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Fast-electron-impact study on excitations of 4p, 4s, and 3d electrons of krypton
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Absolute optical oscillator strength densities for the excitations of the electrons 4p, 4s, and 3d have been
measured. Their absolute optical oscillator strengths have also been obtained. An enhancement above the 4p
ionization threshold in the photoabsorption spectrum was assigned as a delayed maximum which arises from
the photoionization process of 4p→ed according to present Dirac-Slater calculation. In the energy region of
4s autoionization, we have observed several features that are absent in previous fast-electron-impact work, but
exist in optical measurements. We clarify this discrepancy here. Two Rydberg series of optically forbidden
transitions, i.e., 4s21ns(1S) (n55,6,7) and 4s21nd(1D) (n54,5,6,7) have been observed when the spec-
trometer worked at conditions with larger momentum transfers, namely,K250.23 a.u. and 0.67 a.u. Further-
more, the absolute optical oscillator strengths for the 3d excitation have been obtained.
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I. INTRODUCTION

The excitation properties of the krypton atom have be
investigated extensively. Energy levels and cross sections
always essential contents of these investigations. To s
these properties, different experimental techniques, includ
total photoabsorption, double-ion chamber, self-absorpt
refraction index determination, phase-matching techniqu
and electron-impact methods, have been used, which w
reviewed by Chanet al. @1,2#. The theoretical relation be
tween high-energy electron scattering and optical excita
has long been understood@3#. Both optical methods and
electron-impact methods have their own advantages
shortcomings. For instance, it is hard to get proper oscilla
strengths for discrete states by photoabsorption meth
based on the Beer-Lambert law because of line-satura
effects @2#, but fast electron-impact method is suitable f
this purpose because of its nonresonant nature. Dipole(e, e)
method was soon recognized as a very convenient appr
to determine accurate optical oscillator strengths for a var
of atoms and molecules@2,4–12#. But on the other side
along with the significant advances in intensity and ene
resolution of synchrotron radiation light sources, the opti
method is taken as an important method to observe the
trafine levels and high Rydberg series in the vacuum ul
violet region@13#.

Chanet al. gave a critical survey for the optical oscillato
strengths~OOSs! of discrete states@1#. Till now, only three
groups@1,14,15# have provided available OOS data for th
discrete transitions of krypton at higher excitation energ
by electron-impact-based methods, other than the usu
measured (2P3/2)5s and (2P1/2)5s by the other experiment
@16–25#. There are some differences for several transition
their measured result. Using a semiempirical calculati
Geiger @14# reported the OOSs for these discrete sta
There was an evident discrepancy between Geiger’s calc
tion and the previous experiments.

For higher energies, namely, in the energy range 24
eV, the 4s→np Rydberg series and some two-electron tra
sitions have been observed, which are autoionization st
1050-2947/2002/66~6!/062701~8!/$20.00 66 0627
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@1,26–29#. The autoionization process was theoretically
vestigated by Fano, who gave a very compact formula
represent the interaction between a resonance and the
tinuum in the atomic~and molecular! spectra@30,31#. But his
formula can only be used to analyze the spectrum with
isolated resonance. In order to describe the profiles of m
tiresonances in this energy region, Mies@32# and Shore@33#
parametrized the cross section in different ways, which
theoretically equivalent@28#.

Samson@26# obtained the spectrum in the 4s autoioniza-
tion energy region for the first time by double-ion chamb
technique. Then Fano and Cooper@31# took his spectrum as
an example to illustrate their formula. Later, using synch
tron radiation method, Ederer@28#, Codling and Madden
@27#, and Flemminget al. @29# studied these autoionizatio
resonances and gave Shore’s parameters for the resonan
files. The agreement among these studies@27–29# is statis-
fying. But Samson’s result@26# cannot be compared directl
with that of the other three investigations because of diff
ent energy resolutions. Chanet al. @1# obtained the optical
oscillator strength density spectrum~OOSDS! in this region
by dipole (e, e) method and found that there was a res
nance~at 24.73 eV! absent in their spectrum which appear
evidently in Samson’s result@26#. So they assigned this reso
nance as peak ‘‘Q. ’’ Till now, there has been no explanatio
for this discrepancy in previous studies. So we measured
spectrum and clarified these discrepancies as describe
Sec. III B.

There are abundant optically forbidden transitions in t
energy region, as studied by Brion and Olsen using thresh
electron-impact spectra@34#, and Baxteret al. using low-
energy impact method@35#. In their studies, the optically
allowed and forbidden transitions cannot be distinguish
unambiguously because both these transitions appeare
the spectrum and overlapped seriously. Based on the
electron angle-resolved electron-energy-loss spectrom
~EELS!, we can distinguish optically allowed and forbidde
transitions as discussed in Sec. III B. So the energy lev
and sequentially the quantum defects of the two Rydb
©2002 The American Physical Society01-1
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series of 4s21ns(1S) (n55,6,7) and 4s21nd(1D) (n
54,5,6,7) have been determined in the present work.

In terms of 3d inner-shell excitations, Kinget al. @36#
obtained energy levels and linewidths for states of 3d5/2np
and 3d3/2np (n55,6,7,8) using EELS method, which ha
served a long time as the best reference for the linewidth
the resonantly excited states in rare gases. As a test for
modified SX-700 plane grating monochromater, Sairan
et al. @37# remeasured the same energy region as Kinget al.
did by synchrotron radiation method and got more accu
linewidths for these states. As a complement for the inform
tion of this energy region, we achieved the absolute OO
for the discrete states of 3d5/2np and 3d3/2np (n55,6,7)
using EELS method.

Samson made a review of absorption spectra for the n
gases@38#. There were some nonhydrogenic features, suc
minima or maxima, appearing in the spectra at the conti
ous energy regions. The phenomena of resonant and non
nant maxima near threshold were discussed by Fano
Cooper @39#. They illustrated that for the electrons with
high angular momentum, e.g.,d or f and so on, there may
exist a double-well effective potential that comes from t
combination of nuclear-electron attraction and centrifu
potential, and the maxima arise from the penetrating of th
electrons, with certain energy, into the atom. In the case
krypton atom, Kennedy@40# reproduced the maxima ob
served by Samson@38# just above the first threshold wit
Hartree-Fock wave functions and gave the same interpr
tion as Fano and Cooper did@39#. Other theoretical studie
@41–44# and experimental researches@1,45# also reported
this phenomenon of maximum above ionization thresho
which was the ‘‘delayed maximum,’’ while they did not in
terpret this phenomenon in detail. Tonget al. @46,47# gave a
more direct description of the relationship between the sh
range phase shift of the final states and the delayed max
and the variation of the maxima position with respect
different atomic ionicities. In the present study, the delay
maximum just above the first ion threshold of krypton w
measured by EELS method and interpreted by the Dir
Slater~DS! approach@48–51#.

II. EXPERIMENTAL AND THEORETICAL METHODS

An angle-resolved high-resolution fast-electron-ener
loss spectrometer~AREELS! was used in the present stud
Detail of this spectrometer was described in Refs.@5,52,53#.
Briefly, it consists of an electron gun, a hemispherical el
trostatic monochromator made of aluminum, a rotatable
ergy analyzer of the same type, an interaction chambe
number of cylindrical electrostatic lenses, and a o
dimensional position sensitive detector for gathering the a
lyzed electrons. All of these components are enclosed in
separate vacuum chambers made of stainless steel. In
present experimental measurements, this spectrometer
operated at an incident electron energy of 2.5 keV and
energy resolution of 60 meV full width at half maximum
~FWHM!. The sample of krypton gas was introduced into t
gas cell in the center of the interaction chamber with the
pressure of 831023 Pa. The measured spectra were the s
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of many repetitive scans and the relative OOSDSs were
tablished by multiplying the electron-energy-loss spectra
the known Bethe-Born conversion factor of the spectrome
Absolute scales were obtained by normalizing optical os
lator strength density at 21.217 eV to Samsonet al.’s result
~38.31 Mb! @54# for the valence and inner-valence shell e
citation, and at 96 eV to Chanet al.’s result ~1.249 Mb! @1#
for the inner-shell excitation. To identify the optically forbid
den transitions, additional energy loss spectra were meas
at 2° and 4° scattering angles.

The wave functions for the initial and final states we
obtained by DS approach based on a self-consistent-field
culation @48–51# and the independent particle approxim
tion. The quantum defects for the channels ofs1/2, p1/2,
p3/2, d3/2, andd5/2 were obtained simultaneously. And the
the OOSDSs of transitions from the ground state to th
channels were calculated on the level of first Born appro
mation. Considering the change of quantum defects@46,47#
and the calculated OOSDSs, one can understand why the
a delayed maximum just above the 4p ionization threshold.

III. RESULTS AND DISCUSSION

A. In the energy region of valence shell excitations

The OOSDS for the discrete transitions is shown in Fig
and the OOSs, which are achieved by a least-square fit
program, are tabulated in Table I with the previous electr
impact@1,14–16# and optical@17–25# studies. The estimated
errors are listed in parentheses. The assignments of the

ergy levels are taken from Moore’s table@55#. The nd@ 1
2 #

andnd@ 3
2 # states which converge to the same2P3/2 limit are

labeled asnd andndI , respectively. For the energetically re
solved peaks, such as 5s, 5s8, 4d, 5d, all of these four
groups gave the close strengths. But for the unresol
peaks, discrepancies become larger. Nevertheless, the
mation of OOSs for the unresolved peaks is coincident
cept for Geiger’s results@14# ~listed in Table II!. So the dis-
crepancies mentioned above may come from the fitt

FIG. 1. Optical oscillator strength density spectrum for the d
crete energy region. The assignments are taken from Ref.@55#. The

nd@
1
2 # andnd@

3
2 # states which converge to the same2P3/2 limit are

labeled asnd andndI , respectively.
1-2
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TABLE I. Optical oscillator strengths for the valence shell excitations.

Energy
level ~eV!

Oscillator strengths (f )

Theory
Geigera

Electron-impact method

Present work Chanb Geigera Natalic Takayanagid Optical Methods

(2P3/2)5s 10.033 0.250 0.214~0.012! 0.214 0.195 0.212 0.143 0.155,e 0.208,f 0.187,g

0.21,h 0.204,i 0.159,j 0.166k

(2P3/2)6s 12.385 0.108 0.147~0.010! 0.154 0.142 0.152
(2P3/2)7s 13.114 0.0436 0.0808~0.008! 0.113 0.187l 0.048
(2P3/2)8s 13.437 0.0163 0.0113~0.0008! 0.0203 0.054m 0.0290

(2P3/2)4d 12.037 0.0144 0.0052~0.0003! 0.0053 0.0055 0.0044
(2P3/2)5d 12.870 0.0114 0.0158~0.0009! 0.0140 0.014 0.0138
(2P3/2)6d 13.350 0.0025 0.0042~0.0003! 0.0015 0.0042 0.0024

(2P3/2)4dI 12.355 0.0973 0.093~0.007! 0.0824 0.0649 0.0817
(2P3/2)5dI 13.099 0.0960 0.097~0.010! 0.0610 0.187l 0.119
(2P3/2)6dI 13.423 0.0307 0.050~0.004! 0.0439 0.054m 0.0295

(2P1/2)5s8 10.644 0.143 0.194~0.012! 0.193 0.173 0.191 0.127 0.139,e 0.180,n 0.197,f 0.142,o

0.193,g 0.21,h 0.184,i 0.135j

(2P1/2)6s8 13.037 0.0065 0.0079~0.0008! 0.0105 0.015 0.0056

(2P1/2)4d8 13.005 0.0438 0.045~0.003! 0.0435 0.0439 0.0420

Total to 1.120~0.067! 1.126 1.10
ionization

aReference@14#. iReference@23#.
bReference@1#. jReference@24#.
cReference@15#. kReference@25#.
dReference@16#. lThe OOS summation of 7s and 5dI .
eReference@17#. mThe OOS summation of 8s and 6dI .
fReference@19#. nReference@18#.
gReference@21#. oReference@20#.
hReference@22#.
r-
em

i
s

th

-

o

he

e

e
e

n

r

the
ex-

4
the

more
on-
n

and

r-
procedure. In order to clarify this problem, a highe
resolution experiment is needed. It seems that Geiger’s s
empirical calculation@14# is acceptable.

The OOSDS in the energy range 9–28 eV is shown
Fig. 2~a!. It is interesting that there is a broad maximum ju
above the ionization threshold~14.00 eV!, namely, at 16.3
eV, which shows significant nonhydrogenic behavior. In
continuum region, the quantum defectm is equivalent to the
short-range phase shiftd l of the corresponding wave func
tion with the relation ofd l5pm @39,46,47#. The position of
the delayed maximum in photoionization cross sections c
responds to the maximum of 2hp(dm/de). Using DS
method@48–51#, we have calculated quantum defects for t
orbitalss1/2, p1/2, p3/2, d3/2, andd5/2, which are illustrated
in Fig. 2~b!. It can be seen that there is an evident increas
the quantum defects for thed-type orbitals in the energy
range 0–5 eV above the threshold. This sharp chang
quantum defects indicates that the wave functions at th
energies have an abnormal behavior, so there may be a
layed maximum in the photoionization spectrum in this e
06270
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ergy range @39,46,47#. The calculated optical oscillato
strength densities for each channel are shown in Fig. 2~c!.
For the transitions of 4p1/2→ed3/2, 4p3/2→ed3/2, and 4p3/2

→ed5/2, the energy positions of maxima are higher than
threshold. So the maxima appearing in present OOSD is
pected arising from the photoionization progress ofp
→ed. The calculated total photoabsorption spectrum and
present experimental result are illustrated in Fig. 2~d!. The
calculated spectrum based on the DS theory decreases
sharply than the experimental result, which shows that c
figuration interaction will make photoabsorption distributio
become diffused and shift to higher energies.

B. In the energy region of 4s autoionization

In this energy region, the spectra observed by Codling
Madden @27#, Ederer@28#, and Flemminget al. @29# have
nearly the same features. The spectra of Samson@26# and
Chanet al. @1# have lower energy resolutions and are diffe
ent for some features. In Samson’s@26# spectrum, there is a
1-3
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deep valley at 24.73 eV as shown in Fig. 3~a! ~digitized data
from Ref. @26#!, while this feature does not appear in th
study of Chanet al. @1#. As is well known, the electron
impact method is equivalent to optical method when
spectrometer works at the condition of optical limit appro
mation @3#. So the valley in Samson’s@26# spectrum should
be observed by Chanet al. @1# using EELS method, if it does
exist. In order to clarify the discrepancies among previo
investigations@1,26–29#, we measured OOSDS in the 4s
autoionization energy region using electron-impact meth
which is shown in Fig. 3~b! as circles. Chanet al. did not

TABLE II. The optical oscillator strengths for the unresolve
peaks.

Present Chanet al. Geiger Nataliet al.

f 6s14dI 0.240 0.236 0.207 0.239
f 7s15dI 0.178 0.174 0.187 0.167
f 6s814d8 0.053 0.054 0.059 0.048
f 6d16dI 18s 0.066 0.066 0.058 0.061
06270
e

s

d,

observe the resonance at 24.73 eV, so they assigned
peak ‘‘Q’’ @1#. But in Fig. 3~b!, it is evident that there is a
shallow well at 24.73 eV as well as another similar one
25.18 eV. However, the peak ‘‘Q’’ is not as deep as shown in
Fig. 3~a!. It should be noted here that Chanet al.’s @1# energy
resolution is 48 meV, Samson’s@26# is ;120 meV, while that
in the present work is 60 meV. In order to compare t
present spectrum with the higher-resolution results@27–29#,
we constructed the photoabsorption spectrum conside
Shore’s parametrization of Codlinget al. @27# and Flemming
et al. @29#, and convoluted the constructed spectrum
present spectrometer function, which is a quasi-Gaus
profile with 60 meV FWHM. Shore’s parametrization is e
pressed as@33#

s~E!5C~E!1(
i

N
~E2Ei !~G i /2!ai1~G i /2!2bi

~E2Ei !
21~G i /2!2

, ~1!

whereai , bi have the dimension of a cross section and
proportional to the products of dipole and Coulomb mat
elements connecting the ground state with the continuum
n
s for
els

The
FIG. 2. Optical oscillator strength density spectrum and illustration for the delayed maximum.~a! The spectrum in the energy regio
9–28 eV. The inset shows that there is a maximum at 16.3 eV.~b! The quantum defects calculated by DS theory. The quantum defect
d3/2 andd5/2 channels increase rapidly in the range of 0–5 eV above threshold.~c! The optical oscillator strength density for the five chann
calculated by DS theory. It can be seen that the energy positions of the spectrum maxima for the three channels of 4p1/2→ed3/2, 4p3/2

→ed3/2, and 4p3/2→ed5/2 are higher than the threshold.~d! The total optical oscillator strength density in the energy range 15–28 eV.
calculated result decreases more sharply than that in the present experiment.
1-4
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the discrete excited state.G i , Ei , and C(E) are the reso-
nance width, the resonance energy position, and the
background cross section, respectively. These paramete

FIG. 3. Optical oscillator strength density spectrum in the
ergy region for the 4s autoionization.~a! Data points digitized from
Ref. @26#. There is an evident valley at 24.73 eV, assigned as ‘‘Q. ’ ’
~b! Circles, present experiment. Dashed line, constructed by Sho
parameters@27,29#, after convoluted by present spectrometer fun
tion. Solid line, when the dashed line is moved up to present d
~c! Solid line, the spectrum constructed by Shore’s parameters w
Refs.@27,29# are considered. Dashed line, the convoluted result
present spectroscopy function, a Gaussian profile with 60 m
~FWHM!.
06270
tal
of

ai , bi , G i , andEi are assumed to be energetically indepe
dent. Whileai→0, each term in the sum reduces to a simp
Lorentzian profile. In this case,bi is proportional to the os-
cillator strength between the ground state and thei th excited
state, and inversely proportional to the resonance widthG i .

The convoluted data are plotted in Figs. 3~c! and 3~b!
together with our experimental results. The dashed line is
convoluted result, which is slightly lower than the prese
spectrum because of different normalization resour
@45,54#. When the dashed line is moved up to the solid lin
it coincides with our spectrum excellently. Then the wells
24.73 and 25.18 eV are related to the resonances 1 a
assigned by Codling@27#, respectively, which are expecte
as two-electron excitations. The dip at 25.43 eV arises fr
the two resonances of 7 and 8 in Ref.@27#. A very weak peak
at 25.63 eV assigned as ‘‘P’’ comes from the optically for-
bidden transition of1S0→4s214d(1D), because of our lim-
ited angle resolution, which will be discussed in the follow
ing paragraph. This agreement between Flemminget al.’s
spectrum and ours indicates that:~a! electron-impact method
is equivalent to optical method,~b! there may be some prob
lem in Samson’s spectrum@26# at 24.73 eV because the res
nant well is much deeper than ours while their resolution
lower than ours. Why did Chanet al. @1# fail to observe the
peak ‘‘Q’’? We guess that their event counts are not enou
to stress the shallow well because of statistical uncertai
After the spectrum constructed by Shore’s parameters@29#
was convoluted by the present spectrometer function, the
tio of the resonant depth to the magnitude of the flat reg
where it embodies in is about 1%. In other words, it need
least 104 counts to make the shallow well visible. In prese
experiment, we accumulated about 43104 counts for each
energy point in this region. The other resonances appeare
Codling and Madden’s@27# study can also be seen in th
present spectrum as some shallow dips.

As mentioned in Sec. I, the electron-impact method c
be used to identify the optically forbidden transitions at t
condition of definite momentum transfer. Furthermore,
this region, the low-energy electron-impact spectrum
dominated by spin-forbidden-exchange-allowed transitio
which would hinder observation of other types of optica
forbidden processes, such as quadrupole or monopole tra
tions. However, in the fast-electron-impact spectra, ev
when the spectrometer works in the condition with high
momentum transfer, the spin-forbidden excitation is less
portant, while quadrupole-allowed excitations become m
important @56#. Based on the fast-electron angle-resolv
EELS, we can easily distinguish optically allowed and op
cally forbidden transitions. More specifically, when the spe
trometer works at the optical limit, i.e., the momentum tran
fer K→0, the optical spectra can be observed. Then,
spectra will be measured at larger scattering angles, wh
means larger momentum transfers. At this moment, the o
cally forbidden transitions will arise. Therefore, it is helpf
to assign different optically forbidden transitions throu
comparing the present fast-electron-impact spectra with
vious low-electron-impact spectra. Through rotation of t
analyzer, collision processes of varied momentum tran
can be observed as interpreted in detail by Zhonget al. @7#,
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Wu et al. @5#, and Yuanet al. @57#. In the present experimen
we measured the electron-energy-loss spectrum at a 250
impact energy and mean scattering angles of 2° and 4°~mo-
mentum transferK250.23 and 0.89 a.u.! and in the energy
region 23–28 eV, which is shown in Fig. 4~b! accompanied
by the OOSDS in Fig. 4~a!. A straight line with definite
slope, which is taken as smooth ionization background,
been subtracted from the energy-loss spectrum for each a
of 2° and 4° to make the comparison easier. It can be s
that a very weak peak arises around 23.75 eV in Fig. 4~a!,
which has not been mentioned in other optical researc
@1,26–28#. In our previous studies on argon@5# and neon@7#
under the same experimental conditions, similar featu
were found in electron-energy-loss spectra measured at
which showed that optically forbidden transitions can be
tected even when the momentum transfer square is sm
than 0.01 a.u. Therefore, this peak near 23.75 eV was
posed as an optically forbidden transition~present K2

50.0054). By comparing Fig. 4~a! with Fig. 4~b!, it is ob-
vious that the ratios of areas for the peaks at 23.48 and 2
eV to the peak corresponding to 4s4p65p optically allowed
transition are much higher as the momentum transfer
creases. Considering the energy positions of single exc

FIG. 4. Optically allowed and forbidden transitions.~a! The op-
tical oscillator strength density spectrum.~b! Electron-energy-loss
spectra in the same energy region measured at 2° and 4°, re
tively. A straight line with definite slope, which is taken as t
ionization background, was removed from the original spectrum
06270
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tions and the broad width of the two peaks@5,7#, one can
assign the two peaks to 4s4p65s(3S) and 4s4p65s(1S), re-
spectively. Because spin-forbidden transitions should
much weaker than spin-allowed dipole-forbidden transitio
in fast-electron-impact case@56#, the peak at 23.48 eV is
weaker than the peak at 23.67 eV. The Rydberg series sh
in Fig. 4~b! can be classified into 4s21ns(1S)(n>5) and
4s21nd(1D)(n>4) as listed in detail in Table III, rathe
than classified into triplet states. The quantum defects for
two Rydberg series are also reduced out according to
Rydberg formula

En5I 2
13.6

n* 2
5I 2

13.6

~n2m!2
. ~2!

It is obvious that the quantum defectm becomes slightly
smaller when the quantum numbern is increased for both1S
and 1D states.

The width of the peak at 23.75 eV is smaller compared
that of 4s4p65s (1S and 3S), and there is no single excita
tion corresponding to this peak, so it might be attributed t
two-electron transition. Similarly, the peak at 25.72 eV m
come from a two-electron excitation as that assigned by B
ter et al. as ‘‘J’’ @35#.

Fano@30# and Fano and Cooper@31# defined a factor ofq
to characterize the ratio of the transition probabilities to
‘‘modified’’ discrete stateF and to a bandwidthG of unper-
turbed continuum stateCE . In the present spectrum, th
resonant profiles of all the optically allowed transitions ha
a small uqu factor while the resonant profiles of opticall
forbidden transitions have a largeuqu factor, which shows
that the interactions between the optically allowed discr
states and the continua are stronger than those betwee
optically forbidden discrete states and the continua. From
to 4°, the intensity of optically forbidden transitions b
comes relatively higher and the optically allowed transitio
become more asymmetric rather than window resonant.

C. In the energy region of inner-shell 3d excitations

The OOSDS of 3d inner-shell excitations is shown in Fig
5, in which the assignments are taken from Kinget al.’s
study @36#. The relative OOSDS was normalized at 96 e
using Chanet al.’s @1# low-resolution data. We obtained th
OOS’s through the following procedure: first, a straight li

ec-

TABLE III. The energy levels and effective quantum numbe
for the Rydberg series of optically forbidden transitions.

1S 1D

Quantum
number

Energy
level ~eV! n* m

Energy
level ~eV! n* m

4 25.63 2.69 1.31
5 23.67 1.88 3.12 26.52 3.70 1.30
6 25.94 2.94 3.06 26.90 4.72 1.28
7 26.66 4.00 3.00 27.12 5.91 1.09
1-6
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taken as the ionization background line was subtracted f
the OOSDS, which has the magnitude of 0.0051 eV21 as that
at 89 eV; then the peaks of 3d5/2

21np (n55,6,7) and 3d3/2
215p

were deconvoluted using Voigt profiles. Similarly, the OOS
of 3d3/2

21np (n56,7) were obtained after the ionization bac
ground 0.0095 eV21 was subtracted from the OOSDS. The
is no previous absolute result that can be compared with
present OOSs. To compare with Kinget al.’s @36# relative
generalized oscillator strength densityd f /dE, we deter-
minedd f /dE by the following formula~in atomic unit! @36#:

d f

dE
5N* 3f n . ~3!

As listed in Table IV, the absolute optical oscillato
strengths of 3d5/2

21np and 3d3/2
21np (n55, 6, 7) are obtained

and compared with Kinget al.’s relative generalized oscilla

FIG. 5. Optical oscillator strength density spectrum in the
ergy region of 3d inner-shell excitations. Circles, experiment
data; dotted lines, least-square-fitted curve. The assignments
taken from Ref.@36#.
06270
m

e

tor strength densities. The agreement is satisfying within
experimental errors, except for the state 3d3/2

216p. However,
further absolute measurement is valuable because K
et al.’s results are just relative.

IV. CONCLUSIONS

Using the AREELS method and DS calculation, we ha
investigated the discrete and continuum excitations and
the following results.

~1! The OOSs for discrete excitations of krypton ha
been determined by EELS method~illustrated in Fig. 1 and
listed in Table I!, and the agreement between the pres
observation and previous studies@1,14,15# is satisfying ex-
cept for the unresolved and weak excitations, which indic
that a higher-resolution experiment is needed. The enha
ment of the OOSDS at 16.3 eV~shown in Fig. 2! is a delayed
maximum which stems from the photoionization of 4p
→ed according to the DS calculation.

~2! The discrepancies existing in previous EELS meth
and optical methods are clarified by the present work, wh
indicates that both EELS method and optical methods
equivalent. We observed the features that had been meas
by other optical methods@26–29#, which are shown in Fig.
3. The feature ‘‘Q’’ at 24.73 eV corresponds to feature
labeled by Codlinget al. @27#. The reason why Chanet al.
did not observe this resonance may be statistical uncerta
Also, Samson’s study@26# may give a misleading strength a
this energy point.

~3! The energy levels of optically forbidden transitions
the two Rydberg series 4s21ns(1S) (n55,6,7) and
4s21nd(1D) (n54,5,6,7) are obtained as illustrated in Fi
4 and listed in Table III. All the optically allowed transition
have a smalluqu factor, while optically forbidden transitions
have a largeuqu factor at 2° and 4°, which indicates that th
optically allowed resonances have stronger interactions w
the continua than those of optically forbidden resonanc
The theoretical investigation of these interactions is stron
recommended.

-

are
TABLE IV. Optical oscillator strengths for 3d excitations.

Levela ~eV!
Effective quantum

numbera N*
OOS

Present (1023)

Relative oscillator strength density

Presentb King et al. @36#

3d5/2
21 5p 91.200 2.293 9.98~0.77! 1.0 1.0

6p 92.560 3.330 3.84~0.34! 1.18~0.13! 1.16~4!

7p 93.063 4.342 1.49~0.14! 1.01~0.12! 0.84~6!

8p 93.301 5.348 1.06~45!

Edge 93.788
3d3/2

21 5p 92.425 2.282 5.90~0.45! 0.58~0.06! 0.62~1!

6p 93.809 3.319 1.79~0.13! 0.54~0.06! 0.71~4!

7p 94.319 4.311 0.80~0.06! 0.53~0.06! 0.61~7!

8p 94.567 5.337 0.45~18!

Edge 95.038

aEnergy levels and effective quantum numbers are taken from Ref.@36#.
bThe relative oscillator strength densities are normalized to the first transition 3d5/2

215p.
1-7
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~4! The absolute OOSs for the 3d excitations are shown
in Fig. 5 and tabulated in Table IV. Compared with Kin
et al.’s relative generalized oscillator strengths@36#, the
agreement is satisfying except for one excitation. Howe
other absolute measurement is still valuable in order to c
pare with present absolute results.
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