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Abstract

Electron-impact excitation cross sections for the heavy rare gases are examined in the context of the angular momentum coupling of the
final states. Measurements for excitation inte>np levels withJ = 0 are found to vary in a common way for excitation of Ne, Ar, Kr, and
Xe.
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1. Introduction tum J gives rise to 10 levels with values ranging from 0 to
3. The coupling of the various angular momentum vectors

Electron-impact excitation of rare gases has been a subjecijoes not conform to any of the standard coupling schemes
of interest for decades. The large number of excited statessych a4 S jj, andjK. The relation between this intermediate
and the complexity of their electronic structures make com- coupling and theelectronic structureof the excited states
prehensive studies toward understanding the basic physicsas been treated extensively in the literature. In this paper
an eSPECia”y Challenging task. In addition to their intrinsic we discuss how the|ectr0n-impact cross sectiortd the
fundamental interest, electron-impact excitation and ioniza- individual levels are affected by the angular momentum
tion of atoms play a central role in the understanding of coupling. Consideration of the vector coupling allows
many plasmas and discharges such as fluorescent lightingus to understand the gross features of the cross sections

plasma displays, semiconductor processing, gas-discharggrom a physical standpoint without resorting to elaborate
lasers, and atmospheric phenomena. For rare-gases an eXjg|culations.

cited electron configuration may contain numerous levels

and the cross sections for excitation into individual levels

within the same configuration can vary dramatically in mag-

nitude and energy dependence. For instance, if one is inter-2- Measurement of optical emission cross sections

ested in the emission of a neon discharge, it is important to

understand the variation in cross sections among the indi- In this work we measure the electron-impact excitation

vidual levels[1]. cross sectiolinto a level by detecting the optical emissions
For orientation let us consider the22s?2p°3p configu- out of the level [2]. A mono-energetic electron beam is

ration (2(¥3p) of Ne. The 2p core has orbital angular mo- passed through a chamber that has initially been evacuated

mentuml. and a spin angular momentwsaequal to 1 and 0 108 Torr and then back filled to a pressure of 1-10 mTorr

1/2, respectively. Likewise the 3p “outer” electron is charac- With research grade gas. The total electron beam curfent (

terized by the corresponding quantitigs= 1 ands, = 1/2. is measured with a deep Faraday cup which has a narrow

Addition of ¢, 5, Io, ands, to form the total angular momen-  Slit cut in the side to allow the detection of emissions from
the decay of excited atoms. Photons from a particular

j transition are selected using a 1.26 m monochromator and
* Corresponding author. Tek:1-608-262-0697. detected using a photomultiplier tube (PMT). The PMT sig-
E-mail addresscclin@facstaff.wisc.edu (C.C. Lin). nal is converted to an absolute photon flux (per unit beam
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length), @, using the known solid angle of the optical sys- apparent cross section is a good approximation of the direct
tem while the wavelength dependent efficiency of the PMT cross section for these levels.

and monochromator is found by measuring the signal from

a spectral irradiance standard lamp. In terms of these ex-

perimentally measured quantities, the optical emission cross3. Electronic structure and excitation cross sections

section at an incident electron enetrgyor thei — j tran-

sition is defined to be: 3.1. Ne(2pnp) configurations
QOPY(E) = @”—(E) 1) The ground state of Ne is 4252p° 1S,. The first excited
” nolI(E)/e] g P

configuration 2p3s contains four levels, called 4sls,
whereng is the target atom number density (proportional to 1, 1s; in Paschen’s notation, and the next configuration
the gas pressure), ards the charge of the electron. 2p°3p contains 10 levels (2p2p1o in Paschen’s notation).

A particular excited level, in general, can decay to many  Transitions from the 8p levels into the 2}8s levels con-
possible lower levels. There are two ways to determine this stitute the most intense part of the Ne emission spectra in
level (or apparent as we prefer to call it) cross section in the visible.
terms of the measured optical emission cross sections. The To analyze the electronic structure it is convenient to take
most straightforward technique is sum up the optical emis- theS-coupling as a starting point and move toward the more
sion cross sections for transitions out of the lavel genera| intermediate Coup"ng_ The5a3 Configuration has
prp(E) _ ZQ?pt(E)' ) four LSterms,llPl, 3Py, ?Pl, 3p,, SinceJis a good quantum

number, the intermediate-coupling wave functions can be

expresses as linear combinations of tt&eigenfunctions
In cases where it is difficult to measure all of the transitions of the sameJ. Thus we have two mixed levels|lP; >

out of a particular level (due to wavelengths constraints for 43P, > and g|'P1 > —«|3P1 >, called 1s and 1g,

instance), a second technique is to combine one measuredespectively, and two (unmixed) purely triplet levéRy and
optical emission cross section with experimental (or some- 3p, (1s; and 1s). The singlet component in thesland 1g
times theoretical) transition probabilities: levels is responsible for their radiative transitions to t5g
> Al ground state. From the radia'tive lifetimes (1.87 ns for 1s
A 3) and 31.7 ns for 1§ we determiner = 0.97 andg = 0.24.
I The same mixing coefficients can also be obtained from
Note that the term in the numerator is the sum of all the the observed-factors. Although we seem to have a nearly
transition probabilities out of the level and is equal to the LScase here in that one of the = 1 resonant levels is
inverse of the lifetime of the level. For cases where only a mostly singlet and the other is mostly triplet, the situation
subset of all transitions out of a particular level can be mea- is more complicated for the other configurations as will be
sured, the two techniques can be combined with transition seen in the following paragraphs.
probabilities only being used to fill in the missing transi- The 10 levels of the next configuration®3p are formed
tions. For example, in this paper we report measurementsby combiningLSterms of the samé out of 1Sy, 3S;, 1Py,
for the Ne(2pnp, n = 4, 5) apparent cross sections using 3Pg, 3Py, 3P, 1D», 3D1, 3D», and3Ds. Here the only purely
2p°np — 2p°3s optical emission cross section measurementstriplet level comes from théD3 term which is the only level
combined with 2pnp — 2p°3s transition probabilities from  with J = 3 and is called the 2plevel. There are two levels
Refs.[3,4] and lifetime measurements from RE3,5,6]. with J = 0 formed from'Sy and>Py; four levels withJ = 1
There are two routes to producing an atom in a particu- formed out 0f2S, 1Py, 3P; and3Dy; and three levels with
lar excited levei: direct electron-impact excitation into the J = 2 out of3P,, 1D5, and®D,. For a theoretical treatment
level, or electron-impact excitation into higher levels that ra- of the electronic structure, one sets up the energy matrix
diatively decay into the levél The measured apparent cross using theLS-eigenfunctions as a basis. If we represent the
sections is the sum of both the fundamental direct cross spin—orbit interaction by only the self-spin—orbit couplings
section and the cascade contribution from higher levels. In of the 2p and 3p electrons, the energy matrix, which fac-
many instances, the direct cross section can be extractedors into blocks of different values af, can be expressed
from the apparent cross section by subtracting the cascadén terms of Slater-Condon parametelfss(andG’s) and the
correction found by summing up all of the optical emission spin—orbit coupling constants of the 2p and 3p electrgns (
cross sections from higher levels that terminate on the leveland¢’) [9,10]. A standard procedure is to tregt, Go, G, ¢
i. Most of the measurements reported in this paper for ex- and¢’ as adjustable parameters to fit the energy level spacing
citation into the higher excited levels of the rare-gases are of all 10 levels. The resulting wave functions, while gener-
apparent cross sections, due to the difficulties of fully mea- ally not adequate for accurate calculation of excitation cross
suring the cascade correction. Nonetheless, since the persections, are nonetheless useful for qualitative purposes.
centage of the cascade contribution to the signal tends to As a preparation for discussing how the cross sections are
decrease for higher levels in the nonresonant s¢fi€$the related to the angular momentum coupling, we start with the

j<i

Ot

0"P(E) = 07P(E)
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WOF IS, J = 0 level's cross sections at 50eV (1980-2°cn?) is
comparable to the average cross section 98 ~2%cn?)
2000 |- of the threeJ = 2 levels. Since singlet-to-singlet excitation
T . is more favorable than singlet-to-triplet excitation, the ex-
il Pyiy P 5o treme disparity in the cross sections for excitation from the
g —_D, /Pora P singlet (218) 1Sy ground state into the 2devel versus the
; o —— s, —aDj_m 2p3 level can thus be traced back to the similar disparity in
k| 38, the two level's singlet composition.
© 1000 | The threeJ = 2 levels of 283p (2m, 2ps, 2, in
s, Paschen’s notation) arise frofP,, D5, and3D,. Their
-2000 L 23 2pap unperturbed_ energ_ie_ﬁig. 1 are rather close_ together. Evgn
a “small” spin—orbit interaction may result in a strong mix-
Fig. 1. Unperturbed Ne(28p) and Ne(2p4p) energy levels. ing of the thred_Sterms, but there is nothing to suggest an

unusual distribution of the mixing coefficients in the wave
limit of zero spin—orbit coupling as the unperturbed system functions. In particular we expect the percentage singlet
and treat the spin—orbit interaction as the perturbation. The character in all thred = 2 levels to be of comparable mag-
unperturbed energies for th8,3S,1P, 3P, 1D and!D terms nitude. Correspondingly there is little systematic variation in
of the 21%3p configuration in terms of the Slater-Condon the electron-impact excitation cross sections between these
parameters given in Retg] are shown |nF|g 1 The three |eve|$14] The situation with the = 1 levels is even
spin—orbit coupling generates matrix elements connecting more complicated since they are composed of fdsterms
LSterms of the samd. Outside the unique case df= 3, (3S1, Py, 3Py, 3Dy). With the singlet component shared
the two J = 0O levels are the simplest to work with since fairly evenly among all four levels, the excitation cross sec-
they arise from the X 2 block of the energy matrix. Fur- tions into all four levels have very similar magnltuc{dé]
thermore emissions from the twb= 0 levels are specially The 2p4p configuration of Ne (3p through 3pg in
suited for plasma diagnostic studigd]. Thus in this paper ~ Paschen’s notation) differs significantly from the®°ap
we focus our attention to the = 0 levels to illustrate the ef- ~ configuration. InFigs. 1 and 2we contrast the set of 3p
fects of angular momentum coupling on the cross sections. levels with the 2p set. In the 2p manifold the top level,(2p
In the unperturbed system tH& term is well above the is well above the others but the same is not true for the 3p
3py. Even with a “moderate” spin—orbit coupling, we expect 9roup (see the first column fig. 2). In the limit of a small
a “small” mixing of these two terms and consequently a SPin—orbit coupling the 2plevel arises from théS of the
“small” upward shift for'Sy and a “small” downward shift ~ unperturbed system which, as seeifrig. 1, is much higher
for 3Py. Of these two levels the upper one (Rjis mostly
singlet and the lower one (2pis mostly triplet. If we recall
that the 1s is mostly singlet and the 3ds mostly triplet, O
the 2p — 1 emission must be stronger than the 2p i
1s. This is reflected by optical measurements that give the
branching fractions for these two channels as 0.9888 and
0.0112, respectivel§12]. Likewise the 2g level decays L Sl =
mostly to the 15 rather than the s and the two branch-
ing fractions are 0.0064 and 0.9936. From the branching f
fractions we determine the mixing coefficients for - }31, =

12p) = £ |1So) + 1 [Po)
12p3) = n|*So) — & |°Po)

asé > 0.989 andy = 0.15. Turning to electronic collision
experiments, one notes that the cross section for excitation I 2p
out of thelSy ground state into the 2devel is the largest 25
of the entire 2p groufil3—-15] More striking is the extreme

disparity in cross section between the two= 0 levels

(2p1 and 2p). For instance the 2pcross section, in units of 30 F
10-20cn?, is 185 at 50 eV, whereas the corresponding 2p -

cross section is 2[l14]. Likewise we see a similar disparity i Ne Ar Kr Xe

at25eV (73 and 13 for the Z@nd 2p levels, 'rESpe(.:tI.Vely)_ Fig. 2. Energy levels for the'p°np configurations of Ne, Ar, Kr and Xe
and at 100 eV (137 and 22). In contrast, while their individ- ysing Paschen’s notation. The zero of the energy scale is set equal to the
ual values are quite extreme, the average value of the twoionization energy.
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in energy than all the other terms. For the 3p case the siX|ower one for the 2p8p and 2p4p configurations (2p 2ps
unperturbed levels are compressed together by roughly aand 3p,3p; in Paschen’s notation) whereas in the case of

factor of three due to a reduction of the Slater-Condon fac-

tors (Fig. 1), whereas the spin—orbit coupling of the>2pre
remains the same. Accordingly the top level {Bjs not as

the 2pP5p configuration the twd' = 0 levels (4p and 4p)
have nearly the same cross section. Curiouslyign 3one
finds the 3p cross sections nearly the same as the aipd

detached from the rest. The cross sections are likewise tem-4p3 cross sections. For the Neé&p) levels our Z%p N

pered, although the 3pcross sections are still significantly
larger than the 3pones (41x 1020 and 13x 10-%cn?
at 50 eV), the disparity is not as severe as in 2p.

As we proceed to the higher configurationS@p the en-

2p°3s optical emission cross section measurements indicate
that the lowerJ = 0 level has a larger cross section than

does the upper one. However, we lack the needed transi-
tion probabilities to convert these into true apparent cross

ergy span of the unperturbed manifold is so much reduced sections.

that it becomes less than the spin—orbit coupling parameter.

The perturbative approach is no longer a convenient choice
Nevertheless we will use it to illustrate the change of the

cross section pattern with the angular momentum coupling.

Imagine we start with the six unperturbed termsHg. 1
and introduce a “large” perturbation of spin—orbit coupling.
It will split the 3P term into three componentB, 1 o. Since
this is an inverted multiplet, th#P, component has the high-
est energy. With a sufficiently large spin—orbit interaction
the 3Py term is pushed above tH&,. Again the spin—orbit
non-diagonal matrix elements caus#®-'Sy mixing to
form two J = O levels. Here, however, it is the uppée= 0
level that has a larger triplet componef®{) and the lower

J = 0 level that has a larger singlet componéfj. Thus

in general we expect the uppér= 0 level to have a smaller
cross section than the lower = 0 level, a reversal from
the Ne(2p83p) configuration where the uppér= 0 level

In Fig. 2we include also the energy levels of the higher
.Ne(2p’np) configurations. We notice that the energy levels
change into a two-tier pattern, with an upper group of four
levels and a lower group of six. This is due to a change of the
angular momentum coupling. For the higher configurations
the spin—orbit interaction of the 2ore remains the same
but the coupling of the core with thap electron becomes
smaller due to the increasing radius of the outer electron.
When the 2p spin—orbit coupling significantly overpowers
the other interactions, the coupling problem is somewhat
simplified. Here we first deal with the 2wore alone and
couplelc = 1 with s¢c = 1/2 to form the core angular mo-
mentum jo = 1/2 and 3/2. The next step is to couple each
je with bothl, and sy to form the total angular momentum

J. We refer to this as the(losp)J coupling as we require
neitherjc to couple first withl, to form the intermediate
vector K (jK coupling) norly ands, to couple intojo (jj

(2p1) has the largest cross section. This reversal is indeedcoup"ng)_ To the first approximatiq'[a may be regarded as
observed in our measurements of electron-impact excitationa good quantum number although for a more accurate de-

cross sections. IRig. 3we plot our measured apparent ex-

scription one may mix terms of the saeorresponding to

citation cross sections as a function of electron energy. Thedifferentje.

upperJ = 0 level has a larger cross section than does the

T T T T T
200 | - ; ;1’1 i
S L p3
g [ ] ... ° 3!71
o .I [e] 3
o [ ] n ‘p3
© 150 |- n -
= . . A dp,
5 . v 4p,
@ 100 | "a, -
7 [ ] LI
(72}
e
o ]
S 50 . w0 -
o oo
[ u R 0ooog
<& lﬁg . oo RLo0ooao 5 d
% 4
0 Lanap® . 1 hd

100
Electron energy (eV)

Fig. 3. Apparent electron-impact excitation cross sections as a function
of electron energy for thg = 0 levels of the Ne(Zp, n = 3, 4, 5)
configurations. Uncertainties arke15% for the 2p3p levels and:25%

for the 2pP4p and 2p5p levels (due to the added uncertainties from the
use of transition probabilities and lifetime measurements). The &p

and 4p curves are virtually indistinguishable.

Applying thisjc(loSo)J coupling scheme to a higher 2yp
configuration, we combing = 1, s, = 1/2 with jo = 1/2
to form J = 0, 1, 1, 2 (the upper four levels) and with
je = 3/2to formJ =0, 1, 1, 2, 2, 3 (the lower group
of six). As explained before, for higher configurations the
lower J = 0 level has a larger singlet component and thus a
larger cross section than does the upper one. There is another
factor that favors the cross section of the loweg 0 level.
The energies of the twd = 0 levels differ by about 0.1 eV
due to the spin—orbit splitting. For the higher configurations
the ionization energies of the levels are smaller, so the per-
centage difference in the ionization energy becomes larger.
Since the ionization energy varies inversely with the atomic
radius, this translates into an appreciable difference in the
size of the electron cloud of the twf = O levels making
the upper/ = 0 level (with a more diffusive electron cloud)
less favorable for excitation from the very compact ground
state.

3.2. Ar(3pnp) configurations

Argon and neon are similar in their electronic structures.
The two J = 0 levels of the Ar(3p4p) configuration are
again composed of th&Sy and 2Py LS-eigenfunctions. In
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the case of Ar the twd = O levels are called 2pand 2 ing the two-tier structure. In contrast to the lowest levels

in Paschen’s notation whereas the corresponding two levelsof Ne and Ar, but similar to Xe, the cross section into the

in Ne are called 2pand 2p. Again we find the uppef = 0 lower J = 0 level (2p;) is larger (46x 10~1°cn? at 50 eV)

level (2p.) to have a much larger cross section than the lower than the upper (2p) level(24x 10-19cn?) [19]. The next

one (2p), e.g., 50x 10~ °cn? versus 16x 10 9¢cn? at higher configuration Kr(4t6p) does show thi(loSo)J cou-

20 eV[16], although the difference is not as striking asin Ne. pling scheme more closely from our measurements of the

We attribute this to a higher degree of mixing betwé&p optical emission cross sections for the;3p 1 and 3p

and3Py in the 2p and 2p wave functions of Ar because of — 1s; transitions. Along with transition probabilities from

the larger spin—orbit coupling. From the branching fractions Ref. [3] and lifetime measurements from Ref20,21] we

of these two levels we determine the mixing coefficients as have usedq. (3)to determine the excitation cross sections

about 0.87/0.50 compared to 0.989/0.15 for Ne given earlier. for the J = 0 levels of the Kr(4p6p) configuration. They
The same analysis of the Nef2jp) configurations also  indeed show the expected pattern of the lowet 0 level

applies to the Ar(3ftnp) configurations. The spin—orbit cou-  (3ps) having a much larger cross section,230-°cn? at

pling parameter of the Pcore is larger for Ar than Ne  100eV, than the upper one43x 10~ 19cn?.

(954 cnt! versus 521 cml), thus the transition from the

intermediate coupling in 3@p into thejc(loSo)J coupling

for the highem is more apparent. One manifestation of this 4. Conclusions

is seen in the measurements of the excitation cross sections

[17]. In Ne one has to go to the Paschen 4p levels for the In this paper we illustrate the transition from the in-

two J = 0 levels to have comparable excitation cross sec- termediate coupling to thé(loSo)J coupling scheme in

tions, whereas in Ar the twd = 0 are nearly equal for the rare-gases by looking at electron-impact excitation

the 3p levels, with both the 4pand 5p levels having sig- cross sections. Since the ground statép)? 15, for these

nificantly larger cross sections than the; 4md 5p levels, atoms ¢’ = 2, 3, 4, 5 for Ne, Ar, Kr, Xe, respectively)

respectively. conform toLS-coupling, we find it convenient to use the
LS-eigenfunctions as a basis to analyze the transition from
3.3. Kr(4pnp) and Xe(5p6p) configurations one coupling scheme to another. Two routes for this tran-

sitions were examined: (1) by decreasing the unperturbed

In going up the Ne(2fnp) or Ar(3p°np) series, as dis-  LSmultiplet manifold spacing while leaving the spin—orbit
cussed in the preceding two subsections, we keep thesplitting essentially constant, as illustrated in the N&¢pp
spin—orbit coupling fixed and decrease the interaction of the series withn = 3, 4, 5, 6; and (2) by increasing the
core with the outer electron resulting in a gradual transition spin—orbit splitting with only minor changes to the unper-
from the intermediate coupling to thig(loSp)J coupling. turbedLS-multiplet span exemplified by the Ne, Ar, Kr, Xe
A similar transition is made if we consider the series of series. Both cases involve a gradual change of the relative
Ne(2p3p), Ar(3p4p), Kr(4p’5p) and Xe(5p6p). In this  weighting of the spin—orbit coupling versus the relevant
progression the unperturbed energy spacings are all com-Slater-Condon parameters for th&multiplets. This can
parable, but the spin—orbit splitting increases dramatically be quantified by a dimensionless parametedefined as
from 0.1 eV for Ne to 1.3 eV for Xe. ¢l(¢ — 15F> + 6Go) where & — 15F is the unperturbed

The extraordinarily large spin—orbit coupling in Xe make 1S-3Pg spacing. This parameter ranges frere= 0 for the
it a good case ofc(loSo)d coupling. The electron-impact case of vanishing spin—orbit coupling to the other extreme
excitation cross section for the lowdr = 0 level of the of © = 1 when the interaction of the outer electron with
Xe(5p°6p) configuration (2g) is 10 x 10~ 8cn? at 50 eV, the core is completely overwhelmed by spin—orbit effects.
which is four times larger than the cross section for excitation In Fig. 4 we show the relation betweenand the ratio of
into the upper level (2f) [18].We also note that the 8p  the cross section of the lowet = O level to that of the
level has more than twice the ionization energy of the 2p upperJ = 0 level for the ('p)°np configurations at 50 eV.
level, so that the difference in electron cloud “size” (and Of special interest is that the results for all four atoms fall
thus the overlap with the ground state wave function) is on the same general curve. This suggests that much of the
undoubtedly an important factor in the difference in cross variations in the cross section behaviors can be traced to
sections. We are unable to make a similar comparison fora common ground of angular momentum coupling that is
the 557p configuration since the upper four levels of this universal among the four atoms.
configuration are above the Xe’-Pg/g) limit. In recent years the studies of special characteristics of

The Kr(4p5p) configuration is an interesting intermedi- electron-impact excitation of the rare-gas atoms have been
ate case between Xe®jp) and Ar(34p). The 10 energy  brought to the forefront in connection with applications to
levels within the Kr(4p5p) configuration do tend towards a the optical diagnostics of low-temperature plasmas. The
two-tier pattern albeit not as distinct as in Xe (3€g. 2). rare-gas emission lines are commonly used as a diagnos-
The excitation cross sections for the twio= 0 levels also tic tool for rare-gas plasmas or other plasmas containing
demonstrate the large role of spin—orbit coupling in creat- rare-gas atoms as a trac§2-25] In weakly-ionized
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