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Generalized oscillator strengths for 5s, 5s8, and 5p excitations of krypton

Wen-bin Li,1 Lin-fan Zhu,1,* Xiao-jing Liu, Zhen-sheng Yuan,1 Jian-min Sun,1 Hua-dong Cheng,1

Zhi-ping Zhong,2 and Ke-zun Xu1
1Laboratory of Bond-Selective Chemistry, Department of Modern Physics, University of Science and Technology of China

Hefei, Anhui, 230027, China
2Department of Physics, the Graduate School of the Chinese Academy of Sciences, P.O. Box 3908, Beijing 100039, Chin

~Received 11 January 2003; published 19 June 2003!

The absolute generalized oscillator strengths~GOSs! for 5s, 5s8, 5p @5/2#3,2, 5p @3/2#1,2, and 5p @1/2#0

transitions of krypton have been determined in a largeK2 region at a high electron-impact energy of 2500 eV.
The positions of the minima and maxima of these GOSs have been determined. The present results show that
the angular resolution and pressure effect have great influence on the position and the amplitude of the
minimum for the GOS of 5s15s8 transitions. When these effects are considered, the measured minimum
position for the GOS of 5s15s8 transitions is in excellent agreement with the calculation of Chen and
Msezane@J. Phys. B33, 5397~2000!#.
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I. INTRODUCTION

Krypton has been applied extensively in many fields, su
as the plasma diagnostics for the thermonuclear rea
plasma processing of flat-panel displays technology, pu
ing mechanisms in KrF gas-laser system. In addition, th
are tremendous challenges for theoretical models becau
the complications of many-electron heavy atom and non-
coupled nature in krypton. Furthermore, a comparison of
shape as well as the absolute magnitude of the measured
calculated generalized oscillator strengths~GOSs! profiles
can help both in the evaluation of computational procedu
and in determining correct spectral assignments@1#, and the
deviation of the magnitudes and positions of the minima
maxima predicted by theoretical calculations from expe
mental results will serve as a test of the Born approximat
as well as the accuracy of the wave function@2#. Therefore,
the differential cross sections~DCSs! and GOSs for electron
impact are needed greatly in the industrial application as w
as in the fundamental atomic collision processes.

The GOS was introduced to describe the electron collis
processes by Bethe and Inokuti@3,4#, which is defined as~in
atomic units!

f ~E,K !5
E

2

p0

pa
K2

ds

dV
. ~1!

Here f (E,K) and ds/dV stand for GOS and DCS, respe
tively. E and K are the excitation energy and momentu
transfer, respectively, whilep0 and pa are the incident and
scattered electron momenta, respectively.

There are many DCS measurements for krypton with
cident electron energy lower than 100 eV@5–8#, which have
been summarized by Khakooet al. @9#. Guo et al. @10# re-
cently measured and calculated the absolute DCSs for
eral transitions at 12–20-eV incident electron energy and
tained the differential cross sections ratios of the four 4p55s
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transitions. For the middle and high electron-impact ene
studies, only a few researchers reported the GOSs for sev
excitations of krypton. Wonget al. @11# reported a minimum
and a maximum in the relative GOS for 5s15s8 excitations
with 25-keV incident electrons, their energy resolution is
eV that is not good enough to resolve 5s and 5s8 transitions,
and the GOS profile was much different from theoretic
work ~see Sec. III!. Delâge and Carette@12# measured the
apparent generalized oscillator strengths for transitions lo
than 13.5 eV with impact energies from 15 to 400 eV. Taka
anagiet al. @13# also reported the GOSs for 5s and 5s8 tran-
sitions with high energy resolution of 25–40 meV and in
dent energies of 300 and 500 eV. But theirK2 region was
limited to 0.018–1.04 a.u., the positions of the minimum a
maximum for the GOSs of 5s and 5s8 transitions could not
be covered. As for the dipole-forbidden transitions of 4p6

→4p5(3/2)5p, the only available GOSs measurement w
made by Suzuki@14# with incident electron energies of 100
300, and 500 eV, but they only observed the first maxim
because of the limitedK2 region.

With regard to theoretical researches, many calculati
were performed for the GOSs of the 4p6→4p55s,5s8 tran-
sitions @2,15–20#. Briefly, Kim et al. @2# measured and cal
culated the first minimum of GOS for the 4p6→4p55s tran-
sition. Utilizing the analytic atomic independent partic
model, Ganas and Green@15# calculated the generalized os
cillator strengths for the single-particle excitation of the ra
gases and their work shows a very complex nodal struc
of GOSs at largeK2 region. Dependence of GOSs extrem
on momentum transfer and effective nuclear charge
atomic transition were systematically studied by Miller@16#
in the first Born approximation within a one-electron a
proximation employing scaled hydrogenlike orbitals. Pad
@17# computed the GOSs of 5s and 5s8 using the relativistic
local-density-potential method. Recently, the GOSs for
transitions of 4p5(5s15s8) were calculated by Shiet al.
@18# to investigate the relativistic, correlation, and relaxati
effects. Furthermore, the positions of the characteristic m
mum and maximum in the GOS for the same transitio
were reported by Chen and Msezane@19# using the random-
©2003 The American Physical Society08-1
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TABLE I. The positions of minima and maxima for GOSs of 5p @5/2#3,2, 5p @3/2#1,2, and 5p @1/2#0

transitions of krypton.

The first maximaK2 ~a.u.! The first minimaK2 ~a.u.! The second maximaK2 ~a.u.!

Present work Ref.@14# Present work Present work

5p @5/2#3,2 0.19 0.23 1.61 3.39
5p @3/2#1,2 0.17 0.21 1.55 3.37
5p @1/2#0 0.20 0.22 1.74 3.54
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phase approximation with exchange effect and the Hart
Fock approximation. To investigate many-electron corre
tion effects, Amusiaet al. @20# calculated GOSs for the
monopole, dipole, and quadrupole, discrete and continu
excitation spectrum of the rare gases.

All the previous experimental studies were somewhat l
ited, so it is necessary to continue experimental study at h
energy, high-energy resolution and covering a largeK2 re-
gion. In this work, we reported generalized oscillat
strengths of 5s and 5s8 with an energy resolution of 65 meV
at an incident electron energy of 2500 eV forK2 region of
0.07–4.0 a.u. It was found that the pressure effect and ins
mental angular resolution have great influence on the m
sured amplitude and positions of the extrema, which will
described in detail in Sec. III. We also determined the GO
for the nondipole transitions of 5p @5/2#3,2, 5p @3/2#1,2 and
5p @1/2#0 excitations and found that there were two maxim
and one minimum in their GOSs, these were listed in Tab
~see Sec. III!. To the best of our knowledge, it is the first tim
the characteristic extrema for these resolved forbidden t
sitions of krypton were studied.

II. EXPERIMENTAL METHOD

The angular-resolved electron-energy-loss spectrom
used in this experiment has been described in detail in R
@21–23#. Briefly, it consists of an electron gun, a hemisphe
cal electrostatic monochromator made of aluminum,
rotable energy analyzer of the same type, an interac
chamber, a number of cylindrical electrostatic lenses, an
one-dimension position sensitive detector for detecting
scattered electrons. All of these components are enclose
four separate vacuum chambers made of stainless steel
impact energy of the spectrometer can be varied from 1
keV. For the present experiment, the impact energy was s
2500 eV and the energy resolution was 65 meV@full width at
half maximum~FWHM!#. The background pressure in th
vacuum chamber was 331025 Pa. The true zero angle wa
calibrated by the symmetry of the angular distribution of t
4p6→4p5(5s15s8) inelastic scattering signal around th
geometry nominal zero. The angular resolution is about 1
FWHM at present.

In order to determine the GOSs of 5s, 5s8, and 5p, the
electron-energy-loss spectra have been measured from
to 8.5° with an interval of 0.5°, which correspond to diffe
ent momentum transfer. A typical electron-energy-loss sp
trum is shown in Fig. 1. In the energy-loss region of 9.
12.5 eV, the transitions of 5p @5/2#3,2, 5p @3/2#1,2, and 5p
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@1/2#0 are well separated at an energy resolution of 65 m
In order to minimize the system errors caused by the in
bility of the intensity of the incident electron beam, the d
pole forbidden transitions of 4p6→4p5(P3/2)5p at the angle
of 3° were measured before and after the measuremen
the electron-energy-loss spectra at individual angle, and
intensity of individual transition was normalized by the ar
of the forbidden transitions of 4p6→4p5(P3/2)5p. Besides
the instability of the incident electron beam, two types
double scattering processes could also cause errors in
DCS measurements, which have been described in deta
Ref. @22#. Because the cross section of double scattering p
cess depends on the square of pressure, while the cross
tion of the single scattering process depends on pressure
relation between the measured intensity ratios and pressu
as follows:

I p~u!

I re f~u!
'S I p~u!

I re f~u! D
P50

1c~u!P. ~2!

Here c(u) is a coefficient which depends on the scatteri
angle and the cross section of the measured excitation.I p(u)
andI re f(u) represent the intensity of individual excitation
be measured and the inelastic excitation of 4p5(P3/2)5p, re-
spectively. (I p(u)/I re f(u))P50 is a ratio extrapolated to zer
gas pressure. There are some differences between the pr
and our previous methods@22#. In our previous work, the
I re f(u) represents the scattering intensity of elastic exc

FIG. 1. A typical electron-energy-loss spectrum of krypt
taken at the pressure of 231023 Pa.
8-2
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tion. In the present measurement, the inelastic excitation
4p5(P3/2)5p was used instead of the elastic excitation b
cause of the saturation of the intensity for the elastic sca
ing even at large angles when the one-dimension posi
sensitive detector is used. In this experiment, we meas
the electron-energy-loss spectra at different low pressure
every measured angle. The values of@ I p(u)/I re f(u)#P50
were obtained by using the least-squares fit to the data po
I p(u)/I re f(u) after the correction of instability of the beam
current. Some results for double-scattering correction ofs
transition are shown in Fig. 2, the lines are the least-squ
fits of the data points. It is obvious that the pressure effec
very strong for this transition, it is also the same case for
5s8 transition. At the angle of 5.0°, the ratio ofI p(u)/I re f(u)
at the pressure of 831023 Pa is about eight times as large
the extrapolated value of@ I p(u)/I re f(u)#P50. So, the pres-
sure effect should be corrected very carefully.

In the present experiment, a gas cell was used and
reaction region is not a ‘‘point’’ but a ‘‘line.’’ At large scat-
tering angles, the scattering length seen by the analyze
proportional to 1/sin(u). However, at small scattering angle
the scattering length is not proportional to 1/sin(u) for the
fixed length of the gas cell@22#. In addition, the different
experimental condition, such as the different incident ene
or electronic optics, will affect the angular factorA(u). So,
the angular factorA(u) must be remeasured before a ne
experiment. Briefly, it was obtained by dividing the DC
values of 11S→21P transition for helium from Kim and In-
okuti @24# by the measured counts for this transition at d
ferent angles with the results normalized at 7°. In additi
the angular resolution has a great influence on the meas
ment of DCSs at small angles. Using the method describe
Ref. @25#, the angular resolution of 1.2° was determined a
the influence of angular resolution was corrected for GO
measurements of small angles less than 2°.

III. RESULTS AND DISCUSSION

In this section, the GOSs of 5s, 5s8 are reported first and
compared with the available experimental and theoretica

FIG. 2. Intensity ratiosI p(u)/I re f(u) as a function of pressure
for 5s transition.
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sults, then the apparent GOSs of the 5p @5/2#3,2, 5p
@3/2#1,2, and 5p @1/2#0 dipole-forbidden transitions are re
ported.

After the electron-energy-loss spectrum was obtain
each peak area for the 5p @5/2#3,2, 5p @3/2#1,2, and 5p
@1/2#0 dipole-forbidden transitions at every angle was det
mined by the least-squares-fitting program. During the fitt
procedure, we assumed that all of them have the same
profile and their energy positions taken from the spect
scopic data given by Moore@26# were locked. After correct-
ing the instability of beam current, the effects of double sc
tering, the angular factorsA(u), and the angular resolution a
small angle, the relative DCSs and relative GOSs for thes,
5s8, 5p @5/2#3,2, 5p @3/2#1,2, and 5p @1/2#0 excitations
were determined. According to the Lassettre limit theore
the GOS converges to the optical oscillator strength~OOS!
as K2→0. The relative GOS of 5s excitation was extrapo-
lated using the following formula@27#:

f ~E0 ,K !5
1

~11x!6 F f 01 (
n51

m

f kS x

11xD nG . ~3!

Herex5K2/a2, a5(2I )1/21@2(I 2E)#1/2, andE and I are
the excitation energy and the ionization threshold, resp
tively. Here,f 0 is the OOS andf k are the fitted constants. B
this procedure, the relative GOS of 5s excitation was nor-
malized to the OOS of 0.214 determined by Dipole (e, e)
method@28#. Then, the GOSs for other transitions were d
termined with reference to 5s transition.

The overall errors in this work came from the statistics
counts,ds , angular determination and angular factorda , an-
gular resolution determination for small angled r , pressure
correctiondp , and the normalizing proceduredn as well as
the error resulting from the deconvolution proceduredd . In
this work, the maximum of each error isds52.5% for the
weakest transition,da54%, d r56%, dp52%, dn510%,
dd53%. The total maximum errors are 13%.

The absolute GOSs and DCSs of 5s and 5s8 transitions
are listed in Table II and illustrated in Fig. 3 along with th
experimental ones of Takayanagiet al. @13# at an incident
electron energy of 500 eV. It can be seen that the GOSs
both of 5s and 5s8 transitions in this work show a minimum
and a maximum which are absent in the work of Takayan
et al. because of their limited momentum transfer. The re
son that present results are higher than that of Takaya
et al. in the region ofK2,0.7 a.u. may be attributed to th
normalizing procedures and the pressure effect. The pre
GOS was normalized to OOS of 5s transition~0.214!, which
is consistent with other results@28#, while the extrapolated
OOS for 5s transition of Takayanagiet al. is much lower
(0.14360.015). For the trends of the GOSs of 5s and 5s8
transitions, the results of Takayanagiet al. drop more slowly
than the present results asK2 increase, which may be cause
by the pressure effect. So, the trends of GOSs will lead t
low OOSs for 5s and 5s8 transitions when using the extrapo
lated formula~3!.

For comparison, the GOSs for the sum of the 5s and 5s8
excitation are shown in Fig. 4 along with previous expe
8-3
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TABLE II. The GOSs and DCSs for 5s, 5s8, 5p @5/2#3,2, 5p @3/2#1,2, and 5p @1/2#0 transitions of krypton. Square brackets denote
power of ten.

GOS DCS (a0
2sr21)

K2 ~a.u.! 5s 5s8 5p @5/2#3,2 5p @3/2#1,2 5p @1/2#0 5s 5s8 5p @5/2#3,2 5p @3/2#1,2 5p @1/2#0

0.07 6.02@23# 2.78@23# 9.13@23# 4.07@21# 1.87@21# 6.06@21#

0.14 9.71@23# 3.76@23# 1.41@22# 3.29@21# 1.26@21# 4.70@21#

0.24 8.10@22# 7.68@22# 8.49@23# 3.30@23# 1.30@22# 1.85 1.65 1.69@21# 6.53@22# 2.55@21#

0.36 3.69@22# 3.47@22# 7.26@23# 2.63@23# 1.13@22# 5.49@21# 4.88@21# 9.48@22# 3.41@22# 1.45@21#

0.52 1.63@22# 1.57@22# 4.82@23# 1.71@23# 7.84@23# 1.71@21# 1.55@21# 4.42@22# 1.55@22# 7.06@22#

0.70 7.01@23# 6.56@23# 3.11@23# 1.09@23# 6.33@23# 5.43@22# 4.79@22# 2.11@22# 7.35@23# 4.22@22#

0.91 2.30@23# 2.32@23# 1.72@23# 5.82@24# 3.80@23# 1.37@22# 1.30@22# 9.00@23# 3.02@23# 1.95@22#

1.15 8.38@24# 8.14@24# 5.72@24# 2.19@24# 2.05@23# 3.96@23# 3.63@23# 2.37@23# 8.99@24# 8.33@23#

1.41 9.95@24# 9.73@24# 2.64@24# 6.22@25# 1.81@23# 3.82@23# 3.52@23# 8.88@24# 2.08@24# 5.99@23#

1.70 1.37@23# 1.30@23# 2.14@24# 1.00@24# 1.38@23# 4.35@23# 3.89@23# 5.96@24# 2.76@24# 3.78@23#

2.02 2.10@23# 1.98@23# 4.13@24# 2.20@24# 1.67@23# 5.61@23# 5.00@23# 9.68@24# 5.12@24# 3.84@23#

2.37 2.26@23# 2.22@23# 6.34@24# 2.41@24# 1.72@23# 5.14@23# 4.77@23# 1.27@23# 4.78@24# 3.38@23#

2.75 2.24@23# 2.42@23# 8.23@24# 3.24@24# 2.13@23# 4.42@23# 4.48@23# 1.42@23# 5.55@24# 3.61@23#

3.15 2.73@23# 2.37@23# 9.24@24# 3.75@24# 2.46@23# 4.68@23# 3.83@23# 1.39@23# 5.60@24# 3.63@23#

3.59 2.33@23# 2.05@23# 9.87@24# 3.85@24# 2.49@23# 3.51@23# 2.92@23# 1.31@23# 5.05@24# 3.24@23#

4.04 1.79@23# 1.63@23# 8.44@24# 3.10@24# 2.37@23# 2.39@23# 2.05@23# 9.89@24# 3.60@24# 2.73@23#
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mental and theoretical works@11,13,19#. The experimental
result of Wonget al. is digitized from Ref.@11# and the the-
oretical one of Chen and Msezane is digitized from R
@19#. The result of Wonget al. is normalized to the presen
data atK250.36 a.u. ForK2,0.7 a.u. region, the presen
results are slightly higher than the experimental ones
Takayanagiet al. and the reasons are discussed above.
the region ofK2.0.7 a.u., the result of Wonget al. is much
higher than the present one, the difference cannot be
plained by the influence of the angular resolution. In Fig.
it has been shown that the pressure effect is very strong
4p55s transition, which would affect the extrapolated inte
sity if the experiments were done in high gas pressures.
difference between the present result and that of Wonget al.
may also be attributed to pressure effect as pointed ou
Wong et al. themselves@11#.

FIG. 3. Absolute GOSs of 5s and 5s8 excitations.
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It is well known that the angular resolution has a gre
influence on the measured DCSs near zero degree, bu
influence of large scattering angles was very small@25,29#.
This consideration is reasonable for the transitions wh
DCSs are monotonically decreasing as the scattering a
increases. But for the transitions whose DCSs have extr
at nonzero angles such as 5s, and 5s8 excitations of krypton,
the instrumental angular resolution would have a large in
ence on the measured DCSs near the extrema position
order to demonstrate the influence of the angular resolu
on the measured GOSs of 5s and 5s8 transitions, the theo-
retical result of Chen and Msezane@19# is convoluted with
an angular response functionA(u) as a Gauss function
A(u)51/A(2p)exp@2u2/(2a2)#, where a5Du/A8 ln 2 and
Du is the present instrumental angular resolution 1
~FWHM!. The dashed line in Fig. 4 is the convoluted res

FIG. 4. Absolute GOSs of 5s15s8 excitations.
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TABLE III. The positions of the minimum and maximum for GOSs of 4p6→4p5(5s15s8) transitions of
krypton.

Experimental Theoretical

Ref. @19#

K2 ~a.u.! Present Ref.@2# Ref. @11# Ref. @2# Ref. @16# Ref. @19# Convoluted results

Minimum 1.24 0.90 1.04 1.21 0.69 1.053 1.25
Maximum 2.97 2.50 1.35 2.40 2.50
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of Chen and Msezane and normalized to the present da
K250.36 a.u. It could be clearly seen that the angular re
lution has great influence on the profiles of the GOSs es
cially for K2 region near the extrema positions. The pres
results are in good agreement with the convoluted one ex
at the largerK2 region in which the present ones are sligh
higher. It has been shown that not only the position but a
the amplitude of the minimum was influenced by the angu
resolution.

The positions of minimum and maximum of GOS f
4p6→4p5(5s15s8) transitions of krypton are listed in
Table III. It is obvious that the positions of the minimum an
maximum for present results are larger than the experime
ones of Wonget al. @11# and the theoretical ones of Chen a
Msezane@19#. From above, it has been shown that the e
trema positions will be changed to higherK2 if the angular
resolution is considered. Furthermore, the GOS of Wo
et al. is larger than ours at the largeK2 which would also
cause the shift of the minimum position to smallerK2. So,
there may be some problems for the experimental resu
Wong et al. and perhaps the difference for the positions
the minimum and maximum between our results and Wo
et al. can be attributed to the pressure effect. As for the
consistency of the maximum position between ours and
of Chen and Msezane, the reason is not clear. More accu
experimental and theoretical researches are expected.

In Table II and Figs. 5–7, the GOSs and DCSs for
dipole-forbidden transitions of 5p @5/2#3,2, 5p @3/2#1,2, and
5p @1/2#0 are shown. The lines in Figs. 5–7 are the pres
fitting results using the polynomials with the following form
@30#:

FIG. 5. Apparent GOSs of 5p @5/2#3,2 excitation.
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f ~E0 ,K !5
x2

~11x2!2 (
n50

m

cnF x

~11x2!1/2G n

. ~4!

Here, cn are the coefficients andx is the same as that in
formula ~3!. Similar to the profile of the GOS for 4p14p8
excitation of Ar @31#, 2p1 excitation of Ne@32#, the GOSs
for 5p @5/2#3,2, 5p @3/2#1,2 and 5p @1/2#0 excitations of
krypton also have two maxima and one minimum in t
presentK2 region. The positions of these extrema are list
in Table I together with those of Suzuki measured at
incident energy of 500 eV@14#.

The inset graphs in Figs. 5–7 show the present results
the ones of Suzuki at the smallK2 in detail. It can be seen
that all of the profiles of the apparent GOSs of 5p @5/2#3,2,
5p @3/2#1,2, and 5p @1/2#0 transitions depend on the impa
energy. The amplitudes of the present GOSs for these tra
tions are inconsistent with those of Suzuki@14#, but there are
same behaviors with the impact energy increase; that is,
apparent GOSs for 5p @5/2#3,2 and 5p @3/2#1,2 excitations
decrease as the impact energy increases, but for 5p @1/2#0
transition it is reverse. For the transitions of 21S and 31S in
He @33# and 2p1 in Ne @32#, it has the same behavior as th
GOS of 5p @1/2#0 transition. Because all the states of 21S in
He, 2p1 in Ne @32#, and 5p @1/2#0 in Kr @10,34# have the
1S0 component in the LS coupling notation, the behavior
these GOSs as impact energy increases may be explaine
the 1S0 to 1S0 transition character@14#. As the pressure ef-
fect has little influence on the measured apparent GOSs
the 5p @5/2#3,2, 5p @3/2#1,2, and 5p @1/2#0 transitions at

FIG. 6. Apparent GOSs of 5p @3/2#1,2 excitation.
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smallK2, the present results for these dipole-forbidden tr
sitions have the same behavior as that of Suzuki@14# in spite
of the large difference between ours and Takayanagiet al.
@13# for the extrapolated OOS of 5s transition measured us
ing the same apparatus.

IV. CONCLUSION

Absolute generalized oscillator strengths for 5s and 5s8
excitations have been obtained for largeK2 region from 0.24
to 4.04 a.u., which are listed in Table II, and their minimu
and maximum are clearly illustrated in Fig. 3 and Table
In Sec. II, it is demonstrated the pressure effect has g

FIG. 7. Apparent GOSs of 5p @1/2#0 excitation.
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n

-
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.
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.

06270
-

.
at

influence on the measurements of DCSs and GOSs fors
and 5s8 transitions of krypton. So the pressure effect sho
be carefully considered especially for atoms and molecu
which have large cross sections. In addition, the instrume
angular resolution has great influence on the position
amplitude of extrema of DCSs and GOSs. After consider
the pressure effect and the instrumental angular resolut
the present results for the GOSs of the sum of 5s and 5s8
transitions are in good agreement with the convoluted th
retical ones of Chen and Msezane@19#. But for the largeK2

region, both the GOSs and the maximum position are lar
than the convoluted ones, which indicates that more accu
theoretical calculations and experimental measurements
needed.

The extrema positions and the apparent generalized o
lator strengths for 5p @5/2#3,2, 5p @3/2#1,2, and 5p @1/2#0
transitions are listed in Tables I and II, respectively. T
amplitudes of the present GOSs for these transitions are
consistent with those of Suzuki@14#, but there are same be
haviors with the impact energy increase. Unfortunately, th
are no theoretical results for these forbidden transitions,
further experimental measurements and theoretical calc
tions are recommended.
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