS method.

It is useful to review some aspects of the theory of in-
elastic scattering of fast electrons. A key quantity in the
electron-impact method for determining optical oscillator
strength is the momentum transfer (K) in the collision.
A momentum-transfer-dependent, differential generalized
oscillator strength df(K, E)/dE, describing the transi-
tion probability, can be defined and it is related to the

An alternative and entirely independent approach to
optical oscillator strength determination, free of spurious
bandwidth effects, is provided by exploiting the virtual-
photon field-induced in a target by fast electrons. This
can be utilized by means of fast electron-impact
electron-energy-loss techniques at vanishingly small
momentum transfer. The theoretical relation between
high-energy electron scattering and optical excitation has
long been understood. The resonant process of absorp-
tion of a photon of energy E

hv(E)+M~M*

differential inelastic electron-impact cross section
d o, (K,E)/dEdA for discrete transitions by the equa-
tion

df(K, E) E ko z
d o., (K,E)

dE 2 k, dEdO,

where E is the energy loss and ko and k, are the incident
and scattered momenta respectively. d o, (K,E)/dEdQ
as a function of energy loss E is the electron-energy-loss
spectrum at momentum transfer K involving scattering
into a solid angle element d Q. The various momenta are
related to the polar scattering angle 0 by the cosine rule

K =ko+ k„—2kok„cosO .

According to the Bethe-Born theory

df(K, E) df (E) 2 4

dE dE

(12)

(13)

where df (E)/dE is the differential optical oscillator
strength and 2, 8, etc. are constants. Therefore, at the
so-called optical limit, which corresponds to zero
momentum transfer,

df(K, E) df (E)
o dE dE

Under such conditions of negligible momentum-transfer
dipole selection rules apply and

df o(E) E ko
&

d 0 (E) d 0' (E)
K =B(E) . (15)

The quantity 8 (E) is called the Bethe-Born factor and it
can be seen that it depends on kinematic (i.e. , instrumen-
tal) factors alone. In an actual experiment the factor
B (E) must also take into account the finite acceptance
angles about the mean scattering angle of O'. This will be
considered in Sec. II below. 8(E) relates the electron-
impact differential cross section at negligible momentum
transfer to the differential optical oscillator strength. It is
clear from Eqs. (11)—(15) that electron-impact measure-
ments under appropriate conditions may be used to make
absolute optical measurements if appropriate absolute
normalization procedures can be established. The
momentum transfer K depends on the impact energy Eo
and the mean scattering angle 0 [see Eq. (11)]. In partic-
ular K ~0 at Eo))E and 0~0 and this leads to two
general approaches which have been used for optical os-
cillator strength determination by electron impact.

(i) An indirect EELS method, pioneered in the 1960s
by Lassettre and co-workers, "' involves measurement
of the relative intensity for a given transition as a func-
tion of scattering angle (i.e., of K ) at a fixed intermediate
impact energy (typically —500 eV). This results in a rela-
tive generalized oscillator strength curve [see Eqs.
(12)—(14)], which can be extrapolated to K =0 to give an
estimate of the relative optical oscillator strength for the
transition. The extrapolation procedure is tedious since a
series of measurements is required for each transition. In
addition, the procedure can often be problematic due to
unusual behavior of the functional form of f (K) at low
K (Ref. 41) and also due to the fact that the minimum ex-
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perimental value of K was often quite large, ' so that
a lengthy extrapolation was involved. The minimum at-
tainable value of K was further limited ' by the fact
that the spectrometer could not be operated at 0=0 due
to interference from the incident primary electron beam
in the electron-energy-loss analyzer. The relative value of
the oscillator strength is usually made absolute by refer-
ence to concurrent measurements of the relative elastic-
scattering intensity, which is in turn normalized on a
published value of the calculated or experimental abso-
lute elastic-scattering cross section. A variation of this
extrapolation approach, used by Hertel and Ross to study
alkali metals, involved scanning the impact energy at
fixed scattering angle for each transition. However, such
an approach is even more diKcult for general application
to quantitative work because of electron optical effects on
the scattered electron intensities, and therefore its use has
been extremely limited.

(ii) A more direct and versatile approach, which avoids
the need for the undesirable extrapolation procedures, is
to choose the experimental conditions so that the optical
limit (i.e., K ~0) is efFectively satisfied directly.
This can be achieved by measuring at high impact energy
Eo (typically 3000 eV for valence-shell processes) and
designing the electron analyzer and associated electron
optics so that a mean scattering angle of 0' can be
used. 46—so This results in K & 10 a.u. Under such con-
ditions Eq. (15) is satisfied to better than 1% accuracy
and an entire EELS spectrum covering both the discrete
and continuum regions can be obtained directly under di-
pole (optical) conditions. To obtain the relative optical
oscillator strength spectrum it suf5ces merely to trans-
form the relative electron-impact differential cross sec-
tion (at K -0) by the known Bethe-Born factor 8 (E) for
the spectrometer. B (E) must take into account the
effects caused by the finite acceptance angles of the
electron-energy-loss analyzer (i.e., a spread of K ). The
relative optical oscillator strength spectrum obtained in
this way has the correct relative intensity distribution be-
cause of the "Qat" nature of the virtual-photon field '
associated with inelastically scattered fast electrons at
K -0. This means that no determination of beam Aux
is required. The relative spectrum can be made absolute
by using a known theoretical or experimental value of
the photoabsorption cross section at a single photon ener-
gy, usually in the photoionization continuum. However,
an independent and accurate means of obtaining an abso-
lute scale, frequently used in this laboratory (for some ex-
amples see Refs. 53—55) is to obtain the Bethe-Born
transformed valence-shell EELS spectrum [i.e.,
d cr, (E)/dEdQ see Eq. (15)] out—to high energy loss.
The total area of the spectrum is then normalized to the
number of valence-shell electrons. The contribution from
the limit of the data to E= ~ is estimated from extrapo-
lation of a curve fitted to the higher energy measure-
ments. This overall procedure makes use of the
Thomas-Reiche-Kuhn (TRK) sum rule, which states that
the dipole oscillator strength sum for an atom or mole-
cule over all discrete transitions plus the integral over all
continuum states is equal to the number of electrons %,
(e.g., 2 for helium). Thus

g+J fo =N, .

The TRK sum-rule normalization of a Bethe-Born con-
verted EELS spectrum produces an accurate absolute
scale without the need for the measurement of beam Aux
and target density required in conventional absolute
cross-section determinations.

Direct selection of the conditions corresponding to the
optical limit, together with TRK sum-rule normalization,
provides an extremely direct and versatile approach,
which is the basis of the dipole (e, e), (e, 2e), and
(e, e+ion) techniques. These three methods provide
quantitative simulations of tunable energy photoabsorp-
tion, photoelectron spectroscopy, and photoionization
mass spectroscopy, respectively. ' ' The three dipole
electron-scattering techniques have been used extensively
in recent years for total and partial optical oscillator
strength measurements in the continuum at modest en-
ergy resolution (1-eV FWHM) for a wide variety of
valence-shell and inner-shell processes (see Refs. 53 —59
for some recent examples). The modest energy resolution
results from using an unmonochromated incident elec-
tron beam of thermal width. At such a low energy reso-
lution the sharp peaks in the valence-shell excitation
spectra of atoms and molecules are largely un-
resolved, but the spectral envelope nevertheless en-
closes the correct integrated discrete oscillator strength,
regardless of the bandwidth, since electron-impact excita-
tion [Eq. (10)] is nonresonant. ' This is in direct con-
trast to the situation for the (resonant) photoabsorption
process [Eq. (9)] utilizing the Beer-Lambert law where
line-saturation effects can cause drastic errors (see Sec.
IC) in the discrete optical excitation oscillator strength
spectrum.

In view of the successful development and applica-
tion~ ~7 of low-resolution (LR) dipole (e, e) spectroscopy
for quantitative valence-shell oscillator strength studies,
and considering also the problems and limitations in-
volved in the various direct optical techniques (particu-
larly in the case of the Beer-Lambert law photoabsorp-
tion method, which is the only optical method that could
even in principle be considered useful for general applica-
tion), we now report the development and first applica-
tion of a high-resolution (HR) dipole (e, e) method. This
uses a high-impact-energy, 0 mean scattering angle,
high-resolution EELS spectrometer of advanced design,
already developed for the study of valence- and inner-
shell energy levels in this laboratory. The availability of
very accurate quantum-mechanical calculations, together
with the fact that helium has only a K shell and thus a to-
tal oscillator strength of exactly 2, with no corrections
needed for Pauli excluded transitions, ' makes the di-
pole excitation of ground-state helium an ideal test case
for the HR dipole (e, e) method. In addition, further con-
sistency checks can be made involving oscillator strength
sums in appropriate regions of the discrete and continu-
um spectrum. In the present work test measurements, in-
volving a completely independent determination of the
absolute optical oscillator strengths for the 1'S~n 'P
series (n =2—7) for helium, are compared with previously
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published experimental data for n =2—4 obtained using a
range of optical' and electron impact ' ' methods.
The measured results are also compared for n =2—7 with
high-level quantum-mechanical calculations employing
correlated wave functions. ' The present measure-
ments represent the first reported experimental results for
n =5—7. Measurements of the absolute photoionization
continuum oscillator strengths up to 180-eV photon ener-

gy, including the Fano profile resonance regions of dou-
ble excitations around 60 and 70 eV, were also obtained
and are compared with existing direct optical measure-
ments " and calculations. ' A preliminary com-
munication of some of the results for discrete excitation
has been published. ' The results for helium are used to
establish the viability of the HR dipole (e, e) method for
general application to measurements of absolute optical
oscillator strengths in the discrete valence-shell spectral
regions of electronic excitation of atoms and molecules.

II. EXPERIMENTAL METHODS AND RESULTS

A. General procedures

The complementary performance characteristics of
two different zero degree, high-impact-energy electron-
energy-loss spectrometers, one with low resolution and
known Bethe-Born factor and the other with very high
energy resolution, were used to obtain the present experi-
mental measurements of absolute optical oscillator
strengths for the discrete photoexcitation and continuum
photoionization of helium at high resolution. The com-
bined techniques establish a general method suitable for
routine application to measurements of absolute optical
oscillator strengths for electronic excitation of atoms and
molecules at high resolution over a wide spectral range.
First, high-resolution electron excitation (energy loss)
spectra of helium were obtained using a high-
performance double hemispherical EELS spectrometer,
for which the design and operational details have already
been published. This fully differentially pumped instru-
ment has a high electron transmission at high energy
resolution as a result of the advanced electron optical
design and the large mean diameter (40 cm) of the hemi-
spherical monochromator and analyzer. This spectrome-
ter typically operates at an impact energy of 3000 eV, a
mean scattering angle of 0', and at an energy resolution
selectable in the range 0.048 —0.270 eV (FWHM). This
instrument has been used extensively for measuring
high-resolution valence-shell and inner-shell
excitation spectra, but no attempt had been made thus far
to make quantitative measurements of absolute oscillator
strengths because the Bethe-Born factor of the spectrom-
eter was not known until the presently reported work. In
order to obtain absolute optical oscillator strengths from
the high-resolution EELS spectra an absolute scale must
be established and the energy-dependent Bethe-Born con-
version factor for this spectrometer must be known with
high precision. The conversion factor is in practice more
complex than the expression shown in Eq. (15) because it
must include integratior. over the finite spectrometer ac-
ceptance angles about 6I =0 . A sufficiently exact

knowledge of the effective acceptance angles would re-
quire a very accurate and detailed understanding of the
complex electron optical functions of the lenses in all re-
gions of the high-resolution EELS spectrometer as a
function of energy loss. Furthermore, this detailed infor-
mation would be required for each analyzer-
monochromator pass energy combination which must be
selected to provide a given energy resolution. Such de-
tailed information is difFicult to obtain with sufhcient pre-
cision by model calculations for the complex electron op-
tics in this type of instrument. A better and more feasible
approach is to calibrate the intensity response of the
high-resolution instrument and obtain an empirically
determined, relative Bethe-Born factor by referencing the
high-resolution EELS signal to the known optical cross
section in the smooth photoionization continuum spec-
tral region of a suitable gas. This could be achieved by
taking the ratio of the high-resolution EELS intensity to
that of an independently measured absolute photoabsorp-
tion cross section, as a function of energy loss (photon en-
ergy). An obvious choice for this calibration is helium
gas. Recommended experimental values of the absolute
photoabsorption data for the helium continuum have
been tabulated by Marr and West from a consideration
of a large number of published optical experiments. We
have, however, chosen an alternative and entirely in-
dependent approach in which a high-sensitivity low-
resolution ( —1-eV FWHM) dipole (e, e) spectrometer,
with no monochromator, simpler optics and collision
geometry, and a well characterized Bethe-Born fac-
tor, has been used to obtain a wide-range measure-
ment of the helium discrete and continuum absolute pho-
toabsorption oscillator strength, entirely independent of
any optical measurement. This low-resolution dipole
(e, e) spectrometer (Eo =8000 eV, 0=0, b,8= 1 X 10
rad, b,E =1.0-eV FWHM) is the noncoincident forward-
scattering portion of a dipole (e,e+ ion) spectrometer that
has been extensively used in this laboratory in recent
years to obtain highly accurate photoabsorption and pho-
toionization continuum total and partial oscillator
strengths for a large number of molecular targets. It
has been found that TRK sum-rule normalization of
Bethe-Born converted EELS spectra obtained on this
low-resolution dipole (e, e) spectrometer provides a highly
accurate absolute photoabsorption oscillator strength
scale, without the need for any measurement of b am Aux
or target density. Helium is a particularly suitable choice
for the calibration measurements since it has only a single
(ls ) shell and thus no shell separation or corrections for
Pauli excluded transitions are required for the TRK
sum-rule procedure, in contrast to the situation for more
complex targets. The absolute photoabsorption oscillator
strength obtained on the low-resolution dipole (e, e) spec-
trometer may then be used to generate the relative
Bethe-Born factor for the high-resolution instrument by
ratioing the signals in the smooth continuum region
above the first ionization energy of helium, as described
above. The relative Bethe-Born factor for the high-
resolution spectrometer can then be obtained at lower en-
ergies by extrapolation of a suitable function fitted to the
measured factor in the region above 25 eV. Finally, the
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Bethe-Born converted high-resolution EELS spectrum of
helium is placed on an absolute scale by single point nor-
malization in the continuum (at 30 eV) to the absolute
optical oscillator strength determined on the low-
resolution dipole (e, e) instrument. With these procedures
both the Bethe-Born calibration and the measurement of
absolute optical oscillator strengths is achieved entirely
independently of any optical techniques. Furthermore,
exploitation of the TRK sum rule avoids the difticulties
and limitations of conventional methods of absolute scale
determination. The resulting absolute measurements can
thus be independently compared with published values of
measured and calculated optical oscillator strengths for
helium. The sequence of measurements and procedures
used in the present work are summarized by the How
chart shown in Fig. 6.

For quantitative measurements it is essential to ensure
that saturated count rates are obtained in the channeltron
detectors of both spectrometers over the full dynamic
range of the signals. In order to avoid dead-time errors it
was also necessary to use a fast data buffer between the
output of the high-resolution spectrometer and the PDP
11/23 computer. Since for the high-resolution instru-
ment no fast multichannel analyzer compatible with the
computer was available, a specially adapted Nicolet 1073
signal averager was used as the data buffer in the present
work. Maximum count rates were restricted to a max-
imum of 20000 per second in order to ensure linearity
over the full dynamic range of the spectra. Gas pressures
were adjusted to be in the range (0.5 —2)X10 Torr by
means of a Granville-Phillips leak valve. Contributions
from background gases remaining at the base pressure
(2X10 Torr) of the turbomolecular pumped spectrom-
eter were removed by subtracting the signal when the
helium pressure was quartered. Such a procedure was
used because complete removal of the sample gas was
found to slightly inhuence the tuning of the energy-loss
spectrometers.

B. Low-resolution optical oscillator strength
measurements for helium

Using the low-resolution dipole (e, e) spectrometer,
electron-energy-loss measurements were performed in the

energy ranges 20—25.5, 25.5 —50, 50—110, and 110—180
eV at intervals of 0.1, 0.5, 1, and 2 eV, respectively. The
energy resolution was —1-eV FWHM. Absolute optical
oscillator strengths for helium were obtained by Bethe-
Born conversion (using CLR—see Fig. 6) and TRK sum-
rule normalization (to a value of 2) of the electron-
energy-loss data as described above. The portion of the
relative oscillator strength from 180 eV to infinity was es-
timated from extrapolation of a least-squares fit to the
data in the 72 —180-eV region using a function of the
form AE (E is the energy and A and 8 are constants).
The fit gives 8 =2.5583 and the fraction of the total os-
cillator strength above 180 eV was estimated to be only
4.65%%uo. The helium 1 'S —+2 'P transition (21.218 eV) was
used for calibration of the energy scale of the spectrum
and is the only discrete structure resolved at the low reso-
lution of this spectrometer. The measured data are
recorded in Table I and illustrated in Fig. 7 (solid circles).
Also shown in Fig. 7 are recommended values" of the
absolute photoabsorption (photoionization) data of heli-
um (open triangles) as reported in the compilation by
Marr and West. The values compiled in Ref. 77 were
obtained by Marr and West as follows: Various optical
measurements of the photoionization cross section of
helium in different energy ranges have been reported by
different groups using optical methods. West and
Marr ' have also themselves measured the photoioniza-
tion of helium in the 340—40-A (35—310-eV) range using
synchrotron radiation. There are some slight discrepan-
cies between the different data sets in some energy ranges.
A critical evaluation of the various cross-section mea-
surements was carried out ' by giving a weight to the
various data sets according to criteria such as the scatter
of data points, performance, and quality of the mono-
chromator used, etc. Then all the data were combined
and the "best values" were obtained by fitting polynomi-
als to the weighed data points. The resulting absolute
photoionization cross-section data for helium and also for
other noble gases in the vacuum uv and soft x-ray regions
were then tabulated.

It can be seen from Fig. 7 that the presently reported
Bethe-Born converted, TRK sum-rule normalized, low-
resolution dipole (e, e) results are in generally good quan-
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FIR. 6. Flow chart showing the data recording and processing procedures used in determining the absolute dipole oscillator
strengths for the discrete electronic excitation transitions (I 'S~n 'P, n =2—7) of helium.
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titative agreement with the absolute photoionization data
recommended by Marr and %'est. It should be noted
that the two measuring techniques are physically
di6'erent and also that the methods of obtaining the abso-
lute scale are completely different. This provides con-
vincing proof of the validity of the Bethe-Born theory
and the quantitative equivalence of the dipole (e, e) and
photoabsorption (photoionization) methods. In the re-
gion near 60 eV the dipole (e, e) data show evidence of the
well-known double-excitation resonances of helium,
whereas the Marr and West data were simply obtained
by fitting a smooth curve through the resonance region.
Notwithstanding the excellent overall agreement, some
small differences in shape are apparent. The Marr and
West data are slightly below and slightly above the
present data in the 30—40 and 80—180-eV regions, re-
spectively.

Also shown in Fig. 7 are the highly detailed photoion-
ization cross-section calculations for helium recently re-
ported by Fernley, Taylor, and Seaton (solid line). The
calculated data have been shifted up in energy by 0.280
eV as the calculated first ionization energy of helium re-
ported by Fernley, Taylor, and Seaton is 0.280 eV lower
than the accurately known spectroscopic value (24.59
eV). It can be seen that the calculations are in excellent
agreement with the present dipole (e, e) measurements.
Similar calculations were reported earlier by Cooper
and by Bell and Kingston.

The presently obtained low-resolution dipole (e, e) mea-
surements (Table I, Fig. 7) have been used to obtain the
Bethe-Born conversion factor (C HR) for the high-
resolution spectrometer and for normalization of the ab-

solute scale (at 30 eV) by the methods described above
(Sec. II A). The high-resolution results are presented in
Sec. II C.

C. High-resolution optical oscillator strength
measurements for helium

The discrete transitions 1 ~S~ n I' (n =2—7)

Using the high-resolution electron-energy-loss spec-
trometer, electron-energy-loss spectra of helium were ob-
tained at an impact energy of 3000 eV in the energy-loss
range 20—60 eV at a resolution of 0.048-eV FWHM and
in the range 20—100 eV for resolutions of 0.072-, 0.098-,
0.155-, and 0.270-eV FTHM. The data have been pro-
cessed using the procedures outlined in Sec. II A. The in-
tensity of the high-resolution electron spectrum at each
energy loss in the smooth continuum region above 25 eV
was divided by the absolute optical oscillator strengths
measured by the LR dipole (e, e) spectrometer (see Sec.
II A, Table II, and Fig. 7). This quotient provides a rela-
tive Bethe-Born conversion factor (C HR —see Fig. 6) for
the high-resolution instrument in the energy range above
25 eV. In order to extend this Bethe-Born factor to the
excitation region below 25 eV, the quotient has been
fitted to a suitable function (which effectively represents
the Bethe-Born correction factor for the HR spectrome-
ter) over the energy range 28 —60 eV and this function
can then be extrapolated to lower energy. This fitting
and the extrapolation must be done very carefully if
correct experimental dipole oscillator strengths are then
to be obtained in the discrete excitation region down to
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21 eV for helium and to even lower energies (5 eV) for
other atoms and molecules. In particular the effects of
finite angular resolution about the forward-scattering
direction must be properly accounted for in the Bethe-
Born conversion factor if it is to be accurate over the long

extrapolation down to 5 eV. Therefore the effects of an-
gular resolution must be accounted for in some way in
the fitting function. ' In the real situation of finite accep-
tance angles it can be shown ' that Eq. (15) at the optical
limit can be modified to give

TABLE II. Absolute dipole oscillator strengths for helium obtained using the low-resolution dipole

(e, e) spectrometer (24.6—180 eV).

Energy
(eV)

24.6
24.7
24.8

24.9
25.0
25. 1

25.2
2S.3
25.4
25.5
26.0
26.5
27.0
27.5
28.0
28.5
29.0
29.5
30.0
30.5
31.0
31.5
32.0
32.5
33.0
33.5
34.0
34.5
35.0
3S.5
36.0
36.5
37.0
37.5
38.0
38.5
39.0
39.5
40.0
40.5
41.0
41.5
42.0
42.5
43.0
43.5
44.0
44.5
4S.O
45.5
46.0

Oscillator
strength

(10 ' V ')

7.0S
6.96
6.85
6.76
6.62
6.71
6.66
6.SS
6.58
6.55
6.37
6.08
5.94
5.81
5.61
5.45
5.33
5.12
4.98
4.92
4.65
4.57
4.45
4.34
4.26
4.07
3.95
3.87
3.81
3.63
3.55
3.49
3.40
3.32
3.21
3.11
2.97
2.89
2.90
2.76
2.73
2.63
2.54
2.56
2.46
2.42
2.33
2.26
2.2S
2.23
2.14

Energy
(eV)

46.5
47.0
47.5
48.0
48.5
49.0
49.5
50.0
51.0
52.0
53.0
54.0
55.0
56.0
57.0
58.0
59.0
60.0
61.0
62.0
63.0
64.0
65.0
66,0
67.0
68.0
69.0
70.0
71.0
72.0
73.0
74.0
75.0
76.0
77.0
78.0
79.0
80.0
81.0
82.0
83.0
84.0
85.0
86.0
87.0
88.0
89.0
90.0
91.0
92.0
93.0

Oscillator
strength

(10 2 eV ')

2.04
1.97
2.00
1.92
1.90
1.89
1.75
1.77
1.68
1.63
1.56
1.52
1.48
1.43
1.40
1.37
1.43
1.61
1.18
1.11
1.14
1.11
1.08
1.05
1.01
0.968
0.926
0.912
0.869
0.850
0.822
0.785
0.757
0.735
0.708
0.698
0.669
0.652
0.632
0.612
0.598
0.569
0.557
0.540
0.529
O.SOS

0.491
0.475
0.464
0.448
0.429

Energy
(eV)

94.0
95.0
96.0
97.0
98.0
99.0

100.0
101.0
102.0
103.0
104.0
105.0
106.0
107.0
108.0
109.0
110.0
112.0
114.0
116.0
118.0
120.0
122.0
124.0
126.0
128.0
130.0
132.0
134.0
136.0
138.0
140.0
142.0
144.0
146.0
148.0
150.0
152.0
154.0
156.0
158.0
160.0
162.0
164.0
168.0
170.0
172.0
174.0
176.0
178,0
180.0

Oscillator
strength

(10 eV ')

0.421
0.412
0.397
0.388
0.393
0.370
0.360
0.341
0.350
0.335
0.326
0.321
0.302
0.314
0.310
0.288
0.284
0.273
0.262
0.250
0.240
0.232
0.219
0.211
0.204
0.194
0.187
0.181
0.173
0.168
0.162
0.155
0.147
0.144
0.138
0.136
0.130
0, 125
0.123
0.118
0.112
0.109
0.106
0.106
0.0998
0.0980
0.0932
0.0916
0.0893
0.0856
0.0824
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df (E)
dE

EEo &o

k„
Oo d cr, (E)

ln 1+,(17)
X dEd 0

where x =E/2EO and 0' is the half-angle of acceptance
emanating from the collision region as seen by the elec-
tron analyzer-detector system. At sufBciently high im-
pact energy ko-k„and Eq. (17) can be rearranged to

d o, (E)jdEdQ
F(E)=

df (E)jdE
a o2

=—ln 1+
X

(18)

d o, (E)jd.EdQ
F(E)=

df (E)jdE

g2a +cE
l ~ + 0

~2
(19)

In this equation a and c are constants. F(E) is equal to
1/CHa —see Fig. 6. Values of a, c, and 80 were deter-
mined from a least-squares best fit. The value of the
half-angle Oo was found to be approximately 0.17'. At
each resolution a function of this form fitted the data
very well over the range 28 —60 eV and was extrapolated

Thus we might expect a function of the form of the
right-hand side of Eq. (18) to fit the ratio of the high-
resolution electron-energy-loss spectrum to the absolute
optical oscillator strength. While the use of Eq. (18) gave
a quite reasonable fit, in practice a further improved fit to
the ratio F(E) in the continuum (28 —60 eV) was obtained
by adding an energy-dependent term to the constant a on
the right-hand side of Eq. (18) to give

to lower energies in order to convert d o, (E)jdEd 0 for
discrete transitions in helium to a relative optical oscilla-
tor strength scale. The effectiveness of the extrapolation
method employed has been examined by comparing the
shapes of the photoabsorption oscillator strength curves
down to 5 eV for a range of molecules (NO, NzO, CO2,
and H20), obtained using the high-resolution dipole (e, e)
method, with those obtained earlier using the low-
resolution dipole (e, e) method and reported in a recent
compilation by Gallagher et ai. The oscillator strength
distribution in the two spectra for each molecule is con-
sistent for energies down to 5 eV when the differences in
energy resolution are considered. It should be noted that
the exact form of C HR changes for the different resolution
settings of the spectrometer. These CHR factors will be
used for future oscillator strength measurements of other
atoms and molecules.

The high-resolution energy loss spectra of helium were
multiplied by the appropriate CHR function to obtain rel-
ative optical oscillator strength spectra, which were then
normalized in the continuum region at 30 eV using the
absolute data of Table II, as determined with the low-
resolution spectrometer. A typical result at an energy
resolution of 0.048 FWHM is shown in Fig. 8 which is
the absolute optical oscillator strength spectrum of heli-
um covering the range n =2—7 of the optically allowed
discrete transitions (1 'S~n 'P) preceding the first ion-
ization threshold. Over the near threshold continuum re-
gion (24.6—30 eV) there is excellent quantitative agree-
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FICx. 8. Absolute dipole oscillator strengths for helium measured by the high-resolution electron-energy-loss spectrometer from
20—30 eV (FWHM=0. 048 eV). Solid line above the ionization edge on X 8 spectrum is photoionization data from Marr and West
(Ref. 77) and Fernley, Taylor, and Seaton (Ref. 9).
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ment (see insert to Fig. 8) between the present work and
the photoionization measurements compiled by Marr and
West and also the continuum calculations reported by
Fernley, Taylor, and Seaton (the data of Refs. 9 and 77
are represented by the solid line). Transitions up to n =7
for the n 'P series are resolved. A very small peak barely
visible at 20.6 eV represents a contribution from the di-
pole forbidden 1 'S~2 'S transition due to the finite (but
very small) momentum transfer. This nondipole contri-
bution is less than 0.5% of the 2 'I' peak.

Integration of the peak areas in each spectrum, such as
that in Fig. 8, provides a measure of the absolute oscilla-
tor strengths for each discrete transition in the

1 'S~n 'P series. An analysis of the spectra obtained at
a series of different energy resolutions results in the
values shown in Table III. The uncertainties quoted
represent the scatter in the measurements made at
different resolutions. The absolute uncertainty is estimat-
ed to be —5%. Other than the relative values for n =3
and 4 reported by De Jongh and Van Eck, ' previously
reported work (see Table III) has been confined to abso-
lute values for n =2 and a few measurements' ' ' ' for
n =3. The present data, which extend to n =7, represent
the first measured values above n =3. Various other cal-
culated and measured values for the helium 1 'S~n 'P
series are shown in Table III. Immediately it can be seen

TABLE III. (a) theoretical and (b) experimental determinations of the absolute dipole oscillator strengths for the (1 'S~n 'P)
transitions in helium. Estimated uncertainties in experimental measurements are shown in parentheses.

2'P
Oscillator strength for transition from 1 'S

3'P 4'P 5'P

Total to
ionization
threshold

Fernley, Taylor, and Seaton (Ref. 9)
Schiff, Pekeris, and Accad (Ref. 8)
Weiss (Ref. 7)
Green, Johnson, and Kolchin (Ref. 5)
Dalgarno and Parkinson (Ref. 6)
Wiese, Smith, and Glennon (Ref. 10)
Schiff and Pekeris (Ref. 4)
Dalgarno and Stewart (Ref. 3)

Present work [HR dipole le, e)]

Tsurubuchi, Watanabe, and Arikawa (Ref. 20)
(Self absorption)

Westerveld and Van Eck (Ref. 19)
(Self absorption)

Backx et aI. (Ref. 47)
(Electron impact)'

Burger and Lurio (Ref. 13)
(Lifetime: Level-crossing)

DeJongh and Van Eck (Ref. 18)
(Self absorption)

Lassettre, Skerbele, and Dillon (Ref. 30)
(Electron impact)

Martinson and Bickel (Ref. 14)
(Lifetime: Beam foil)

Fry and Williams (Ref. 12)
(Lifetime: Hanle effect)

Lincke and Griem (Ref. 15)
(Plasmas emission profile)

Korolyov and Qdintsov (Ref. 16)
(Beam emission profile)

Kuhn and Vaughan (Ref. 17)
(Resonance broadening
emission profile)

Geiger (Ref. 63)
(Electron impact)

0.280
(0.007)
0.273
(0.008)
0.262
(0.018)
0.276 0.073

0.275
(0.007}
0.276

0.269
(0.01)
0.27

(0.01)
0.273
(0.011)
0.26
(0.07)
0.28
(0.02)
0.26
(0.012)
0.37
(0.03)

0.073
(0.005)
0.076

(0.004)
0.029
(0.002)

0.312
(0.04)

0.0898
(0.006)

(a) Theory
0.281 1 0.074 34 0.030 28
0.276 2 0.073 0.030
0.276 0 0.073 2 0.030 3
0.275 62 0.07294 0.029 59
0.276 0.073 4 0.029 9
0.276 2 0.073 4 0.030 2
0.027 62 0.007 34
0.270 0.074 6 0.030 4

{b) Experiment
0.0741 0.0303
(0.0007) (0.0007)
0.071
(0.003)

0.015 24
0.015

0.014 84
0.015 1

0.015 3

0.008 461
0.008 6
0.008 48

0.05 25
0.005 4
0.005 93

0.015 3 0.008 78

0.0152
{0.0003)

0.008 92
{0.0005)

0.005 87
(0.0003)

0.008 734 0.005 469

0.424

0.431
(0.0006)

0.421

'Relative measurements normalized to the theoretical value for n =2 reported by Schiff and Pekeris (Ref. 4).
"Relative measurements normalized to the theoretical value for n =2 reported by Weiss (Ref. 7).
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that the present high-resolution dipole (e, e) measure-
ments are in excellent agreement across the range of n
values with the calculations for helium reported by Schiff
and Pekeris, Fernley, Taylor, and Seaton, and oth-
ers ' (see Table III). The earlier electron-impact
measurements of Lassettre, Skerbele, and Dillon for
n =2 and of Backx et ai. for n =3, respectively, are
reasonably consistent with the present more comprehen-
sive work. The slightly lower value obtained for n =2 by
Lassettre, Skerbele, and Dillon may reAect the

difficulties of extrapolation to K =0 (see Sec. ID). The
electron-impact data for n =2 and 3 reported by Geiger
show large departures from the present data and also
from the calculations. ' This could be partly due to the
normalization procedure used by Geiger, which was
based on elastic scattering values, but as Lassettre, Sker-
bele, and Dillon have pointed out, the ratio of the
values for n =2 and 3 reported by Geiger shows a
significant departure from the ratio of the calculated os-
cillator strength values. ' The various optical mea-
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FICx. 9. Absolute dipole oscillator strengths for helium in the autoionizing resonance regions measured by the high-resolution
electron-energy-loss spectrometer (a) in the energy region 58—66 eV—solid circles are this work; solid line is data from Fernley, Tay-
lor, and Seaton (Ref. 9) (convoluted with the present experimental bandwidth of 0.115 eV); (b) in the energy region 69—72 eV—solid
circles are this work; solid triangles are data of Kossmann, Krassig, and Schmidt (Ref. 67); open squares are data of Lindle et al.
(Ref. 66); solid line is theory, Cxersbacher and Broad (Ref. 69).
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surements are in almost all cases restricted to n =2 (Refs.
12, 14—17, and 19) and in general are reasonably con-
sistent with the present measurements and with
theory. The Hanle-effect measurement for n =2 re-3 —10

ported by Fry and Williams' and the level crossing life-
time measurements reported for n =2 and 3 by Burger
and Lurio' would seem to be the most accurate optical
determinations. To the best of our knowledge, no Beer-
Lambert law photoabsorption measurements have been
reported for the helium discrete transitions, probably due
to bandwidth difhculties or line-saturation e6'ects dis-
cussed in Sec,. IC. Such effects would be particularly
difFicult to avoid for the intense and extremely narrow
lines in the helium resonance series. The self-absorption
method used by De Jongh and Van Eck, ' Westerveld
and Van Eck, ' and Tsurubuchi, Watanabe, and Ari-
kawa is not subject to line-saturation eA'ects, but, unfor-
tunately, like most other optical methods it is restricted
in its application to the lower n values. A further in-
teresting check on the presently reported data is the in-
tegrated oscillator strength for the discrete region up to
the first ionization threshold. The value of 0.431 ob-
tained in the present work is in good agreement with ear™
lier estimates of 0.424, 0.421, and 0.427.

2. The autoionizing excited-state resonances

The energies and profiles of the well-known autoioniz-
ing doubly excited resonances of helium in the 59—72-eV
energy region have been previously studied in some detail
both experimentally '8~ and theoretically. 6 '8 In
the present work, this region containing the autoionizing
resonances was remeasured with the use of the HR dipole
(e, e) spectrometer at medium resolution. By dividing the
HR electron-energy-loss spectrum at each energy loss in

the smooth regions of the continuum by the absolute op-
tical oscillator strength measured by the LR dipole (e, e)

spectrometer (see Sec. II A, Table II, and figure 7) values
of CHz in the energy region of the autoionizing reso-
nances were obtained. A fitted curve through these
points permitted interpolated values of CHR to be ob-

tained in a continuous form throughout the resonance re-
gion. The Bethe-Born converted relative optical oscilla-
tor strength spectrum was normalized in the smooth con-
tinuum region at 75 eV using the absolute photoabsorp-
tion oscillator strength data from Table II, as determined
by the LR dipole (e, e) spectrometer. The present results
for the absolute optical oscillator strengths throughout
the region of the autoionizing doubly-excited-state reso-
nances below the He (2s) and He+(3s) thresholds are
shown in Figs. 9(a) and 9(b), respectively.

In Fig. 9(a) the absolute oscillator strengths for the au-
toionizing resonances below the He+(2s) threshold calcu-
lated by Fernley, Taylor, and Seaton (solid line) are con-
voluted with the present experimental Gaussian-shaped
energy bandwidth of 0.115 eV. The energy scale of the
data calculated by Fernley, Taylor, and Seaton has been
shifted by +0.280 eV to give a correct energy scale (see
Sec. II A). It can be seen that there is generally excellent
agreement in both the shapes and magnitudes of the reso-
nances between the calculations of Fernley, Taylor, and

Seaton (solid line) and the present experimental work
(dots), except for the minimum of the (sp, 22+ ) 'P' state.
Slight differences in the energies of the maxima of the res-
onances are also observed. The energies of the maxima of
the (sp, 2n + )

'P' resonances for n =2 —5 have been
determined in the present work to be 60.150, 63,655,
64.465, and 64.820 eV, respectively. These values are in

good agreement with those reported earlier. 64, 65, 67, 68, 70

The autoionizing resonances (sp, 33+ ) and (sp, 34) 'P'
were also observed in the present work. In Fig. 9(b), the
present data (dots) are compared with other experimental
results by Lindle et al. (open squares) and by
Kossmann, Krassig, and Schmidt (solid triangles), who
normalized their results at 68.9 eV using the Marr and
West tabulated data. The solid line in Fig. 9(b)
represents theoretical values calculated by Gerbachber
and Broad.

III. CONCLUSIONS

The present high-resolution dipole (e, e) measurements
of optical oscillator strengths for the discrete excitation
transitions (1 '5 +n —'P, n =2—7), the autoionizing
doubly-excited-state resonances and also the photoioniza-
tion continuum have considerably extended the range of
measured absolute oscillator strength data for helium.
The presently reported results are all in excellent quanti-
tative agreement with sophisticated quantum-mechanical
calculations carried out using correlated wave func-
tions and are consistent with most optical and other
measurements for those few transitions where such exper-
imental data were previously available. These findings
confirm the validity of the Bethe-Born approximation
and the suitability of the high resolution dipole (e, e)
method using TRK sum-rule normalization for general
application to the measurement of optical oscillator
strengths for discrete electronic excitations in atoms and
molecules at high resolution. The dipole (e, e) method
provides a ready means of oscillator strength measure-
ment across the entire valence shell region at high resolu-
tion and does not sumpter from the problems of line-

saturation bandwidth effects that can complicate Beer-
Lambert law photoabsorption studies. The high-
resolution dipole (e, e) method is now being applied to the
measurement of absolute optical oscillator strengths for
electronic excitation of other atoms as well as diatomic
and small polyatomic molecules.
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