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The valence shell excitations of argon were investigated by an angle-resolved fast-electron energy-loss
spectrometer at an incident electron energy of 2500 eV, and the transition multipolarities for the excitations of
3p→3d, 4d, 5s, and 5p were elucidated with the help of the calculated intermediate coupling coefficients using
the COWAN code. The generalized oscillator strengths for the excitations to 3p5�3d ,3d��, 3p5�5p ,5p��, and
3p5�5s ,4d� were measured, and the profiles of these generalized oscillator strength were analyzed. Further-
more, although the present experimental positions of the maxima for the electric-monopole and electric-
quadrupole excitations in 3p→5p are in agreement with the theoretical calculations �Amusia et al., Phys. Rev.
A 67, 022703 �2003��, the generalized oscillator strength profiles show obvious differences. In addition, the
experimental generalized oscillator strength ratios for the electric-octupole transitions in 3p→3d are different
from the theoretical prediction calculated by the COWAN code.
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I. INTRODUCTION

For noble gases of Ne, Ar, Kr, and Xe, their excited en-
ergy level structures are well described by intermediate cou-
pling, while their ground states are closed-shell 1S0 states of
LS coupling, so noble atoms are typical systems to study the
valence-shell excitation mechanism and dynamics relating to
two different coupling schemes �1–3�. There are also tremen-
dous challenges for theoretical models because of the com-
plications of many-electron atoms and the non-LS-coupling
nature of argon. Furthermore, the generalized oscillator
strengths �GOS’s� can be used to evaluate the theoretical
methods, determine the correct spectral assignments �4�, and
explore the excitation dynamics �5�. The deviation of the
magnitudes and positions of the minima or maxima of GOS’s
predicted by the theoretical calculations from the experimen-
tal results will serve as a test of the applicability of the Born
approximation as well as the accuracy of the wave functions
�6�. And the study of GOS’s for the valence-shell excitations
of argon is of great importance in many areas such as astro-
physics, discharge process, plasma physics, laser physics and
etc. �7,8�.

We have been continuing investigations of GOS’s and dif-
ferential cross sections �DCS’s� for valence-shell excitations
of noble atoms �He �9�, Ne �2�, Ar �3�, Kr �10�� by fast
electron impact. In this work, as an addition to our previous
measurements of the GOS’s for the excitations to
3p5�4s ,4s� ,4p ,4p�� in Ar �3� �referred to from now as paper
I�, we present the GOS’s for higher valence-shell excitations
to 3p5�3d ,3d��, 3p5�5p ,5p��, and 3p5�5s ,4d�.

There are many experimental measurements �3,11–21�
and theoretical calculations �18,22–26� of GOS’s and DCS’s
for the valence-shell excitations of Ar, which were summa-
rized in paper I. However, most of the previous works were
carried out with low incident electron energies �11–16�; the
measured GOS’s were only limited to the transitions to

3p5�4s ,4s�� and 3p5�4p ,4p�� �3,17–21�. To the best of our
knowledge, only Amusia et al. �26� calculated the GOS’s for
the electric-monopole and electric-quadrupole excitations in
3p→5p using the Hartree-Focrk �HF� and random phase ap-
proximation with exchange �RPAE� methods.

With the above survey, most of previous works were car-
ried out with low incident electron energies, in which the
transitions between states with different spin multiplicities
are possible as a result of electron exchange effects �27�. For
sufficiently fast electron impact, the influence of the incident
particle upon an atom or molecule can be regarded as a sud-
den and small external perturbation. Thus the cross section
can be factorized into two factors, one dealing with the inci-
dent particle only, the other �GOS� dealing with the target
only, and the exchange effect is negligibly small �27�. The
GOS was defined as �27–29� �in atomic units �a.u.��:
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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
and DCS while �0 and �n are N-electron wave functions for
initial and final states, respectively. r j is the position vector
of the jth electron.

In the present work, the GOS’s for the higher valence-
shell excitations to 3p5�3d ,3d��, 3p5�5p ,5p��, and
3p5�5s ,4d� of Ar were measured at an incident electron en-
ergy of 2500 eV. The GOS profiles for these excitations
were analyzed, and their momentum positions of maxima
were determined. The transition multipolarities for these ex-
citations were elucidated with the help of our calculated in-
termediate coupling coefficients using the COWAN code �30�.*Corresponding author. Electronic address: lfzhu@ustc.edu.cn
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II. EXPERIMENTAL AND THEORETICAL METHOD

A. Experimental method

The experimental method and experimental setup are the
same as in paper I, the impact energy was set at 2500 eV,
and the energy resolution was 75 meV �full width at half
maximum �FWHM��. A typical electron-energy-loss spec-
trum is shown in Fig. 1, where the peaks from A to J are
labeled, the excitations from A to E were analyzed in paper I.
The peak K corresponds to the excitation to 2 1P of helium,
which is used to calibrate the data. Since every one of peaks
F– I includes several excitations, the intensity for each exci-
tation was determined by least-squares fitting procedure. In
the fitting procedure, we assume that all excitations have the
same peak profile, which was determined by fitting the first
two excitations of 4s�3/2�1 �peak A� and 4s��1/2�1 �peak B�,
and the energy positions taken from Moore �31� were fixed.
As for the excitation to 2 1P of helium, linear base line was
deducted in the fitting procedure. Figure 2 shows decon-

volved results of the spectrum at the scattering angle of 2°
for the peak F, G, H, and I.

After the intensity for each excitation was obtained, fol-
lowing the same procedure as discussed in paper I, the rela-
tive DCS’s and GOS’s for the transitions in the present mea-
sured energy loss region of 13.9–14.8 eV were determined.
The relative GOS’s for these excitations were converted to
absolute GOS’s by being multiplied by the same scale factor
used to determine the GOS scale for 4s��1/2�1 in paper I.
Because the energy resolution is not high enough, we only
present the sum of GOS’s for the excitations whose energy
level intervals are less than 40 meV.

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=8% for the weakest transition, �r=5%, �p=5%, �n=5%,
and �d=12%. The total errors are less than 17%.

B. Calculational method

The calculations of the intermediate coupling coefficients
for the lowest 39 levels of Ar were performed with the
COWAN code �30�. The method of calculation was described
in detail by Clark et al. �32,33�, and summarized in paper I
and our recent work �2�.

For the present calculations, a 36-configuration basis set
was used and the calculated excitation energies are consistent
with the Moore levels �31� within 0.07 eV. The calculated
intermediate coupling coefficients and the energy levels that
are involved in the peak F, G, H, and I are listed in Table I.
The other calculated intermediate coupling coefficients and
the energy levels that are involved in the peaks A, B, C, D,
and E have been listed in Table I of paper I.

III. RESULTS AND DISCUSSIONS

From Table I it can be noticed that the excited states of
5s�3/2�2, 5s��1/2�0, and 5p�5/2�3 only consist of the triplet
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 �27�, the contributions of the excitations
from the ground state of 1S0 to the triplet components can be
neglected. Thus these excitations were not observed in the
present spectra. In addition, the magnetic-dipole excitations
to 5p�1/2�1, 5p�3/2�1, 5p��3/2�1, and 5p��1/2�1, as well as
the magnetic quadrupole excitations to 3d�5/2�2, 3d��5/2�2,
and 3d�3/2�2, should not appear in the present spectra based
on their singlet components �1,2,34�. Therefore, according to
the singlet components shown in Table I, the observed tran-
sitions of Ar in our concerned energy region consist of the
electric-monopole excitations to 5p�1/2�0 and 5p��1/2�0,
electric-dipole excitations to 3d�1/2�1, 5s�3/2�1, 3d�3/2�1,
5s�1/2�1, 3d��3/2�1, and 4d�1/2�1, and electric-quadrupole
excitations to 5p�5/2�2, 5p�3/2�2, and 5p��3/2�2, as well as
electric-octupole excitations to 3d�7/2�3, 3d�5/2�3,
3d��5/2�3, and 4d�7/2�3. Herein the intensity of electric-

θ

FIG. 1. A typical electron-energy-loss spectrum of Ar+He at the
impact energy of 2500 eV and the scattering angle of 2°.

FIG. 2. The deconvolved result of the spectrum for the peaks F,
G, H, and I at the scattering angle of 2.0°. Solid squares, the ex-
perimental data; solid line, the fitted results.
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dipole transition to 3d�1/2�1 was too low to be observed
because of the very low value of the singlet component
shown in Table I. Based upon above discussion, the transi-
tion multipolarities for F– I were assigned and shown in
Table I.

In the following we will discuss the GOS’s for the
valence-shell excitations of Ar �the data are shown in Table
II�. First, we will discuss the dipole-allowed transitions. The
present GOS’s of the electric-dipole transitions to 3d�3/2�1

and 3d��3/2�1 are shown in Figs. 3 and 4. It can be seen that

TABLE I. The intermediate coupling coefficients and the assignments for peaks from F to I. The energy levels from Moore �31� and from
our calculations are listed. E0, E1, E2, E3, M1, M2, and T represent the electric-monopole, electric-dipole, electric-quadrupole, electric-
octupole, magnetic-dipole, magnetic-quadrupole, and spin-forbidden transitions from the ground state �3p6 1S0�, respectively.

Peak JL designation Intermediate coupling Tran. E �eV�
COWAN

E �eV�
Moore

3p53d�1/2�1 +0.9662�3p53d 3P1�−0.1119�3p55s 1P1�
+0.1147�3p53d 1P1�−0.1216�3p54d 3P1�

E1 13.908 13.864

F1 3p53d�7/2�3 0.8752�3p53d 3F3�−0.2118�3p53d 1F3�
+0.2880�3p53d 3D3�

E3 14.007 14.013

F2 3p55s�3/2�1 0.7485�3p55s 1P1�−0.6588�3p55s 1P3� E1 14.109 14.090

F F3 3p53d�5/2�3 0.4464�3p53d 3F3�+0.6908�3p53d 1F3�
−0.5682�3p53d 3D3�

E3 14.089 14.099

F4 3p53d�3/2�1 −0.1452�3p53d 3P1�+0.8941�3p53d 1D3�
+0.4147�3p53d 1P1�

E1 14.170 14.153

3p53d�5/2�2 0.8073�3p53d 3F2�+0.5855�3p53d 1D2� M2 14.056 14.063

3p55s�3/2�2 0.9668�3p55s 3D2� T 14.090 14.068

3p53d��5/2�2 0.1862�3p53d 3P2�−0.4546�3p53d 3F2�
0.6253�3p53d 1D2�−0.5940�3p53d 3D2�

M2 14.199 14.214

3p53d�3/2�2 −0.2286�3p53d 3P2�−0.3714�3p53d 3F2�
+0.1215�3p55s 3P2�+0.5097�3p53d 1D2�

+0.7281�3p53d 3D2�

M2 14.199 14.214

G1 3p53d��5/2�3 −0.1769�3p53d 3F3�+0.6897�3p53d 1F3�
+0.6990�3p53d 3D3�

E3 14.218 14.236

G G2 3p55s�1/2�1 0.1326�3p53d 3P1�+0.6506�3p55s 1P1�
+0.7439�3p55s 3P1�

E1 14.266 14.255

G3 3p53d��3/2�1 −0.4053�3p53d 3D1�+0.8403�3p53d 1P1�
−0.1266�3p54d 3D1�+0.1175�3p54d 1P1�

E1 14.349 14.304

3p55s��1/2�0 0.9927�3p55p 3P0� T 14.252 14.241

H1 3p55p�5/2�2 0.6729�3p55p 1D2�+0.4443�3p55p 3P2�
−0.5914�3p55p 3D2�

E2 14.508 14.506

H H2 3p55p�3/2�2 −0.1675�3p55p 1D2�+0.8698�3p55p 3P2�
+0.4628�3p55p 3D2�

E2 14.529 14.529

H3 3p55p�1/2�0 0.8283�3p55p 3P0�+0.5587�3p55p 1S0� E0 14.592 14.576

3p55p�5/2�3 0.9997�3p55p 3D3� T 14.501 14.499

3p55p�1/2�1 0.9030�3p55p 3S1�+0.4157�3p55p 3P1� M1 14.475 14.464

3p55p�3/2�1 0.2322�3p55p 3S1�+0.7184�3p55p 1P1�
+0.4239�3p55p 3D1�−0.4989�3p55p 3P1�

M1 14.526 14.525

3p55p��3/2�1 −0.4803�3p55p 1P1�+0.8750�3p55p 3D1� M1 14.672 14.681

3p55p��1/2�1 −0.3499�3p55p 3S1�+0.5021�3p55p 1P1�
+0.2304�3p55p 3D1�+0.7554�3p55p 3P1�

M1 14.679 14.687

I1 3p55p��3/2�2 0.7203�3p55p 1D2�−0.2125�3p55p 3P2�
+0.6598�3p55p 3D2�

E2 14.679 14.688

I2 3p54d�1/2�1 0.9437�3p54d 3P1�+0.1846�3p54d 3D1�
+0.1585�3p54d 1P1�−0.1379�3p55d 3P1�

E1 14.756 14.711

I I3 3p55p��1/2�0 −0.1870�3p54p 1S0�−0.5329�3p55p 3P0�
+0.7821�3p55p 1S0�−0.1524�3p56p 3P0�

E0 14.753 14.738

I4 3p54d�7/2�3 0.8170�3p54d 3F3�−0.1566�3p54d 3D3�
−0.5435�3p54d 1F3�

E3 14.793 14.781
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their GOS’s decrease quickly with the increase of momen-
tum transfer in lower K2 region, which is the typical charac-
ter of the dipole-allowed transition. It is noticed that GOS of
the transition to 3d��3/2�1 has a shoulder at about K2

=2 a.u. �see the inset graphs in Fig. 4�. The solid lines in
Figs. 3 and 4 are the fitted results using the Lassettre formula
�35�. The extrapolated optical oscillator strengths �OOS’s�
are 0.085 and 0.105, which are in agreement with the results
of 0.0929 and 0.106 measured by the dipole �e ,e� method
�36�.

Second, we will discuss the dipole-forbidden transitions
in 3p→5p. The GOS’s of the electric-monopole transition to
5p�1/2�0 are shown in Fig. 5 and compared with the calcu-
lated ones using the HF and RPAE methods �26�. The GOS

maximum for the electric monopole transition to 5p�1/2�0

locates at about K2=0.4 a.u., which is in agreement with the
calculated one. However, the present GOS profile is different
from the calculated one. It can be seen that the present GOS
has a maximum at about K2=0.4 a.u. and a shoulder at about
K2=3 a.u.; similar GOS profiles have been observed for the
electric-monopole transitions in 3p→4p �paper I�. However,
the theoretical predictions by Amusia et al. �26� have only
one maximum. Besides, there is an obvious difference in
absolute values between present results and the theoretical
ones in K2�0.3 a.u. and 1.4�K2�3 a.u. It should be em-
phasized that the present GOS’s in the lower K2 region
should have larger errors resulting from the deconvolution

TABLE II. The GOS’s for the excitations to 3p5�3d ,3d� ,5p ,5p� ,5s ,4d�. The numbers in square brackets denote the power of 10.

K2 3d�3/2�1 3d��3/2�1 5p�1/2�0 5p�5/2�2+5p�3/2�2 3d�7/2�3

0.019 7.94�−2� 9.67�−2� 1.60�−3� 4.54�−4�
0.061 6.43�−2� 7.64�−2� 1.94�−3� 1.15�−3�
0.13 5.17�−2� 6.29�−2� 3.79�−3� 1.98�−3�
0.23 4.35�−2� 4.98�−2� 3.58�−3� 2.65�−3� 2.09�−4�
0.35 2.65�−2� 3.34�−2� 3.57�−3� 2.69�−3� 8.84�−4�
0.51 1.77�−2� 2.22�−2� 3.16�−3� 2.33�−3� 1.37�−3�
0.69 1.10�−2� 1.35�−2� 2.95�−3� 2.37�−3� 1.61�−3�
0.90 5.44�−3� 6.51�−3� 2.34�−3� 1.79�−3� 2.15�−3�
1.14 3.01�−3� 2.93�−3� 1.92�−3� 5.26�−4� 1.89�−3�
1.40 2.24�−3� 2.19�−3� 1.49�−3� 4.35�−4� 1.72�−3�
1.69 1.91�−3� 1.94�−3� 7.63�−4� 1.83�−4� 1.29�−3�
2.01 1.61�−3� 2.05�−3� 5.94�−4� 1.95�−4� 1.27�−3�
2.36 1.57�−3� 1.91�−3� 4.07�−4� 1.27�−4� 9.08�−4�
2.74 1.20�−3� 1.45�−3� 3.36�−4� 2.52�−4� 5.16�−4�
3.14 9.71�−4� 1.62�−3� 4.22�−4� 6.21�−5� 6.12�−4�
3.57 1.03�−3� 1.09�−3� 3.51�−4� 1.42�−4� 3.04�−4�
4.03 7.04�−4� 7.47�−4� 2.08�−4� 9.39�−5� 2.25�−4�

K2 4d�7/2�3 5s�3/2�1+3d�5/2�3 3d��5/2�3+5s�1/2�1 5p��3/2�2+4d�1/2�1+5p�1/2�0

0.01 2.59�−2� 9.51�−3� 2.99�−3�
0.06 2.21�−2� 7.61�−3� 4.12�−3�
0.13 2.03�−2� 7.52�−3� 5.67�−3�
0.23 1.02�−5� 1.63�−2� 4.79�−3� 5.52�−3�
0.35 5.28�−4� 1.11�−2� 2.96�−3� 5.52�−3�
0.51 1.12�−3� 9.06�−3� 3.07�−3� 5.10�−3�
0.69 8.32�−4� 7.08�−3� 4.12�−3� 4.59�−3�
0.90 2.07�−3� 6.81�−3� 3.73�−3� 2.36�−3�
1.14 1.77�−3� 5.78�−3� 3.45�−3� 1.39�−3�
1.40 2.03�−3� 5.30�−3� 3.69�−3� 6.80�−4�
1.69 1.36�−3� 3.63�−3� 2.21�−3� 2.24�−4�
2.01 1.48�−3� 3.55�−3� 2.35�−3� 2.70�−4�
2.36 1.25�−3� 2.36�−3� 1.36�−3� 4.40�−4�
2.74 7.80�−4� 2.05�−3� 1.24�−3� 6.73�−4�
3.14 8.12�−4� 1.83�−3� 9.92�−4� 1.67�−4�
3.57 5.09�−4� 1.20�−3� 6.93�−4� 2.34�−4�
4.03 3.88�−4� 8.80�−4� 6.03�−4� 1.98�−4�
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procedure because of the low intensities at small scattering
angles.

Figure 6 shows the sum of the GOS’s for the electric-
quadrupole excitations to 5p�5/2�2 and 5p�3/2�2 and the
comparison with the calculated ones �26�. It can be seen that
the GOS maximum locates at about K2=0.35 a.u., which is
in agreement with the calculated one. However, it is noticed
that the present GOS’s profiles are different from the theo-
retical predictions by Amusia et al. �26�. The present GOS’s
increase more quickly in K2�0.13 a.u. while they decrease
more quickly in K2�0.9 a.u. than the calculated ones. Be-
sides, there is large difference between them about the abso-
lute values in the larger K2 region. This indicates that further
experimental and theoretical investigations of the electric-
monopole and electric-quadrupole excitations in 3p→5p are
greatly recommended.

The GOS’s for the electric-octupole transitions to
3d�7/2�3 and 4d�7/2�3 are shown in Figs. 7 and 8, respec-
tively. For the GOS of the excitation to 3d�7/2�3, only one
maximum locates at about K2=1.0 a.u. Similarly, the GOS of
the excitation to 4d�7/2�3 has only one maximum, which

locates at about K2=1.2 a.u. There is no theoretical calcula-
tions for comparison.

Finally, we will discuss the mixed transitions; each of
them contains both dipole-allowed and dipole-forbidden
transitions. Figure 9 shows the sum of GOS’s for excitations
to 5s�3/2�1 and 3d�5/2�3. It can be seen that the GOS’s
decrease with increasing of the momentum transfer in the
lower-K2 region, which is the typical character of dipole-
allowed transitions; here, the contribution from 5s�3/2�1 is
dominating. There is a shoulder at about K2=1.0 a.u., which
should be due to the excitation to 3d�5/2�3 since the GOS for
electric-octupole excitation has a maximum around K2

=1.0 a.u. The extrapolated OOS for the GOS’s is 0.0259,
which is in agreement with the result �0.0241� of 5s�3/2�1

measured by the dipole �e ,e� method �36�.

FIG. 3. The GOS’s for the excitation to 3d�3/2�1 �peak F4�.
Solid squares, present results; solid line, present fitted results.

FIG. 4. The GOS for the excitation to 3d��3/2�1 �peak G3�.
Solid squares, present results; solid line, present fitted results.

FIG. 5. The GOS for the electric-monopole excitation to
3p55p�1/2�0 �peak H3�. Solid squares, present results; dashed line,
present fitted results; solid line, RPAE calculation �26�; dotted line,
HF calculation �26�. Here the theoretical calculations are multiplied
by the square of the intermediate coupling coefficient of the singlet
component 3p55p1S0 calculated by this work.

FIG. 6. The sum of GOS’s for the electric-quadrupole excita-
tions to 3p55p�5/2�2 and 3p55p�3/2�2 �peaks H1 and H2�. Solid
squares, present results; dashed line, present fitted results; solid line,
RPAE calculation �26�; dotted line, HF calculation �26�. Here the
theoretical calculations are multiplied by the sum of the squares of
the intermediate coupling coefficients of the singlet component
3p55p1D2 calculated by this work.

GENERALIZED OSCILLATOR STRENGTHS FOR SOME … PHYSICAL REVIEW A 75, 032701 �2007�

032701-5



Figure 10 shows the sum of GOS’s for transitions to
3d��5/2�3 and 5s�1/2�1. It can be seen that there are a dip at
about K2=0.4 a.u. and a shoulder at about K2=1.0 a.u. The
decrease with increasing of momentum transfer in lower K2

is mainly the contribution from the dipole-allowed excitation
to 5s�1/2�1. The dip is the combined effect of excitations to
3d��5/2�3 and 5s�1/2�1 since the GOS for the electric-dipole
excitation decreases quickly with increasing of the momen-
tum transfer in the lower-K2 region, while the GOS for
electric-octupole excitation is reverse �see Fig. 7�. The shoul-
der at about K2=1.0 a.u. attributes to the contribution from
the excitation to 3d��5/2�3 as discussed above. The extrapo-
lated OOS for the GOS’s is 0.0103, which is smaller than the
result �0.0122� of 5s�1/2�1 measured by the dipole �e ,e�
method �36�. The difference may be attributed to the errors
resulting from the deconvolution and extrapolation proce-
dures.

It can be seen from Table I that the electric-octupole ex-
citations to 3d�7/2�3, 3d�5/2�3, and 3d��5/2�3 �peaks F1,
F3, and G1� have the same singlet components of 3d 1F3 in
the intermediate scheme. The intermediate coupling coeffi-
cients of 3d 1F3 are 0.2118, 0.6908, and 0.6897, respectively.
Therefore, the ratio of the GOS’s for them should be about
0.21182:0.69082:0.68972
1:11:11. However, the present
experimental ratio is about 0.002:0.007:0.004=2:7 :4 �see
Figs. 7, 9, and 10�; herein, the contributions from the
electric-dipole excitations to 5s�3/2�1 and 5s�1/2�1 were not
taken into account. This shows that the present calculations
of intermediate coupling coefficients still need to be im-
proved.

The GOS for the excitations to 5p��3/2�2+4d�1/2�1

+5p��1/2�0 is shown in Fig. 11. The extrapolated OOS is
0.0028, which is agreement with the result �0.0025� of
4d�1/2�1 measured by the dipole �e ,e� method �36�.

IV. SUMMARY AND CONCLUSION

The valence-shell excitations of Ar were investigated by
an incident electron energy of 2500 eV. The excitations are

FIG. 7. The GOS for the excitation to 3d�7/2�3 �peak F1�. Solid
and open squares, present results; the data shown as open squares
are less reliable because of the contamination in the deconvolution
from the neighboring strong peaks F2+F3; solid line, present fitted
results.

FIG. 8. The GOS for the excitation to 4d�7/2�3 �peak I4�. Solid
and open squares, present results; the data shown as open squares
are less reliable because of the contamination in the deconvolution
from the neighboring strong peaks J and I1+ I2+ I3; solid line,
present fitted results.

FIG. 9. The GOS for the excitations to 5s�3/2�1+3d�5/2�3

�peak F2 and F3�. Solid squares, present results; solid line, present
fitted results.

FIG. 10. The GOS for the excitations to 3d��5/2�3+5s�1/2�1

�peaks G1 and G2�. Solid squares, present results; solid line, present
fitted results.
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classified as electric-monopole, electric-dipole, electric-
quadrupole, and electric-octupole transitions with the help of
our calculated intermediate coupling coefficients. Further-
more, the GOS’s for the excitations to

3p5�3d ,3d� ,5p ,5p� ,5s ,4d� of Ar have been determined in
the K2 region of 0.019−4.03 a.u. The GOS’s for the electric-
monopole and electric-quadrupole excitations in 3p→5p
were compared with the theoretical calculations by Amusia
et al. �26� with the HF and RPAE methods. The present
maximum positions for the electric-monopole and electric-
quadrupole excitations in 3p→5p are in agreement with the
calculated ones �26�. However, the profiles of GOS’s have
apparent differences between the theoretical calculations and
experimental results. Furthermore, the measured GOS ratios
�2: 7: 4� for the electric-octupole transitions 3d�7/2�3,
3d�5/2�3, and 3d��5/2�3 are different from the ones �1: 11:
11� calculated from the present intermediate coupling coeffi-
cients. So further theoretical investigations of the electric-
monopole, electric-dipole, electric-quadrupole, and electric-
octupole excitations are greatly recommended.
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