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Polarization studies of rare-gas resonance radiation: Argon, krypton, and xenon
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The linear polarization of resonance vacuum-ultraviQldtV) radiation emitted by electron-impact excited
Ar, Kr, and Xe atoms has been measured in the energy range from threshold to 480 eV using two sets of
apparatus. The first apparatus measured the polarization function in the near-threshold region using an energy
selected electron beam with a resolution of 160 meV. This enabled the effects of negative-ion resonances on
the polarization function to be examined in detail. Predictions of the effects of negative-ion resonances on the
observed polarizations have been made using a generalized Baranger-Gerjuoy theory. Excitation via electron
exchange is shown to be a significant process very close to threshold. The second apparatus used an electron
beam with~1 eV resolution to probe the broad features of the VUV polarization functions over the energy
range from threshold to 480 eV. Measurements are compared with other published data.
[S1050-294{@6)04207-2

PACS numbdss): 34.80.Dp, 34.80.Nz, 42.25.Ja

I. INTRODUCTION II. THEORY

. . — . . . . Argon, krypton, and xenon have a similar coupling
This paper is the third in a series of articles dealing W'thscheme and ion core parity that suggest that common fea-

the polarization of the resonance radiation from the rar X : ,
gases, particularly in the near-threshold region. The first tWEures may be observed. As with nedh), the LS coupling

scheme may be used to describe the first excited states. The
. i rbital angular momentuniL) of the excited electron is

e e e e ko oupid o e ttal anguls momentinaf e o core t

sary experimental and theoretical details. In this work dat form an mtermedlate' staté, which in tum is coupled to the

are presented using both energy—selecfed and -unselect cited electron’s spikS) to form the total aﬂgular momen-

electron beams. In the latter case the broad features of the - (J) of the atom. The notation for descnb_lng these states
> o ; IS (271 )25 1 [K],, where| and s are orbital and spin

vacuum-ultraviolet(VUV) polarization functions are mea- J

angular momentum of the ion core, respectively. However,
sured over the energy range from threshold to_ 500 ev. I\/le""fheglowest VUV-emitting state€l=1) can %e congidered as
surements made with the energy-selected béagher reso-

. 3 _
lution) were confined to the first 5 eV above threshold where" admixture OFP_ and”p L S-coupled states and are repre
) o ) sented as follows:
the influence of negative-ion resonances is most clearly ob-
served. Other VUV polarization measurements have been
performed by Dasseet al.[3] (104.8- and 106.7-nm lines of |(?P1p)tS[3]1) = a|*Py)+ BI°P,),
Ar), Al-Shamma and Kleinpoppef,5] (Kr and Xe, and
Uhrig et al. [6,7] (Ne, Ar, Kr, and X¢. Some recent polar-
ization measurements on visible and near-infrared transition$(>Ps2) S 31,) = — B|1P1) + a°P;)  (with «?+ B?=1),

in the heavy rare gases have been reported by Etiedt[8]. (1)

papers dealt with heliumpil] and neon[2] and will be re-

TABLE . Singlet-triplet mixing coefficientsx and 3 for the ¢Py,)*S[3]; and @P3)'S[3]; excited
states in the heavy rare gases. Resonance wavelengths for each state are also shown.

N (=3 N (=3
Gas a B N B (nm) (nm)
Neon 0.964 0.266 0.929 0.071 73.6 74.4
Argon 0.893 —0.450 0.797 0.203 104.8 106.7
Krypton —0.683 0.730 0.467 0.533 116.5 123.6
Xenon —0.645 0.764 0.416 0.584 129.6 147.0

*Present address: MS183-601, Jet Propulsion Laboratory, Pasadena, CA 91109.
TPresent address: 35 Lodge Ave., Winnipeg, Manitoba, Canada R3J ORA4.
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TABLE Il. Intensity relations for various isotopés It has been assumed that cross sectiond/ffigr+1

are identical.
I,/CoA(L—0) |, /CoA(1—0)
0 Q(1,0 QLY
3 3[5Q(1,0)+4Q(1,1)] 3[2Q(1,0)+7Q(1,1)]
750 224Q(1,0)+226Q(1,1)] 750 113Q(1,0)+337Q(1,1)]
g 75 17521Q(1,0)+ 19604Q(1,1)] 755 9802Q(1,0)+ 27323(1,1)]
wherea and 8 for the J=1 excited states are given for each H[Q(1,0-Q(1,1)]
. " _ ’ 3
gas in Table]. The wavelengths of the resonance transitions hoQ(L,0+ h;Q(L,1) €)

are also indicated. It can be seen that the more massive rare
gasesKr and X9 can be viewed as nearly equally mix whereH, hgy, andh; are constantggiven in Table Il). For

and!P states, while the lighter rare gagéée and Aj can be . : L . :
. X “ 3 1 . : singlet (triplet) excitation onlyQ(1,0 [Q(1,1)] is excited at
viewed as nearly “pure’*P or “P. This feature along with threshold(see 1) and thereford®, =Hiho(—H/hy).

the increasing ion core energy-level splittings as one Perturbations in the polarization due to negative-ion reso-
progresses up the periodic table suggests we should see *¥i&inces have been calculated as outlined in Il with the fol-

tematic changes in the polarization of the two resonadce (, . A Lo
—1-,J=0) lines as we progress toward more massive tar[ow!ng modification: if nonzero nuclear spin)(is present,
gets since the position of resonances and cascading stat%%'s the case for krypton and_ xenon, then E(q§a) and
associated with each ion cotg= 3, 3) will shift relative to by of Ref. [11] must be mo+d|f|ed(_see Applendlx of+Ref.
’ [12]) by replacing (14)(T(J) ko) with G(L) ko(T(J) kq)
whereG(L) i is the same a6(L), in Hammondet al.[13].

each other due to the ion core splitting.
The threshold polarization predictions outlined in I are . ore than one isotope is present, thegL) L must be
averaged over alll. For 1=0 (e.g., Ne and Ay,

valid for Ar but not for Kr and Xe because they contain
significant amounts of naturally occurring isotopes wWi#0. o o . .
Using the theory of Percival and Seatf] and taking into e e BELTR PRETE B0 e
account the different isotop§&0] predictions on the thresh- P 9

the same, but for krypton and xenon, averaged values of
G(L) % must be used because of the differérfor the iso-

old polarization can be made.
To determine the polarization for a mixed species it is L :
necessary to averageandl!, (notthe polarizationsresult- topes[note tha?G(.L) 0_1_/7 for all 1]. The appropnatg val-
ing from each isotope. This results in the following relation: YeS forG, are indicated in Tables IV and V along with the
calculated polarizations. Note that these calculations assume
that the negative-ion resonance is dominating the excitation.
Sw(hhL ) =1,.(1)] In practice this will not be the case except in rare circum-
S wi,+1,(1)] 2 stances. No theoretical caIcuIauon; o.f polanzatlon fractions
for heavy rare-gas resonance radiation are available apart
from the threshold values discussed earlier.
wherel, , (I) are the intensities of the light measured in a

direction perpendicular to the _electron beam_with electric Ill. EXPERIMENT

vectors parallel and perpendicular, respectively, to the

e-beam(quantization direction for isotopd andw(l) is the Full discussions of the two sets of apparatus are presented
percentage of the total population of isotopeTable Il in | and in Hammondet al. [13], and therefore only details

shows the relationship between the parallel and perpendicuelevant to the present measurements are outlined here. For
lar intensities of thel=1—J=0 transition and the excita- the energy-selected measurements electron-beam currents
tion cross sections for th® ;=0 and|M;|=1 levels of the  were typically 30 nA with an energy spread of approximately
J=1 state for different isotoped ). C, is a constant and 160 meV. For the unselected gun typical currents were 25
A(1—0) is the total emission probability for this transition. uA with a resolution of~1 eV. The measured intensities
Substituting the relations in Table Il into E() yields (1" 1™ are related to the true values, (1,) by Eq. (6)

TABLE lIl. Polarization function coefficients and threshold values for singRit)(and triplet P{h) excitation.

Isotope [ % H ho hy Ph P
xet?® 3 26.4
Xet3? 3 21.2 0.664 0.888 1.112 0.748 —-0.597
Xe? 0 52.4

83 9
E:a 6 éé'g 0.909 0.970 1.030 0.937 -0.882

8All other occurring isotopes.
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TABLE IV. VUV polarization fractions for the heavy rare gases resulting from the formation of the
negative-ion resonancg € 3)25*1L[K];, which decays toj(= 3)?S[1/2],. G, is the average over nuclear
spin| of the perturbation coefficients(L) } (see Ref[11]). I, (I,) is the orbital angular momentum of the
incoming (outgoing electron. For resonance nomenclature see Ré&].

Polarization
Resonant state G_2=1 G_2=0.909 G_2=0.664
(=13 K J lo I (Ne,Ar) (Kr) (Xe)
3p (b ande) : 3 0 1 0 0 0
3 3 0 1 0 0 0
i 3 2 1 -0.428 -0.385 -0.271
3 3 2 1 0.558 0.516 0.395
3 5 2 1 0.500 0.461 0.352
P (c) 2 > 0 1 0 0 0
3 2 2 1 0 0 0
1S (d, andf,) : 3 1 0 0 0 0
D (e) 2 3 1 2 0 0 0
3 2 3 2 0 0 0

from |. The efficiency(#) of the single mirror polarizer used background pressure in the system did not exceed 1027,
for the near-threshold measurements was obtained by nof-7x107’, and 2.%x10’ torr for Ar, Kr, and Xe, respec-
malizing these data to the higher-energy data where multiplévely, for the energy-selected measurements when the gas
mirror polarizers were used to make the measurements ibeam was operational. Similar criteria applied for the mea-
sensitive to the mirror efficiencgsee Hammonet al. [13]). surements made with the unselected gun. Background effects
Studies of the variation oP with gas pressure were car- due, for example, to small contributions to the measured sig-
ried out to ensure freedom from depolarizing effects such asals from the background gas in the system, were accounted
imprisonment of resonance radiation. This meant that théor as discussed by Hammomd al. [13]. The base pressure

TABLE V. VUV polarization fractions for the heavy rare gases resulting from the formation of the
negative-ion resonancé £ 3)25"L[K],, which decays toj(= 3)2S[3/2];. G, is the average of the per-
turbation coefficient& (L) 5 over nuclear spin (see Ref[11]). |, (I,) is the orbital angular momentum of
the incoming(outgoing electron. For resonance nomenclature see [R&f.

Polarization
Resonant state G,=1 G,=0.909 G,=0.664
(i=9 K J lo Iy (Ne,Arn) (Kr) (Xe)
3p (b ande) : i 1 1 0 0 0
3 : 1 1 0 0 0
1 2 1 1 -0.428 -0.385 -0.271
2 2 1 1 —0.698 —-0.622 —0.430
3 2 1 1 0.447 0.412 0.312
3 3 3 1 0.500 0.461 0.352
2 3 3 1 0.500 0.461 0.352
P (c) 2 3 0 1 0 0 0
3 3 2 1 0.143 0.130 0.096
3 2 2 1 0.500 0.461 0.352
1S (d, andf,) 2 2 1 0 0.600 0.555 0.427
'D (e) 3 2 1 2 0 0 0
3 2 1 2 —-0.529 -0.473 -0.332
2 3 3 2 —0.088 —0.080 —0.058
: : 3 2 0.455 0.418 0.318
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FIG. 1. Sublevel excitation functions for argon as a function of electron-impact energy. The present data were obtained with an
energy-selected gun. The data have been corrected for the polarization sensitivity of the anbjyz@and|M ;| =1 curves refer td, and
I, , respectively(see text Positions of relevant negative-ion states are identified by lower-case [t and are indicated above the
curves. Positions of relevant neutral states are indicated below the curves. Typical errors are shown at 13.5 and 15.5 eV and are discussed
in the text. Errors within the first 2 eV of threshold are on the order of the data point size.

without the target gas being introduced wag1® ’ torr  presence of thé resonances makes it difficult to determine

Errors were estimated as discussed in I. the trend of the polarization with the present energy resolu-
tion. Since the®P character is dominanfsee Table )l the

IV. RESULTS AND DISCUSSION exchange mechanism is expected to dominate as it did in
neon, and therefore the polarization should tend towatd
A. Argon However, the polarization is clearly perturbed by theeso-

The energy-selected, near-threshold, corrected VUV dataances. For example, aresonance is observgd5] in the
are shown in Fig. 1 with the resulting polarization function metastable channel at 11.631 meV, just 8 meV above the
presented in Fig. 2. The data points below the threshold haviélareshold of the first VUV emitting state with anothereso-
been set to zero for the sake of clarity. The polarization curvanance 44 meV higher in energy. Olgaal. [16] have calcu-
was calibrated to the data obtained with the unselected gun &ited excitation cross sections for argon assuming&uoon-
16 eV, since this is a linear region in the polarization func-figuration, and their results show that the resonances
tion and a value of 0.478 was determined fprThe unse- perturb the excitation of thepf4s 3P° state.
lected data and those of Dassetral. [3] are also presented Before the onset of the second VUV-emitting state the
for comparison. Note that Dassehal. used an LiF filter to  polarization begins to rise sharply toward a maximum value
suppress the'P;—1S,) 104.8 nm line and therefore their of 0.30. Since the cross section of thB;.4s[3/2]; state
data reflect the polarization of théR,; —'S;) 106.7-nm line  should be significantly larger thaiP,,,4s[1/2]; in this re-
only. We have performed unselected measurements with arglon, the effect of théP,,,4s[1/2], state on the polarization
without an LiF filter (see below should be minimal unless it is strongly polarized near thresh-

From the VUV data(Fig. 1), the effects of the negative- old. In support of this are the unselected measurements made
ion resonances on each channel are very clear. In thef the VUV polarization with and without an LiF filter. Each
[M;|=1 channel(l,) the b, ¢, andd resonances are promi- data set shows a different trend at threshold. The LiF filter
nent, while in theM ;=0 channel(l) the e resonance ob- suppresses the 104.8-nm line and therefore only the
served at 12.93 eV by Brurt al. [14] is evident, as is a 106.7-nm line is observed. The LiF data show the polariza-
broad feature at 14.15 eV. Note that although theeso- tion dropping to 0, which is consistent with the higher-
nance is clearly observed in thil ;| =1 channel, it is barely resolution data since, at threshold, it also contains only the
detectable in total emission spectig«1,). This explains 106.7-nm line. The polarization data collected without the
why Bruntet al.[14], who measured the total UV flux from LiF filter are consistently higher. This could be attributed to
Ar saw little sign of the resonance even though they hadbservation of the decay of tH&,,,4s[1/2], state, which is
more than adequate energy resolution. predominantly*P in character and therefore has-4 thresh-

The polarization function reflects the predominance of theold polarization value (see earlier threshold angular-
resonances in one channel or the other. Near threshold, thromentum argumentsThis would suggest that the excita-
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FIG. 2. Polarization function for the VUV radiation from argon as a function of electron-impact energy. The present data were obtained
with an energy-selected gun. Data from the lower-resolution work of Dastseh[3] are indicated on the graph along with the present
results(see text Positions of relevant negative-ion states are identified by lower-case letfefs and are indicated above the curves.
Positions of relevant neutral states are indicated below the curves. Typical error limits are shown at threshold, 13.5, and 15.5 eV and are
discussed in the text.

tion of the P, 4s[1/2]; state is significant near threshold. strongly enhance thgM;|=1 cross section, as is observed
The measurements of Ajellet al. [17] indicate that at 12 (see Table V.
eV, excitation of the’P;,4s[1/2]; state is responsible for The analysis of the polarization function becomes more
26% of the total VUV emission. Dassem al’s [3] measure- difficult at energies above the resonance because of the
ments using an LiF filter are in agreement with the presenoverlap of numerous resonances. Note that the overlap of the
data. ¢ resonance with the andd resonances is not due to lack of

In the region between 12.0 and 12.5 eV, where the polarexperimental resolution but results from the natural widths of
ization should be unaffected by resonance excitation, the pahese resonances. After the center of theesonance, the
larization stays significantly positive. This is in contrast toresonance appears and causes the polarization function to
the situation in neon where negative polarization values werése sharply. A maximum value of 0.25 is reached, followed
observed at energies above the threshold resonance regidyy. a drop to O that can be explained by the presence af the
The difference may be due to the fact that in Ar a largerresonances that are located here. Afterdheesonance, the
deviation from a pureLS coupling scheme occurs. One polarization rises to a maximum value of 0.20 and then falls
might conclude that exchange excitation is not as significanto a value of 0.05. This shape in the polarization curve was
in argon or perhaps that the exchange mechanism drops adiso observed in neon where ta@esonances appeared as a
more rapidly with increasing energy above threshold than irdip in the midst of a broader “bump” and therefore this
the case of neon. broad “bump” may be due t@ resonances ofP character.

After the maximum observed at 12.2 eV, the polarizationAlternatively, the positive excursion of the polarization at
then experiences the effects of tb@esonance and drops to energies higher than thé resonances may reflect the fact
0. The width of thec resonance has not been determinedthat the so-called “singlet” transition is beginning to domi-
experimentally but it is seen to be very broad in metastabl@ate the excitation process. In support of this is the fact that
data[15] as well as in oufM;,|=1 data. This drop to 0 is the polarization data taken with the LiF filtétriplet line
supported by the present calculations shown in Tables I\only) lie lower on average than the integrated d@ee Fig.
and V. Note that the designation of tleeresonance is not 2). The influence of cascade from the fevels in this region
agreed upon. The grandparent model predicts that theshould not be overlooked either.
should belP resonances, but theoretical calculatiqis] The polarization function shows a slight bump centered at
indicate that this resonance could havéDaconfiguration.  14.15 eV that lies within the range of tmg, n,, f,, andf,
Buckman and Clark18] suggest that this state may in fact resonances as well as thd and 5 excited states. Table V
be a mixture of both. The present data suggest that a strorigdicates that thé,; resonance should lead to positive polar-
D admixture, based on an incomipgwave and an outgo- ization values, as are observed. The small perturbation to the
ing d wave, is likely due to the fact that this resonance wouldpolarization may reflect the fact that the resonance structure
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and McConkey and Donaldsdr20]). Above the threshold
region, the polarization decreases to a minimum-46 eV,
rises to a peak at-35 eV, and then drops to a “shoulder”
feature at-60 eV. It then steadily decreases and crosses zero
at 30710 eV.

The low polarization below 30 eV may be due, in part, to
a large cascade contribution to the argon resonance lines as
well as the presence of the 106.7-nm line, resulting from the
2p,As[3/2]; state and other lines. The many spectral com-
ponents have been examined by McConkey and Donaldson
[20] at 100 eV and Ajelloet al. [17] at 200 eV with both
spectra indicating strong Arand Aril constituents. Note
that below 29.2 eV only Ar lines are observed. No energy-
selected measurements could be carried out using the LiF
window because the chamber was heated to improve electron
gun performance. This shifted the temperature-dependant
cutoff frequency of the LiF filter so that both resonance lines
were suppressed. Excellent agreement with the data of Uhrig
et al. [6] is observed over the whole energy range.

The polarization curve measured with an LiF filter is
lower in value than the unfiltered data, indicating that the
radiation lying below 105 nm at low energgredominantly
104.8 nm is more positively polarized. The filtered data
cross the zero polarization axis at 2485 eV, which is 89
eV lower than for the unfiltered data.

B. Krypton

In krypton the main sources of resonance radiation are the
116.5-nm and the 123.6-nm lines, which result from the de-
cay of the?P,,,55[1/2]; and 2P,,55[3/2], states, respec-
tively. The energy-selected, near-threshold, corrected VUV
data are shown in Fig. 4 with the resulting polarization func-
tion presented in Fig. 5. The data points below the threshold
have been set to zero for the sake of clarity. The polarization
curve was calibrated to data obtained with the unselected gun

FIG. 3. Integrated VUV polarization functions for argon, kryp- at 14 eV since this is a linear region in the polarization func-
ton, and xenon as a function of electron-impact energy. The presefion. A value of 0.649 was determined far of the single
data were obtained with an unselected electron gun. Circles, presefitirror analyzer in this spectral region.

data(no LiF filter); squares, present dafaF filter used; X, Uhrig
et al. [6,7]. The errors in the present dafsee Table V) were on

Krypton has a large spin-orbit splittingh66 me\j that
results in the negative-ion resonance pairs being well sepa-

the order of the data point size except at threshold where errorated. Also,jj coupling becomes more appropriate in de-

limits are shown.

scribing the excited states of the noble gases as the mass
increases. Thus krypton presents an opportunity to evaluate

is relatively small compared to the background. From 14.4 tdhe effectiveness of the coupling schemes used to describe
16 eV the polarization has a slight linear increase. It is interthe various excited states. Another feature of krypton is the

esting to note that by 15 eV, it is estimated from data prenearly equal

contributions ofP and P to both

sented by Ajelloetal. [17] that the cascade to both 4p®5s(J=1) VUV-emitting levels and, therefore, the over-
3p°® 4s,4s' (J=1) VUV emitting states represents more than all configuration cannot be approximated by singlet or triplet

half of the signal. While Ballou and Lifl9] did not observe

states as in neon and argon. Finally, the nuclear spin of the

the cascading emissions to be significantly polarized, it idsotopes are not all zero as with helium, neon, and atgea
difficult to estimate the effect of cascade because no detaile@able Ill), so the measured polarization will be reduced as
measurements of the polarization of these features have bediscussed earlier. For example, the threshold polarization for

reported.

direct excitation becomes 0.937, while for pure exchange

The polarization of argon above the threshold region, obexcitation the threshold polarization would be.882.
tained with the unselected gun, is shown in Fig. 3 and tabu- The VUV spectrum shows the presence of thereso-
lated in Table VI for selected energies from threshold to 48tance (4°5s?), which lies 86 meV above theP,5s[3/2];
eV. These data are taken from a smooth curve fitted througthreshold. In argon and neon the corresponding structures
the experimental points. This is more difficult to analyzeoccurred lower in energy than thep®s and 20°3s states,
than neor{13] because of the abundance of spectral featuresespectively, and therefore were not observed. aheeso-

which contribute to the observed sign@ijello et al. [17]

nance dominates the spectrum near threshold. This is quite
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TABLE VI. Polarizations and errors for integrated VUV radiation from argon, krypton, and xenon. The measurements were made with
the unselected electron gusee texkt

Argon Krypton Xenon
Energy
(eV) Polarization Error Polarization Error Polarization Error
Threshold 0.146 0.037 0.000 0.050 0.090 0.030
12 0.060 0.007 0.035 0.004
14 0.119 0.010 0.099 0.004 0.081 0.003
16 0.107 0.005 0.135 0.003 0.135 0.003
18 0.136 0.004 0.173 0.003 0.187 0.004
20 0.147 0.004 0.201 0.004 0.250 0.004
22 0.146 0.004 0.229 0.004 0.274 0.005
24 0.159 0.004 0.254 0.004 0.259 0.004
26 0.177 0.005 0.272 0.005 0.211 0.004
28 0.170 0.004 0.291 0.005 0.158 0.003
30 0.198 0.004 0.303 0.005 0.132 0.003
35 0.226 0.004 0.289 0.005 0.127 0.003
40 0.209 0.004 0.282 0.005 0.132 0.003
50 0.162 0.004 0.219 0.004 0.141 0.003
60 0.152 0.004 0.193 0.004 0.137 0.003
70 0.148 0.004 0.166 0.003 0.122 0.003
80 0.138 0.004 0.143 0.003 0.108 0.003
90 0.129 0.004 0.128 0.003 0.090 0.003
100 0.114 0.004 0.111 0.003 0.071 0.003
120 0.095 0.004 0.088 0.003 0.057 0.003
140 0.082 0.004 0.068 0.003 0.042 0.003
160 0.069 0.004 0.056 0.003 0.031 0.003
180 0.056 0.004 0.041 0.003 0.022 0.003
200 0.045 0.004 0.033 0.003 0.015 0.003
220 0.032 0.004 0.019 0.003 0.008 0.003
240 0.027 0.004 0.013 0.003 0.004 0.003
260 0.020 0.004 0.003 0.003 —-0.003 0.003
280 0.010 0.004 —0.005 0.003 —0.006 0.003
300 0.004 0.003 —0.008 0.003 -0.012 0.003
320 —0.006 0.003 -0.017 0.003 -0.017 0.003
340 -0.013 0.004 —0.019 0.003 —0.018 0.003
360 —-0.019 0.004 -0.027 0.003 —-0.020 0.003
380 —-0.019 0.004 —-0.032 0.003 —-0.026 0.003
400 —-0.025 0.004 —-0.038 0.003 —-0.026 0.003
420 —0.029 0.004 —0.040 0.003 —0.030 0.003
440 —0.030 0.004 —0.045 0.003 —-0.033 0.003
460 —0.042 0.004 —0.047 0.003 —0.036 0.003
480 —0.044 0.004 —0.053 0.003 —0.039 0.003

surprising since the decay of this resonance to thend narrow(see data of Brungét al.[14]) and the resolution
2p,,,5s[3/2], state requires a change in the ion core angulaof the electron beam of the present experiment is relatively
momentum. Decay of the, resonance to the metastable large. The correctei ;=0 data do show the presence of the
state is also observdd5], but it has a significantly reduced broadc resonance at 11.6 eV and tbg andd, resonances
signal. Note that in the present data the center of the res@ppear as dips, as was the case in argon.
nance is not the same in both channels but differs by 20 The polarization function(Fig. 5 clearly indicates the
meV, the parallel channel being lower. This may be a resulpresence of well-defined resonant structure. At threshold it
of the presence of an unresolvédresonance, which was can be seen that the polarization curve is tending toward
observed in the metastable spectr{ibh] at 10.039 eV(6  negative values, indicating that exchange is important in this
meV above théP;,5s[3/2]; threshold and has a full width  energy region. The polarization quickly rises to a value of
at half maximum(FWHM) of 130 meV. 0.08 and then falls te-0.38. Note that the position of tre

At energies higher than tha, resonance, the spectrum resonance does not coincide with the center of the dip in the
does not have the prominent features observed in neon ammblarization. This reflects the nonalignment of the centers of
argon. This is due to the fact that the resonances are smdhe peaks observed in the parallel and perpendicular channels
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FIG. 4. Sublevel excitation functions for krypton as a function of electron-impact energy. The present data were obtained with an
energy-selected gun. The data have been corrected for the polarization sensitivity of the ahbjys@and|M ;| =1 curves refer td; and
I, , respectively(see text Positions of relevant negative-ion states are identified by lower-case [dtfets§ and are indicated above the
curves. Positions of relevant neutral states are indicated below the curves. Typical errors are shown at 10.2, 13, and 14.3 eV and are
discussed in the text.

(Fig. 4). The quick rise to 0.08 near threshold is consisten26.8 eV. This would indicate that spectral features, which
with polarizations measured for theresonance in neon. It would be suppressed by the LiF filter, are not significant in
appears as if the two resonances are competing for domihis energy regior(i.e., the polarization function is domi-
nance in this region very close to threshold. nated by 4-5s transition3. Above 26.8 eV, Kni lines begin

After reaching a minimum at 10.2 eV, the polarization to influence the polarization of the unfiltered data, since their
function rises to a maximum value of 0.25 at 10.6 eV \_’Vhere«/vavelength is less than 100 nm and thus the polarization
theb resonance and tH,,,5s[1/2]; state are located. Since fynctions begin to diverge. We note that in this energy range
the direct excitation of théP,,,5s[1/2], state is not expected ; data also diverge from those of Uhrég al. [6]. Most

to contribute significantly near threshold, the rise in polarizagiyely this is due to different relative detection sensitivities
tion is likely due to theb resonance. After thb resonance, for the Kril lines at 91.7 and 96.5 nm

the polarization falls to-0 at 11 eV, which is in the vicinity
of thec resonancé€l1.12 eV\}. The polarization remains con-
stant until the location of thel; resonance, where it drops
below 0. The effect of the resonances at 11.29 and 11.32 The energy-selected, near-threshold VUV spectrum of xe-
eV is not clear due to the statistical scatter in the data. Thaon was measured with and without a Bditer. The Bak
polarization rises to a value of 0.10 after te resonance filter has a temperature-dependent cutoff that lies between
and then declines to 0 under the successive influences of thee 129.6-nm line((*P,/,)6s[1/2];) and the 147.0-nm line
¢ (11.77 eV andd, resonances. After the, resonance, the ((*Pj,)6s[3/2];). The transmission of the 147.0-nm line for-
polarization curve exhibits a broad bump at the location oftunately increases with temperatyetlowing the chamber to
the 6s levels and thd; resonance. This is very similar to the be heated for maximum current production and beam stabil-
behavior found with argon. ity) and is roughly 209422]. Since very few differences
Our measurements made with the unselected @@ were observed between the data sets obtained with and with-
Table VI and Fig. 3 and those of Uhriget al.[6] agree with  out the filter, only the filtered data will be presented here.
the present data. The same cannot be said for the data of The energy-selected, near-threshold, corrected VUV data
Al-Shamma and Kleinpoppef¥], which are significantly are shown in Fig. 6, with the resulting polarization function
lower in value. However, these authors now believe theipresented in Fig. 7. The data points below the threshold have
data to be in errof21]. been set to zero for the sake of clarity. The data were nor-
The polarization above the near-threshold redieiy. 3) malized to measurements made with the unselected gun in a
rises to a peak at30 eV and then decreases steadily to zerdashion similar to that used for Ar and Kr. Based on this
at 272+10 eV. Figure 3 also shows the polarization mea-normalization,» for the single mirror analyzer was found to
sured using a LiF filter that has a maximum-aB2 eV and be 0.664 in this spectral region. Identical polarization func-
a zero crossover at 2¥2.0 eV. The polarization functions tions were obtained in the low-energy region with and with-
coincide with each other over the range from threshold twut the Bak filter. This reflects the dominance of the

C. Xenon
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FIG. 5. Polarization function for the VUV radiation from krypton as a function of electron-impact energy. The present data were obtained
with an energy-selected gun. Data from the lower-resolution work of Ustrig). [6] and Al-shamma and Kleinpoppé4] are indicated on
the graph along with the present resiftse text Positions of relevant negative-ion states are identified by lower-case [ét%t§ and are
indicated above the curves. Positions of relevant neutral states are indicated below the curves. Typical error limits are shown at 10.4, 11.5,
and 14.5 eV and are discussed in the text.

2p,6s[3/2], state in this energy region. resonance is located. Note that the onsets for the
The spin-orbit splitting 1307 meVf of the ion core is the 2P,,,6s[1/2], (B,) as well as the p neutral states are in this
largest of the rare gases studied in the present work anatgion as well. The opening of these channels could also be
therefore the resonance structures based on the two differerdgsponsible for the small drop in signal observed. The effects
cores will be well separated. Like krypton, the VUV- of the n; resonance are seen at 9.9 eV as well as the broad
emitting states cannot be classified®&sor !P (see Table)l  feature of a thirdc resonance at 10.48 eV. Again statistical
but are roughly a 60-40 mixture of the two. TAgresonance scatter prevents the definite identification of resonances after
(5p°6s?), observed near threshold in krypton, now lies ap-the c resonancé10.48 eV but there is a hint of structure in
proximately 740 meV above the first VUV emitting state the M ;=0 channel at the location of thé, and n, reso-
[18], which results in it being a much broader and weakemances.
resonance. Hence it is difficult to distinguish due to the pres- The polarization function shows many of the features dis-
ence of thec resonance at 9.18 eV. Finally, only VUV emis- cussed above. As in the case of krypton the theoretical
sions from the?P;,6s[3/2], state are being monitored be- threshold polarization value for direéxchangg excitation
cause of the BafFwindow placed in front of the photon is less thart1 (—1) due to the nonzero nuclear spih) (of
detector. its naturally occurring isotopgsee Table Il). The predicted
The VUV spectrum(Fig. 6) clearly shows the effect that threshold polarizations are 0.748 ard.597 for direct and
the resonances have on populating the magnetic sublevels exchange excitation, respectively. At threshold the polariza-
the?P5,65[3/2]; state. In the threshold region, a pronouncedtion appears to be heading toward the pure exchange thresh-
shoulder appears in the perpendicular channel near the locald value.
tion of theb resonance at 8.43 eV. In the metastable mea- Above the threshold region, the polarization rises to a
surements of Buckmaet al. [15] a b resonance was ob- maximum of 0.25 and then drops to zero. The effect ofdhe
served 100 meV below the threshold for tHe,,65[3/2];,,  resonancg9.18 eV} is seen to lower the polarization func-
which could have a minor influence on the relative popula+tion to a value of—0.10. It then rises to zero possibly under
tions at threshold if its width exceeds 100 meV. Observathe influence of thec resonance at 9.36 eV. Above tlee
tions of the other heavy rare gases indicate that this is posesonancg9.36 e\j the polarization again drops below zero
sible. under the influence of the and d; resonances. A broad
The effect of thec resonance in populating ti&1,/=1  feature in the polarization curve is observed in the region of
channel is visible at 9.08 eV. Above tleeresonance there the 6p and 5 neutral states, indicating that cascade may be
are several resonances clustered together, including anoth&gnificantly polarized. Also located in this region is the
¢ resonance at 9.36 eV. Due to the energy resolution antesonance. No other features are distinguishable in the polar-
statistical scatter the effects of each resonance are not cleazation function above tha, resonance due to the statistical
However, a dip appears in thd ;=0 channel where thd,  scatter in the data.
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FIG. 6. Sublevel excitation functions for xenon as a function of electron-impact energy. The present data were obtained with an
energy-selected gun. A Bafilter has been used to suppress the 129.6-nm line. The data have been corrected for the polarization sensitivity
of the analyzerM ;=0 and|M|=1 curves refer td; andl , , respectively(see text Positions of relevant negative-ion states are identified
by lower-case letterf15,18 and are indicated above the curves. Positions of relevant neutral states are indicated below the curves. The
errors in the data are on the order of the data point size.

Other polarization measurements are shown in Fig. 7 andjave total angular momentund)=3, % and are created by
as in the case of krypton, the data of Al-Shamma and Kleinincident electrons with partial wave$,)=1. The fact that
poppen 5] significantly differ from the present results. These s-wave scattering is not responsible for the near-threshold
authors now believe their data to be susg@df. Our unse- resonances has also been observed by Wadtlkd. [12] in
lected data and those of Uhrég al.[7] are seen to be in very their analysis of polarized and unpolarized electrons impact-
good agreement with the near-threshold data. The data @g ground-state mercury. Their results show that electrons

Uhrig et al. [7] do not show the dip centered on theeso-  \jth | ;=2 are responsible for the formation of a negative-ion
nance at 9.18 eV, but this is probably a result of their pooregegonance with=3.

energy resolutio300 meVj.

The polarization function resulting from the unselected
data(Table VI) is shown in Fig. 3 along with the data of
Uhrig et al.[6,7]. As the energy is increased, the polarization
function rises to a maximum at23 eV and then drops to a
minimum at~30 eV probably due to the influence of the
Xe Il lines, which have an onset at 23.4 eV. The polarizatio
curve then rises to a further maximum-a60 eV and then ~nances enhanced ﬂhy_' J ?1 channel. o
decreases to cross the axis at 210 eV. We note that in . The d; re;onancesj =3) appear as dips in aI.I thg polar-
this energy range our data also diverge from those of Uhridjzat'on functions. These decreases in the polarization are not

et al. [6]. Most likely this is due to different relative detec- consistent with the resonance polarization calculations
tion sensitivities for the Xa lines. shown in Table \j =3) since the polarization is predicted to

be large and positive and thus would not act to depolarize the

observed radiation. Therefore it seems clear that either the

grandparent model does not adequately describe the reso-
As suggested in the Introduction there are some similarinance or, more likely, the resonance polarization calculation

ties in the data between the heavy rare gases, most noticealysigeds to consider interference between the various states and

in the threshold region. The near-threshold polarization formlternate decay channdise., changes in ion core configura-

all the gases shows a trend toward negative values indicatirtipn). The d, resonances are also observed to have a depo-

that exchange excitation is very important in this energy refarizing effect.

gion. This finding is in agreement with measurements by The large number of resonances are much more difficult

Hanneet al.[23] for Hg, where they also observed exchangeto quantify. However, it appears that those which lie between

excitation dominating at threshold. thec and thed resonances cause the polarization to increase.
Above threshold thd resonances cause the polarizationThis feature is clearly seen in argon and nébn

to rise to large positive values. Note that these resonances We note that Fursgt al.[8], in their measurements of the

The effect of thec resonance is not totally consistent
throughout the elements, which may reflect the changing na-
ture of this resonance as mass increases. Recall that there is
some discussion on the designation of this state in argon
since theoretical calculations suggest its configuration differs
nfrom that in neor{16]. In neon(ll), Ar, and Xe thec reso-

V. NEGATIVE-ION SYSTEMATICS
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FIG. 7. Polarization function for the VUV radiation from xenon as a function of electron-impact energy. The present data were obtained
with an energy-selected gun. Data from the lower-resolution work of Ustrig. [7] and Al-shamma and Kleinpoppé5] are indicated on
the graph along with the present resuiftee text Positions of relevant negative ion states are identified by lower-case [dfet§ and are
indicated above the curves. Positions of relevant neutral states are indicated below the curves. A typical error limit for the threshold region
is shown. The errors in the data above the threshold region are on the order of the data point size and are discussed in the text.

polarization of various visible and near-infrared transitions inpolarizations have been made using a generalized Baranger-
the heavy rare gases, saw no indication of resonance struGerjuoy theory. Above the near-threshold region, the broad
ture. They observed threshold polarizations consistent witlfieatures of the polarization functions have been measured

those predicted assumings coupling. and were demonstrated to depend on the spectral sensitivity
of the detector. The measurements will be useful for calibra-
V1. CONCLUSIONS tion of spectral equipment.
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