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Cross sections for electron-impact excitation of Krypton
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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 (D in Paschen’s notationThe 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 numbes): 34.80.Dp, 34.80.My

[. INTRODUCTION likewise generates four closely spaced levels. Figure 1 shows
the 5p°6p configuration consisting of a lower subset of six
Electron excitation processes of the rare gases are of grelvels and an upper subset of four. The ionization energy of
importance from the standpoint of understanding basid¢he upper group is about 1.1 eV, which is less than one-half
electron-atom interactions and have applications to variousf the ionization energy of the lower group-@.4 e\). This
fields such as atmospheric science, lighting technology, gais in contrast to the case of argon in which all ten levels of
lasers, and plasma processing. The recent surge of interesttime 3p°4p configuration have nearly the same ionization en-
these areas has stimulated a large body of studies of thergy. Because of the dominance of the spin-orbit coupling of
electron-impact excitation cross sections. In spite of the simithe 5p° core, all the excited configurationg®l of xenon
larity in electronic structure of the four rare gas@eon exhibit the same two-group structure associated with the
through xenoh Kr and Xe differ from Ne and Ar in one 2P, and P, members of the core.
aspect that has a strong influence on electron-impact excita- The difference in the grouping of energy levels between
tion. Consider, for instance, thep4p configuration of ar-  argon and xenon is reflected in the electron-impact excitation
gon, which consists of ten levels with the total angular mo-cross sections. For arggand neoh the cross sections of a
mentumJ ranging from 0 to 3. The energy separations oflevel within a given configuration are related to the parity of
these levels are governed by the coupling between the orbit#éte total angular momentuthof that level. Stated more gen-
and spin angular momenta of th@3core and the g elec-  erally, the levels in the 8°nl configuration with odd values
tron. The magnitudes of the interactions of the four angulaof J+1 tend to have larger cross sections than those with
momentum vectors are such that their coupling does not corevenJ+| [1-4]. The pattern of variation, however, is differ-
form closely to standard vector coupling schemes such as thent for xenon. Here, the lower subgroup of the*6p levels
LS jj, or jK coupling, and is described instead by the inter-have distinctly larger cross sections than the upper subgroup,
mediate coupling. The ten levels are more or less evenlglthough within each subgroup the evérevels do have

spread out over a range of 0.6 eV, which is small comparethrger cross sections than the adldevels[5]. As suggested
to the ionization energy2.6 eV), as shown in Fig. 1. The

same trend is seen in neon, in which the ten levels of the B
2p°3p configuration also range within 0.6 eV of one an- o
other. The situation is, however, very different for the corre- [ b
sponding configuration of xenonp86p. Here the spin-orbit 15+ 12 ANA
coupling of the P° core is much stronger than the coupling :2 ooy 1.1eV

L 20¢e

of the 5p° core with the § electron. To construct the term
levels within this configuration, we start with the spin-orbit
interaction of the core, which yields thep%2Pj,) and
5p°(2P4,,) pair with a spacing of 1.3 eV. The lower member
2p,;, then couples with the orbital and spin angular mo-
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menta of the @ electron, resulting in six levels whose spac- i 3p*ap Py '
ings are much smaller than th@5core 2Pg,-2P, splitting. [
Coupling of the upper membeiP,,, with the 6p electron 12 [ 9 L

Argon Xenon

*Present address: Center for Naval Analyses, Alexandria, VA FIG. 1. Lowest-lyingp manifolds in argon and xenon in relation
22302. to the ionization limit(dashed horizontal lings
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J=2101 1321201120 014321232321 12233%3423 requires a detailed knowledge of electron excitation of the
S35 DoPiib ’f“T”‘_"af*”Ldid:;“’iggd‘_""_“"f‘E_ e krypton atoms[6]. Another area of application is plasma
3s *P,core diagnostics, where the electron temperature and species con-
L] ettty 7 -~~~ ; P P
— 4 _%P 5d_ AL - centration of a plasma may be determined from measure-
38 26— TTTEd__ 8 ——— ] ments of the intensities of emissions from excited rare-gas
13 " _ 5 ( _ : €-g
S |2 20_ 3d___ [4p5af] atoms in the plasm@7]. This actinometry method requires
§12 - % _ -—= . : accurate values of the electron excitation cross secfi®hs
& S tptd] The use of Kr gas in electrodeless discharge lamps also un-
SMp s 1 derscores the need for a detailed knowledge of the electron
1s excitation processes in kryptdgf].
10‘:_T4p5531 ]
1T IIl. EXPERIMENTAL METHOD
0} (s25.4p9 1P Krypton Excitation into a particular energy level was detected by

observing photons emitted as the excited krypton atom de-
FIG. 2. Partial energy level diagram for krypton. Configuration cayed out of the level of interest to lower levels. This proce-
notation is provided in brackets below each manifold of exciteddure, known as the optical method, is described in more
levels. Paschen’s notation is given above each manifold, with th€xtensive detail elsewhef&0], and is reviewed only briefly
designation for each level listed at the top of the figure, along withhere. By measuring the number of photons per unit time per
the J values. The dashed lines represent the ionization limits for thelectron beam length emitted as the excited atoms undergo

two core configurations. transitions from level to levelj, ®;;, the optical emission
cross sectior;; is defined as
in Ref. [5], the reason for the large difference in excitation .
cross sections between the two subgroups is that the energy Qi‘]pt=n (II/Je) , D
0

levels in the upper subgroup have much smaller ionization

energy. Therefore, they have more diffuse wave f“nCt'O”%herel represents the electron beam currerthe charge of

';han tt::e Ievelsd mt Te _Itcr)]wer subgr(;up, mafklngt_ excitation,y glectron, and, the number density of atoms. Summation
rom the ground statéwith a compact wave functionnto ¢ yne cross sections for all transitions into a levetom

the upper subgroup Ies; favorable. In pontrgst to xenon, thIﬁ‘lgher levelsk is termed thecascade cross sectioBimi-
energy levels of argon in thep34p configuration(also the larly, the sum of cross sections for all transitions out ioito

2p§3p of neon all have nearly the same ipnization energy. oer levels; is termed theapparent cross section
Neither the energy levels nor the excitation cross sections

exhibit the pattern of two subgroups. cas oot . oot
Figure 2 shows the energy levels of krypton, which have i CZKZ, Q, PP 2 Qijp . 2
a pattern intermediate between xenon and argon. The ten ' '

i
. 5 . . . y .
levels in the 4°5p configuration ( in Paschen’s notation  The difference between apparent and cascade cross sections

still segregate into two subgroups associ:;ted with®Rg,  yields the direct cross section for electron-impact excitation
(lower) and “Py/, (uppe) doublet of the 4> core, but the jnto leveli:

doublet separatiof0.7 eV) is not much larger than the en-
ergy span of the lower subgroup-0.4 eV). The average dir_ Qarp— Qeasc 3
ionization energy of the lower subgroup is only about 40%
higher than that of the upper subgroup as opposed to the Cascade radiation into thepd5p levels originates prima-
factor-of-2 difference in xenon. However, no studies of therily from the 4p®6s, 4p°7s, 4p°4d, and 4°5d levels.
systematics of the cross sections for the Kp{8p) levels, Most of these transitions lie in the infrared portion of the
to our knowledge, have been reported in the literature. In thispectrum, and so until now have not been studied. Recent
paper we measure the excitation cross sections for thadvances in the use of the Fourier-transform spectrometer
4p°5p, 4p°ns, and 4°nd levels and compare the results (FTS) have made possible the detection of infrared radiation
with those of neon, argon, and xenon. in weak-emission electron excitation experimefit$ This
Another important aspect of the electron excitation pro-technique has allowed us to examine infrared transitions in
cesses is the pressure dependence. Previous studies of the [11], Ne [4], Ar [1,2], and Xe[5]. The experimental
other rare gases have revealed that the optical emission crogethods used to study krypton are identical to those de-
sections for most of the transitions increase with increasingcribed previously. We present only a brief description here.
target gas pressurd,2,4,9. The degree of dependence is The experiment consists of a static gas target contained
strongest for xenon and weakest for neon. A full understandwithin a vacuum chamber. An electron gun capable of pro-
ing of this pressure dependence is essential in determininducing a~100 wA beam between 5 and 250 eV is located
the excitation cross sections of Kr from the optical measurewithin the chamber. Emissions from atoms excited by the
ments. electron beam pass through a Gafindow in the chamber
Krypton plays an important role in laser, plasma, andand are directed to the entrance slit of a Fourier-transform
lighting technology. Analysis of the operation of KBr lasers spectrometer(Nicolet model MagnalR-860 By choosing
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appropriate beam splitter/detector combinations, the spedng results of the other rare gases. Finally, we compare our
trum from 0.3 to 6.0um can be investigated. Emissions in Cross section results with previous experiments and theory.
the wavelength range between 0.3 and @.Bh are detected
by a photomultiplier tubéPMT) with quartz beam splitter.
Longer wavelengths are detected with InGaAs and InSbh de- The optical emission cross sections of the rare gases are
tectors and a KBr beam splitter. The FTS provides relativeknown to increase with pressure even at 1 mTorr or less.
values for the optical emission cross sections. These arf@ecent studies of Ar, Xe, and Ne have traced the origin of
placed on an absolute scale by a bridging calibration using s pressure effect to resonance radiation trapping through
monochromator/PMT detector system with an identical col‘€absorption. Consider electron excitation into a resonant
lision chamber, as described in Reff10]. This level a, which radiatively decays to the ground ley8) as
monochromator/PMT system can also be used for measuringell as to a nonresonant levgl The resonant photon emit-
smaller optical cross sections for emission in the 300—90¢ed by thea—0 transition may be reabsorbed by a nearby
nm range. ground-level atom, exciting it tor. This gives another
chance for arw— B transition to occur. As the pressure in-
creases, it becomes more likely that resonant photons will be
IIl. RESULTS AND DISCUSSION reabsorbed in the gas. The effect is to increase the branching
fraction of thea— B channel at the expense of tle—0
Our principal interest in this paper is the excitation of thechannel. The optical cross section for the-3 emission
ten levels in the p°5p configuration. This entails the mea- therefore increases with pressure and reaches a high-pressure
surement of the optical cross sections for the®3p  asymptotic limit corresponding to complete reabsorption of
—4p°5s emission lines, in order to determine the apparenthe resonant photons.
excitation cross sections, and the cross sections for transi- A quantitative analysis of the effects of resonance radia-
tions into the $€°5p levels from higher levels to determine tion reabsorption on the pressure dependence ofxthes
the cascades. Because of the two-subgroup pattern of thgnission cross section has been offered by Gabriel and
energy levels, the upper subgroup gi*%p levels lie par-  Heddle[13]. The key quantity of their model is the fraction
tially above the lower subgroup ofp24d (see Fig. 2 This  of resonant photons escaping the collision chamber, which is
provides additional decay channels for some of tp85p  a function of the gas pressure and is denoted(). This
levels. However, transitions from the upper subgroup offunction has been examined in some defa#] and can be
4p°5p into the lower subgroup of gP4d entail a change of recast from a function of pressure for a particular gas to a
the 4p° core P, to 2P,). The frequencies of the radia- universal form for all gases by writing it as a function of the
tion emitted in such transitions are much lower than thoselimensionless quantitg,p, wherep is a characteristic col-
from same-core transitions; hence, the transition rates angion radius for the experimental geometry akgl is the
expected to be exceedingly low. Using the theoretical transiabsorption coefficient of the resonant line, and is lined?.in
tion probabilities calculated by Aymar and Coulomde],  The optical excitation cross section for the— 3 transition
we estimate the branching fractions of these transitions to bgt a pressur® is then given by{13]
less than 0.007%, which can be safely neglected. )
We have determined the cascade into tpép levels by opt QY +Qeee
measuring the optical cross sections for thEds— 4p°5p Qup(P)=Aap Al +A,09(kop) @
(n=6,7,8) and $°nd—4p°5p (n=4,5,6) emissions. Sub- “
tracting the total cascade from the apparent excitation crosghereA ,z andA ,q are thea— B8 anda— 0 transition prob-
sections gives the direct excitation cross sections for thabilities, respectively, and\, is the sum of the transition
4p®°5p levels. Our measurements of thp%hs—4p°5p and  probabilities for all transitions frona into the lower levels
4p°nd—4p°5p cascade emissions also yield the apparenexcept the ground level. These transition probabilities are
excitation cross sections for a number qf°4s and 4€°nd  calculated in the absence of pressure effects, sogttiaip)
levels. Although we are not able to detect the cascade radiaontains the only pressure dependence in the right-hand side
tion into the 4p°ns and 4p°nd levels in order to determine of Eq. (4), when the pressure dependenceQ@ff*is ne-
their direct excitation cross sections, tlegparentexcitation  glected as was done in Ré#t]. In this paper we are mainly
results, as we will see, reveal some interesting features of thiaterested in the optical cross sections for two types of tran-
cross section data. sitions: (a) transitions into the @°5p levels from the higher
In this section, we first discuss the pressure dependence @vels, and(b) transitions from the g°5p levels into the
the optical emission cross sections and its relation to realewer levels. Since the gP5p levels are not optically con-
sorption of resonant radiation. This will be followed by the nected to the ground level, tyge) includes transitions from
measurements of thepdns—4p°5p and 4p°nd—4p°5p  resonant levels such as pZhs(J=1)—4p°5p and
cascades and discussions of the apparent excitation cross ség°nd(J=1)—4p°5p, which can be analyzed by using Eq.
tions of the 4°ns and 4p°nd levels in Secs. Ill B and Il C.  (4). On the other hand, Ed4) is not applicable to typéb).
Determination of the direct excitation cross sections of theThe effect of pressure on the apparent excitation cross sec-
4p°5p levels will be presented in Sec. Ill D. We discuss intions for transitions of typeb) arises from the pressure-
Secs. Il E and Il F the general trends of the cross sectiondependent cascade cross sections from higher levels that are
of the ten 4°5p levels and their relations to the correspond-optically coupled to the ground level, like level The ob-

A. Pressure effects
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FIG. 3. Cross section versus pressure for transitions out of the
(@) 3s, and(b) 3s; levels of krypton. The dashed line is the result
of applying the Heddle radiation trapping model with the theoretical
transition probabilities from Ref12]. The solid line is a fit to the
model with adjusted values of the transition probabilities. known relation connecting the optical emission cross section

to the apparent excitation cross sect@ﬁ'({r Q_iasﬁ and the
served pressure effects for these two types of transitions afd@nching fraction. At the high-pressure limif(kop) tends
discussed separately in the following paragraphs. to zero and thé\, term in Eq.(4) disappears, corresponding

Figure 3 shows the pressure dependence of the optici complete reabsorption of resonant radiation. The ratio of
cross sections for emission from thes,3level (Paschen’s the cross section at these two limits is
notation for one of the g°7s, J=1 level§ and the 3] level
(Paschen’s notation for one of theZ4d, J=1 levels, both

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

of which are optically connected to the ground level. The QZ%(PAOO) — Aqo (5)
specific emission lines f—B) that we study are § Q(P—0) A,

—2pg and F;—2p,o. Here g and 2,4 are Paschen’s

notation for two of the #°5p levels withJ=2 andJ=1, . : : : . .
respectively(see Fig. 2. For comparison with the reabsorp- 1.0 M+ " 2s, | RARATE 2s,
tion mechanism we use E() to calculate these cross sec- 0.8 ¢ L . T,
tions at various pressures. The valuepah Eq. (4) is taken 0.6l t ETTI

as 1.4 cm, which was determined from a detailed analysis of @ H :

the pressure dependence of the HéR3>2'S) emission g 04 T:

cross sections measured with the same collision chamber §0-2-; T°

[11]. The shape of the pressure dependence curve as given in 3 0.0 ' ' ' N : ' '
Eq. (4) also depends parametrically @], and A, with a S0P gt 3% 1 #1**'““*'“ 3s,
further implicit dependence oA, throughk,. Theoretical 2 08y ! e 1 ;ﬁ Fey
calculations of the transition probabilities have been reported & o.6| i ttel Ty
by Aymar and Coulombgl2]. Because of the complexity of é 04l * .

the atomic structure, the accuracy of the calculated transition © . ,

probabilities is difficult to assess. We find that analysis of the 0.2 . 1 .

pressure dependence of the emission cross sections may pro-  9-9=—5=45~755"2660 " 50 100 150 200

vide relevant information about the transition probabilities.
At very low pressures, reabsorption is negligible so that

d(kop) approaches unity and E@) simply restates the well FIG. 5. Apparent excitation functions for thepzns J=1 levels.

Electron energy (eV) Electron energy (eV)
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However, by increasing\, to 8.9x10° s and keeping

A,0=3.0x10® s ! we obtain a good fit to the measured
cross sections as shown in Figag We have also examined
the possibility of varyingA ,o. SinceA ., is related tok, in

Eq. (4), an increase i o would shift the rising portion of
the curve to the low-pressure side. Test calculations show
that a satisfactory fit can be retainedAf, is chosen within

the range of 2.4 10% to 3.8x 16® s, with a corresponding
adjustment ofA, .

Analysis of the pressure dependence of tlg-32p,
emission cross section provides a more stringent test of the
theoretical transition probabilities. In Fig(t8 the measured
cross sections have not yet reached the high-pressure limit.
Nevertheless, the experimental data clearly indicate that
Q(P—»)/Q(P—0) must be larger than 5, &,o/A,>4.
From Ref.[12] we getA,,=2.1x10° s ! and A/=8.5
x 10 s71, yielding an expected ratio of 1.2. Thus, the the-
oretical value ofA o/A, is much too small. Furthermore, if
we input these theoretical valuesAf andA ,, into Eq.(4),
the resulting}%(P) shown as the dashed curve in Figh3
increases by only 8% with a fairly uniform slope in the range
of 0.1 to 3 mTorr, and the slope becomes much larger at 10
mTorr. This behavior corresponds to a much weaker reab-
sorption than is exhibited by the experimental data, indicat-
ing that the theoretical value &,y is much too small. In
fact, it is possible to accurately reproduce the experimental
data by using the sam@d/ and increasingA,, to 7.5
x 10" s~1. This, however, is not to be taken as a proposed
revision ofA g, since the fitting process is not unique. The
points we want to make are that the calculateg from Ref.

[12] is too small, and that the observed pressure dependence
of the 3s;—2p,, emission cross section is consistent with
the reabsorption model of Gabriel and Hed[l&].

Finally, we address the pressure effects for the levels that
are not optically connected to the ground level. Figure 4
shows optical emission cross section versus pressure for a
4p°5p level with J=1 and a 4°4d level with J=3. Nei-
ther level is optically coupled to the ground level, yet each
show optical emission cross sections that increase with pres-
sure. This variation with pressure is due to the pressure-
dependent cascade contribution to the apparent cross sec-
tions. The 4°5p, J=1 level receives cascade from resonant
levels. The 4°4d, J=3 level receives cascade from higher-

Thus, the ratio of the measured emission cross sections at ﬂf&ﬁ’ng 4p°np levels, which themselves receive resonant cas-

two pressure extremes gives the ratigy/A.,. Even if the

cade subject to radiation trapping. Thus, all optical emission

measurements were not carried to the full as_ymptotic Iim.itsCrOSS sections exhibit some degree of pressure dependence.
the pressure dependence of the cross sections can still kg nonresonant levels, the pressure effect is solely due to

used to check the transition probabilities. For instance, fromascade; thus, the pressure dependence of the optical cross
the pressure dependence of the apparent excitation cross s@gctions for emission from the nonresonant levels is gener-

tion shown in Fig. 8a), we estimat&)(P—«)/Q(P—0) for
the 3s,—2pg transition to be about 36, or correspondingly

the valueA ,o/A.~35. The theoretical values from R¢12]

are A, =3.0x10® s! and A/=5.7x1C° s !, yielding
A,o/A. =53, which is considerably larger than our estimate.
Indeed, if we adopt these values from Rlf2] as input to

ally weaker than that from the resonant levels.

B. Apparent excitation cross sections of the g°ns levels

Excitation functions for thd=1 levels of the 4°6s and

4p°7s configurations (8,, 2s,, 3s,, and 3, in Paschen’s

Eq. (4), the calculated pressure dependence overestimates thetatior) are shown in Fig. 5. Note that all have the broad
cross sections at high pressures relative to the low-pressushape characteristic of the optically allowed levels. In Ar and
values. This is demonstrated by the dashed curve in Figp. 3 Ne, excitation functions for the corresponding levels are
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TABLE I. Cross sections for cascade into the Rvels measured at 2 mTorr and 100 eV in units of ¥0cnm?. Numbers in parentheses
were obtained with the aid of the theoretical transition probability ratios of[R&f, and agree with the experimental upper limit. Numbers
in curly braces denote cross sections obtained with the aid of the theoretical transition probability ratios but not confirmed from the
experimental upper limit; e.g., overlapping lines or a line outside the detection region. An “X” represents energetically forbidden cascades
into the 2o levels. Error bars represent statistical uncertainty only. The last four rows list contributions from®fe (8s,—3ss), 4p°8s
(4s,—-4ss5), 4p°5d (24d,4s;), and 40°6d (25d,5s;) levels.

2p; 2p; 2ps3 2py 2ps 2ps 2py 2pg 2pg 2p1o
J 0 2 1 1 0 2 1 2 3 1

2s, 1 (2.2 26+5 9.5+1.4 11+2 (0 (0.6 2.3+0.3 <0.08 <0.02
2s;3 0 8.63.0 (5) 0.2 0.22+0.06
3s; 1 <1 <12 <15 40+ 3 <10 4.7-0.5 2.1+0.3 4.6£0.3 312
3sy 3 <15 (0.2) {3.5 3.5+0.4
3sy’ 2 11+1 <6 <10 <3 <3 <0.3 <0.3 0.80-0.18
3s] 2 (0.6) (5) (0.05 5.0+0.7 (0.6) 0.3 (0.05 {0.08
2s, 1 {o} {o} {o} {o} (14 (58) 410+25 219-14 98+ 8
3d, 1 {0} {0} {0} {0} 49+ 3 @ 23*+4 149+ 10 18+5
2s5 2 {o} {o} {o} (2.9 (2.8 3 28+3 24+2
3d; 3 {0} 26+ 2 3 13+3
3d; 2 {0y {0} {0} 0.4 (15) 11+3 0.7) (0.1
3d, 3 X {o (<0.1) (59 ° (<12)
3d, 4 X X 171
3d, 2 X X X {o} <8 <5 <3 (0) (1022
3ds 1 X X X X <2 <5 23+1 <5 (12)°
3ds 0 X X X X <10 <5
37s 2.9+0.6 7.0:1.4 3.0:0.6 11+2 6.0+0.8 46+ 8 98+ 14 144+ 15 0 273
3.8s 0 0 0 0 0 6.71.1 13+2 24+3 0 1.6:0.3
>5d 23*+4 14+2 14+3 25+5 28+5 6.80.9 9.3+1.3 374 4.3+0.6 34t 6
3.6d 0 0 0 0 3.806 0901 2505 5.0:0.8 0 8.0:1.2

% or the unresolved pair of lines markadand the pair marked, the theoretical branching ratios do not agree well with the data, leading
to large uncertainty in the correct apportionment of this cascade.

found to be often distorted by a large cascade contributionWe measured the emissions frorssanto the lower 2 sub-
producing sharp peaks near onset, but this effect is absent group, which is optically accessible with our apparatus.
krypton, except for the & level. Emissions from the reso- Transitions from 35 into the upper ® subgroup are ex-
nant levels to the ground level are in the far uv, beyond oupected to have very small branching fractions and are ne-
detection capabilities. Thus, no absolute apparent excitatioglected because they involve a change of the ion ¢ooen
cross sections are reported. 2P, »t0 2Py;5) and have very long wavelengttto 6 um).

5 5 - o :

For theJ#1 members of the @6s and 4°7s mani-  The apparent excitation cross sections of tise Rvel are
folds, the Z5 and 3 levels both have the characteristic gisplayed in Fig. 6. As to thes3 level, transitions into the
sharply peaked excitation functions expected of triplet levelsgtire 2 set are optically accessible, but transitions into the

lower 3p subgroup, which do not involve a change of the ion

i ' ' ' C core, are too far in the ir for our detectors. Thus, we do not
~ 1.0 4d L
) | J_BO have the absolute value of thes3apparent cross section in
s 08l t B i Fig. 6. For thens; series, only the & level is given in Ref.
= ¢ [15]. This level, however, exhibits an excitation function
Z o6l ¢ i that, while still sharper than those for tlle=1 levels, is
8 | 4 significantly broader than thess levels, in contrast to Ne
S 04l i and Ar for which both thens; andnsg levels have sharply
5 peaked excitation functions characteristic of purely triplet
* )
@ 0ol Y 1 levels. The reasons for the anomalous shape ohtieex-
§ 7 o .. citation functions are not clear, although various speculations
o 0.0L2 | *%ercecccer g, can be offered. It may be due to distortion by cascades. It is
) 50 100 150 200 also possible that because the; andns, levels are very
Electron energy (eV) close tqggthe(Fig. 2), coupling of_these two_ levels through
the colliding electron may have important influence on the
FIG. 7. Apparent excitation functions for thelglevel. excitation cross sections, whereas th& levels are much
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pling via the incident electron. One should also remember
that ns; is a purely triplet level only under the one-
configuration approximation. Mixing afs; with J=0 levels
from other configurations may result in singlet admixture
and therefore broaden the excitation function. Further studies
are needed to clarify this point. :
Table | gives the optical cross sections for the emission
from the 4p°ns levels into the ten @ levels, measured at 2
mTorr and 100 eV. In some cases when the transition
—2p, is not discernible from the noise level, one can infer
its cross section by measuring a different transitien2p,,
and using the ratio of the theoretical transition probabilities
for these two transitions. This inferred value is usually con-
sistent with the upper limit that we place on the cross section
based on the minimum detectable signal at that wavelength
Cross sections measured indirectly in this manner are anna
tated in Table I.

FIG. 9. Apparent excitation functions for thepZhd J=2
levels.
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Each 4°nd manifold has two pure triplet levelsts (J 3
=0) andd, (J=4) in Paschen’s notation. The two optically
allowed transitions from the & level are in the ir region
where our InSb detector has low sensitivity, and were not
found in our experiment. The excitation functions for the
3d, transitions exhibit poor signal-to-noise ratios, although
they are consistent with the expected sharply peaked shape
Transitions from the d levels occur in the more favorable
part of the spectrum. Unfortunately, thel4level emits at FIG. 10. Apparent excitation functions for thepzhd J=3
the same wavelength as the much strongey-21ss transi-  levels.
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TABLE Il. Optical emission cross sections for thg-21s emissions of Kr at 100 eV in units of
10 ° cn?. The individual emission cross sections are given at 2 mTorr. Values in brackets were obtained
using theoretical values of the branching ratios. The last row lists apparent cross sections at low pressure
(below 0.1 mTory, where pressure effects are no longer important. Emissions frompthde®el could not
be observed at this low pressure.

2p; 2p, 2p3 2p, 2ps 2pg 2py 2pg 2py  2p1g

J o0 2 1 1 0 2 1 2 3 1

1s, 1 20 24 3.8 81 [0] [0 [0 [0.1] [0.03]

1s, 0 5.0 6.3 [0.07] [0.06]

1s, 1 0030 1.0 003 018 47 94 69 63 3.3
1ss 2 014 0.76 0.17 28 11 32 19 28
Sum P=2) 20+2 25+3 10+1 15+2 47+6 37+4 80+10 95-12 19+3 31+6

Sum (P=0.1) 18-2 23+4 58t26 6.652.1 426 30+3 43+7 49+6 14+3

tion, so that we cannot make the measurement. Only the 4 4p°nd levels into the ten @ levels measured at 2 mTorr and
level is accessible and its cross section, shown in Fig. 7, hak00 eV are given in Table I.
the usual sharp peak characteristic of triplet levels.

The J=1 members of the @°4d (3s;, 3d,, and s in D. Direct excitation cross sections of the g°5p levels
’ H 5 ! H
Paschen’s notatiorand 40°5d (4s; , 4d, and 4ls) mani- The majority of transitions out of thep?5p manifold lie
folds are shown in Fig. 8. All excitation functions have very ;. the visible spectral region and are easily measured. The
broad shapes, characteristic of levels optically coupled to thﬁ’ansitions from the lower subgroup op%5p to the upper
ground. We note, however, that the,4and especially the g naroup of 4£55s lie in the ir, accessible with our detector

4ds levels show pronounced peaks near onset, indicating 8ystem. None of these transitions were observed, however,
possible large cascade component. o due to the unfavorable line strengths for transitions involving
Results for theJ=2 levels are displayed in Fig. 9. NO 3 change from théPy, ion core into the?Py;, core. Their
transitions from the d; level were detected. All levels ex- yalues have thus been estimated with theoretical branching
cept 37" and 4" show very narrow excitation functions ratios, and constitute no more than 0.3% of the apparent
expected of levels with no direct Coulomb coupling to theexcitation cross sections. Transitions from thp°8p to
ground level through the colliding electron. The broad4p®4d levels are all in the far-ir region, outside our detector
shapes of the two exceptions, which differ greatly from therange, but are negligible, as explained in the beginning of
other levels in this family, are reminiscent of the anomaloussec. III. Table Il lists values for optical emission cross sec-
case of the &; level discussed in Sec. Il B. Such deviations tions out of the $°5p levels at 100 eV and 2 mTorr pres-
from the general rules may point toward some especiallysure. Due to the radiation trapping mechanism discussed in
interesting features for Kr. Sec. lll A, these emission cross sections vary with pressure.
Finally, the cross sections for the=3 levels are shown Thus, apparent cross sections in Table Il are given at 2
in Fig. 10. These levels exhibit excitation functions that aremTorr and also at a low pressuigenerally below 0.1
somewhat broader in shape than for the very sharp functionmTorr), where the cross sections become constant with pres-
of the J=2 levels, because, unlike the caseJof?2, theJ sure.
=3 levels do couple with the ground level through the Cou- By subtracting the cascade contributidi®ecs. 11l B and
lomb interaction with the colliding electron. On the other Ill C and Table ) from the apparent@°5p cross sections, it
hand, theJ=3 levels are not optically connected to the is possible to determine direct electron excitation cross sec-
ground level; hence we find narrower excitation functionstions for these levels. Because of the pressure dependence of
than for theJ=1 levels. The only transition fromd, that is  the emission cross sections, it is important that the cascade
strong enough to detect isd3—2pg, which is not com- and apparent cross sections are measured at the same pres-
pletely resolved from the &—2p;, line (only 2 cm!  sure. Figure 11 shows the results. For the tive0 levels,
apary. Thus, no 3|, data are included in Fig. 10. 2p; and 25, the cascade originates entirely from the reso-
Note that in the figures not all excitation functions havenantJ=1 levels. The very broad peak associated with these
been placed on an absolute scale. Those displayed on abg@scading resonant levels is responsible for the secondary
lute scales indicate that all transitions out of the level havemaxima evident in the apparent excitation functions. For the
been measured. Those on arbitrary scales indicate that not &iur J=1 levels, the effect of the cascade is to broaden the
transitions out of the level could be measured, either becaudggh-energy section of the apparent excitation functions.
of difficulty in separately identifying multiple transitions Note particularly the effect onf®, where the cascade cross
with very close wavelengths, or due to transitions fallingsection is significantly larger than the direct excitation cross
outside the detection range of the experiments. Absolute vakection beyond about 50 eV. Finally, consider the thiee
ues of the optical cross sections for the transitions from the=2 and the ond=3 levels. Only for g does the cascade
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FIG. 11. Apparentline), cascaddtriangles, and direct(circles cross sections for thep?5p levels.

surpass the direct cross section.
As in the case of neon and argon, they2evel exhibits a

broader than the [2y function, and are narrower than those
of the J=2 and J=0 levels. This can be understood by
narrow-peak excitation function characteristic of a purelyconsidering that the Coulomb potential of the incident elec-

triplet state. Thel=1 excitation functions are only slightly tron does not couple thede=1 levels with the ground level,
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80} o . : . -
oo ] It was stated earlier that the direct excitation cross sec-
60+ g v VYV tions for the levels within a given configuration lik@2hl or
- v v 3p°nl for neon and argon obey a parity rule whereby levels
40k - 3 g.-x--'---h-f-+--'---.---'----!---= with J+1 odd tend to have larger cross sections than those
T with J+1 even. In the case of xenon, our analysis must be
20r A modified by dividing a configuration into two subgroups cor-
N responding to théP5, and 2P, ion cores. The levels with
05 10 15 20 25 3.0 the 2P, ion core generally have larger cross sections than
Pressure (mTorr) the levels with the2P1,2 core; however, within each sub-

_ _ group, the §+1) parity rule similar to neon and argon holds.
FIG. 12. Apparent(squares cascade(triangleg, and direct  Now that we have direct cross sections for thpE3p levels,

(circles cross sections at 100 eV versus pressure for three of thge can examine trends in the direct cross sections for kryp-
4p°5p levels. The dashed horizontal line represents the averaggyn.

direct cross section. Table Ill gives direct electron excitation cross sections at

various energies for the ten levels of the Kp°5p configu-

ration, listed in the order of the two subgroups with @,

ion core (2, through 2,) and the?P5,, core (25 through
so that excitation must proceed through indirect coupling vi&2p10). At an incident energy of 75 eV and above, within
intermediate states or exchange interaction. On the othedach group the evehlevels have larger cross sections than
hand, there exists direct Coulomb coupling between théhe oddd levels, conforming to theJ+1) rule withl=1. In
evend levels with the ground, which manifests itself most fact, this parity relation holds even at 30 eV with only one
clearly in the broad shape of the direct excitation functionsexception. Next we compare the two subgroups with each
of the J=0 levels. other. The lower subgrouihe 2P, core as a whole does

The data in Figure 11 were all acquired at a target gadave larger cross sections than the upper subgfiey P,

pressure of 2 mTorr. To study the pressure effects, we haveore with roughly a factor of 2 in the average cross section.
repeated the cascade and apparent measurements acrossHbeever, individually some of the od#lievels of the lower
0.8—3 mTorr range, and determined the direct cross sectiorsibgroup have smaller cross sections than the évenels
at different pressures. The result, shown in Fig. 12, is thatof the upper subgroup. This is because the dddvels in-
while both the apparent and cascade cross sections incredserently have smaller cross sections than the eviewels of
with pressure, the direct cross sections, within error barshe same subgroup. Indeed, if we limit our comparison to
remain constant. This indicates that the pressure dependeneither evend only or oddd only, then the lower subgroup
of the cascade cross sections, which we attribute to res@learly has larger cross sections than the upper subgroup.
nance radiation reabsorption, is entirely responsible for the The foregoing discussions indicate that the magnitudes of
pressure dependence of the apparent cross sections. the cross sections are influenced by two criteria. The first one
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TABLE IlI. Direct electron excitation cross sections for thp®5p levels of Kr in units of 101° cm?.
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
2p; 0 29+4 26+3 24+3 20+3 17=2 101
2p, 2 69+ 14 44+11 30=6 23+5 19+4 11+3
2p;3 1 477 17+4 9.3+2.2 7.2£15 5.6:1.3 3.8:0.8
2py 1 33+5 16+3 8.5+2.6 7.0£2.2 5.6£1.9 4.2-1.3
2ps 0 629 51+8 47+8 41+7 34=6 18+4
2ps 2 7210 467 33+6 26+5 21+4 11£3
2pg 2 149+21 104-17 68+15 45+13 35+11 157
2p; 1 93+15 61+ 15 40+ 14 29+13 19+11 4.6-5.2
2P0 1 577 277 15+6 8.5-4.8 7.2-4.6 1.7#23
2pg 3 101+14 43+7 24+5 16=3 12+3 7.9t1.8

is the (+1) parity rule, which, for the case for the p°np  disfavored by the other; hence, their cross sections overlap.
configuration of rare gases(=2,3,4, and 5 for Ne, Ar, Kr, The more complex behaviors of krypton can therefore be
and Xe, respective)y favors excitation into the levels with understood as an intermediate case of a unified picture for
evenJ (odd values ofJ+1) over those with odd (even the entire rare-gas series.

values ofJ+1) at high energies. The second criterion is that

when two levels within a configuration have substantially £ comparison of then’p—(n’+1)p cross sections for the
different ionization energies, excitation tends to favor the rare gases

lower level. Unlike the first criterion, the second criterion is

not limited to high energies. For the lower excited configu- The sum of the cross sections of all tep Rvels repre-
rations of neon and argon, all the levels within the samesents the excitation from the p® ground state into the entire
configuration have nearly the same ionization energy. Thud)’ p>(n’+1)p manifold, and therefore corresponds to the
the second criterion has no effect and the parity rule prevails’ p— (n’ +1)p excitation, withn’=2,3,4, and 5 for Ne, Ar,

for all the levels in a configuration. In the other extreme isKr, and Xe respectively. In Fig. 13 we plot these manifold
xenon, for which the B°6p configuration consists of two cross sectionQ[n’p>(n’ +1)p] versusn’ for the four rare-
subgroups of very different ionization energidsl and 2.4 gas atoms at 50, 75, 100, and 150 eV. The nearly linear
eV), resulting in two correspondingly distinct sets of crossrelationship at 75, 100, and 150 eV is interesting. Here the
sections. Krypton proves to be an intermediate case. Theross section increases by roughly a factor of 2 from Ne to
4p°5p levels still segregate into two subgroups with aboutAr, a factor of 3 from Ne to Kr, and a factor of 4 from Ne to
40% difference in ionization energy. Thus, both the first andXe. Let us compare these increases with the “size” of the
second criteria apply so that the evénevels of the lower atoms. Different sets of atomic radii for the rare gases have
subgroup are the most favorable ones for excitation wheredseen derived based on different criteria, but their ratios show
the oddd levels of the upper subgroup are the least favor-much less variance. From Réf.6] we take the atomic radii
able. The odd} levels of the lower subgroup and the ewén- ratio as 1.2 for Ne to Ar, 1.3 for Ne to Kr, and 1.4 for Ne to
levels of the upper subgroup are favored by one criterion buke. Thus, the increments in the manifold cross sections are

TABLE IV. Comparison of our cross section results with the experimental resu(t3ldpfand the theo-
retical results of23] for the 4p°5p levels in units of 10'° cn?. Error bars in our data represent combined
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 eV

2p, 0 29+4 269 17+2 207
2p, 2 69+ 14 55+19 29 19:4 22+8 24
2ps 1 477 18+6 4.0 5.6-1.3 44522 0.025
2p, 1 33t5 24+8 16 5.6-1.9 2.4+1.2 0.067
2ps 0 62+9 3111 34+6 25+9
2ps 2 72+10 17+6 24 214 9.9+3.5 9.9
2p; 1 9315 24+8 11 19+11 155 0.052
2pg 2 149+ 21 81+28 43 35-11 49+17 35
2pg 3 101+14 3512 35 12£3 3.1+1.6 0.16
2p1g 1 577 25 7.2:4.6 0.067
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much larger than what may be expected of the geometrithe 4p°5p levels that are isolated from other configurations
size. We may also contrast this trend with thes—n’p  include features 5 (,0); 6 (2pg+2pg); 7,8 (2p7+2pg);
excitation of the alkali-metal atoms. At 50 eV the direct ex-and 9 (J5). Their integral cross sections at 30 eV are 7.2,
citation cross sections for Li @-2p), Na (3s—3p), and 49, 25, and 29 in units of 10° cn?, respectively; consid-

K (4s—4p) are 2.0<10 1% 2.2x10715 and 2.%<10° '  erably smaller than the corresponding values of 27, 147, 107,
cn? [17-19, a much milder increase than for the rare gasesand 51 from our measurements.

Of course, excitation cross sections depend on both the ini- The only theoretical work on the excitation cross sections
tial (ground state and the final state, whereas the atomiof krypton that we are aware of is by Kaat al.[23], using
radius is a ground-state property. A quantitative understanda relativistic distorted wave method. They published results
ing of the trend of large increase in Fig. 13 should be valu-using both single-configuration and multiconfiguration
able toward a comprehensive insight into the excitation proground-state wave functions. Their multiconfiguration results

cesses of the rare-gas series. are also included in Table IV. No clear trend is apparent on
comparing their theoretical results to experiment, although
G. Comparison with other experiments and theory their calculations are generally smaller than the measured

. . Cross sections.
Fel'tsan[20] reported measurements of the optical emis-

sion cross sections for transitions of the type°B8p
—4p°5s in the pressure region of 1-5 mTorr. Cross sec-

tions for only a few transitions into thep5p levels were Our experiments reported here not only provide the
measured; thus, the direct excitation cross sections were nelectron-impact excitation cross section data for Kr, but also
determined. Since the exact pressures at which his data wegfiow us to compare the results for the four rare gases. In
taken are not given, quantitative comparison of his cross segarticular, we examine the excitation from thép® ground
tions with ours is not possible because of the pressure depestate into the ten levels in the' p®(n’+1)p configuration
dence of the optical emission cross sections. Fel'tsan found gith n’ =2,3,4, and 5 for Ne, Ar, Kr, and Xe. The variations
double-peak structure for the excitation functions of the 2 of the cross sections for the different levels can be explained
2ps, and 2, levels which we also observe, although his by consideration of the ionization energy and the parity of
double-peak structure is more prominent than ours. the J value. Another point of interest is that the cross section
Bogdanova and Yurgens¢@1] have used a pulsed elec- for excitation into the entira’ p>(n’+1)p manifold for the
tron beam to measure the excitation cross sections of thgyre gases increases quite drastically from Ne to Xe; much
4p°5p levels of krypton, attempting to eliminate the cascademore than expected from consideration of the atomic size.
contribution. Table IV compares their measurements with Apparent excitation cross sections have been measured
the present work. At peak cross section, the agreement fgbr the levels in the $°6s, 4p°>7s, 4p®3d, and 4°4d con-
the upper subgroup is quite good. For the lower subgrouptigurations of Kr. The shape of the excitation functions for
however, our results are larger than those of R&8]. At the various levels can be classified according to the value of
100 eV, the agreement between the two experiments is ge-as was done for the other rare-gas atoms. However, an
erally better. important exception was found for thé=0 level of the
Trajmar et al. [22] have measured inelastic differential 4p56s configuration. The reason for this exception is not
cross sectiongDCS’s) for excitation of Kr atoms into a ynderstood, and it merits further studies.
number of higher levels. The individual higher levels were
not completely resolved, but cross sections were reported for
various “features” which correspond to one or more excited ACKNOWLEDGMENT
levels. The integral cross sections obtained by integrating the
DCS over the scattering angle may be compared with our This work was supported by the Air Force Office of Sci-
direct excitation cross sections. In RE22], excitation into  entific Research.
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