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Cross sections for electron-impact excitation of Krypton
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Department of Physics, University of Wisconsin, Madison, Wisconsin 53706
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Electron-impact excitation cross sections for Kr have been measured by means of the optical method over a
range of incident-electron energies between onset and 250 eV. By measuring cascade transitions into the
4p55p levels from higher-lying levels and subtracting this contribution from the observed transitions out of the
4p55p levels, we are able to determine the cross sections for direct electron excitation into the ten levels of the
4p55p configuration (2p in Paschen’s notation!. The general trends of these cross sections for Kr are com-
pared with previous measurements from our labs on Ne, Ar, and Xe. We note that the optical emission cross
sections for transitions from levels resonant with the ground level vary with gas pressure. Fitting this observed
pressure dependence to a simple model allows us to test theoretical values of the transition coefficients for
these levels.

PACS number~s!: 34.80.Dp, 34.80.My
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I. INTRODUCTION

Electron excitation processes of the rare gases are of g
importance from the standpoint of understanding ba
electron-atom interactions and have applications to vari
fields such as atmospheric science, lighting technology,
lasers, and plasma processing. The recent surge of intere
these areas has stimulated a large body of studies of
electron-impact excitation cross sections. In spite of the si
larity in electronic structure of the four rare gases~neon
through xenon!, Kr and Xe differ from Ne and Ar in one
aspect that has a strong influence on electron-impact ex
tion. Consider, for instance, the 3p54p configuration of ar-
gon, which consists of ten levels with the total angular m
mentumJ ranging from 0 to 3. The energy separations
these levels are governed by the coupling between the or
and spin angular momenta of the 3p5 core and the 4p elec-
tron. The magnitudes of the interactions of the four angu
momentum vectors are such that their coupling does not c
form closely to standard vector coupling schemes such as
LS, jj , or jK coupling, and is described instead by the int
mediate coupling. The ten levels are more or less eve
spread out over a range of 0.6 eV, which is small compa
to the ionization energy~2.6 eV!, as shown in Fig. 1. The
same trend is seen in neon, in which the ten levels of
2p53p configuration also range within 0.6 eV of one a
other. The situation is, however, very different for the cor
sponding configuration of xenon, 5p56p. Here the spin-orbit
coupling of the 5p5 core is much stronger than the couplin
of the 5p5 core with the 6p electron. To construct the term
levels within this configuration, we start with the spin-orb
interaction of the core, which yields the 5p5(2P3/2) and
5p5(2P1/2) pair with a spacing of 1.3 eV. The lower memb
2P3/2 then couples with the orbital and spin angular m
menta of the 6p electron, resulting in six levels whose spa
ings are much smaller than the 5p5 core 2P3/2-

2P1/2 splitting.
Coupling of the upper member2P1/2 with the 6p electron

*Present address: Center for Naval Analyses, Alexandria,
22302.
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likewise generates four closely spaced levels. Figure 1 sh
the 5p56p configuration consisting of a lower subset of s
levels and an upper subset of four. The ionization energy
the upper group is about 1.1 eV, which is less than one-
of the ionization energy of the lower group (;2.4 eV!. This
is in contrast to the case of argon in which all ten levels
the 3p54p configuration have nearly the same ionization e
ergy. Because of the dominance of the spin-orbit coupling
the 5p5 core, all the excited configurations 5p5nl of xenon
exhibit the same two-group structure associated with
2P3/2 and 2P1/2 members of the core.

The difference in the grouping of energy levels betwe
argon and xenon is reflected in the electron-impact excita
cross sections. For argon~and neon! the cross sections of a
level within a given configuration are related to the parity
the total angular momentumJ of that level. Stated more gen
erally, the levels in the 3p5nl configuration with odd values
of J1 l tend to have larger cross sections than those w
evenJ1 l @1–4#. The pattern of variation, however, is differ
ent for xenon. Here, the lower subgroup of the 5p56p levels
have distinctly larger cross sections than the upper subgr
although within each subgroup the even-J levels do have
larger cross sections than the odd-J levels@5#. As suggested

A FIG. 1. Lowest-lyingp manifolds in argon and xenon in relatio
to the ionization limit~dashed horizontal lines!.
©2000 The American Physical Society14-1
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in Ref. @5#, the reason for the large difference in excitati
cross sections between the two subgroups is that the en
levels in the upper subgroup have much smaller ioniza
energy. Therefore, they have more diffuse wave functi
than the levels in the lower subgroup, making excitat
from the ground state~with a compact wave function! into
the upper subgroup less favorable. In contrast to xenon,
energy levels of argon in the 3p54p configuration~also the
2p53p of neon! all have nearly the same ionization energ
Neither the energy levels nor the excitation cross secti
exhibit the pattern of two subgroups.

Figure 2 shows the energy levels of krypton, which ha
a pattern intermediate between xenon and argon. The
levels in the 4p55p configuration (2p in Paschen’s notation!
still segregate into two subgroups associated with the2P3/2
~lower! and 2P1/2 ~upper! doublet of the 4p5 core, but the
doublet separation~0.7 eV! is not much larger than the en
ergy span of the lower subgroup (;0.4 eV!. The average
ionization energy of the lower subgroup is only about 40
higher than that of the upper subgroup as opposed to
factor-of-2 difference in xenon. However, no studies of t
systematics of the cross sections for the Kr (4p55p) levels,
to our knowledge, have been reported in the literature. In
paper we measure the excitation cross sections for
4p55p, 4p5ns, and 4p5nd levels and compare the resul
with those of neon, argon, and xenon.

Another important aspect of the electron excitation p
cesses is the pressure dependence. Previous studies o
other rare gases have revealed that the optical emission
sections for most of the transitions increase with increas
target gas pressure@1,2,4,5#. The degree of dependence
strongest for xenon and weakest for neon. A full understa
ing of this pressure dependence is essential in determi
the excitation cross sections of Kr from the optical measu
ments.

Krypton plays an important role in laser, plasma, a
lighting technology. Analysis of the operation of KBr lase

FIG. 2. Partial energy level diagram for krypton. Configurati
notation is provided in brackets below each manifold of exci
levels. Paschen’s notation is given above each manifold, with
designation for each level listed at the top of the figure, along w
theJ values. The dashed lines represent the ionization limits for
two core configurations.
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requires a detailed knowledge of electron excitation of
krypton atoms@6#. Another area of application is plasm
diagnostics, where the electron temperature and species
centration of a plasma may be determined from meas
ments of the intensities of emissions from excited rare-
atoms in the plasma@7#. This actinometry method require
accurate values of the electron excitation cross sections@8#.
The use of Kr gas in electrodeless discharge lamps also
derscores the need for a detailed knowledge of the elec
excitation processes in krypton@9#.

II. EXPERIMENTAL METHOD

Excitation into a particular energy level was detected
observing photons emitted as the excited krypton atom
cayed out of the level of interest to lower levels. This proc
dure, known as the optical method, is described in m
extensive detail elsewhere@10#, and is reviewed only briefly
here. By measuring the number of photons per unit time
electron beam length emitted as the excited atoms und
transitions from leveli to level j, F i j , the optical emission
cross sectionQi j is defined as

Qi j
opt5

F i j

n0~ I /e!
, ~1!

whereI represents the electron beam current,e the charge of
an electron, andn0 the number density of atoms. Summatio
of the cross sections for all transitions into a leveli from
higher levelsk is termed thecascade cross section. Simi-
larly, the sum of cross sections for all transitions out ofi into
lower levelsj is termed theapparent cross section:

Qi
casc5(

k. i
Qki

opt, Qi
app5(

j , i
Qi j

opt. ~2!

The difference between apparent and cascade cross sec
yields the direct cross section for electron-impact excitat
into level i:

Qi
dir5Qi

app2Qi
casc. ~3!

Cascade radiation into the 4p55p levels originates prima-
rily from the 4p56s, 4p57s, 4p54d, and 4p55d levels.
Most of these transitions lie in the infrared portion of th
spectrum, and so until now have not been studied. Re
advances in the use of the Fourier-transform spectrom
~FTS! have made possible the detection of infrared radiat
in weak-emission electron excitation experiments@1#. This
technique has allowed us to examine infrared transitions
He @11#, Ne @4#, Ar @1,2#, and Xe @5#. The experimental
methods used to study krypton are identical to those
scribed previously. We present only a brief description he

The experiment consists of a static gas target contai
within a vacuum chamber. An electron gun capable of p
ducing a;100 mA beam between 5 and 250 eV is locate
within the chamber. Emissions from atoms excited by
electron beam pass through a CaF2 window in the chamber
and are directed to the entrance slit of a Fourier-transfo
spectrometer~Nicolet model MagnaIR-860!. By choosing
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CROSS SECTIONS FOR ELECTRON-IMPACT . . . PHYSICAL REVIEW A 62 032714
appropriate beam splitter/detector combinations, the sp
trum from 0.3 to 6.0mm can be investigated. Emissions
the wavelength range between 0.3 and 0.9mm are detected
by a photomultiplier tube~PMT! with quartz beam splitter
Longer wavelengths are detected with InGaAs and InSb
tectors and a KBr beam splitter. The FTS provides relat
values for the optical emission cross sections. These
placed on an absolute scale by a bridging calibration usin
monochromator/PMT detector system with an identical c
lision chamber, as described in Ref.@10#. This
monochromator/PMT system can also be used for measu
smaller optical cross sections for emission in the 300–
nm range.

III. RESULTS AND DISCUSSION

Our principal interest in this paper is the excitation of t
ten levels in the 4p55p configuration. This entails the mea
surement of the optical cross sections for the 4p55p
→4p55s emission lines, in order to determine the appar
excitation cross sections, and the cross sections for tra
tions into the 4p55p levels from higher levels to determin
the cascades. Because of the two-subgroup pattern o
energy levels, the upper subgroup of 4p55p levels lie par-
tially above the lower subgroup of 4p54d ~see Fig. 2!. This
provides additional decay channels for some of the 4p55p
levels. However, transitions from the upper subgroup
4p55p into the lower subgroup of 4p54d entail a change of
the 4p5 core (2P1/2 to 2P3/2). The frequencies of the radia
tion emitted in such transitions are much lower than th
from same-core transitions; hence, the transition rates
expected to be exceedingly low. Using the theoretical tra
tion probabilities calculated by Aymar and Coulombe@12#,
we estimate the branching fractions of these transitions to
less than 0.007%, which can be safely neglected.

We have determined the cascade into the 4p55p levels by
measuring the optical cross sections for the 4p5ns→4p55p
(n56,7,8) and 4p5nd→4p55p (n54,5,6) emissions. Sub
tracting the total cascade from the apparent excitation c
sections gives the direct excitation cross sections for
4p55p levels. Our measurements of the 4p5ns→4p55p and
4p5nd→4p55p cascade emissions also yield the appar
excitation cross sections for a number of 4p5ns and 4p5nd
levels. Although we are not able to detect the cascade ra
tion into the 4p5ns and 4p5nd levels in order to determine
their direct excitation cross sections, theapparentexcitation
results, as we will see, reveal some interesting features o
cross section data.

In this section, we first discuss the pressure dependenc
the optical emission cross sections and its relation to re
sorption of resonant radiation. This will be followed by th
measurements of the 4p5ns→4p55p and 4p5nd→4p55p
cascades and discussions of the apparent excitation cross
tions of the 4p5ns and 4p5nd levels in Secs. III B and III C.
Determination of the direct excitation cross sections of
4p55p levels will be presented in Sec. III D. We discuss
Secs. III E and III F the general trends of the cross secti
of the ten 4p55p levels and their relations to the correspon
03271
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ing results of the other rare gases. Finally, we compare
cross section results with previous experiments and theo

A. Pressure effects

The optical emission cross sections of the rare gases
known to increase with pressure even at 1 mTorr or le
Recent studies of Ar, Xe, and Ne have traced the origin
this pressure effect to resonance radiation trapping thro
reabsorption. Consider electron excitation into a reson
level a, which radiatively decays to the ground level~0! as
well as to a nonresonant levelb. The resonant photon emit
ted by thea→0 transition may be reabsorbed by a near
ground-level atom, exciting it toa. This gives another
chance for ana→b transition to occur. As the pressure in
creases, it becomes more likely that resonant photons wil
reabsorbed in the gas. The effect is to increase the branc
fraction of thea→b channel at the expense of thea→0
channel. The optical cross section for thea→b emission
therefore increases with pressure and reaches a high-pre
asymptotic limit corresponding to complete reabsorption
the resonant photons.

A quantitative analysis of the effects of resonance rad
tion reabsorption on the pressure dependence of thea→b
emission cross section has been offered by Gabriel
Heddle@13#. The key quantity of their model is the fractio
of resonant photons escaping the collision chamber, whic
a function of the gas pressure and is denoted byg(P). This
function has been examined in some detail@14# and can be
recast from a function of pressure for a particular gas t
universal form for all gases by writing it as a function of th
dimensionless quantityk0r, wherer is a characteristic col-
lision radius for the experimental geometry andk0 is the
absorption coefficient of the resonant line, and is linear inP.
The optical excitation cross section for thea→b transition
at a pressureP is then given by@13#

Qab
opt~P!5Aab

Qa
dir1Qa

casc

Aa81Aa0g~k0r!
, ~4!

whereAab andAa0 are thea→b anda→0 transition prob-
abilities, respectively, andAa8 is the sum of the transition
probabilities for all transitions froma into the lower levels
except the ground level. These transition probabilities
calculated in the absence of pressure effects, so thatg(k0r)
contains the only pressure dependence in the right-hand
of Eq. ~4!, when the pressure dependence ofQa

casc is ne-
glected as was done in Ref.@4#. In this paper we are mainly
interested in the optical cross sections for two types of tr
sitions:~a! transitions into the 4p55p levels from the higher
levels, and~b! transitions from the 4p55p levels into the
lower levels. Since the 4p55p levels are not optically con-
nected to the ground level, type~a! includes transitions from
resonant levels such as 4p5ns(J51)→4p55p and
4p5nd(J51)→4p55p, which can be analyzed by using E
~4!. On the other hand, Eq.~4! is not applicable to type~b!.
The effect of pressure on the apparent excitation cross
tions for transitions of type~b! arises from the pressure
dependent cascade cross sections from higher levels tha
optically coupled to the ground level, like levela. The ob-
4-3
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served pressure effects for these two types of transitions
discussed separately in the following paragraphs.

Figure 3 shows the pressure dependence of the op
cross sections for emission from the 3s4 level ~Paschen’s
notation for one of the 4p57s, J51 levels! and the 3s18 level
~Paschen’s notation for one of the 4p54d, J51 levels!, both
of which are optically connected to the ground level. T
specific emission lines (a→b) that we study are 3s4

→2p8 and 3s18→2p10. Here 2p8 and 2p10 are Paschen’s
notation for two of the 4p55p levels with J52 andJ51,
respectively~see Fig. 2!. For comparison with the reabsorp
tion mechanism we use Eq.~4! to calculate these cross se
tions at various pressures. The value ofr in Eq. ~4! is taken
as 1.4 cm, which was determined from a detailed analysi
the pressure dependence of the He (31P→21S) emission
cross sections measured with the same collision cham
@11#. The shape of the pressure dependence curve as giv
Eq. ~4! also depends parametrically onAa8 and Aa0 with a
further implicit dependence onAa0 throughk0. Theoretical
calculations of the transition probabilities have been repo
by Aymar and Coulombe@12#. Because of the complexity o
the atomic structure, the accuracy of the calculated transi
probabilities is difficult to assess. We find that analysis of
pressure dependence of the emission cross sections may
vide relevant information about the transition probabilitie

At very low pressures, reabsorption is negligible so t
g(k0r) approaches unity and Eq.~4! simply restates the wel

FIG. 3. Cross section versus pressure for transitions out of
~a! 3s4 and ~b! 3s18 levels of krypton. The dashed line is the resu
of applying the Heddle radiation trapping model with the theoreti
transition probabilities from Ref.@12#. The solid line is a fit to the
model with adjusted values of the transition probabilities.
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known relation connecting the optical emission cross sec
to the apparent excitation cross section (Qa

dir1Qa
casc) and the

branching fraction. At the high-pressure limit,g(k0r) tends
to zero and theAa0 term in Eq.~4! disappears, correspondin
to complete reabsorption of resonant radiation. The ratio
the cross section at these two limits is

Qab
opt~P→`!

Qab
opt~P→0!

511
Aa0

Aa8
. ~5!

e

l

FIG. 4. Apparent excitation cross section versus pressure
two krypton levels not optically coupled to the ground level.

FIG. 5. Apparent excitation functions for the 4p5ns J51 levels.
4-4
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CROSS SECTIONS FOR ELECTRON-IMPACT . . . PHYSICAL REVIEW A 62 032714
Thus, the ratio of the measured emission cross sections a
two pressure extremes gives the ratioAa0 /Aa8 . Even if the
measurements were not carried to the full asymptotic lim
the pressure dependence of the cross sections can st
used to check the transition probabilities. For instance, fr
the pressure dependence of the apparent excitation cross
tion shown in Fig. 3~a!, we estimateQ(P→`)/Q(P→0) for
the 3s4→2p8 transition to be about 36, or corresponding
the valueAa0 /Aa8'35. The theoretical values from Ref.@12#
are Aa053.03108 s21 and Aa855.73106 s21, yielding
Aa0 /Aa8553, which is considerably larger than our estima
Indeed, if we adopt these values from Ref.@12# as input to
Eq. ~4!, the calculated pressure dependence overestimate
cross sections at high pressures relative to the low-pres
values. This is demonstrated by the dashed curve in Fig. 3~a!.

FIG. 6. Apparent excitation functions for the 4p5ns JÞ1 levels.
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However, by increasingAa8 to 8.93106 s21 and keeping
Aa053.03108 s21 we obtain a good fit to the measure
cross sections as shown in Fig. 3~a!. We have also examined
the possibility of varyingAa0. SinceAa0 is related tok0 in
Eq. ~4!, an increase inAa0 would shift the rising portion of
the curve to the low-pressure side. Test calculations sh
that a satisfactory fit can be retained ifAa0 is chosen within
the range of 2.43108 to 3.83108 s21, with a corresponding
adjustment ofAa8 .

Analysis of the pressure dependence of the 3s18→2p10

emission cross section provides a more stringent test of
theoretical transition probabilities. In Fig. 3~b! the measured
cross sections have not yet reached the high-pressure l
Nevertheless, the experimental data clearly indicate
Q(P→`)/Q(P→0) must be larger than 5, orAa0 /Aa8.4.
From Ref. @12# we get Aa052.13106 s21 and Aa858.5
3106 s21, yielding an expected ratio of 1.2. Thus, the th
oretical value ofAa0 /Aa8 is much too small. Furthermore, i
we input these theoretical values ofAa8 andAa0 into Eq.~4!,
the resultingQab

opt(P) shown as the dashed curve in Fig. 3~b!
increases by only 8% with a fairly uniform slope in the ran
of 0.1 to 3 mTorr, and the slope becomes much larger a
mTorr. This behavior corresponds to a much weaker re
sorption than is exhibited by the experimental data, indic
ing that the theoretical value ofAa0 is much too small. In
fact, it is possible to accurately reproduce the experime
data by using the sameAa8 and increasingAa0 to 7.5
3107 s21. This, however, is not to be taken as a propos
revision ofAa0, since the fitting process is not unique. Th
points we want to make are that the calculatedAa0 from Ref.
@12# is too small, and that the observed pressure depend
of the 3s18→2p10 emission cross section is consistent w
the reabsorption model of Gabriel and Heddle@13#.

Finally, we address the pressure effects for the levels
are not optically connected to the ground level. Figure
shows optical emission cross section versus pressure f
4p55p level with J51 and a 4p54d level with J53. Nei-
ther level is optically coupled to the ground level, yet ea
show optical emission cross sections that increase with p
sure. This variation with pressure is due to the pressu
dependent cascade contribution to the apparent cross
tions. The 4p55p, J51 level receives cascade from resona
levels. The 4p54d, J53 level receives cascade from highe
lying 4p5np levels, which themselves receive resonant c
cade subject to radiation trapping. Thus, all optical emiss
cross sections exhibit some degree of pressure depend
For nonresonant levels, the pressure effect is solely du
cascade; thus, the pressure dependence of the optical
sections for emission from the nonresonant levels is ge
ally weaker than that from the resonant levels.

B. Apparent excitation cross sections of the 4p5ns levels

Excitation functions for theJ51 levels of the 4p56s and
4p57s configurations (2s2 , 2s4 , 3s2, and 3s4 in Paschen’s
notation! are shown in Fig. 5. Note that all have the bro
shape characteristic of the optically allowed levels. In Ar a
Ne, excitation functions for the corresponding levels a
4-5
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TABLE I. Cross sections for cascade into the 2p levels measured at 2 mTorr and 100 eV in units of 10220 cm2. Numbers in parenthese
were obtained with the aid of the theoretical transition probability ratios of Ref.@12#, and agree with the experimental upper limit. Numbe
in curly braces denote cross sections obtained with the aid of the theoretical transition probability ratios but not confirmed f
experimental upper limit; e.g., overlapping lines or a line outside the detection region. An ‘‘X’’ represents energetically forbidden c
into the 2p levels. Error bars represent statistical uncertainty only. The last four rows list contributions from the 4p57s (3s2–3s5), 4p58s
(4s2–4s5), 4p55d (S4d,4s1), and 4p56d (S5d,5s1) levels.

2p1 2p2 2p3 2p4 2p5 2p6 2p7 2p8 2p9 2p10

J 0 2 1 1 0 2 1 2 3 1

2s2 1 ~2.2! 2665 9.561.4 1162 ~0! ~0.6! 2.360.3 ,0.08 ,0.02
2s3 0 8.663.0 ~5! ~0.2! 0.2260.06
3s18 1 ,1 ,12 ,15 4063 ,10 4.760.5 2.160.3 4.660.3 3162
3s1- 3 ,15 ~0.1! $3.5% 3.560.4
3s1-8 2 1161 ,6 ,10 ,3 ,3 ,0.3 ,0.3 0.8060.18
3s19 2 ~0.6! ~5! ~0.05! 5.060.7 ~0.6! ~0.3! ~0.05! $0.08%
2s4 1 $0% $0% $0% $0% ~14! ~58! 410625 219614 9868
3d2 1 $0% $0% $0% $0% 4963 ~1! a 2364 149610 1865
2s5 2 $0% $0% $0% ~2.9! ~2.8! ~3! 2863 2462
3d18 3 $0% 2662 ~3! 1363
3d19 2 $0% $0% $0% ~0.4! ~15! 1163 ~0.7! ~0.1!
3d4 3 X $0% (,0.1) ~59! b (,12)
3d48 4 X X 1761
3d3 2 X X X $0% ,8 ,5 ,3 ~0! ~10!a

3d5 1 X X X X ,2 ,5 2361 ,5 ~12!b

3d6 0 X X X X ,10 ,5
S7s 2.960.6 7.061.4 3.060.6 1162 6.060.8 4668 98614 144615 0 2763
S8s 0 0 0 0 0 6.761.1 1362 2463 0 1.660.3
S5d 2364 1462 1463 2565 2865 6.860.9 9.361.3 3764 4.360.6 3466
S6d 0 0 0 0 3.860.6 0.960.1 2.560.5 5.060.8 0 8.061.2

aFor the unresolved pair of lines markeda and the pair markedb, the theoretical branching ratios do not agree well with the data, lea
to large uncertainty in the correct apportionment of this cascade.
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found to be often distorted by a large cascade contribut
producing sharp peaks near onset, but this effect is abse
krypton, except for the 2s2 level. Emissions from the reso
nant levels to the ground level are in the far uv, beyond
detection capabilities. Thus, no absolute apparent excita
cross sections are reported.

For the JÞ1 members of the 4p56s and 4p57s mani-
folds, the 2s5 and 3s5 levels both have the characterist
sharply peaked excitation functions expected of triplet lev

FIG. 7. Apparent excitation functions for the 4d6 level.
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We measured the emissions from 2s5 into the lower 2p sub-
group, which is optically accessible with our apparat
Transitions from 2s5 into the upper 2p subgroup are ex-
pected to have very small branching fractions and are
glected because they involve a change of the ion core~from
2P3/2 to 2P1/2) and have very long wavelengths~5 to 6mm).
The apparent excitation cross sections of the 2s5 level are
displayed in Fig. 6. As to the 3s5 level, transitions into the
entire 2p set are optically accessible, but transitions into t
lower 3p subgroup, which do not involve a change of the i
core, are too far in the ir for our detectors. Thus, we do
have the absolute value of the 3s5 apparent cross section i
Fig. 6. For thens3 series, only the 2s3 level is given in Ref.
@15#. This level, however, exhibits an excitation functio
that, while still sharper than those for theJ51 levels, is
significantly broader than thens5 levels, in contrast to Ne
and Ar for which both thens3 andns5 levels have sharply
peaked excitation functions characteristic of purely trip
levels. The reasons for the anomalous shape of thens3 ex-
citation functions are not clear, although various speculati
can be offered. It may be due to distortion by cascades.
also possible that because thens3 and ns2 levels are very
close together~Fig. 2!, coupling of these two levels throug
the colliding electron may have important influence on t
excitation cross sections, whereas thens5 levels are much
4-6
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farther apart fromns4, and are less susceptible to the co
pling via the incident electron. One should also remem
that ns3 is a purely triplet level only under the one
configuration approximation. Mixing ofns3 with J50 levels
from other configurations may result in singlet admixtu
and therefore broaden the excitation function. Further stu
are needed to clarify this point.

Table I gives the optical cross sections for the emiss
from the 4p5ns levels into the ten 2p levels, measured at 2
mTorr and 100 eV. In some cases when the transitioi
→2pa is not discernible from the noise level, one can in
its cross section by measuring a different transitioni→2pb
and using the ratio of the theoretical transition probabilit
for these two transitions. This inferred value is usually co
sistent with the upper limit that we place on the cross sec
based on the minimum detectable signal at that wavelen
Cross sections measured indirectly in this manner are a
tated in Table I.

C. Apparent excitation cross sections of the 4p5nd levels

Each 4p5nd manifold has two pure triplet levels:d6 (J
50) andd48 (J54) in Paschen’s notation. The two optical
allowed transitions from the 3d6 level are in the ir region
where our InSb detector has low sensitivity, and were
found in our experiment. The excitation functions for t
3d48 transitions exhibit poor signal-to-noise ratios, althou
they are consistent with the expected sharply peaked sha
Transitions from the 4d levels occur in the more favorabl
part of the spectrum. Unfortunately, the 4d48 level emits at
the same wavelength as the much stronger 2p8→1s5 transi-

FIG. 8. Apparent excitation functions for the 4p5nd J51
levels.
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FIG. 9. Apparent excitation functions for the 4p5nd J52
levels.

FIG. 10. Apparent excitation functions for the 4p5nd J53
levels.
4-7
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TABLE II. Optical emission cross sections for the 2p→1s emissions of Kr at 100 eV in units o
10219 cm2. The individual emission cross sections are given at 2 mTorr. Values in brackets were ob
using theoretical values of the branching ratios. The last row lists apparent cross sections at low p
~below 0.1 mTorr!, where pressure effects are no longer important. Emissions from the 2p10 level could not
be observed at this low pressure.

2p1 2p2 2p3 2p4 2p5 2p6 2p7 2p8 2p9 2p10

J 0 2 1 1 0 2 1 2 3 1

1s2 1 20 24 3.8 8.1 @0# @0.1# @0.1# @0.1# @0.03#
1s3 0 5.0 6.3 @0.07# @0.06#
1s4 1 0.030 1.0 0.036 0.18 47 9.4 69 63 3.3
1s5 2 0.14 0.76 0.17 28 11 32 19 28
Sum (P52) 2062 2563 1061 1562 4766 3764 80610 95612 1963 3166
Sum (P50.1) 1862 2364 5.862.6 6.662.1 4266 3063 4367 4966 1463
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tion, so that we cannot make the measurement. Only thed6

level is accessible and its cross section, shown in Fig. 7,
the usual sharp peak characteristic of triplet levels.

The J51 members of the 4p54d (3s18 , 3d2, and 3d5 in
Paschen’s notation! and 4p55d (4s18 , 4d2, and 4d5) mani-
folds are shown in Fig. 8. All excitation functions have ve
broad shapes, characteristic of levels optically coupled to
ground. We note, however, that the 4s18 and especially the
4d5 levels show pronounced peaks near onset, indicatin
possible large cascade component.

Results for theJ52 levels are displayed in Fig. 9. N
transitions from the 4d19 level were detected. All levels ex
cept 3s1-8 and 4s1-8 show very narrow excitation function
expected of levels with no direct Coulomb coupling to t
ground level through the colliding electron. The bro
shapes of the two exceptions, which differ greatly from t
other levels in this family, are reminiscent of the anomalo
case of the 2s3 level discussed in Sec. III B. Such deviatio
from the general rules may point toward some especi
interesting features for Kr.

Finally, the cross sections for theJ53 levels are shown
in Fig. 10. These levels exhibit excitation functions that a
somewhat broader in shape than for the very sharp funct
of the J52 levels, because, unlike the case ofJ52, theJ
53 levels do couple with the ground level through the Co
lomb interaction with the colliding electron. On the oth
hand, theJ53 levels are not optically connected to th
ground level; hence we find narrower excitation functio
than for theJ51 levels. The only transition from 3d4 that is
strong enough to detect is 3d4→2p8, which is not com-
pletely resolved from the 3d5→2p10 line ~only 2 cm21

apart!. Thus, no 3d4 data are included in Fig. 10.
Note that in the figures not all excitation functions ha

been placed on an absolute scale. Those displayed on a
lute scales indicate that all transitions out of the level ha
been measured. Those on arbitrary scales indicate that n
transitions out of the level could be measured, either beca
of difficulty in separately identifying multiple transition
with very close wavelengths, or due to transitions falli
outside the detection range of the experiments. Absolute
ues of the optical cross sections for the transitions from
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4p5nd levels into the ten 2p levels measured at 2 mTorr an
100 eV are given in Table I.

D. Direct excitation cross sections of the 4p55p levels

The majority of transitions out of the 4p55p manifold lie
in the visible spectral region and are easily measured.
transitions from the lower subgroup of 4p55p to the upper
subgroup of 4p55s lie in the ir, accessible with our detecto
system. None of these transitions were observed, howe
due to the unfavorable line strengths for transitions involv
a change from the2P3/2 ion core into the2P1/2 core. Their
values have thus been estimated with theoretical branc
ratios, and constitute no more than 0.3% of the appa
excitation cross sections. Transitions from the 4p55p to
4p54d levels are all in the far-ir region, outside our detect
range, but are negligible, as explained in the beginning
Sec. III. Table II lists values for optical emission cross se
tions out of the 4p55p levels at 100 eV and 2 mTorr pres
sure. Due to the radiation trapping mechanism discusse
Sec. III A, these emission cross sections vary with press
Thus, apparent cross sections in Table II are given a
mTorr and also at a low pressure~generally below 0.1
mTorr!, where the cross sections become constant with p
sure.

By subtracting the cascade contributions~Secs. III B and
III C and Table I! from the apparent 4p55p cross sections, it
is possible to determine direct electron excitation cross s
tions for these levels. Because of the pressure dependen
the emission cross sections, it is important that the casc
and apparent cross sections are measured at the same
sure. Figure 11 shows the results. For the twoJ50 levels,
2p1 and 2p5, the cascade originates entirely from the res
nantJ51 levels. The very broad peak associated with th
cascading resonant levels is responsible for the secon
maxima evident in the apparent excitation functions. For
four J51 levels, the effect of the cascade is to broaden
high-energy section of the apparent excitation functio
Note particularly the effect on 2p7, where the cascade cros
section is significantly larger than the direct excitation cro
section beyond about 50 eV. Finally, consider the threeJ
52 and the oneJ53 levels. Only for 2p8 does the cascad
4-8
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FIG. 11. Apparent~line!, cascade~triangles!, and direct~circles! cross sections for the 4p55p levels.
ely

e
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ec-
,

surpass the direct cross section.
As in the case of neon and argon, the 2p9 level exhibits a

narrow-peak excitation function characteristic of a pur
triplet state. TheJ51 excitation functions are only slightly
03271
broader than the 2p9 function, and are narrower than thos
of the J52 and J50 levels. This can be understood b
considering that the Coulomb potential of the incident el
tron does not couple theseJ51 levels with the ground level
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so that excitation must proceed through indirect coupling
intermediate states or exchange interaction. On the o
hand, there exists direct Coulomb coupling between
even-J levels with the ground, which manifests itself mo
clearly in the broad shape of the direct excitation functio
of the J50 levels.

The data in Figure 11 were all acquired at a target
pressure of 2 mTorr. To study the pressure effects, we h
repeated the cascade and apparent measurements acro
0.8–3 mTorr range, and determined the direct cross sect
at different pressures. The result, shown in Fig. 12, is th
while both the apparent and cascade cross sections inc
with pressure, the direct cross sections, within error b
remain constant. This indicates that the pressure depend
of the cascade cross sections, which we attribute to re
nance radiation reabsorption, is entirely responsible for
pressure dependence of the apparent cross sections.

FIG. 12. Apparent~squares!, cascade~triangles!, and direct
~circles! cross sections at 100 eV versus pressure for three of
4p55p levels. The dashed horizontal line represents the ave
direct cross section.
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E. Magnitudes of the cross sections and comparison with Ne,
Ar, and Xe

It was stated earlier that the direct excitation cross s
tions for the levels within a given configuration like 2p5nl or
3p5nl for neon and argon obey a parity rule whereby lev
with J1 l odd tend to have larger cross sections than th
with J1 l even. In the case of xenon, our analysis must
modified by dividing a configuration into two subgroups co
responding to the2P3/2 and 2P1/2 ion cores. The levels with
the 2P3/2 ion core generally have larger cross sections th
the levels with the2P1/2 core; however, within each sub
group, the (J1 l ) parity rule similar to neon and argon hold
Now that we have direct cross sections for the 4p55p levels,
we can examine trends in the direct cross sections for kr
ton.

Table III gives direct electron excitation cross sections
various energies for the ten levels of the Kr 4p55p configu-
ration, listed in the order of the two subgroups with the2P1/2
ion core (2p1 through 2p4) and the2P3/2 core (2p5 through
2p10). At an incident energy of 75 eV and above, with
each group the even-J levels have larger cross sections th
the odd-J levels, conforming to the (J1 l ) rule with l 51. In
fact, this parity relation holds even at 30 eV with only on
exception. Next we compare the two subgroups with e
other. The lower subgroup~the 2P3/2 core! as a whole does
have larger cross sections than the upper subgroup~the 2P1/2
core! with roughly a factor of 2 in the average cross sectio
However, individually some of the odd-J levels of the lower
subgroup have smaller cross sections than the even-J levels
of the upper subgroup. This is because the odd-J levels in-
herently have smaller cross sections than the even-J levels of
the same subgroup. Indeed, if we limit our comparison
either even-J only or odd-J only, then the lower subgroup
clearly has larger cross sections than the upper subgrou

The foregoing discussions indicate that the magnitude
the cross sections are influenced by two criteria. The first

e
ge

FIG. 13. Direct excitation cross sections for excitation into t
entiren8p5(n811)p manifold versusn8 for Ne, Ar, Kr, and Xe.
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TABLE III. Direct electron excitation cross sections for the 4p55p levels of Kr in units of 10219 cm2.
Error bars represent combined statistical and systematic errors. Cross sections peak near 18 eV.

J Peak 30 eV 50 eV 75 eV 100 eV 200 eV

2p1 0 2964 2663 2463 2063 1762 1061
2p2 2 69614 44611 3066 2365 1964 1163
2p3 1 4767 1764 9.362.2 7.261.5 5.661.3 3.860.8
2p4 1 3365 1663 8.562.6 7.062.2 5.661.9 4.261.3
2p5 0 6269 5168 4768 4167 3466 1864
2p6 2 72610 4667 3366 2665 2164 1163
2p8 2 149621 104617 68615 45613 35611 1567
2p7 1 93615 61615 40614 29613 19611 4.665.2
2p10 1 5767 2767 1566 8.564.8 7.264.6 1.762.3
2p9 3 101614 4367 2465 1663 1263 7.961.8
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is the (J1 l ) parity rule, which, for the case for then8p5np
configuration of rare gases (n852,3,4, and 5 for Ne, Ar, Kr,
and Xe, respectively!, favors excitation into the levels with
even J ~odd values ofJ1 l ) over those with oddJ ~even
values ofJ1 l ) at high energies. The second criterion is th
when two levels within a configuration have substantia
different ionization energies, excitation tends to favor t
lower level. Unlike the first criterion, the second criterion
not limited to high energies. For the lower excited config
rations of neon and argon, all the levels within the sa
configuration have nearly the same ionization energy. Th
the second criterion has no effect and the parity rule prev
for all the levels in a configuration. In the other extreme
xenon, for which the 5p56p configuration consists of two
subgroups of very different ionization energies~1.1 and 2.4
eV!, resulting in two correspondingly distinct sets of cro
sections. Krypton proves to be an intermediate case.
4p55p levels still segregate into two subgroups with abo
40% difference in ionization energy. Thus, both the first a
second criteria apply so that the even-J levels of the lower
subgroup are the most favorable ones for excitation whe
the odd-J levels of the upper subgroup are the least fav
able. The odd-J levels of the lower subgroup and the evenJ
levels of the upper subgroup are favored by one criterion
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disfavored by the other; hence, their cross sections over
The more complex behaviors of krypton can therefore
understood as an intermediate case of a unified picture
the entire rare-gas series.

F. Comparison of then8p\„n8¿1…p cross sections for the
rare gases

The sum of the cross sections of all ten 2p levels repre-
sents the excitation from then8p6 ground state into the entire
n8p5(n811)p manifold, and therefore corresponds to t
n8p→(n811)p excitation, withn852,3,4, and 5 for Ne, Ar,
Kr, and Xe respectively. In Fig. 13 we plot these manifo
cross sectionsQ@n8p5(n811)p# versusn8 for the four rare-
gas atoms at 50, 75, 100, and 150 eV. The nearly lin
relationship at 75, 100, and 150 eV is interesting. Here
cross section increases by roughly a factor of 2 from Ne
Ar, a factor of 3 from Ne to Kr, and a factor of 4 from Ne t
Xe. Let us compare these increases with the ‘‘size’’ of t
atoms. Different sets of atomic radii for the rare gases h
been derived based on different criteria, but their ratios sh
much less variance. From Ref.@16# we take the atomic radi
ratio as 1.2 for Ne to Ar, 1.3 for Ne to Kr, and 1.4 for Ne
Xe. Thus, the increments in the manifold cross sections
ed

eV
TABLE IV. Comparison of our cross section results with the experimental results of@21# and the theo-
retical results of@23# for the 4p55p levels in units of 10219 cm2. Error bars in our data represent combin
statistical and systematic errors. Cross sections peak near 18 eV.

This work Ref.@21# Ref. @23# This work Ref.@21# Ref. @23#

J peak expt. peak theory peak 100 eV expt. 100 eV theory 100

2p1 0 2964 2669 1762 2067
2p2 2 69614 55619 29 1964 2268 24
2p3 1 4767 1866 4.0 5.661.3 4.462.2 0.025
2p4 1 3365 2468 16 5.661.9 2.461.2 0.067
2p5 0 6269 31611 3466 2569
2p6 2 72610 1766 24 2164 9.963.5 9.9
2p7 1 93615 2468 11 19611 1565 0.052
2p8 2 149621 81628 43 35611 49617 35
2p9 3 101614 35612 35 1263 3.161.6 0.16
2p10 1 5767 25 7.264.6 0.067
4-11
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much larger than what may be expected of the geome
size. We may also contrast this trend with then8s→n8p
excitation of the alkali-metal atoms. At 50 eV the direct e
citation cross sections for Li (2s→2p), Na (3s→3p), and
K (4s→4p) are 2.0310215, 2.2310215, and 2.9310215

cm2 @17–19#, a much milder increase than for the rare gas
Of course, excitation cross sections depend on both the
tial ~ground! state and the final state, whereas the atom
radius is a ground-state property. A quantitative understa
ing of the trend of large increase in Fig. 13 should be va
able toward a comprehensive insight into the excitation p
cesses of the rare-gas series.

G. Comparison with other experiments and theory

Fel’tsan@20# reported measurements of the optical em
sion cross sections for transitions of the type 4p55p
→4p55s in the pressure region of 1–5 mTorr. Cross se
tions for only a few transitions into the 4p55p levels were
measured; thus, the direct excitation cross sections were
determined. Since the exact pressures at which his data
taken are not given, quantitative comparison of his cross
tions with ours is not possible because of the pressure de
dence of the optical emission cross sections. Fel’tsan fou
double-peak structure for the excitation functions of the 2p1 ,
2p5, and 2p7 levels which we also observe, although h
double-peak structure is more prominent than ours.

Bogdanova and Yurgenson@21# have used a pulsed elec
tron beam to measure the excitation cross sections of
4p55p levels of krypton, attempting to eliminate the casca
contribution. Table IV compares their measurements w
the present work. At peak cross section, the agreemen
the upper subgroup is quite good. For the lower subgro
however, our results are larger than those of Ref.@18#. At
100 eV, the agreement between the two experiments is
erally better.

Trajmar et al. @22# have measured inelastic differenti
cross sections~DCS’s! for excitation of Kr atoms into a
number of higher levels. The individual higher levels we
not completely resolved, but cross sections were reported
various ‘‘features’’ which correspond to one or more excit
levels. The integral cross sections obtained by integrating
DCS over the scattering angle may be compared with
direct excitation cross sections. In Ref.@22#, excitation into
in

n

A

l.

l.
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the 4p55p levels that are isolated from other configuratio
include features 5 (2p10); 6 (2p912p8); 7,8 (2p712p6);
and 9 (2p5). Their integral cross sections at 30 eV are 7
49, 25, and 29 in units of 10219 cm2, respectively; consid-
erably smaller than the corresponding values of 27, 147, 1
and 51 from our measurements.

The only theoretical work on the excitation cross sectio
of krypton that we are aware of is by Kauret al. @23#, using
a relativistic distorted wave method. They published resu
using both single-configuration and multiconfiguratio
ground-state wave functions. Their multiconfiguration resu
are also included in Table IV. No clear trend is apparent
comparing their theoretical results to experiment, althou
their calculations are generally smaller than the measu
cross sections.

IV. CONCLUDING REMARKS

Our experiments reported here not only provide t
electron-impact excitation cross section data for Kr, but a
allow us to compare the results for the four rare gases
particular, we examine the excitation from then8p6 ground
state into the ten levels in then8p5(n811)p configuration
with n852,3,4, and 5 for Ne, Ar, Kr, and Xe. The variation
of the cross sections for the different levels can be explai
by consideration of the ionization energy and the parity
theJ value. Another point of interest is that the cross sect
for excitation into the entiren8p5(n811)p manifold for the
rare gases increases quite drastically from Ne to Xe; m
more than expected from consideration of the atomic siz

Apparent excitation cross sections have been meas
for the levels in the 4p56s, 4p57s, 4p53d, and 4p54d con-
figurations of Kr. The shape of the excitation functions f
the various levels can be classified according to the valu
J as was done for the other rare-gas atoms. However
important exception was found for theJ50 level of the
4p56s configuration. The reason for this exception is n
understood, and it merits further studies.
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