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Fast-electron-impact study on excitations of #, 4s, and 3d electrons of krypton
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Absolute optical oscillator strength densities for the excitations of the electqonds} and 3 have been
measured. Their absolute optical oscillator strengths have also been obtained. An enhancement alpove the 4
ionization threshold in the photoabsorption spectrum was assigned as a delayed maximum which arises from
the photoionization process op4- 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., 4 'ns(*S) (n=5,6,7) and 4 nd(!D) (n=4,5,6,7) have been observed when the spec-
trometer worked at conditions with larger momentum transfers, naid@ly,0.23 a.u. and 0.67 a.u. Further-
more, the absolute optical oscillator strengths for tideeXcitation have been obtained.
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I. INTRODUCTION [1,26—29. The autoionization process was theoretically in-

The excitation properties of the krypton atom have beernvestigated by Fano, who gave a very compact formula to
investigated extensively. Energy levels and cross sections arepresent the interaction between a resonance and the con-
always essential contents of these investigations. To studynuum in the atomi¢and molecularspectrd 30,31]. But his
these properties, different experimental techniques, includinfprmula can only be used to analyze the spectrum with one
total photoabsorption, double-ion chamber, self-absorptionisolated resonance. In order to describe the profiles of mul-
refraction index determination, phase-matching techniquegiresonances in this energy region, M{@&2] and Shorg33]
and electron-impact methods, have been used, which wemarametrized the cross section in different ways, which are
reviewed by Charet al. [1,2]. The theoretical relation be- theoretically equivalent28].
tween high-energy electron scattering and optical excitation Samsor{26] obtained the spectrum in thes 4utoioniza-
has long been understod@®]. Both optical methods and tion energy region for the first time by double-ion chamber
electron-impact methods have their own advantages angkchnique. Then Fano and Coop8d] took his spectrum as
shortcomings. For instance, it is hard to get proper oscillatoan example to illustrate their formula. Later, using synchro-
strengths for discrete states by photoabsorption methodson radiation method, Ederd28], Codling and Madden
based on the Beer-Lambert law because of line-saturatiof27], and Flemminget al. [29] studied these autoionization
effects[2], but fast electron-impact method is suitable for resonances and gave Shore’s parameters for the resonant pro-
this purpose because of its nonresonant nature. Dippo&)(  files. The agreement among these studi®gs-29 is statis-
method was soon recognized as a very convenient approadying. But Samson’s resu[26] cannot be compared directly
to determine accurate optical oscillator strengths for a varietyvith that of the other three investigations because of differ-
of atoms and moleculef2,4—13. But on the other side, ent energy resolutions. Chaat al. [1] obtained the optical
along with the significant advances in intensity and energyoscillator strength density spectru@OSDS in this region
resolution of synchrotron radiation light sources, the opticaby dipole €, €) method and found that there was a reso-
method is taken as an important method to observe the uhance(at 24.73 eV absent in their spectrum which appeared
trafine levels and high Rydberg series in the vacuum ultraevidently in Samson’s resul26]. So they assigned this reso-
violet region[13]. nance as peakQ." Till now, there has been no explanation

Chanet al. gave a critical survey for the optical oscillator for this discrepancy in previous studies. So we measured the
strengths(OOS9 of discrete stategl]. Till now, only three  spectrum and clarified these discrepancies as described in
groups[1,14,15 have provided available OOS data for the Sec. Il B.
discrete transitions of krypton at higher excitation energies There are abundant optically forbidden transitions in this
by electron-impact-based methods, other than the usuallgnergy region, as studied by Brion and Olsen using threshold
measured {P,)5s and @P,,,)5s by the other experiments electron-impact spectrf84], and Baxteret al. using low-
[16—25. There are some differences for several transitions irenergy impact methodi35]. In their studies, the optically
their measured result. Using a semiempirical calculationallowed and forbidden transitions cannot be distinguished
Geiger [14] reported the OOSs for these discrete statesunambiguously because both these transitions appeared in
There was an evident discrepancy between Geiger’s calculdhe spectrum and overlapped seriously. Based on the fast-
tion and the previous experiments. electron angle-resolved electron-energy-loss spectrometer

For higher energies, namely, in the energy range 24—-28EELS), we can distinguish optically allowed and forbidden
eV, the 4—np Rydberg series and some two-electron tran-transitions as discussed in Sec. Il B. So the energy levels,
sitions have been observed, which are autoionization statesd sequentially the quantum defects of the two Rydberg
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series of 4 ns(!S) (n=5,6,7) and 4 'nd(*D) (n 4 7o odBs 439.00
=4,5,6,7) have been determined in the present work. ] [ [ J |Jd M gr..

In terms of 3 inner-shell excitations, Kingt al. [36] % 5 4d 4d6s5d5d gy .
obtained energy levels and linewidths for states df;3p v Sls 4d|.es. 5d.|7s.” P [0
and 3dzponp (n=5,6,7,8) using EELS method, which has 3

served a long time as the best reference for the linewidth of%
the resonantly excited states in rare gases. As a test for the §
modified SX-700 plane grating monochromater, Sairaneng
et al.[37] remeasured the same energy region as Kingl.

2 - - 219.50

af
Photoabsorption Cross Section (Mb)

did by synchrotron radiation method and got more accurate‘gI 1 b
linewidths for these states. As a complement for the informa-£ J J .

tion of this energy region, we achieved the absolute 00s<° | 000
for the discrete states ofd3,np and 3;.np (N=5,6,7) s 0 1 12 1 14 15 16
using EELS method. Energy Loss (V)

Samson made a review of absorption spectra for the noble _ ) _ _
gaseg38]. There were some nonhydrogenic features, such as FIG. 1. Optlcgl oscillator s_trength density spectrum for the dis-
minima or maxima, appearing in the spectra at the continuCrete energy region. The assignments are taken from[B&ff. The
ous energy regions. The phenomena of resonant and nonredtsil 7] andnd 3] states which converge to the saffy, limit are
nant maxima near threshold were discussed by Fano arlaPeled and andnd, respectively.

Cooper[39]. They illustrated that for the electrons with a

high angular momentum, e.gd,or f and so on, there may of many repetitive scans and the relative OOSDSs were es-
exist a double-well effective potential that comes from thetablished by multiplying the electron-energy-loss spectra by
combination of nuclear-electron attraction and centrifugathe known Bethe-Born conversion factor of the spectrometer.
potential, and the maxima arise from the penetrating of thes@bsolute scales were obtained by normalizing optical oscil-
electrons, with certain energy, into the atom. In the case ofator strength density at 21.217 eV to Samsdral’s result
krypton atom, Kennedy40] reproduced the maxima ob- (38.31 Mb [54] for the valence and inner-valence shell ex-
served by SamsofB8] just above the first threshold with citation, and at 96 eV to Chaet al’s result(1.249 Mb [1]
Hartree-Fock wave functions and gave the same interpretdor the inner-shell excitation. To identify the optically forbid-
tion as Fano and Cooper dj@9]. Other theoretical studies den transitions, additional energy loss spectra were measured
[41-44 and experimental researchfk45] also reported at 2° and 4° scattering angles.

this phenomenon of maximum above ionization threshold, The wave functions for the initial and final states were
which was the “delayed maximum,” while they did not in- obtained by DS approach based on a self-consistent-field cal-
terpret this phenomenon in detail. Toagal.[46,47 gave a  culation [48—51] and the independent particle approxima-
more direct description of the relationship between the shorttion. The quantum defects for the channelssgh, Py,
range phase shift of the final states and the delayed maximag;,, d3,», andds, were obtained simultaneously. And then,
and the variation of the maxima position with respect tothe OOSDSs of transitions from the ground state to these
different atomic ionicities. In the present study, the delayedchannels were calculated on the level of first Born approxi-
maximum just above the first ion threshold of krypton wasmation. Considering the change of quantum defg4€547
measured by EELS method and interpreted by the Diracand the calculated OOSDSs, one can understand why there is

Slater(DS) approacH48-51. a delayed maximum just above the 4bnization threshold.
Il. EXPERIMENTAL AND THEORETICAL METHODS ll. RESULTS AND DISCUSSION
An angle-resolved high-resolution fast-electron-energy- A. In the energy region of valence shell excitations

loss spectrometdAREELS) was used in the present study.  the 0OSDS for the discrete transitions is shown in Fig. 1

Detail of this spectrometer was described in RES52,53. 54 the 00Ss, which are achieved by a least-square fitting

Briefly, it consists of an electron gun, a hemispherical elecy o am are tabulated in Table | with the previous electron-

trostatic monochromator made of aluminum, a rotatable enrmpact[1,14—1(j and optica[17—29 studies. The estimated

ergy analyzer of the same type, an interaction chamber, g5 are listed in parentheses. The assignments of the en-
number of cylindrical electrostatic lenses, and a one-

dimensional position sensitive detector for gathering the anat9y levels are taken from Moore's tab5]. The nd[ ;]

lyzed electrons. All of these components are enclosed in fouandnd[ 3] states which converge to the sarfey, limit are
separate vacuum chambers made of stainless steel. In thabeled ashd andnd, respectively. For the energetically re-
present experimental measurements, this spectrometer waslved peaks, such ass55s’, 4d, 5d, all of these four
operated at an incident electron energy of 2.5 keV and agroups gave the close strengths. But for the unresolved
energy resolution of 60 meV full width at half maximum peaks, discrepancies become larger. Nevertheless, the sum-
(FWHM). The sample of krypton gas was introduced into themation of OOSs for the unresolved peaks is coincident ex-
gas cell in the center of the interaction chamber with the gasept for Geiger’s resultgl4] (listed in Table 1). So the dis-
pressure of & 10~ 2 Pa. The measured spectra were the suntrepancies mentioned above may come from the fitting
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TABLE |. Optical oscillator strengths for the valence shell excitations.

Oscillator strengthsf()

Electron-impact method
Energy Theory

level (eV)  Geigef Present work Chd&h Geige? Natalf Takayanadi Optical Methods

(?P3,)5s 10.033 0.250 0.2140.012 0.214 0.195 0.212 0.143 0.15%,.208f 0.1879
0.21" 0.204! 0.159) 0.166

(?P3,) 65 12.385 0.108 0.1470.010 0.154 0.142 0.152

(®P3)7s 13.114 0.0436  0.080.009  0.113  0.187  0.048

(?P3,)8s 13.437 0.0163  0.011®.0008 0.0203 0.05@  0.0290

(2P, 4d 12.037  0.0144 0.0050.0003 0.0053  0.0055  0.0044
(2P,,)5d 12.870  0.0114 0.0156.0009 0.0140  0.014  0.0138
(2P, 6d 13.350  0.0025  0.0040.0003 0.0015 0.0042  0.0024

(2P4»)4d 12.355  0.0973  0.098.007  0.0824 0.0649  0.0817
(?P4,)5d 13.099  0.0960  0.099.010  0.0610  0.187  0.119
(2P, 6d 13.423  0.0307  0.0500.004  0.0439 0.05%  0.0295

(?Py,)5s’ 10.644 0.143  0.1940.012  0.193 0173  0.191 0.127 0.189.180" 0.197 0.142°
0.1939 0.21" 0.184 0.135
(%P, 65’ 13.037  0.0065 0.007@.0008 0.0105  0.015  0.0056

(?Pyp)4d’ 13.005 0.0438 0.048.003 0.0435 0.0439  0.0420

Total to 1.120(0.067 1.126 1.10

ionization

*Referencd 14]. iReferencd23].

bReferencd1]. IReferencd 24].

°Referencd 15]. KReferencd 25].

dReferencd 16]. 'The OOS summation of<and 5.
®Referencd 17]. ™The OOS summation ofsBand &.
Referencd 19]. "Referencq18].

9Referencd 21]. %Referencd 20].

"Referencd22].

procedure. In order to clarify this problem, a higher-ergy range[39,46,47. The calculated optical oscillator
resolution experiment is needed. It seems that Geiger’s semgtrength densities for each channel are shown in Fig. 2
empirical calculatior{14] is acceptable. For the transitions of @,,— €dg),, 4pg— €dgyp, and 45,

The OOSDS in the energy range 9-28 eV is shown in_, ¢dy,, the energy positions of maxima are higher than the
Fig. 2a). Itis interesting that there is a broad maximum justthreshold. So the maxima appearing in present OOSD is ex-
above the ionization threshold4.00 eV}, namely, at 16.3 pected arising from the photoionization progress qf 4
eV, which shows significant nonhydrogenic behavior. In the_, .q The calculated total photoabsorption spectrum and the
continuum region, the quantum defgctis equivalent to the  reqent experimental result are illustrated in Figd)2The
short-range phase shify of the corresponding wave func- .10 jated spectrum based on the DS theory decreases more
tion with the relation 0f¢, = . [39,46,41. The position of a1 than the experimental result, which shows that con-

trzzp%er:ggectjomt?:gmr%r;]x:r%ﬁgo'[g;ohr;rz(egior dc)rost:iergiogz Corﬁguration interaction will make photoabsorption distribution
HICE). become diffused and shift to higher energies.
method[48-51], we have calculated quantum defects for the g 9

orbitalssy,, P12, P2, dgp, andds,,, which are illustrated

in Fig. 2(b). It can be seen that there is an evident increase of
the quantum defects for thé-type orbitals in the energy In this energy region, the spectra observed by Codling and
range 0-5 eV above the threshold. This sharp change iMadden[27], Ederer[28], and Flemminget al. [29] have
quantum defects indicates that the wave functions at thesgearly the same features. The spectra of Sanig6hand
energies have an abnormal behavior, so there may be a déhanet al.[1] have lower energy resolutions and are differ-
layed maximum in the photoionization spectrum in this en-ent for some features. In Samsofi26] spectrum, there is a

B. In the energy region of 4s autoionization
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TABLE II. The optical oscillator strengths for the unresolved observe the resonance at 24.73 eV, so they assigned it as

peaks. peak “Q” [1]. But in Fig. 3b), it is evident that there is a
- - shallow well at 24.73 eV as well as another similar one at
Present ~ Chaetal. Geiger Natalietal. 2518 eV. However, the peakd” is not as deep as shown in
Foss aq 0.240 0.236 0.207 0.239 Fig. |3(§). It_should be noted he,re that Chanal’s [1]r:e_|nerr?y
Frorsq 0.178 0.174 0.187 0167 resolution is 48 meV, Samsor{&6] is ~ 120 meV, while that

in the present work is 60 meV. In order to compare the
present spectrum with the higher-resolution res{2%-29,

we constructed the photoabsorption spectrum considering
Shore’s parametrization of Codlireg al.[27] and Flemming
deep valley at 24.73 eV as shown in Figag(digitized data €t al- [29], and convoluted the constructed spectrum by
from Ref.[26]), while this feature does not appear in the Present spectrometer function, which is a quasi-Gaussian
study of Chanet al. [1]. As is well known, the electron- Profile with 60 meV FWHM. Shore’s parametrization is ex-
impact method is equivalent to optical method when the?ressed ag33]

spectrometer works at the condition of optical limit approxi- N )

mation[3]. So the valley in Samson[26] spectrum should U(E)=C(E)+E (E—E)T'i/2)a;+(I'i/2)"b; 1)

be observed by Chaet al.[1] using EELS method, if it does i (E—Ej)?+(I',/2)? '

exist. In order to clarify the discrepancies among previous

investigations[1,26—-29, we measured OOSDS in thes4 wherea;, b; have the dimension of a cross section and are
autoionization energy region using electron-impact methodproportional to the products of dipole and Coulomb matrix
which is shown in Fig. @) as circles. Charet al. did not  elements connecting the ground state with the continuum and

foer + a0 0.053 0.054 0.059 0.048
foas o+ 8s 0.066 0.066 0.058 0.061

3
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FIG. 2. Optical oscillator strength density spectrum and illustration for the delayed maxif@uithe spectrum in the energy region
9-28 eV. The inset shows that there is a maximum at 16.3®\he quantum defects calculated by DS theory. The quantum defects for
dsp anddsy, channels increase rapidly in the range of 0—5 eV above threglaplthe optical oscillator strength density for the five channels
calculated by DS theory. It can be seen that the energy positions of the spectrum maxima for the three chamgls efi4, 4ps,
—eds),, and 44— €dsg), are higher than the threshol@l) The total optical oscillator strength density in the energy range 15-28 eV. The
calculated result decreases more sharply than that in the present experiment.
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~ 03 a;, b;, I';, andE; are assumed to be energetically indepen-

3 (a) dent. Whilea;— 0, each term in the sum reduces to a simple

¥ . Lorentzian profile. In this casdy; is proportional to the os-

g ol B cillator strength between the ground state andithexcited

g AL N state, and inversely proportional to the resonance wigth

=] ;° Tes The convoluted data are plotted in Figgc)3and 3b)

’E: 028 - / - N together with our experimental results. The dashed line is the

5-; Q . . : ".“‘ convoluted result, which is slightly lower than the present

5 °. N . spectrum because of different normalization resources

g 0or .. [45,54. When the dashed line is moved up to the solid line,

<] . it coincides with our spectrum excellently. Then the wells at

3 24.73 and 25.18 eV are related to the resonances 1 and 6

§ots assigned by Codling27], respectively, which are expected

Photon Energy (eV) as two-electron excitations. The dip at 25.43 eV arises from

0.35 the two resonances of 7 and 8 in Regf7]. A very weak peak

g b at 25.63 eV assigned asP” comes from the optically for-

o (b) bidden transition ofS,—4s~14d('D), because of our lim-

s ited angle resolution, which will be discussed in the follow-

£ ing paragraph. This agreement between Flemnehgl.'s

§ 5 spectrum and ours indicates théd) electron-impact method

£ ¢ ] is equivalent to optical methodh) there may be some prob-

H lem in Samson’s spectruf26] at 24.73 eV because the reso-

& nant well is much deeper than ours while their resolution is

£ lower than ours. Why did Chaet al.[1] fail to observe the

3 peak “Q"? We guess that their event counts are not enough

% 015 |- to stress the shallow well because of statistical uncertainty.

§ L 1 1 L L 1 After the spectrum constructed by Shore’s paramdi2gs

265 268.0

Energy Loss (eV)

28.5

270

275

Cross Section (Mb)

12

6 " 1

o
N
b

Optical oscillator strength density df/dE (eV™)

0.219

0.164

- 0.109

0.055

248

25.0 252 254
Photon Energy (eV)

256

258

28.0

was convoluted by the present spectrometer function, the ra-
tio of the resonant depth to the magnitude of the flat region
where it embodies in is about 1%. In other words, it needs at
least 10 counts to make the shallow well visible. In present
experiment, we accumulated aboux40* counts for each
energy point in this region. The other resonances appeared in
Codling and Madden’$27] study can also be seen in the
present spectrum as some shallow dips.

As mentioned in Sec. I, the electron-impact method can
be used to identify the optically forbidden transitions at the
condition of definite momentum transfer. Furthermore, in
this region, the low-energy electron-impact spectrum is
dominated by spin-forbidden-exchange-allowed transitions
which would hinder observation of other types of optically
forbidden processes, such as quadrupole or monopole transi-
tions. However, in the fast-electron-impact spectra, even
when the spectrometer works in the condition with higher
momentum transfer, the spin-forbidden excitation is less im-

FIG. 3. Optical oscillator strength density spectrum in the en-Portant, while quadrupole-allowed excitations become more

ergy region for the 4 autoionization(a) Data points digitized from important[56]. Based on the fast-electron angle-resolved
Ref.[26]. There is an evident valley at 24.73 eV, assigned @™  EELS, we can easily distinguish optically allowed and opti-
(b) Circles, present experiment. Dashed line, constructed by Shore@ally forbidden transitions. More specifically, when the spec-
parameter$27,29, after convoluted by present spectrometer func-trometer works at the optical limit, i.e., the momentum trans-
tion. Solid line, when the dashed line is moved up to present datdfer K— 0, the optical spectra can be observed. Then, the
(c) Solid line, the spectrum constructed by Shore’s parameters whespectra will be measured at larger scattering angles, which
Refs.[27,29 are considered. Dashed line, the convoluted result bymeans larger momentum transfers. At this moment, the opti-
present spectroscopy function, a Gaussian profile with 60 me\tally forbidden transitions will arise. Therefore, it is helpful
(FWHM). to assign different optically forbidden transitions through
comparing the present fast-electron-impact spectra with pre-
the discrete excited staté;, E;, and C(E) are the reso- vious low-electron-impact spectra. Through rotation of the
nance width, the resonance energy position, and the totanalyzer, collision processes of varied momentum transfer
background cross section, respectively. These parameters cdn be observed as interpreted in detail by Zhengl. [7],
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04 T T d T d T d 4381 TABLE lll. The energy levels and effective quantum numbers
'% (a) 45°4p® 'S ~>434p° (S, )np for the Rydberg series of optically forbidden transitions.
W | T g
g 55 66 78910 ! b=t g D
%‘ 0.3 ' 3293 %
§ i ;3; Quantum Energy Energy
] i § number level (V) n* u  level(ev) n* o
[
g, - 2563 269 131
.'g | E ’ _§ 5 23.67 1.88 3.12 26.52 3.70 1.30
3 threshold df g 6 2594 294 306 2690 472 128
y: 48 27.51 T 7 26.66 4.00 3.00 27.12 591 1.09
§ 0.1 L L L L 10.98
23 24 25 26 27 28
Energy Loss (eV)
tions and the broad width of the two peaks7], one can
: : T [« assign the two peaks tos4p®5s(®S) and 44p®5s(1S), re-
1998 (b) Asdp>dsdpnd o2 spectively. Because spin-forbidden transitions should be
o000 4I 5l el 7| o4 much weaker than spin-allowed dipole-forbidden transitions

in fast-electron-impact casé6], the peak at 23.48 eV is
weaker than the peak at 23.67 eV. The Rydberg series shown
in Fig. 4b) can be classified into st 'ns(*S)(n=5) and
4snd(!D)(n=4) as listed in detail in Table Ill, rather

6000

Intensity (arbitary)

: ol than classified into triplet states. The quantum defects for the
ool 5 o 6 & o two Rydberg series are also reduced out according to the
Py ‘g I | Rydberg formula
. [ 4e4p™>dsdems s B |7 27[51
R L ) . 13.6 13.6
23 24 25 26 27 28 En: | — =-—. (2)
Energy Loss(eV) n* 2 (n - ,LL)2

FIG. 4. Optically allowed and forbidden transitioria) The op- It is obvious that the quantum defept becomes slightly

tical oscillator strength density spectrufib) Electron-energy-loss .
. 9 Y Sp W) o gyo smaller when the quantum numbeis increased for bothS
spectra in the same energy region measured at 2° and 4°, respec-

; - > . ha e and 1D states.

tively. A straight line with definite slope, which is taken as the . .

ionization background, was removed from the original spectrum. The W'dtg of tfle peak3at 23.75eVis .smallelr Compargd to
that of 4s4p®°5s (*S and °S), and there is no single excita-

tion corresponding to this peak, so it might be attributed to a

. two-electron transition. Similarly, the peak at 25.72 eV may
Wu et al.[5], and Yuaret al.[57]. In the present experiment, come from a two-electron excitation as that assigned by Bax
we measured the electron-energy-loss spectrum at a 2500 g¥} et al. as “J” [35].
impact energy and mean scattering angles of 2° antir: Fano[30] and Fano and Coopé81] defined a factor of
mentum transfeK?=0.23 and 0.89 a.uand in the energy 1o characterize the ratio of the transition probabilities to the
region 23-28 eV, which is shown in Fig(B} accompanied  «modified” discrete stated and to a bandwidtfi’ of unper-
by the OOSDS in Fig. @). A straight line with definite  t,rhed continuum statebc. In the present spectrum, the
slope, which is taken as smooth ionization background, hagesonant profiles of all the optically allowed transitions have
been subtracted from the energy-loss spectrum for each angle small |q| factor while the resonant profiles of optically
of 2° and 4° to make the comparison easier. It can be seefyrpidden transitions have a lardg| factor, which shows
that a very weak peak arises around 23.75 eV in Fig),4 that the interactions between the optically allowed discrete
which has not been mentioned in other optical researchegates and the continua are stronger than those between the
[1,26—2§. In our previous studies on argfs] and neor{7]  gptically forbidden discrete states and the continua. From 2°
under the same experimental conditions, similar featuregy 40 ‘the intensity of optically forbidden transitions be-
were found in electron-energy-loss spectra measured at Oomes relatively higher and the optically allowed transitions

which showed that optically forbidden transitions can be deecome more asymmetric rather than window resonant.
tected even when the momentum transfer square is smaller

than 0.01 a.u. Therefore, this peak near 23.75 eV was sup-
posed as an optically forbidden transitipresent K2
=0.0054). By comparing Fig.(d) with Fig. 4(b), it is ob- The OOSDS of 8 inner-shell excitations is shown in Fig.
vious that the ratios of areas for the peaks at 23.48 and 23.6, in which the assignments are taken from Kiagal’s
eV to the peak corresponding te4p®5p optically allowed  study[36]. The relative OOSDS was normalized at 96 eV
transition are much higher as the momentum transfer inusing Charet al’s [1] low-resolution data. We obtained the
creases. Considering the energy positions of single excit€®OS'’s through the following procedure: first, a straight line

C. In the energy region of inner-shell 31 excitations
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0.08 tor strength densities. The agreement is satisfying within the
Kr experimental errors, except for the staid;36p. However,
further absolute measurement is valuable because King

1 , . .
et al's results are just relative.

i 3d_"
o 50 44 6p Tpdp B
4 2 |

Eddm"

| ) |
5p 6p 7p8p

IV. CONCLUSIONS
0.04

Using the AREELS method and DS calculation, we have
investigated the discrete and continuum excitations and got

the following results.
0.02

(1) The OOSs for discrete excitations of krypton have
been determined by EELS meth@dustrated in Fig. 1 and

Optical Oscillator Strength Density df/dE (eV")

I . - listed in Table ), and the agreement between the present
20 o1 22 93 24 85 2% observation and previous studigk 14,15 is satisfying ex-
Energy Loss (sV) cept for the unresolved and weak excitations, which indicate

that a higher-resolution experiment is needed. The enhance-
FIG. 5. Optical oscillator strength density spectrum in the en-ment of the OOSDS at 16.3 elghown in Fig. 2is a delayed
ergy region of & inner-shell excitations. Circles, experimental maximum which stems from the photoionization o 4
data; dotted lines, least-square-fitted curve. The assignments are g according to the DS calculation.
taken from Ref{36]. (2) The discrepancies existing in previous EELS method
and optical methods are clarified by the present work, which
indicates that both EELS method and optical methods are

taken as the ionization background line was subtracted 1Erorgquivalent. We observed the features that had been measured

the OOSDS, which has the magnitude of 0.0051 &¥s that by other optical method26—29, which are shown in Fig.

at 89 eV then the peaks ofigznp (n=5,6,7) and 85,50 3 The feature Q” at 24.73 eV corresponds to feature 1
were deconvoluted using Voigt profiles. Similarly, the OOS’s|5peled by Codlinget al. [27]. The reason why Chaet al.
of 3d3,np (n=86,7) were obtained after the ionization back- gid not observe this resonance may be statistical uncertainty.
ground 0.0095 eVl was subtracted from the OOSDS. There AISO, Samson’s Stud&Q6] may give a mis|eading Strength at
iS no previous absolute result that can be compared with thgis energy point.
present OOSs. To compare with Kirgg al's [36] relative (3) The energy levels of optically forbidden transitions of
generalized oscillator strength densitf/dE, we deter- the two Rydberg series s4'ns('S) (n=5,6,7) and
mineddf/dE by the following formula(in atomic uni} [36]:  4s5~!nd(!D) (n=4,5,6,7) are obtained as illustrated in Fig.
df 4 and listed in Table IIl. All the optically allowed transitions
— =N*3f, . (3)  have a smallq| factor, while optically forbidden transitions
dE have a largéq| factor at 2° and 4°, which indicates that the
optically allowed resonances have stronger interactions with
As listed in Table IV, the absolute optical oscillator the continua than those of optically forbidden resonances.
strengths of 8,;np and Hzznp (N=5, 6, 7) are obtained The theoretical investigation of these interactions is strongly
and compared with Kingt als relative generalized oscilla- recommended.

TABLE IV. Optical oscillator strengths for @ excitations.

Relative oscillator strength density

Effective quantum 00s
LeveF (eV) numbef N* Present (10°%) Preserft King et al. [36]
3dgi 5p  91.200 2.293 9.98.77 1.0 1.0
6p 92.560 3.330 3.80.39 1.180.13 1.164)
p 93.063 4.342 1.49.149 1.010.12 0.84(6)
8p 93.301 5.348 1.0@5)
Edge 93.788
3dz:  5p 92.425 2.282 5.90.45 0.580.06 0.621)
6p 93.809 3.319 1.79.13 0.540.06 0.71(4)
p 94.319 4311 0.80.06 0.530.06 0.61(7)
8p 94.567 5.337 0.4898)
Edge 95.038

% nergy levels and effective quantum numbers are taken from[B&}.
PThe relative oscillator strength densities are normalized to the first transiig}&8.

062701-7
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(4) The absolute OOSs for thed3excitations are shown
in Fig. 5 and tabulated in Table IV. Compared with King
et al's relative generalized oscillator strengtii86], the

PHYSICAL REVIEW A 66, 062701 (2002
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