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The generalized oscillator strengths for the valence-shell excitations to 2p53s, 2p53p, and 2p54s of neon
were measured with an angle-resolved fast-electron energy-loss spectrometer at an incident electron energy of
2500 eV. The transition multipolarities for these excitations were elucidated with the help of the calculated
intermediate-coupling coefficients using the COWAN code. The generalized oscillator strength profiles for the
electric monopole, electric dipole, and electric quadrupole excitations were analyzed and their positions of the
extrema were obtained. Furthermore, the experimental generalized oscillator strength ratios between the exci-
tations to 2p54s�3/2�1 and 2p54s��1/2�1 were determined and found to be in agreement with the calculated
intermediate-coupling coefficient ratio.
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I. INTRODUCTION

The electron impact excitation of neon is interesting from
both the fundamental and applied points of view; e.g., the
electron impact excitation mechanism of neon is extensively
used in producing x-ray lasers �1,2�. The generalized oscil-
lator strength �GOS� can be used to evaluate the theoretical
methods, determine the correct spectral assignments �3�, and
explore the excitation dynamics �4�. The deviation of the
magnitudes and positions of the minima or maxima of the
GOS predicted by the theoretical calculations from the ex-
perimental results will serve as a test of the applicability of
the Born approximation as well as the accuracy of the wave
functions �5�. From our recent work �6�, it is known that the
GOS ratio is more direct and accurate to rigorously test the
theoretical models than the GOS itself, and therein the
valence-shell transition multipolarities of Kr for fast electron
impact �e.g., electric monopole, electric dipole, and electric
quadrupole� have been elucidated with the help of the calcu-
lated intermediate-coupling coefficients. To the best of our
knowledge, the valence-shell transition multipolarities of Ne
for fast electron impact have not been elucidated in previous
experimental works.

In previous low-energy electron impact studies of Ne,
Register et al. �7� measured the differential cross sections
�DCS’s� and the integrated cross sections �ICS’s� for
valence-shell excitations at incident electron energies of 25,
30, 50, and 100 eV. Recently, the DCS’s and DCS ratios for
the excitations to 2p53s were measured and calculated at
incident energies of 20, 25, 30, 40, 50, and 100 eV by Kha-
koo et al. �8–10�. For experiments with intermediate- and
high-energy electron impact, Suzuki et al. �11� measured the
DCS’s and GOS’s for excitations to 3s�3/2�1, 3s�1/2�1, and
3p��1/2�0 at incident electron energies of 300, 400, and
500 eV. Wong et al. �12� observed the minima and maxima
in the GOS’s for the np→ �n+1�s transition of noble gases at
an incident electron energy of 25 keV.

Many theoretical works have been carried out to investi-
gate the electron impact inelastic scattering of Ne. Ganas and
Green �13� calculated the GOS’s for the excitations to 2p53s
within the framework of the Born approximation. In order to
study the effects of the distortion and exchange at low impact
energies, Sawada et al. �14� reported the GOS’s and ICS’s
for excitations to 2p53s within the framework of the distorted
Born approximation. Machado et al. �15� calculated the
DCS’s and ICS’s for all excitations to 2p53s and some of the
excitations to 2p53p levels of Ne using first-order many-
body theory �FOMBT�. Bartschat and Madison �16� calcu-
lated the nonstatistical branching ratios for excitations to
np5�n+1�s of noble atoms by the relativistic distorted-wave
Born approximation. Recently, Chen and Msezane �17� cal-
culated the minima and maxima of the GOS’s for excitations
to np5�n+1�s of Ne �n=2�, Kr �n=4�, and Xe �n=5�, and
Amusia et al. �18� calculated the GOS’s for the quadrupole
and monopole transitions of np→ �n+1�p , �n+2�p levels of
noble atoms using the Hartree-Fock approximation �HFA�
and the random phase approximation with exchange �RPAE�.

With the above survey, it is noticed that most of the works
concentrate on low-energy electron impact, in which transi-
tions between states with different spin multiplicities are pos-
sible as a result of electron exchange effects �19�. However,
for sufficiently fast electron impact, the influence of the in-
cident particle upon an atom or molecule can be regarded as
a sudden and small external perturbation. Thus the cross sec-
tion can be factorized into two factors, one dealing with the
incident particle only, the other �GOS� dealing with the target
only, and the exchange effect is negligibly small �19�. The
GOS was defined as �19–21� �in atomic units�
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where E is the excitation energy, K is the momentum trans-
fer, and p0 and pa are the incident and scattered electron
momenta, respectively. f�E ,K� and d� /d� stand for GOS*Corresponding author. Electronic address: lfzhu@ustc.edu.cn
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and DCS while �0 and �n are N electrons wave functions
for initial and final states, respectively. r j is the position vec-
tor of the jth electron.

In the present work, the GOS’s for the valence-shell ex-
citations to 2p53s, 2p53p, and 2p54s of neon were measured
at an incident electron energy of 2500 eV. The transition
multipolarities for these excitations were elucidated with the
help of our calculated intermediate-coupling coefficients us-
ing the COWAN code �22�. The GOS profiles for these exci-
tations were analyzed, and the positions of the extrema were
determined. The GOS ratios between the excitations to
4s�3/2�1 and 4s��1/2�1 were determined and compared with
the calculated results.

II. EXPERIMENTAL AND THEORETICAL METHODS

A. Experimental method

The angle-resolved electron-energy-loss spectrometer
�AREELS� used in this experiment has been described in
detail in Refs. �23–25�. Briefly, it consists of an electron gun,
a hemispherical electrostatic monochromator made of alumi-
num, a rotatable energy analyzer of the same type, an inter-
action chamber, a number of cylindrical electrostatic lenses,
and a one-dimensional position-sensitive detector for detect-
ing the scattered electrons. All of these components are en-
closed in four separate vacuum chambers made of stainless
steel. The impact energy of the spectrometer can be varied
from 1 to 5 keV. For the present measurement the impact
energy was set at 2500 eV and the energy resolution was
70 meV �full width at half maximum �FWHM��. The back-
ground pressure in the vacuum chamber was 5�10−5 Pa.
The scattering angle was calibrated by the angular distribu-
tion of the 2p6→2p5�3s+3s�� inelastic scattering signal
around the geometry nominal 0°. The angular resolution was
about 0.8° �FWHM� under the present experimental condi-
tions.

In order to reduce the errors and improve the efficiency of
the experimental measurement, a mixed gas of He and Ne
with a fixed proportion was used to determine the relative
excitation cross section of Ne by taking He as a standard.
Here a gas cell was used and the electron collision lengths
for He and Ne were identical. Thus the correction for the
profile of the gas beam was not required. In addition, using
the method of gas mixture, corrections to the angular factor
and the intensity instability of the incident electron beam
were not required either. The detailed measurement and cor-
rection procedures are described in the following.

In the present work, the electron-energy-loss spectra in
the energy-loss region of 16–24 eV for Ne+He were mea-
sured from 0.5° to 8.5°. A typical electron-energy-loss spec-
trum is shown in Fig. 1, where the peaks from A to F of neon
are labeled. The peaks G and H correspond to the excitations
to 3 1S and 3 1P of helium, respectively, which are used to
calibrate the data.

It is well known that the double-scattering processes can
cause large errors in DCS measurements �24,26�. Because
the intensity of double scattering is proportional to the square
of the pressure, while the intensity of single scattering is

proportional to the pressure, the relation between the mea-
sured intensity ratios and the pressure is

Ip���
Iref���


 � Ip���
Iref���

�
P=0

+ c���P , �2�

where c��� is a coefficient which depends on the scattering
angle and the corresponding elastic and inelastic cross sec-
tions of He and Ne �27�. Ip��� and Iref��� represent the inten-
sity of the inelastic excitation of Ne and the intensity of the
excitation to 3 1S+3 1P of helium, respectively. The values
of �Ip��� / Iref����P=0, which are proportional to the corre-
sponding ratios of cross sections, were obtained by a linear
least-squares fitting �26�. In addition, the angular resolution
has a great influence on the measurement of GOS’s at small
angles. Using the method described in Ref. �28�, the influ-
ence of angular resolution was corrected for the GOS’s at
small angles.

The intensity ratio �INe��� / IHe����P=0 was calibrated with
the DCS’s of the excitations to 3 1S+3 1P of He calculated
by Cann and Thakkar �29�, which are in excellent agreement
with our previous experimental results �30�. Then the relative
DCS’s for the valence-shell excitations of Ne can be deter-
mined. According to Eq. �1�, the relative GOS’s were ob-
tained. Based on the Lassettre’s limit theorem �31�, it is
known that the GOS converges to the optical oscillator
strength �OOS� as K2→0. The behavior of the GOS near
K2=0 is illustrated as

f�E0,K� =
1

�1 + x�6 f0 + �
n=1

m

fk� x

1 + x
�n� , �3�

where f0 is the OOS and fk are the fitted constants, x
=K2 /�2 with �= �2I�1/2+ �2�I−E��1/2, and I and E are the
ionization and excitation energies, respectively. By fitting the
relative GOS of the dipole-allowed excitation to 3s��3/2�1

FIG. 1. A typical electron-energy-loss spectrum of Ne+He at
the impact energy of 2500 eV and scattering angle of 2°.
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using this Lassettre formula and normalizing the extrapolated
result �relative OOS� to the absolute OOS �0.156� measured
by dipole �e ,e� method �32�, the absolute GOS for the exci-
tation to 3s��3/2�1 can be determined. Then the GOS’s for
other valence-shell excitations can be obtained by making
reference to the GOS of the excitation to 3s��3/2�1.

The overall errors in this work come from the statistics of
counts �s, the angular resolution determination for small
angle �r, the pressure correction �p, and the normalizing pro-
cedure �n as well as the error resulting from the deconvolu-
tion procedure �d. In this work, the maximum of each error is
�s=4% for the weakest transition, �r=5%, �p=3%, �n=5%,
and �d=5%. The total maximum errors are less than 10%.

B. Calculational method

The calculations of the intermediate coupling coefficients
for the lowest 18 levels of Ne were performed with the
COWAN code �22�. The method of calculation was described
in detail by Clark et al. �33,34�, and here we summarized it
briefly. The one-electron radial wave functions for each of
the electron configurations with the Hartree-Fock method

were first calculated so as to minimize the center-of-gravity
energy of the configuration. Then the configuration interac-
tion was included when calculating the Coulomb integrations
between each pair of the configurations. The energy matrices
were set up for each possible value of the total angular mo-
mentum J, and the eigenstates and eigenvalues are then ob-
tained through diagonalizing each matrices on the given ba-
sis set.

For the present calculations a 22-configuration basis set
was used, and the calculated excitation energies are consis-
tent with the Moore levels �35� within 0.2 eV. The calculated
intermediate-coupling coefficients and the energy levels are
listed in Table I.

III. RESULTS AND DISCUSSION

From Table I we notice that there exits singlet and triplet
LS components in the intermediate-coupling scheme. Since
the probability for the spin-forbidden transition in connection
with the electron-exchange effect is negligibly small for fast
electron impact �19�, the contributions of the excitations
from the ground state of 1S0 to the triplet components can be

TABLE I. The intermediate-coupling coefficients and the assignments for peaks from A to F. The energy
levels from Moore �35� and from our calculations are given. E0, E1, E2, M1, and T represent the electric
monopole, electric dipole, electric quadrupole, magnetic dipole, and spin-forbidden transitions from the
ground state�2p6 1S0�, respectively.

Peak
JL

designation Intermediate coupling Transition
Energy �eV�

COWAN

Energy �eV�
Moore

2p6 0.9959�2p6 1S0� 0.000 0.000

2p53s�3/2�2 0.9998�2p53s 3P2� T 16.560 16.619

A 2p53s�3/2�1 0.9630�2p53s 3P1�+0.2690�2p53s 1P1� E1 16.611 16.671

2p53s��1/2�0 0.9998�2p53s 3P0� T 16.655 16.715

B 2p53s��1/2�1 −0.2690�2p53s 3P1�+0.9627�2p53s 1P1� E1 16.784 16.848

2p53p�1/2�1 −0.1299�2p53p 3P1�+0.9858�2p53p 3S1� T 18.407 18.382

2p53p�1/2�0 0.9959�2p53p 3P0� T 18.687 18.711

2p53p�5/2�3 0.9999�2p53p 3D3� T 18.532 18.555

2p53p�5/2�2 0.87122�2p53p 3D2�−0.1561�2p53p 3P2�
+0.4652�2p53p 1D2�

E2 18.553 18.576

C 2p53p�3/2�2 −0.2413�2p53p 3D2�+0.6891�2p53p 3P2�
+0.6832�2p53p 1D2�

E2 18.612 18.637

2p53p��3/2�2 0.4272�2p53p 3D2�+0.7075�2p53p 3P2�
−0.5629�2p53p 1D2�

E2 18.678 18.704

2p53p�3/2�1 0.8398�2p53p 3D1�−0.3165�2p53p 3P1�
−0.4408�2p53p 1P1�

M1 18.588 18.613

2p53p��3/2�1 0.5426�2p53p 3D1�+0.4805�2p53p 3P1�
+0.6888�2p53p 1P1�

M1 18.666 18.693

2p53p��1/2�1 0.8074�2p53p 3P1�+0.1566�2p53p 3S1�
−0.5686�2p53p 1P1�

M1 18.699 18.726

D 2p53p��1/2�0 0.9452�2p53p 1S0�−0.2690�2p54p 1S0�
−0.1165�2p55p 1S0�

E0 19.165 18.966

2p54s�3/2�2 0.9998�2p54s 3P2� T 19.710 19.664

E 2p54s�3/2�1 0.7370�2p54s 3P1�+0.6754�2p54s 1P1� E1 19.733 19.688

2p54s��1/2�0 0.9996�2p54s 3P0� T 19.806 19.761

F 2p54s��1/2�1 −0.6754�2p54s 3P1�+0.7367�2p54s 1P1� E1 19.823 19.780
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neglected. Thus the excited states—e.g., 3s�3/2�2, 3s��1/2�0,
3p�1/2�0,1, 3p�5/2�3, 4s�3/2�2, and 4s��1/2�0—which only
consist of the triplet components in the intermediate-
coupling scheme �see Table I�, were not observed in the
present spectra. In addition, the excitations to 3p�3/2�1,
3p��3/2�1, and 3p��1/2�1, which correspond to the magnetic
dipole excitations based on the singlet components in the
intermediate-coupling scheme, should not appear in the
present spectra �6,36�. Therefore, the observed transitions of
Ne in our concerned energy region consist of the ones to
2p5�3p ,4p ,5p� 1S0, 2p5�3s ,4s� 1P1, and 2p53p 1D2, which
correspond to the electric monopole, electric dipole, and
electric quadrupole excitations, respectively. Based upon
above discussion, the transition multipolarities for A–F were
assigned, as shown in Table I.

The GOS’s for the dipole-allowed transitions to 3s�3/2�1

and 3s��1/2�1 are listed in Table II and shown in Figs. 2 and
3, respectively. It can be seen that the GOS’s measured by
Suzuki et al. �11� at the incident electron energies of 300,
400, and 500 eV are generally lower than the present results.
This may be attributed to the normalizing procedures. In
their work, elastic scattering cross sections were used to nor-
malize the data, and the extrapolated OOS’s are 0.0106 for
the excitation to 3s�3/2�1 and 0.137 for the excitation to
3s��1/2�1. However, the present OOS for excitations to
3s�3/2�1 and 3s��1/2�1 are 0.0124 and 0.156, respectively,
which were determined in our previous work �32� and are in
good agreement with other experimental results �37�. From
Fig. 3 it can be seen that the maximum position of the GOS
for the excitation to 3s��1/2�1 decreases with the increasing

TABLE II. The GOS’s for peak A, B, C, D, E, and F. The numbers in square brackets denote the power of 10.

K2 �a.u.�
A

3s�3/2�1

B
3s��1/2�1

C
3p�5/2 ,3 /2�2+3p��3/2�2

D
3p��1/2�0

E
4s�3/2�1

F
4s��1/2�1

0.019 1.19�−2� 1.58�−1� 1.34�−2� 1.72�−2�
0.061 1.16�−2� 1.44�−1� 2.25�−3� 2.22�−3� 1.21�−2� 1.55�−2�
0.13 1.00�−2� 1.33�−1� 4.92�−3� 5.38�−3� 1.15�−2� 1.50�−2�
0.23 9.58�−3� 1.22�−1� 8.68�−3� 1.09�−2� 1.12�−2� 1.51�−2�
0.35 7.55�−3� 1.03�−1� 1.20�−2� 1.49�−2� 1.03�−2� 1.23�−2�
0.50 5.43�−3� 8.47�−2� 1.76�−2� 2.15�−2� 8.36�−3� 1.06�−2�
0.69 3.24�−3� 5.49�−2� 1.59�−2� 2.07�−2� 5.96�−3� 7.13�−3�
0.89 2.09�−3� 3.42�−2� 1.34�−2� 1.83�−2� 3.73�−3� 4.77�−3�
1.13 1.30�−3� 1.96�−2� 9.79�−3� 1.56�−2� 2.35�−3� 2.93�−3�
1.40 5.47�−4� 9.71�−3� 6.09�−3� 1.07�−2� 1.24�−3� 1.72�−3�
1.69 4.44�−4� 6.77�−3� 4.09�−3� 7.49�−3� 8.32�−4� 1.05�−3�
2.01 2.78�−4� 5.07�−3� 2.43�−3� 5.39�−3� 6.47�−4� 6.59�−4�
2.36 2.13�−4� 3.17�−3� 1.34�−3� 3.85�−3� 2.64�−4� 4.00�−4�
2.73 2.09�−4� 3.25�−3� 9.44�−4� 2.73�−3� 2.56�−4� 4.77�−4�
3.13 2.41�−4� 4.91�−3� 5.22�−4� 2.49�−3� 4.62�−4� 4.48�−4�
3.57 3.28�−4� 5.65�−3� 4.43�−4� 2.32�−3� 3.98�−4� 5.35�−4�
4.03 2.93�−4� 3.57�−3� 2.93�−4� 1.57�−3� 2.53�−4� 4.39�−4�

FIG. 2. The GOS for the electric dipole excitation to
3s�3/2�1.

FIG. 3. The GOS for the electric dipole excitation to
3s��1/2�1.
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of the impact energy, while for 3s�3/2�1, due to the low cross
section, the maximum was not reported by Suzuki et al. �11�.
This suggests that the first Born approximation is not reached
in the large-K2 region.

The sum of the GOS’s for the excitations to 3s�3/2�1 and
3s�1/2�1 are shown in Fig. 4 and compared with the previous
experimental and theoretical works �11,12,17�. The experi-
mental result of Wong et al. was digitized from Ref. �12� and
the theoretical one of Chen and Msezane was digitized from
Ref. �17�. The relative GOS of Wong et al. was normalized
to the present data at K2=1.132 a.u. It can be seen that the
result of Wong et al. measured at an incident electron energy
of 25 keV has obvious differences with the present one in the
large-K2 region. This may be attributed to that the pressure
effect was not corrected in their work �12�. In order to com-
pare the present GOS profile with the previous theoretical
calculation, the influence of the angular resolution must be
considered, especially for the GOS’s near the position of the
extremum. Here the angular response function A�u� is con-
sidered as a Gauss function, A�u�=1/ ��2���exp�
−u2 / �2�2��, where �=	� /�8 ln 2 and 	� is the present in-
strumental angular resolution 0.8° �FWHM�. The theoretical
result of Chen and Msezane �17� was convoluted with the
present angular response function A�u�, and then the convo-
luted result was normalized to the present data at K2

=2.357 a.u., as shown in Fig. 4. It can be seen that the an-
gular resolution has great influence on the GOS profile near
the position of the minimum. The positions of the minimum
and maximum of the GOS for excitations to 3s�3/2�1

+3s��1/2�1 are listed in Table III. It can be seen that the

position of the minimum for the convoluted result is in good
agreement with the present one. However, we notice that the
experimental and theoretical positions of the maximum
�12,17,38� are all larger than the present results.

The GOS’s for the excitations to 4s�3/2�1 and 4s��1/2�1

are listed in Table II and shown in Figs. 5 and 6, respectively.
The lines in Figs. 5 and 6 are the fitted results using Eq. �3�.
It can be seen that the profiles are typical ones for dipole-
allowed transitions. The positions of the extrema for the two
excitations are listed in Table IV.

The GOS’s for the electric monopole transition to
3p��1/2�0 are shown in Fig. 7 along with previous experi-
mental results �11� and theoretical calculations �18�. In the
region of K2
0.1 a.u., the amplitude of the present GOS is
lower than the experimental ones for low incident electron
energies, while the theoretical result is higher than all the
experimental ones. In the region of K2�0.1 a.u., the ampli-
tude and maximum position of the GOS increase with in-
creasing of the incident electron energy and the theoretical
position of the maximum is larger than all the experimental
ones. This may indicate that the first Born approximation is
not reached for the present result. It is interesting that the
present GOS profile has only one maximum in the present K2

region, which is different from experimental ones at low im-
pact energies but in agreement with the theoretical calcula-
tion.

The GOS’s for electric quadrupole excitations to
3p�5/2 ,3 /2�2+3p��3/2�2 are shown in Fig. 8 along with the
theoretical result �the dash-dotted line is the convoluted re-
sult� �18�. The amplitude and position of the first maximum

TABLE III. The positions of the minimum and maximum for GOS’s of 2p6→2p5�3s+3s�� transitions of
Ne.

K2 �a.u.�

Experimental Theoretical

Present Ref. �12� Ref. �17� Convoluted results �17� Ref. �38�

Minimum 2.52±0.05 2.657 2.586 2.634 4.162

Maximum 3.47±0.1 7.398 6.554 11.492

FIG. 4. The GOS for excitations to 3s�3/2�1+3s��1/2�1. The
inset graph shows the enlarged result near the minimum.

FIG. 5. The GOS for the electric dipole excitation to
4s�3/2�1.
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for the convoluted result are generally consistent with the
present one except for the amplitude in the low-K2 region.
The positions of the maxima and the data of the GOS’s for
the electric monopole and electric quadrupole transitions are
listed in Tables IV and II, respectively.

In addition, from our recent work �6� it is known that the
GOS ratio can serve as a direct and rigorous test of the wave
functions for excited states. Here the GOS ratios between the
excitations to 4s�3/2�1 and 4s��1/2�1 are shown in Fig. 9. It
can be seen that the experimental GOS ratios are in agree-
ment with the calculated composite coefficient square ratio
�CCSR� of E1�1

2 /E2�2
2 �E1 and E2 are the excitation energies,

and �1 and �2 are the corresponding intermediate-coupling
coefficients of the same singlet components, respectively�
except for near the position of the GOS minimum. A detailed
explanation can be found in our recent work �6�. Further-
more, using the mean value of the experimental GOS ratios
�0.782=E1�1

2 /E2�2
2� and the normalizing character for the

intermediate-coupling coefficient ��1
2+�2

2=1� �6�, the experi-
mental intermediate-coupling coefficients for excitations to
4s�3/2�1 and 4s��1/2�1 can be determined. The results are

0.662 and 0.749, respectively, which are in good agreement
with the calculated values of 0.675 and 0.737.

IV. SUMMARY AND CONCLUSION

The GOS’s and positions of the extrema for excitations to
2p53s, 2p53p, and 2p54s of Ne have been determined at the
incident electron energy of 2500 eV using the method of a
mixed gas of helium and neon. The excitations can be clas-
sified as electric monopole, electric dipole, and electric quad-
rupole transitions with the help of our calculated
intermediate-coupling coefficients. In addition, the GOS ra-
tios between excitations to 4s�3/2�1 and 4s��1/2�1 and the
experimental intermediate-coupling coefficients �the singlet
component� for the two excitations were determined.

It is shown that the present minimum position for the
GOS of the electric dipole excitations to 3s�3/2�1

+3s��1/2�1 is in good agreement with the theoretical calcu-
lation by Chen and Msezane �17�. However, for the maxi-
mum there is an obvious difference between the present re-

FIG. 6. The GOS for the electric dipole excitation to
4s��1/2�1.

FIG. 7. The GOS for the electric monopole excitation to
3p��1/2�0.

FIG. 8. The GOS for the electric quadrupole excitations to
3p�5/2 ,3 /2�2+3p��3/2�2.

FIG. 9. The GOS ratios between excitations to 4s�3/2�1 and
4s��1/2�1.
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sult with other experimental and theoretical ones. Further-
more, the GOS profiles for the electric monopole excitation
to 3p��1/2�0 and electric quadrupole excitations to
3p�5/2 ,3 /2�2+3p��3/2�2 are in general agreement with the
theoretical calculations by Amusia et al. �18�, while for the
electric monopole excitation, the GOS measured by Suzuki
et al. �11� has two maxima, which is different from the the-
oretical and present results. So further experimental and the-

oretical investigations of electric monopole, electric dipole,
and electric quadrupole excitations are recommended.
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