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Measurements of the electron-impact differential cross sections and generalized oscillator
strengths for excitation of the 21S and 3 1S states in helium at small scattering angles
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Institute for Laser Science, University of Electro-Communications, Chofu-shi, Tokyo 182, Japan

Y. Sakai,* T. Takayanagi, and K. Wakiya
Department of Physics, Sophia University, Chiyoda-ku, Tokyo 102, Japan

~Received 25 August 1997!

Differential cross sections~DCS’s! for excitation of the 21S and 31S states in helium have been measured
at small scattering angles from 0° to 15° for the electron-impact energies from 100 to 500 eV. Measurements
were performed with a high angular resolution, better than 1°, and with an accuracy of the angle position of
0.2°. Distinct forward peaking features have been observed at minute scattering angles lower than about 3°
for impact energies higher than 200 eV. Experimental DCS’s as functions of the scattering angle are compared
with theoretical calculations based on various kinds of approximation method. Effective generalized oscilla-
tor strengths~GOS’s! for the 21S and 31S excitations were deduced from the DCS’s for impact energies
100–500 eV as a function of the squared momentum transferK2. A systematic discrepancy between the
measured effective GOS’s and the theoretical GOS calculated by the first Born approximation has been
displayed at the low limit ofK2. The effective GOS’s appear to approach the theoretical GOS very slowly as
the impact energy increases, however, the GOS for low values ofK2 still does not agree with the theoretical
GOS up to the impact energy 800 eV for the 21S excitation.@S1050-2947~98!03503-3#

PACS number~s!: 34.80.Dp
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I. INTRODUCTION

Studies on the electron-impact excitation of the 21S and
the 31S states from the ground 11S state in He atoms are
interesting because these processes are typical exampl
transitions between the states for which the term symbols
the same for the initial and the final states.

Experimental studies on differential cross sectio
~DCS’s! for excitation of the 21S, 2 1P, and other states in
He were performed most actively during the early period
the development of electron-energy-loss spectroscopy fo
termediate and high impact energies. Measurements of
DCS’s for excitation of the 21S state in He have been ca
ried out by Silverman and Lassettre for the incident ene
Ei5500 eV at scattering angles 4.73°–15.3°@1#, and by
Skerbele and Lassettre at anglesu50.5° – 2.5° @2#. Vriens,
Simpson, and Mielczarek have measured the DCS’s forEi

5100– 500 eV atu55°, 10°, and 15°@3#, and Chamberlain
Mielczarek, and Kuyatt have performed absolute meas
ments of the DCS’s forEi550– 500 eV atu55° @4#. Takay-
anagi and co-workers measured the DCS’s forEi
550– 500 eV atu520° – 120° @5–7#. Dillon and Lassettre
measured the DCS’s for the energy rangeEi5200– 700 eV
at the anglesu57.5° – 35° @8#.

Subsequently, many measurements of the DCS’s for
2 1S excitation have been published, however, they were p
formed mainly for lower impact energies. Among these m
surements, the results of Trajmar for the impact energ
29.6 and 40.1 eV@9# are worthy of special mention becau

*Present address: Department of Physics, Toho Univer
Miyama, Funabashi, 274 Chiba, Japan.
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he found a striking feature in the angular dependence of
DCS which has a deep minimum at an angle of around 5

Trajmar, Register, Cartwright, and Csanak have publis
results of the DCS’s for the 21S and 31S excitation for the
impact energies 30, 50, and 100 eV at scattering angles in
range 10°–135°@10#. Recently, Xu, Feng, Wu, Ji, Zhang
Zhong, and Zheng have measured the DCS’s for the 21S
excitation for the impact energy 1500 eV at the angles fr
2° to 11.5° to determine the generalized oscillator stren
~GOS! @11#.

The experimental results, for intermediate and high i
pact energies, were treated mainly in the framework of
generalized oscillator strength based upon the Born appr
mation @12#. It is known that the Born approximation doe
not hold for excitation processes like the 11S→2 1S transi-
tion where the term symbols are the same in the initial a
the final states even if the impact energies of electrons ar
the range 300–500 eV@13,14#. This feature has also bee
observed experimentally in the case of theX 1(g

1→a9 1(g
1

in N2 @14#, and theX 1(1→B 1(1,C 1(1 in CO @15#.
It is well known that the DCS’s for the excitation of th

2 1S state which are calculated by the first Born approxim
tion are generally too small at large scattering angles. T
theoretical DCS curve as a function of the scattering an
for instance for the impact energy 500 eV, departs from
perimental data at about 20°, and becomes one order of m
nitude smaller than experimental data at 40°.

At minute scattering angles, very few experimental d
are available on the DCS’s for excitation of the 21S state in
He except for one example of measurements by Skerbele
Lassettre@2#. On the other hand, plenty of theoretical studi
have been published on the DCS’s for the 21S excitation,
which were calculated utilizing various types of approxim

y,
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57 1833MEASUREMENTS OF THE ELECTRON-IMPACT . . .
tion method. A comprehensive review has been published
theoretical works for the DCS for excitation of He@16#.

As for the behavior of the DCS’s at minute scatteri
angles for intermediate and high impact energies, signific
discrepancies are found depending on the type of met
used. The first Born approximation results in the small
value in the DCS at 0° angle@17#. The Glauber approxima
tion also generally leads to the second smallest results a
angle@18#. Sophisticated calculation methods which consid
higher-order terms and many-state basis generally lea
larger DCS’s at the smallest angles. For instance, a calc
tion by means of the eikonal Born series method by By
and Joacham@19# shows a considerable increase in t
DCS’s at small angles. The second-order potential theory
Berrington, Bransden, and Coleman@20# and the multichan-
nel eikonal theory with the dipole correction by Mansky a
Flannery show a forward peaking feature in the DCS’s@21#.
The R-matrix method using a five-state basis by Fon, B
rington, and Kingston gives the largest DCS at 0° angle@22#.
The discrepancy in the values of the DCS at 0° angle am
the theoretical results of different approximation metho
amounts to about a factor of 5.

No experimental data have yet been made available
verify the validity of the theoretical calculations. It is a pu
pose of the present work to supply a series of experime
data of the DCS’s for excitation of the 21S and 31S states in
He at minute scattering angles in the intermediate and h
impact energy region.

In this work, we present the experimental results of
DCS’s for excitation of the 21S and 31S states from the
ground state in He at scattering angles from 0° to 15°
impact energies 100, 200, 300, 400, and 500 eV. Conv
tional electron-energy-loss spectroscopy~EELS! has been
used. However, we have paid special attention to the cali
tion of the scattering angle to determine the true angu
scale and to maintain good angular resolution. Furtherm
we have taken consideration of the finite angular resolu
in our analysis of the measured data.

The experimental DCS’s were compared with theoreti
calculations as functions of scattering angle for impact en
gies 100, 200, and 500 eV. The effective, or apparent, g
eralized oscillator strengths were deduced as functions o
squared momentum transferK2 from the DCS’s for the 21S
and the 31S excitations, and are displayed together with t
theoretical GOS’s calculated by the first Born approxim
tion. This set of curves of the dependence of the effec
GOS on the impact energy might be useful to display
character of transitions where the term symbols are the s
in the initial and final states.

At low scattering angles, due to the finite angular reso
tion associated with any measurement, the measured sc
ing angle may differ by a significant amount from the me
scattering angle. Throughout this paper, unless the spe
phrase ‘‘the mean scattering angle’’ is used, we refer to ‘‘
measured angle’’ as the geometrically measured scatte
angle, corrected for systematic errors as described below

II. EXPERIMENTAL APPARATUSES AND PROCEDURES

We used two sets of apparatus for the present meas
ments. The first one is an electron-impact spectrometer in
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Institute for Laser Science, University of Electro
Communications, which we used for the measurement
300 and 400 eV and at other energies, for scattering an
above 3°. This apparatus has been utilized for a serie
measurements of DCS and GOS for the lowest excited st
in rare-gas atoms, Ar@23#, Kr @24#, Xe @25,26#, and Ne@27#.
A detailed description of this apparatus has already b
given @23#.

The second electron spectrometer at Sophia Univer
was used for the remaining measurements. This appar
was designed especially to be suitable for measuremen
minute angles including 0°. A brief description of this app
ratus has already been given in a previous paper which
ported the measurements on DCS’s for the 23S state in He
@28#.

In order to make this paper self-contained, we will d
scribe the construction and specifications of the two sp
trometers briefly including subsequent improvements. T
first spectrometer consists of an electron gun, an energy
lector, a collision region, an energy analyzer, and a chan
electron multiplier. A set of electrostatic lenses conne
each part. Simulated hemispherical analyzers, first desig
by Jost@29# are employed for the selector and analyzer. T
mean trajectory radius is 50 mm for the selector and 80 m
for the analyzer. The energy selector is rotatable around
collision center from25° to 1110°.

The whole electrode system of the spectrometer was c
ered by a cylindrical magnetic shield made of high magne
permeability alloy~Permalloy PC!, while the vertical com-
ponent of the earth’s magnetic field was canceled utilizin
pair of square Helmholtz coils. Consequently, the resid
magnetic field at the spectrometer system was reduced to
than a few mG.

At the collision center, a target atomic beam was cros
with the electron beam at right angles. The target atom
beam effused from a nonmagnetic needle of 0.5 mm in
diameter and 10 mm length. The whole system was enclo
in a vacuum chamber where the ultimate pressure was a
131027 Torr. The pressure when the EELS measureme
were performed was maintained at less than 131025 Torr.

The conventional constant resolution mode, where the
celeration voltage for the scattered electrons was swept k
ing the pass energy through the analyzer constant, was
and the typical energy resolution was better than 50 m
@full width at half maximum~FWHM!#.

The angular resolutions of the apparatuses have been
timated from the measurement of the angular distribution
the primary electron beam incident from the selector a
function of the rotation angle around 0° position. The ang
lar resolutions were estimated to be 0.4° and 1.1° full wid
at half maximum for the two apparatuses used.

The second apparatus is an electron spectrometer w
has essentially the same composition as the first one.
spectrometer, however, has been designed to make mea
ments at minute scattering angles including 0° angle, and
high impact energies. The most important difference is
use of tandem analyzers. Simulated hemispherical analy
of the Jost type, with a mean radius of 52 mm, are emplo
for the energy selector and each component of the tand
type analyzer. The energy analyzer is rotatable around
collision center from230° to 100°.
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The whole of the selector and analyzer system is cove
by a cylindrical magnetic shield made of Permalloy PC
loy, resulting in the residual magnetic fields being less tha
few mG. All of these components are enclosed in a vacu
chamber evacuated with a turbomolecular pump, and the
timate vacuum pressure was lower than a few tim
1027 Torr. The pressure during the EELS measureme
was maintained below 131025 Torr.

A set of apertures of 0.5 mm diameter was placed in
lens system before the analyzer to obtain the desired ang
resolution. The electron-energy-loss spectra were meas
utilizing the conventional constant resolution mode, and
typical energy resolution was better than 80 meV~FWHM!.

Use of the tandem analyzer has proved to be effectiv
suppress background noise due to the multiple scatterin
incident electrons on the inner surface of the outer he
sphere and the outer surface of the inner hemisphere o
analyzer. The tandem analyzer has enabled us to measu
EELS at 0° angle with sufficient signal-to-noise ratio to d
termine the intensity ratio (I 2 1S /I 2 1P) with an accuracy of
about 5–7 %.

A nozzle of 0.5 mm diameter and 10 mm length was us
to make an atomic beam, with which the impact electr
beam collides at right angles, at the collision center. Calib
tion of the scattering angle scale was performed by use of
symmetrical nature of the scattering intensity ra
(I 2 1S /I 2 1P) in He. Figure 1~a! shows that the true 0° of th
measured scattering angle scale is shifted by 0.5° to the p
tive side of the geometric zero angle of the instrument. A
curacy in the angle position is estimated to be better t
0.2°. The angular resolution is estimated from the meas
ment of the angular distribution of the incident electron be
from the selector as a function of rotation angle around 0
shown in Fig. 1~b! to be about 1.1°~FWHM! for this second
spectrometer.

For each spectrometer, under each set of experime
conditions, a calibration of the zero of scattering angle f
from systematic errors has been performed, as descr
above.

For each energy loss spectrum the range of collection
ergies covered was much less than the mean collection
ergy. Furthermore, in both electron spectrometers,
energy-loss spectra were measured under conditions w
the chromatic aberration in the electron lens before the a
lyzer was minimized, and consequently the peak inten
ratios should be proportional to the true ratios of the cor
sponding DCS’s.

The results of the intensity ratio for each angle and e
impact energy have been determined from an average o
intensity ratios obtained from three independent spectra m
sured at the same angle and for the same impact energy
standard deviation in the measured ratios was at most 7

The absolute DCS’s for the 21S excitation (ds/dV)2 1S
were deduced from the scattering intensity ratio (I 2 1S /I 2 1P)
utilizing the absolute DCS’s for the 21P excitation
(ds/dV)21P as the normalization standard, following the r
lationship

S ds

dV D
2 1S

5S I 2 1S

I 2 1P
D S ds

dV D
2 1P

, ~1!
d
-
a

m
l-
s
ts

e
lar
ed
e

to
of
i-
he
the
-

d
n
-
e

si-
-
n
e-

s

tal
e
ed

n-
n-
e
re

a-
ty
-

h
he
a-
he
.

whereI 2 1S andI 2 1P are the scattering intensities which we
obtained by the corresponding peak area in the energy-
spectra for the 21S and 21P excitation, respectively.

The absolute DCS’s for the 21P excitation, which are
considered to be the most reliable, were obtained from
following way. We adopted the DCS’s (ds/dV)2 1P for Ei
>300 eV andu<15°, which are calculated from the gene
alized oscillator strengthF(K) with the relationship@12#

S ds

dV D5
2

WK2 Fkf

ki
GF~K !, ~2!

whereW is the excitation energy,ki andkf are the momenta
of the colliding electrons before and after the collision, a
K is the absolute value of the momentum transfer vector.
quantities are in atomic units. When the incident energy
Ei , excitation energy isW, and scattering angle isu, ki and
kf , and K are represented by the following relationship
atomic units:

ki5A2Ei , kf5A2~Ei2W!,

K252~2Ei2W!24AEi~Ei2W!cosu. ~3!

FIG. 1. ~a! Calibration of the zero angle position. The vertic
axis represents the intensity ratio (I 2 1S /I 2 1P) and the horizontal
axis represents the geometric angle of the instrument. The sym
try nature of the scattering intensity ratio shows that the true z
degree of the scattering angle is shifted to10.5°. ~b! Typical an-
gular distribution of the electron beam that is directly incident fro
the energy selector at the geometric zero angle. The angular
lution is estimated to be 1.1°~FWHM!. The incident electron en-
ergy is 500 eV.
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The GOSF(K) is related with the optical oscillator streng
~OOS! f 0 using the expansion formula proposed by Dillo
and Lassettre@8#, which is independent of the validity of th
Born approximation.

F~K !5
1

11x2 F f 01 (
n51

m

cnH x

~11x2!1/2J nG , ~4!

wherecn are a series of coefficients,x is equal toK/Y, here
Y is equal toA2I 1A2(I 2W), while I and W are the ion-
ization energy and excitation energy, respectively.

We obtained thecn coefficients and hence DCS’s for th
2 1P excitation from reference data using the least-squa
method. We obtained the DCS’s for the impact energyEi
>200 eV fitting to the experimental data measured by Dil
and Lassettre@8# except for the impact energies 600–800 e
At these energies, reference data were derived from the
culations of Kim and Inokuti@17#.

For the impact energyEi5100 eV, the coefficients were
deduced from a fit to experimental data measured previo
in our laboratory. The DCS’s for the 21P excitation have
been determined from the experimental ratio of the peak
tensity for the 21P excitation compared to the elastic sca
tering peak (I 2 1P /I elastic). The absolute values were deduc
by multiplying the intensity ratio by experimental DCS’s fo
the elastic scattering measured by Jansenet al. @30#. Results
of the DCS’s are in good agreement with those reported
Cartwright, Csanak, Trajmar, and Register@31# within the
mutual experimental errors.

For measurements at low scattering angles, the ang
resolution cannot be neglected. Using a procedure outline
the Appendix, we determined the effect of the finite angu
resolution and made appropriate corrections to both the c
section scale and the angular scale.

III. RESULTS AND DISCUSSION

A typical energy-loss spectrum in He is shown in Fig.
which was taken for the impact energy 200 eV and at
scattering angle 5°. An example of the energy-loss spect
at a measured angle 0° is shown in Fig. 3 for the imp
energy 500 eV.

FIG. 2. A typical electron-energy-loss spectrum of He for t
impact energy 200 eV at the scattering angle 5°, taken using
first electron spectrometer described in the main text.
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A. DCS for the 2 1S excitation

Results of the measured intensity ratios (I 2 1S /I 2 1P) and
the DCS’s for the excitation of the 21S state (ds/dV)2 1S
are tabulated in Table I against the measured scatte
angles for the impact energies 100, 200, 300, 400, and
eV. The DCS’s (ds/dV)2 1P for the 21P excitation, which
were used as the normalization standards, are also listed.
squared momentum transferK2, and the effective general
ized oscillator strengthF(K) are listed in the last two col-
umns for comparison of the relationship of the DCS vers
scattering angle with that of theF(K) versusK2.

In Table I, the DCS’s for the 21P and 21S at the angles
larger than 15° for the impact energies 100, 300, 400,
500 eV, and those at the angles larger than 30° for the imp
energy 200 eV are experimental data measured in the pr
ous experiments in our laboratory performed over a w
range of scattering angles, part of which have already b
published@5,6#.

For Table I, the DCS’s for the 21P excitation and the
intensity ratios are not listed in the rows corresponding
angles larger than 30° for the impact energy 200 eV, a
angles larger than 15° for the impact energies 300, 400,
500 eV. The reason is as follows: the DCS’s for the 21P
excitation obtained in our previous measurement were s
tematically larger than those determined by Dillon and L
settre at these large angles@8#. These excess values in th
DCS’s for the 21P excitation were pointed out by Dillon an
Lassettre to be due to a pressure effect, which is caused
combination of an elastic collision and an inelastic collisio
one of which is in the forward direction@8#. For the DCS’s
for the 21S excitation, however, the listed data are in ve
good agreement with those of Dillon and Lassettre, wh
the pressure effect might be negligible.

For the DCS’s for the 21P excitation for the impact en-
ergy 100 eV, the listed data agree well with those of Ca
wright, Csanak, Trajmar, and Register@31#, and those of
Vriens, Simpson, and Mielczarek@3# renormalized to the ab
solute measurements atu55° by Chamberlain, Mielczarek
and Kuyatt@4#, within the mutual experimental errors.

The experimental errors in the results of the DC
(ds/dV)2 1S at angles larger than 3° for all impact energi
are estimated to be less than611%, which is deduced as th
quadratic sum of the statistical error 7% in the intensity

he
FIG. 3. A typical electron-energy-loss spectrum of He for t

impact energy 500 eV at the scattering angle 0°, taken using
second electron spectrometer described in the main text.
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TABLE I. The intensity ratios (ds/dV)2 1S /(ds/dV)2 1P and the DCS’s (ds/dV)2 1S ~in atomic units! at
impact energies 100, 200, 300, 400, and 500 eV. The absolute cross sections for the 21P excitation
(ds/dV)2 1P , which are used for the normalization standards, are also listed. The squared mom
transferK2 and the corresponding effective generalized oscillator strengthsF(K) are listed in the last two
columns. The square brackets denote powers of 10.

Scattering
angle
~deg!

Intensity
ratio

~ds/dV!2 1S

~ds/dV!2 1P

(ds/dV)2 1P

(a0
2/sr)

(ds/dV)2 1S

(a0
2/sr)

Squared
momentum

transfer
K2

Effective
GOS

for 2 1S
F(K)

Ei5100 eV
1.2 5.18@22#
2.2 5.44@22#
2.7 5.53@22#
3.7 5.70@22# 3.92 2.23@21# 1.15@21# 1.09@22#
4.7 5.75@22# 3.29 1.89@21# 1.32@21# 1.06@22#
5.7 5.90@22# 2.71 1.60@21# 1.52@21# 1.03@22#
6.7 6.08@22# 2.21 1.34@21# 1.77@21# 1.01@22#
7.7 6.43@22# 1.78 1.15@21# 2.05@21# 1.00@22#
9.7 7.25@22# 1.15 8.33@22# 2.75@21# 9.72@23#
11.7 8.87@22# 7.46@21# 6.62@22# 3.59@21# 1.01@22#
13.7 1.02@21# 5.00@21# 5.10@22# 4.60@21# 9.97@23#
15 1.3 @21# 3.3 @21# 4.3 @22# 5.3 @21# 9.7 @23#
20 1.9 @21# 1.2 @21# 2.3 @22# 8.8 @21# 9.0 @23#
25 2.6 @21# 4.8 @22# 1.2 @22# 1.3 6.1 @23#
30 2.9 @21# 1.8 @22# 5.2 @23# 1.8 4.0 @23#
35 3.1 @21# 1.1 @22# 3.4 @23# 2.5 3.4 @23#
40 4.1 @21# 6.5 @23# 2.7 @23# 3.2 3.3 @23#
45 4.9 @21# 3.6 @23# 1.8 @23# 3.9 2.8 @23#
50 5.4 @21# 2.7 @23# 1.5 @23# 4.8 3.0 @23#
55 6.7 @21# 2.0 @23# 1.3 @23# 5.7 3.1 @23#
60 8.1 @21# 1.5 @23# 1.2 @23# 6.6 3.4 @23#
65 8.5 @21# 1.6 @23# 1.4 @23# 7.6 4.2 @23#
75 1.2 1.2 @23# 1.5 @23# 9.8 6.2 @23#
85 1.3 8.0 @24# 1.0 @23# 1.2 @11# 5.1 @23#

Ei5200 eV
0 3.01@22#
0.5 2.83@22#
1.0 2.71@22#
1.5 2.79@22#
2.2 2.50@22#
3.2 2.99@22# 6.37 1.91@21# 8.46@22# 6.46@23#
4.2 3.78@22# 4.41 1.67@21# 1.16@21# 7.75@23#
5.2 4.76@22# 3.06 1.46@21# 1.56@21# 9.10@23#
6.2 5.91@22# 2.14 1.27@21# 2.04@21# 1.04@22#
7.2 7.52@22# 1.52 1.14@21# 2.61@21# 1.19@22#
8.2 9.19@22# 1.09 1.00@21# 3.26@21# 1.30@22#
9.2 1.10@21# 7.86@21# 8.65@22# 3.99@21# 1.38@22#
10.2 1.35@21# 5.71@21# 7.77@22# 4.81@21# 1.50@22#
11.2 1.61@21# 4.17@21# 6.72@22# 5.72@21# 1.54@22#
12.2 1.94@21# 3.06@21# 5.94@22# 6.70@21# 1.59@22#
13.2 2.38@21# 2.25@21# 5.36@22# 7.77@21# 1.67@22#
14.2 2.50@21# 1.63@21# 4.07@22# 8.92@21# 1.50@22#
15.2 2.87@21# 1.19@21# 3.42@22# 1.02 1.49@22#
16.2 3.53@21# 8.79@22# 3.10@22# 1.15 1.42@22#
17.2 3.83@21# 6.51@22# 2.49@22# 1.30 1.28@22#
18.2 4.68@21# 4.85@22# 2.27@22# 1.43 1.30@22#
19.2 5.10@21# 3.64@22# 1.85@22# 1.59 1.18@22#
20.2 5.25@21# 2.75@22# 1.44@22# 1.75 1.01@22#
21.2 5.39@21# 2.09@22# 1.13@22# 1.93 8.70@23#
22.2 5.98@21# 1.60@22# 9.59@23# 2.11 8.08@23#
23.2 6.15@21# 1.24@22# 7.64@23# 2.29 7.01@23#
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TABLE I. ~Continued.!

Scattering
angle
~deg!

Intensity
ratio

~ds/dV!2 1S

~ds/dV!2 1P

(ds/dV)2 1P

(a0
2/sr)

(ds/dV)2 1S

(a0
2/sr)

Squared
momentum

transfer
K2

Effective
GOS

for 2 1S
F(K)

30 2.8 @23# 3.77 4.22@23#
35 1.6 @23# 5.08 3.25@23#
40 1.1 @23# 6.56 2.88@23#
45 9.2 @24# 8.20 3.02@23#
55 7.3 @24# 1.19@11# 3.48@23#

Ei5300 eV
0.75 1.81@22# 1.92@11# 3.47@21# 3.06@22# 4.16@23#
1.75 1.85@22# 1.23@11# 2.27@21# 4.68@22# 4.17@23#
2.75 2.57@22# 7.24 1.86@21# 7.60@22# 5.54@23#
3.75 3.65@22# 4.36 1.59@21# 1.18@21# 7.35@23#
4.75 4.65@22# 2.71 1.26@21# 1.73@21# 8.56@23#
5.75 6.57@22# 1.75 1.15@21# 2.41@21# 1.09@22#
7.75 1.20@21# 7.79@21# 9.35@22# 4.16@21# 1.53@22#
9.75 1.83@21# 3.71@21# 6.79@22# 6.42@21# 1.71@22#
14.75 4.36@21# 6.19@22# 2.70@22# 1.43 1.52@22#
20 6.7 @23# 2.59 6.82@23#
25 2.3 @23# 4.01 3.62@23#
30 1.4 @23# 5.73 3.15@23#
40 8.6 @24# 9.98 3.37@23#

Ei5400 eV
0.75 1.45@22# 2.53@11# 3.67@21# 2.49@22# 3.55@23#
1.75 1.47@22# 1.32@11# 1.94@21# 4.68@22# 3.53@23#
2.75 2.60@22# 6.77 1.76@21# 8.60@22# 5.88@23#
3.75 3.89@22# 3.71 1.44@21# 1.43@21# 8.00@23#
4.75 6.34@22# 2.16 1.37@21# 2.17@21# 1.15@22#
5.75 8.88@22# 1.31 1.16@21# 3.08@21# 1.39@22#
7.75 1.61@21# 5.14@21# 8.28@22# 5.43@21# 1.75@22#
9.75 2.63@21# 2.16@21# 5.67@22# 8.47@21# 1.87@22#
14.75 6.62@21# 2.66@22# 1.76@22# 1.91 1.30@22#
20 3.4 @23# 3.47 4.59@23#
30 8.3 @24# 7.69 2.48@23#
40 3.9 @24# 1.34@11# 2.04@23#

Ei5500 eV
0 1.45@22#
0.4 1.32@22#
0.8 1.43@22#
1.2 1.49@22#
1.8 1.95@22#
2.3 2.57@22#
2.8 3.30@22#
3.1 3.80@22# 4.65 1.77@21# 1.21@21# 8.30@23#
3.5 4.86@22# 3.59 1.75@21# 1.50@21# 1.02@22#
3.8 5.45@22# 2.98 1.63@21# 1.74@21# 1.10@22#
4.8 8.43@22# 1.68 1.42@21# 2.68@21# 1.47@22#
5.8 1.22@21# 9.90@21# 1.21@21# 3.84@21# 1.80@22#
7.1 1.79@21# 5.18@21# 9.27@22# 5.68@21# 2.04@22#
8.1 2.25@21# 3.20@21# 7.20@22# 7.34@21# 2.04@22#
9.1 2.93@21# 1.99@21# 5.84@22# 9.22@21# 2.08@22#
11.1 4.84@21# 7.83@22# 3.79@22# 1.36 2.00@22#
13.1 6.13@21# 3.11@22# 1.90@22# 1.89 1.39@22#
16 8.1 @23# 2.80 8.79@23#
21 2.3 @23# 4.80 4.27@23#
26 9.4 @24# 7.30 2.65@23#
31 5.3 @24# 1.03@11# 2.11@23#
36 3.3 @24# 1.38@11# 1.76@23#
41 2.6 @24# 1.77@11# 1.78@23#
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TABLE II. The DCS’s (ds/dV)2 1S corrected for the limited angular resolution effects at small scatte
angles, for impact energies 100, 200, 500, 600, 700, and 800 eV. Average angles and absolute
(ds/dV)2 1P for the 21P excitation corrected for the angular resolution effects are also listed. The sq
momentum transferK2 and the effective GOS’sF(K) are listed corresponding to the corrected average an
and the corrected DCS’s (ds/dV)2 1S , respectively. See the Appendix for details of notation used in
headings of the second and third columns.

Measured
angle
um

~deg!

Mean
scattering

angle
ū(um)
~deg!

*S(um ,u t)

3Sds

dV
~ut!D

2 1P

du t

(a0
2/sr)

Sds

dV
@ū~um!#D

2 1S

(a0
2/sr)

Squared
momentum

transfer
K2

Effective
GOS

for 2 1S
F(K)

Ei5100 eV
1.2 1.25 4.98 2.55@21# 9.04@22# 9.80@23#

2.2 2.20 4.57 2.49@21# 9.70@22# 1.03@22#

2.7 2.70 4.34 2.40@21# 1.02@21# 1.04@22#

Ei5200 eV
0.0 0.60 1.29@11# 3.88@21# 4.27@22# 6.63@23#

0.5 0.75 1.26@11# 3.57@21# 4.36@22# 6.22@23#

1.0 1.10 1.19@11# 3.21@21# 4.63@22# 5.94@23#

1.5 1.52 1.01@11# 2.85@21# 5.10@22# 5.81@23#

2.2 2.20 8.92 2.23@21# 6.17@22# 5.50@23#

Ei5500 eV
0.0 0.60 3.157@11# 4.58@21# 1.99@22# 3.53@23#

0.4 0.70 2.983@11# 3.94@21# 2.13@22# 3.25@23#

0.8 0.95 2.580$11# 3.69@21# 2.58@22# 3.68@23#

1.2 1.25 2.093@11# 3.11@21# 3.30@22# 3.93@23#

1.8 1.8 1.387@11# 2.70@21# 5.14@22# 5.37@23#

2.3 2.3 9.42 2.42@21# 7.39@22# 6.92@23#

2.8 2.8 6.43 2.12@21# 1.02@21# 8.36@23#

Ei5600 eV
0.0 0.6 3.694@11# 4.06@21# 1.80@22# 2.82@23#

Ei5700 eV
0.0 0.6 4.023@11# 3.58@21# 1.71@22# 2.35@23#

Ei5800 eV
0.0 0.6 4.398@11# 3.36@21# 1.62@22# 2.09@23#
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tios, systematic error 5% caused by the effect of the limi
energy resolution, angular resolution and the angle calib
tion and others and the error 7% in the standard abso
values of the 21P DCS, (ds/dV)2 1P .

When the DCS is a steep function of the angle in
forward direction, as in the case of the 11S→2 1P excitation
for high impact energies, the measured angular depend
of the peak intensity may be changed due to the limi
angular resolution of the spectrometer. Errors especiall
the smallest scattering angles for high impact energies
mainly due to the uncertainty in the calibration of the sc
tering angle and the limited angular resolution of the ap
ratus.

The experimental uncertainty in the DCS (ds/dV)2 1S at
0° without any correction is estimated to be222%, and
111%, for the impact energies higher than 500 eV, which
deduced as the quadratic sum of the statistical error 9%
systematic error220%, 15%, due to the effect of the lim
ited angular resolution, and the error of 3% in the stand
DCS (ds/dV)2 1P . For the DCS (ds/dV)2 1S for which a
d
a-
te

e

ce
d
at
re
-
-

s
a

d

correction has been applied, the typical error is estimate
be about 15%. The correction was applied to all data
which its magnitude was comparable to the systematic
certainties. The corrected entries are given in Table II. He

the DCS’s for the 21S excitation, (ds/dV)@ ū (um)#2 1S , are
expressed as a function of the mean scattering angleū,
which is calculated as the mean angle in the distribut
function of the angular resolving power, which is in turn th
function of the measured angleum . The mean scattering
angle ū, of course, becomes equal toum at higher angles.
Concerning the exact definition ofū, the reader should refe
to the description in the Appendix.

Experimental uncertainty in the DCS’s at angles larg
than 15°, which have been adopted from the results of
previous experiments, is estimated to be about 15%,
which the main source of the error comes from the syste
atic and statistical errors in the determination of the intens
ratios, about 10%, due to the energy resolution and sig
to-noise ratio.
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57 1839MEASUREMENTS OF THE ELECTRON-IMPACT . . .
The intensity ratios (I 2 1S /I 2 1P) for the different impact
energies are shown in Fig. 4 as a function of the scatte
angle. To avoid making the curves indistinct, data forEi
5400 eV are not plotted but data forEi580 eV are plotted
for reference. For the impact energies from 200 eV to 5
eV, the intensity ratio decreases slowly as the angle
creases. This decrease becomes steeper as the ang
creases down to about 2°. At lower angles, the intensity r
becomes constant or increases. For the impact energy
eV, the decrease in the ratio is very gentle and no increas
the near-zero angle is observed.

The DCS’s (ds/dV)2 1S for Ei5100 eV are shown in
Fig. 5 on a logarithmic scale as a function of the scatter
angle. Experimental data by Vriens, Simpson, and Mielc
rek, which are not renormalized@3#, are plotted together with
data of Chamberlain, Mielczarek, and Kuyatt atu55° @4#,
and recent data of Trajmar, Register, Cartwright, and Csa
@10#. The experimental data give a reasonable agreem
with each other within experimental uncertainties.

Results of theoretical calculations using different appro
mation methods are shown for comparison to the experim
tal data. There are significant discrepancies among the
ferent calculations. Starting with calculations which give t
largest DCS, the five-stateR-matrix method~RM-5! of Fon,
Berrington, and Kingston@22#, the dipole corrected multi-
channel eikonal theory~DMET! of Mansky and Flannery
@21#, the second-order diagonalization method~SODM! of
Baye and Heenen@32#, and the second-order potential theo
~SOPT! of Berrington, Bransden, and Coleman@20#, give the
DCS’s at 0° much greater than the experimental data. On
other hand, the Glauber approximation of Franco@18#, and
the first Born approximation of Kim and Inokuti@17#, give

FIG. 4. Intensity ratio (I 2 1S /I 2 1P) in He as a function of the
scattering angle for the impact energiesEi580, 100, 200, 300, and
500 eV.
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smaller values at small angles. The first Born approximat
gives a remarkable discrepancy from the experimental d
and all other theoretical calculations. The experimental
sults do not display a distinct increase in the DCS’s at
smallest angles in contrast to the prediction by the advan
calculations with higher-order terms and multichannel co
siderations.

The DCS’s for the 21S excitation for the impact energy
200 eV are shown in Fig. 6 on a logarithmic scale as
function of the scattering angle. Experimental data of Dill
and Lassettre@8#, those of Vriens, Simpson, and Mielczare
which are not renormalized@3#, and those of Chamberlain
Mielczarek, and Kuyatt@4# are also plotted together. Agree
ment among the experimental DCS’s is very good.

Results of calculations~largest magnitude first! of the
RM-5 of Fon, Berrington, and Kingston@22#, the DMET of
Mansky and Flannery@21#, the SOPT of Berrington, Brans
den, and Coleman@20#, and the eikonal Born series metho
~EBSM! of Byron and Joachain@33#, give larger DCS’s near
0° angle. The RM-5 gives a value a factor of 2 larger at
compared with other calculations. The Glauber and the fi
Born approximations give smaller DCS’s at 0° angle. T
calculations with the higher-order terms and multichan
contributions reproduce a steep increase in the DCS’s at

FIG. 5. The DCS’s (ds/dV)2 1S in He as a function of the
scattering angle for the impact energyEi5100 eV. Experimental
data of Vriens, Simpson, and Mielczarek@3#, Chamberlain, Mielc-
zarek, and Kuyatt@4#, and of Trajmaret al. @10# are also plotted.
Results of the theoretical calculations are in the order of the D
value at u50°; RM-5 of Fon, Berrington, and Kingston@22#,
DMET of Mansky and Flannery@21#, SODM of Baye and Heenen
@32#, SOPT of Berrington, Bransden, and Coleman@20#, Glauber of
Franco@18#, and Born of Kim and Inokuti@17#. Refer to the main
text for the names of the calculation methods which correspon
the respective abbreviations.
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smallest angles in agreement with the experimental res
We have made no attempt to evaluate the approxima
methods, however, it is notable that the EBSM by Byron a
Joachain reproduces the experimental data very closely.

In Fig. 7, the DCS’s for the 21S excitation for the impact
energy 500 eV are plotted in linear scale as a function of
scattering angle. Experimental data of Skerbele and Lass
@2#, Silverman and Lassettre@1#, and Dillon and Lassettre@8#
are also plotted. Although experimental data sets agree
at angles larger than 2°, there is a notable discrepancy
tween the present results and the data of Skerbele and
settre at the angles from 0.5° to 2.5°, which are the o
other experimental data presently available for min
angles. The present results show a steep increase in the
at angles smaller than 2°, while the data of Skerbele
Lassettre do not show a forward peaking feature in the
gular dependence of the DCS.

We have no basis from which to discuss the origin of
discrepancy of the data of Skerbele and Lassettre with
present ones, because no description is given on detai
the calibration of the angle scale and the estimation of
angular resolution in their paper@2#. It is, however, worth
noting that the general trend in cross section measured
Skerbele and Lassettre is consistent with ours if we ass
their measurements were made with a somewhat worse
gular resolution, with no correction of the type described

FIG. 6. The DCS’s (ds/dV)2 1S in He as a function of the
scattering angle for the impact energyEi5200 eV. Experimental
data of Dillon and Lassettre@8# Vriens, Simpson, and Mielczare
@3#, and Chamberlain, Mielczarek, and Kuyatt@4# are also plotted.
Results of the theoretical calculations are in the order of the D
value at u50°; RM-5 of Fon, Berrington, and Kingston@22#,
DMET of Mansky and Flannery@21#, SOPT of Berrington, Brans
den, and Coleman@20#, EBSM of Byron and Joachain@33#, Glauber
of Franco@18#, and Born of Kim and Inokuti@17#.
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the Appendix being performed.
Theoretical calculations by the multichannel eikon

theory with the dipole correction~DMET! of Mansky and
Flannery@21#, and by the second-order potential theory
Berrington, Bransden,and Coleman@20# reproduce the for-
ward peaking feature. However, the Glauber approximat
of Franco @18#, and the corrected simplified second Bo
approximation~CSSBA! of Buckley and Walters@34# do not
reproduce the forward peaking behavior in the angular
pendence of the DCS any better than the first Born appr
mation @17#.

From comprehensive consideration of the experimen
results and their comparison with theoretical calculations,
deduce the following features in the behavior of the DCS
the 21S excitation at small scattering angles: a forward pe
ing behavior is observed for the impact energies higher t
200 eV, and the steepness of the increase in the DCS a
smallest angles has a tendency to increase as the impac
ergy increases.

Elaborate theoretical calculations which include high
order terms and take into account the contributions of sev
bound states reproduce the sharp increase in the DC
minute scattering angles in a good agreement with
present experimental results. Intuitively, a contribution of t
intermediate 21P state in the 21S excitation process is con
sidered to be a main origin of the increase in the DCS
minute angles.

S

FIG. 7. The DCS’s (d§/dV)2 1S in He as a function of the
scattering angle for the impact energyEi5500 eV. Experimental
data of Skerbele and Lassettre@2#, Silverman and Lassettre@1#, and
Dillon and Lassettre@8# are also plotted. Results of theoretical ca
culations are, in the order of the DCS value atu50°; DMET of
Mansky and Flannery@21#, SOPT of Berrington, Bransden, an
Coleman@20#, Glauber of Franco@18#, CSSBA of Buckley and
Walters@34#, and Born of Kim and Inokuti@17#.
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The effective or apparent, GOS’s,F(K), for the 21S state
are plotted in Fig. 8 as functions of the squared momen
transferK2 for impact energiesEi5100, 200, 300, 400, and
500 eV, while the effective GOS’s forEi5600, 700, and 800
eV are plotted only foru50° equivalent to a mean scatterin
angleū50.6°. A curve of the GOS againstK2 calculated by
the first Born approximation of Kim and Inokuti@17# is com-
pared with the curves of the effective GOS’s which a
drawn for different impact energies. The curves of the eff
tive GOS reveal a distinct variation depending on the imp
energy. In particular, the effective GOS for the impact e
ergy 100 eV behaves in a totally different way from those
higher impact energies. The effective GOS has a broad
flat minimum of about 0.003 atK252 – 6, and increases u
to F50.01, nearly 50% larger in value than the first Bo
approximation, asK2 decreases toK250.09. The curves of
the effective GOS for impact energies higher than 200
have their maxima at aroundK250.7– 1.0, and their overal
heights become closer to the curve of the Born approxim
tion as the impact energy increases, although the approa
very slow. The effective GOS curve for the impact ener
500 eV, for instance, is observed to be very close to the B
curve except for the region ofK2 smaller than 0.05 and fo
the region ofK2 larger than about 6.

Recent results of the effective GOS’s determined by X
Feng, Wu, Ji, Zhang, Zhong, and Zheng@11# for the impact
energy 1500 eV give excellent agreement with the GOS
culated by the first Born approximation within the expe
mental uncertainties, 8%, in the range ofK2 from 0.139 to
4.40.

The effective GOS curves againstK2 for different impact
energies suggest the following features in the 21S excitation
process. The curves approach the Born curve as the im
energy increases. The curve of effective GOS approache

FIG. 8. The effective GOS,F(K), for the excitation of the 21S
state in He as functions of the squared momentum transferK2 for
the impact energiesEi5100, 200, 300, 400, and 500 eV. The e
fective GOS’s forEi5600, 700, and 800 eV at the low limit ofK2

~for a measured angle of 0°, corresponding to a mean scatte
angle of 0.6°! are also shown. A curve calculated by the first Bo
approximation is drawn using a thick line. Vertical arrows des
nated by the energy values indicate the minimum possible value
K2 ~for u50°! for the respective impact energies.
m

-
t
-
r
nd

V

-
is

y
rn

,

l-

act
the

Born curve very slowly in contrast to the case for the 21P
excitation @3#. Secondly, the GOS’s do not agree with th
Born GOS in the limit of smallK2, even if the impact energy
is high enough for the first Born approximation to hold,
observed for the impact energies from 200 to 800 eV.

B. DCS for the 31S excitation

Experimental results of the scattering intensity rat
(I 3 1S/I 2 1P) and the DCS’s (ds/dV)3 1S for the 31S exci-
tation are tabulated in Table III for the impact energies 1
200, 300, 400, and 500 eV. The corresponding GOS’sF(K)
and the squared momentum transferK2 are also tabulated in
the last two columns. The DCS’s for the 21P excitation,
which were employed as the normalized standards for
absolute scale, are also given in the third column. Th
DCS’s are obtained in the same way as those describe
Sec. II. The measurements were performed at the rang
the scattering angle from about 1° to 15°, because it w
practically impossible to discriminate the signals of the sc
tering intensity for the 31S excitation from the background
noise at angles lower than 1°.

The experimental errors in the results of the DCS’s for
3 1S excitation are estimated to be about 15%, which is
duced as the quadratic sum of the statistical error of 10%
the intensity ratios, systematic error of 8% caused by
effect of the limited energy resolution, angular resolutio
uncertainty in the angle calibration, etc., and the error of
in the absolute values of the 21P DCS, (ds/dV)2 1P , used
as the normalization standard. Again, a correction for
finite angular resolution was applied where necessary.
corrected results are presented in Table IV.

The scattering intensity ratio (I 3 1S /I 2 1P) is plotted in Fig.
9 as a function of the scattering angle for the different imp
energies. The intensity ratio decreases rather steeply as
angle decreases from about 10° to the smallest angles, ex
for the curve for the impact energyEi5100 eV. The steep-
ness in this decrease became larger as the impact energy
increased. The overall tendency of the variation of the ra
with angle is similar to that for the 21S excitation, but the
value of the ratio is about one order of magnitude smal
The behavior in the variation of the ratios at the ang
smaller than 1° to 2° is not clearly revealed here becaus
the lack of data at 0° and large statistical fluctuations in
ratio at minute angles.

The DCS’s (ds/dV)3 1S are plotted in Figs. 10, 11, an
12 on a logarithmic scale as a function of the scattering an
for the impact energies 100, 200, and 500 eV, respectiv
Theoretical calculations by means of the dipole correc
multichannel eikonal theory of Mansky and Flannery@21#,
the generalized distorted wave model~GDWM! of Winters,
Issa, and Bransden@35#, the distorted wave polarized orbita
theory ~DWPO! of Scott and McDowell@36# ~not available
for Ei5500 eV!, and the first Born approximation of Kim
and Inokuti@17#, are shown for comparison.

As observed in Figs. 10 and 11, for the impact energ
100 and 200 eV, respectively, the DMET and the GDW
calculations appear to give the angular dependence of
DCS’s which reproduce the experimental results relativ
well, except for the data point at the angle 1.25° for t
impact energy 100 eV, which may have a large fluctuation

ng

-
of



entum

1842 57T. Y. SUZUKI et al.
TABLE III. The intensity ratios (ds/dV)3 1S /(ds/dV)2 1P and the DCS’s (ds/dV)3 1S ~in atomic units!
at impact energies 100, 200, 300, 400, and 500 eV. The absolute cross sections for the 21P excitation
(ds/dV)2 1P , which are used for the normalization standards, are also listed. The squared mom
transferK2 and the corresponding effective generalized oscillator strengthsF(K) are listed in the last two
columns. The square brackets denote powers of 10.

Scattering
angle
~deg!

Intensity
ratio

~ds/dV!3 1S

~ds/dV!2 1P

(ds/dV)2 1P

(a0
2/sr)

(ds/dV)3 1S

(a0
2/sr)

Squared
momentum

transfer
K2

Effective
GOS

for 3 1S
F(K)

Ei5100 eV
1 8.52@23#
2.2 1.06@22#
2.7 9.87@23#
3.7 1.04@22# 3.92 4.07@22# 1.36@21# 2.66@23#
4.7 1.03@22# 3.29 3.39@22# 1.53@21# 2.48@23#
5.7 9.96@23# 2.71 2.70@22# 1.73@21# 2.25@23#
6.7 1.02@22# 2.21 2.25@22# 1.98@21# 2.13@23#
7.7 1.06@22# 1.78 1.88@22# 2.26@21# 2.04@23#
9.7 1.31@22# 1.15 1.50@22# 2.94@21# 2.12@23#
11.7 1.52@22# 7.46@21# 1.14@22# 3.78@21# 2.06@23#
13.7 2.02@22# 5.00@21# 1.01@22# 4.77@21# 2.31@23#

Ei5200 eV
1.75 4.38@23#
2.2 4.89@23#
3.2 5.28@23# 6.37 3.36@22# 9.44@22# 1.42@23#
4.2 5.98@23# 4.41 2.63@22# 1.26@21# 1.48@23#
5.2 8.00@23# 3.06 2.45@22# 1.65@21# 1.81@23#
6.2 1.10@22# 2.14 2.35@22# 2.13@21# 2.24@23#
8.2 1.71@22# 1.09 1.86@22# 3.34@21# 2.78@23#
10.2 2.88@22# 5.71@21# 1.65@22# 4.88@21# 3.60@23#
11.2 3.77@22# 4.17@21# 1.57@22# 5.78@21# 4.07@23#
13.2 5.29@22# 2.25@21# 1.19@22# 7.82@21# 4.17@23#
15.2 6.59@22# 1.22@21# 8.06@23# 1.02 3.68@23#

Ei5300 eV
0.75 3.75@23# 1.92@11# 7.17@22# 3.71@22# 1.17@23#
1.75 3.13@23# 1.23@11# 3.85@22# 5.32@22# 8.98@24#
2.75 4.67@23# 7.24 3.38@22# 8.23@22# 1.22@23#
3.75 6.93@23# 4.36 3.01@22# 1.24@21# 1.64@23#
4.75 9.20@23# 2.71 2.49@22# 1.79@21# 1.96@23#
5.75 1.30@22# 1.75 2.28@22# 2.47@21# 2.46@23#
7.75 2.30@22# 7.79@21# 1.80@22# 4.21@21# 3.32@23#
9.75 3.95@22# 3.71@21# 1.46@22# 6.46@21# 4.14@23#
14.75 1.02@21# 6.19@22# 6.34@23# 1.43 3.97@23#

Ei5400 eV
2.75 5.25@23# 6.77 3.55@22# 9.06@22# 1.40@23#
3.75 6.99@23# 3.71 2.59@22# 1.47@21# 1.65@23#
4.75 1.19@22# 2.16 2.57@22# 2.21@21# 2.46@23#
5.75 1.79@22# 1.31 2.34@22# 3.12@21# 3.15@23#
7.75 3.54@22# 5.14@21# 1.82@22# 5.46@21# 4.33@23#
9.75 5.92@22# 2.16@21# 1.27@22# 8.49@21# 4.69@23#
14.75 1.73@21# 2.66@22# 4.59@23# 1.91 3.79@23#

Ei5500 eV
1.2 2.09@23#
1.7 2.72@23#
2.3 3.55@23#
2.8 4.49@23#
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TABLE III. ~Continued.!

Scattering
angle
~deg!

Intensity
ratio

~ds/dV!3 1S

~ds/dV!2 1P

(ds/dV)2 1P

(a0
2/sr)

(ds/dV)3 1S

(a0
2/sr)

Squared
momentum

transfer
K2

Effective
GOS

for 3 1S
F(K)

3.3 7.35@23# 4.09 3.00@22# 1.39@21# 1.80@23#

3.8 9.46@23# 2.99 2.83@22# 1.78@21# 2.17@23#

4.3 1.16@22# 2.23 2.60@22# 2.22@21# 2.48@23#

5.3 1.95@22# 1.29 2.51@22# 3.27@21# 3.53@23#

6.1 2.71@22# 8.49@21# 2.30@22# 4.26@21# 4.22@23#

7.1 4.10@22# 5.15@21# 2.11@22# 5.70@21# 5.19@23#

8.1 5.74@22# 3.17@21# 1.82@22# 7.36@21# 5.78@23#

9.1 7.92@22# 1.97@21# 1.56@22# 9.23@21# 6.20@23#

11.1 1.17@21# 7.73@22# 9.03 @3# 1.36 5.31@23#

13.1 1.50@21# 3.09@22# 4.64@23# 1.89 3.78@23#
th
20

no
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c
a
2

.

t
pact
orn
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rgy
er

the
the minus side. As for the forward peaking tendency in
angular dependence of the DCS’s for the impact energy
eV, which is anticipated from the analogy of the 21S case, it
is not clear whether the forward peaking really occurs or
at angles smaller than 2°, because of the lack of data.

For the impact energy 500 eV, as Fig. 12 shows, the
sults of three kinds of calculation appear to reproduce
experimental data rather well. An indication of the existen
of the forward peaking tendency in the DCS’s is inferred
the smallest angles, in the same way as the case of the1S
excitation.

The effective GOS’s,F(K), for the 31S state are plotted
in Fig. 13 as functions of the squared momentum transferK2
e
0

t

-
e
e
t

for the impact energiesEi5100, 200, 300, 400, and 500 eV
The curves of the effective GOS versusK2 behave very simi-
larly to those for the 21S state and show a similar impac
energy dependence. The effective GOS curves for the im
energies from 200 to 500 eV show similar shape as the B
curve having their maxima at around theK2 of 0.6 to 0.8,
and their overall height becomes closer to the Born curve
the impact energy increases. The curve for the impact ene
100 eV behaves in a quite different way from the oth
curves. The effective GOS increases asK2 decreases up to
nearly 0.003, which is more than 60% larger than that of
first Born approximation, atK2>0.11 as the lowest limit of
K2.
ter-

entum
the

gs of
TABLE IV. The DCS’s (ds/dV)3 1S corrected for the limited angular resolution effects at small scat
ing angles, for impact energies 100, 200, and 500 eV. Average angles and absolute DCS’s (ds/dV)2 1P for
the 21P excitation corrected for the angular resolution effects are also listed. The squared mom
transferK2 and the effective GOS’sF(K) are listed corresponding to the corrected average angle and
corrected DCS’s (ds/dV)3 1S , respectively. See the Appendix for details of notation used in the headin
the second and third columns.

Measured
angle
um

~deg!

Mean
scattering

angle
ū(um)
~deg!

*S(um ,u t)

3Sds

dV
~ut!D

2 1P

du t

(a0
2/sr)

Sds

dV
@ū~um!#D

3 1S

(a0
2/sr)

Squared
momentum

transfer
K2

Effective
GOS

for 3 1S
F(K)

Ei5100 eV
1.2 1.25 4.98 4.23@22# 1.13@21# 2.30@23#

2.2 2.20 4.57 4.84@22# 1.19@21# 2.76@23#

2.7 2.70 4.34 4.28@22# 1.24@21# 2.55@23#

Ei5200 eV
1.75 1.75 1.013@11# 4.44@22# 6.41@22# 1.27@23#

2.2 2.20 8.92 4.36@21# 7.16@22# 1.40@23#

Ei5500 eV
1.2 1.25 2.093@11# 4.37@22# 3.68@22# 6.94@24#

1.8 1.8 1.387@11# 3.77@22# 5.52@22# 8.97@24#

2.3 2.3 9.42 3.34@22# 7.76@22# 1.12@23#

2.8 2.8 6.43 2.89@22# 1.05@21# 1.31@23#
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The curves approach closer and closer to the Born cu
as the impact energy increases, although the advance o
approach is very slow.

The effective GOS’s appear to approach a larger va

FIG. 9. Intensity ratio (I 3 1S /I 2 1P) in He as a function of the
scattering angle for the impact energiesEi5100, 200, 300, 400, and
500 eV.

FIG. 10. The DCS’s (ds/dV)3 1S in He as a function of the
scattering angle for the impact energyEi5100 eV. Experimental
data of Trajmaret al. @10# are also plotted. Results of the theoretic
calculations are in the order of the DCS value atu50°. DMET of
Mansky and Flannery@21#, GDWM of Winters, Issa, and Bransde
@35#, DWPO of Scott and McDowell@36#, and Born of Kim and
Inokuti @17#.
e
the

e

than the theoretical GOS at the limit of the smallestK2,
although it is not clearly displayed for the curves of the im
pact energies 400 and 500 eV, due to the lack of data at
minute angles.

IV. SUMMARY

We have measured the DCS’s for excitation of the 21S
and 31S states from the ground state in He at scatter
angles from 0° to 15° for the impact energies 100, 200, 3
400, and 500 eV. We have paid special attention to perfo
ing the calibration of the true scattering angle and to keep
a relatively good angular resolution. The accuracy of
angle is estimated to be better than 0.2°, and the ang
resolution is estimated to be 1.1°~FWHM! at angles from 0°
to 3°, and 0.4°~FWHM! at angles larger than 3° and for th
entire angular range for impact energies 300 and 400 eV

Accuracy of determination of the DCS’s for the 21S ex-
citation is better than611% at angles larger than 3°, and
estimated to be615% at small angles.

Accuracy of the DCS’s for the 31S excitation is also es-
timated to be615%, and in this case no data were obtain
at angles below 1° because of the poor signal-to-noise ra

Angular dependence of the DCS’s reveals a remarka
forward peaking feature at minute scattering angles for
impact energies higher than 200 eV, in accordance with
predictions by the advanced theoretical calculations incl

FIG. 11. The DCS’s (ds/dV)3 1S in He as a function of the
scattering angle forEi5200 eV. Results of the theoretical calcula
tions are, in the order of the DCS value atu50°, DMET of Man-
sky and Flannery@21#, GDWM of Winters, Issa, and Bransden@35#,
DWPO of Scott and McDowell@36#, and Born of Kim and Inokuti
@17#.
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ing higher-order terms and contributions of many bou
states.

The curves of the GOS’s as functions of theK2 for dif-
ferent impact energies reveal the following features of t
sort of transition.~1! The curve of the effective GOS ap
proaches the curve calculated by the first Born approxim
tion as the impact energy increases from 200 to 500 eV.~2!
This approach is very slow, and the effective GOS’s do

FIG. 12. The DCS’s (ds/dV)3 1S in He as a function of the
scattering angle forEi5500 eV. Results of the theoretical calcul
tions are, in the order of the DCS value atu50°, DMET of Man-
sky and Flannery@21#, GDWM of Winters, Issa, and Bransden@35#,
and Born of Kim and Inokuti@17#.
d

s

-

t

agree with the Born GOS even at the limit of the smallestK2

up to the impact energy 800 eV for the 21S excitation.
This sort of feature in the curve of the effective GO

versusK2 is characteristic of transitions where the term sy
bol is the same in the initial and final states. It is sugges
that the feature of the curve of the effective GOS versusK2

may help in identification of the character of unknown tra
sitions which appear in the electron-energy-loss spectra
molecules.

We would like to emphasize that the measurement of
DCS’s at minute scattering angles is important especially
optical forbidden transitions, because the knowledge of
behavior of the DCS’s at minute angles is useful for test
the theoretical calculation methods. The experimental d
are very scarce due to a technical difficulty in measurem
of the electron-energy-loss spectra at 0° angle, because o
poor signal-to-noise ratio especially for forbidden transitio
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APPENDIX: CORRECTION FOR ANGULAR
RESOLUTION EFFECTS

This paper is concerned with detection of electrons sc
tered through small angles. Under such circumstances,
important to consider effects due to the finite angular re
lution of the apparatus and systematic errors which a
when measuring the angular scale. These systematic e
and their treatment have been described in the main tex

Once the geometric scattering angle~i.e., the angle of
intersection of the center lines of the final lens of the selec
and the first lens of the analyzer! becomes comparable to th
angular resolution of the device, the effect of integrati
over a range of angles can no longer be ignored. To acco
for the range of scattering angles present in each meas
ment, we use a functionS(um ,u t) which describes the prob
ability that for a geometric~or measured! scattering angle
arrows

FIG. 13. The effective GOS,F(K), for the excitation of the 31S state in He as functions of the squared momentum transferK2 for

Ei5100, 200, 300, 400, and 500 eV. A curve calculated by the first Born approximation is drawn using a thick line. Vertical
designated by the energy values indicate the minimum limit ofK2 ~for u50°! for the respective impact energies.
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um , a detected scattering event was really due to scatte
through an angleu t ~i.e., the true scattering angle!. As shown
below, S(um ,u t) can be calculated numerically subject
certain assumptions. Furthermore,S(um ,u t) can then be
used in subsequent equations to relate the actual meas
intensity to a parametrization of the cross section@8#. In this
way, we have accounted for the effects of finite angular re
lution. The width of the distribution shown in Fig. 1 corre
sponds toS(um,0) since this measurement was taken with
target gas to produce any scattering. Hence this distribu
can be used to assess the functionS(um ,u t).

In considering the effects of the finite angular resoluti
of the selector and analyzer, we have assumed all the an
involved are small, making use of the approximations, siu
5u and cosu512u. Furthermore, we assumed that angu
distribution of the beam emerging from the selector and
efficiency of the analyzer have a Gaussian form. Acco
ingly, the expected intensity of a small part of the electr
beam emerging from the interaction region is given by

Ps~us ,fs!5Ns expF2us
22fs

2

2ss
2 G , ~A1!

where Ns is a normalization factor,us is the angle in the
scattering plane measured with respect to the selector’s b
axis, fs is the angle perpendicular to the scattering pla
and ss is a measure of the angular range produced by
selector system.

Similarly, the angular distribution of electrons enterin
the analyzer and subsequently resulting in detected even

Pa~ua ,fa ,um!5Na expF2~ua2um!22fa
2

2sa
2 G , ~A2!

where Na is a normalization factor,ua is the angle in the
scattering plane measured with respect to the analyz
beam axis,fa is the angle perpendicular to the scatteri
plane, andsa is a measure of the analyzer’s angular acc
tance.um is the angle which the center line of the selecto
final lens system makes with the center line of the analyz
first lens system. This angle corresponds to the meas
scattering angle in the absence of systematic alignmen
rors.

We have ignored the finite size of the target region in t
analysis. In practice, effects due to the size of the tar
region manifested as a path length correction have much
effect on the range of scattering angles accepted for a lo
ized target of the type we used. The path length correc
has been implicitly accounted for in our treatment of t
experimental data since a reference cross section (21P) is
used. This assumption is particularly valid for the spectro
eters we used because the angular acceptance is defin
real apertures after the final lens system of the selector
before the input lens system of the analyzer.

We have approximated the number of electrons scatte
through a scattering angleu t for some particular value ofum
by
ng
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S~um ,u t!5E
4D

Pa~ua ,fa ,um!Ps~us ,fs!d~u t ,uus2uau

1ufs2fau!dt4D , ~A3!

where the integral is over four angular dimensions given

dt4D5duadfadusdfs . ~A4!

The modulus terms in thed function arise because th
sign of the scattering angle has no meaning from the poin
view of measured cross sections. The termuus2uau1ufs
2fau is the absolute value of the scattering angle for sm
values of the anglesus , ua , fs , andfa .

The d function in Eq.~A3! restricts the space over whic
the integral must be evaluated to a subspace of three dim
sions. We can explicitly reduce this integral to a thre
dimensional integral, removing one of the angular variab
Doing this, we get

S~um ,u t!5E
3D

Ps~us ,fs!G~ua ,u t ,us ,fs!dt3D ,

~A5!

where the integral is now over three angular dimensio
given by

dt3D5duadusdfs ~A6!

and the functionG(ua ,u t ,us ,fs) is given by

G~ua ,u t ,us ,fs!5Pa„ua ,1~u t2uus2uau!2fs ,um…

1Pa„ua ,2~u t2uus2uau!2fs ,um….

~A7!

The angular profile shown in Fig. 1 can be calculat
~except for the systematic shift which was subtracted dur
the data analysis! as S(um,0). We use comparison betwee
the measured profile andS(um,0) to fix the parameterssa
andss . We made one further assumption to uniquely det
mine these parameters. Since the impact energy is alm
equal to the collection energy and the geometry of the se
tor’s last lens system is similar to the geometry of the a
lyzer’s input lens system, we assumedss5sa . Numerical
experiments have shown that relaxation of this constra
makes little difference to the final results. Further numeri
experiments have shown that the results have only a s
dependence on the distributions used in Eqs.~A1! and~A2!.
An estimate of these effects has been included in the fi
uncertainties for the corrected results.

The functionS(um ,u t) was calculated by numerical inte
gration for all values ofum at which measurements wer
made. As expected, these calculations showed that at
scattering angles, the average scattering angle is some
higher than the measured scattering angle. At higher sca
ing angles the difference becomes negligible.

A correction factor can be applied to the data, based o
known cross section as indicated by Eq.~1!. The function
S(um ,u t) was used to relate the actual cross sections~in the
limit of infinitesimal resolution! to the measured intensities
When this is done, the expression for correction become
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E S~um ,u t!S ds

dV
~u t! D

2 1S

du t

5S I 2 1S~um!

I 2 1P~um! D E S~um ,u t!S ds

dV
~u t! D

2 1P

du t , ~A8!

where the factors I 2 1S(um), I 2 1P(um), and
@(ds/dV)(u t)#2 1P are as defined in the main text with the
functional dependencies now being made explicit. The re
ence data used to derive@(ds/dV)(u t)#2 1P should be im-
mune from angular resolution effects since it only conce
measurement at scattering angles greater than or equ
7.5°. The right-hand side of Eq.~A8! can be written as a
single function ofum . Hence,

g~um!5S I 2 1S~um!

I 2 1P~um! D E S~um ,u t!S ds

dV
~u t! D

2 1P

du t .

~A9!

This function can be evaluated numerically for any value
um at which the two intensities have been measured at e
gies where the 21P cross section has been parametriz
From Eqs.~A8! and ~A9! we have

g~um!5E S~um ,u t!S ds

dV
~u t! D

2 1S

du t , ~A10!

the right-hand side of which can be expanded as a Tayl
series, using moment integrals of the form

Mi5E @u t2 ū~um!# iS~um ,u t!du t ~A11!

to give

g~um!5(
i

M i

i !

] i

]u i S ds

dV
@ū~um!# D

2 1S

, ~A12!

where ū(um) is uniquely defined by the conditionM150.
Hence, we see thatū(um) is the mean scattering angle whe
ev

ys

o
sit
r-

s
to

f
r-
.

’s

the spectrometer is positioned at a measured scattering a
um . For high angles, as expected, the conditionū(um)'um
was found to hold. The product of the two normalizatio
constantsNs andNa was fixed so that the conditionM051
holds, consistent with the interpretation thatS(um ,u t) is a
probability distribution. In actual fact that subsequent ana
sis is independent of this condition since the normalizat
simply scales both sides of Eq.~A8!.

Substituting these values and keeping terms up toi 52,
we have

g~um!5S ds

dV
@ū~um!# D

2 1S

1
M2

2

]2

]u2 S ds

dV
@ū~um!# D

2 1S

.

~A13!

The second moment integral was calculated numerically
an estimate of the magnitude of the second differential of
cross section with respect to angle has been made from
experimental data. These calculations show that the exp
mental errors associated with the measurements are la
than the second term in this expression forg(um). Hence, to
the accuracy of the measurements presented in this pape
have

g~um!5S ds

dV
@ū~um!# D

2 1S

. ~A14!

This equation simply shows us that the quantityg(um) is
equal to the cross section, not at the measured scatte
angle but at the mean scattering angle calculated by integ
ing over all possible detected events.

Using Eq.~A9! and the condition thatM150, a table with
entriesū(um) and (ds/dV)@ ū(um)#2 1S can be created with
one entry for each measured scattering angleum . Such a
table has been created for all data which have system
errors due to finite angular resolution which are compara
to the statistical errors of the measurements. Results
shown in Table II for the 21S excitation and in Table IV for
the 31S excitation. Entries from these tables were used
replace uncorrected entries in all figures.
, J.
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