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Use of radiation trapping for measuring electron-impact excitation cross sections
for higher resonance levels of rare-gas atoms
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Radiation trapping causes the optical emission cross sections for transitions from an atomic resonance level
to lower levels to be dependent on the atom number density. We have measured the optical emission cross
sections for a number of heavy rare-gas resonance transitions over the pressure range of 0.04 to 30 mTorr. We
compare the results with the theory of Heddle, using it to extrapolate our cross-section data to the high-pressure
regime where the resonance radiation is completely reabsorbed. This allows us to obtain the apparent excitation
cross section for seven resonance levels of Ne, Ar, and Kr without measuring the resonance radiation that
would otherwise entail vacuum ultraviolet radiometry. In some cases, our analysis of the measured pressure
dependence of the optical emission cross sections points out the need for improved transition probabilities
values.
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[. INTRODUCTION level or another lower level. For example, a resonant level in
the 2p°3d configuration of neorithe 3d, in Paschen’s no-

Measurement of electron-impact excitation cross sectiongatior) can decay to either thep® ground state, with a tran-
by means of the optical method has been a research areasifion of 87.6 nm, or to the nine levels of theZ3p con-
continued interest for decades, and has provided data that afiguration withJ=0,1,2 and transition wavelengths between
important both to the basic understanding of electron-aton®95 nm and 1.84um. The relative intensities of the various
interaction and to technological applications. In a typical ex-decay channels are governed by the branching fractions. Re-
periment a monoenergetic electron beam is incident on thabsorption of the radiation for the transition into the ground
target atoms. Radiation from atoms excited by the incidentevel by a nearby ground-level atom and the subsequent ra-
electrons is utilized to determine the excitation cross secediative decay result in a redistribution of the relative inten-
tions. By monitoring radiation of different frequencies it is sities among the various channels. Since the likelihood of
possible to study the cross sections for a large number alkeabsorption increases with the atom density, the observed
excited states. branching fractions appear to vary with the gas pressure.

This paper is concerned with excitation into levels that areThis gives rise to a pressure dependence of the measured
optically allowed to decay to the ground state. In principle,optical emission cross section that causes complications in
any level that can decay via electric-dipole selection rules taletermining excitation cross sections from optical studies
the ground state of an atom might be referred to as a “resof13,14.
nance level’[1,2]. However, in both historical and common  The effects of reabsorptiofalso referred to as radiation
usage, the term “resonance level” is reserved for describingrapping or imprisonmeitof resonance radiation on optical
only the lowest resonance levels with the strongest resonanegeasurements of electron-impact excitation cross sections
transitiong 3,4]. To preserve this historical distinction, in this have been extensively analyzed by Gabriel and He[lé
paper we will refer to the higher resonance leugls., ones and by Heddle and Samugl6]. They have derived an ex-
other than the principal resonance leyelsresonantlevels.  pression for the pressure dependence of the optical emission
Since, for the rare gases, the wavelength of the ground-stata#oss section measured at different pressures. Their results
decay channel is in the far ultraviolet for all resonance levelsexhibit the expected two-limit behavior; i.e., at very low
cross-section measurements of such levels are complicatguessures reabsorption of resonance radiation is negligible
by a unique set of experimental challenges. Numerous meand does not affect the emission cross sections, whereas at
surements have been made of the principal resonance tranbigh pressures the measured emission cross section increases
tions, np®(n+1)s(J=1)—np8J=0), in the heavy rare toward an asymptotic value. They verified experimentally the
gases(see review[5], as well as other workg6—11]). The  predicted pressure dependence for the case of H® (3
accuracy of these measurements is limited by difficulties of—21S) emission.
the extreme-ultraviolet naturé&uv) of the transitions: Ne Recent studies of electron-impact excitation of the heavy
(73.6, 74.4 nmy, Ar (104.8, 106.7 ninand Kr116.5, 123.6 rare-gas atoms also reveal similar pressure dependence of the
nm). To circumvent the problem of working in the xuv, laser- measured optical cross sections for emission from both reso-
induced fluorescence has also been used to study some wdnt and nonresonant levdts3,17,18. Nonresonant levels,
these level$12]. which are not optically coupled to ground, are not expected

In contrast to an atom in the principal resonance leveto have pressure-dependent branching fractions. However,
which can decay only to the ground level, an atom excited tdhe emission cross sections from nonresonant levels exhibit
a higher resonant level may radiatively decay to the groungbressure dependence due to the population of these levels by
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cascades from resonant levéls,14,17,18

A detailed understanding of the effects of radiation trap-
ping is essential for experimental measurements of the exci-
tation cross sections for both resonant and nonresonant lev-

els. In this paper we present cross-section data obtained as a § ]
function of pressure for emissions from resonant levels of ks 5 5 B
Ne, Ar, and Kr, and analyze them in the framework of the > Z b

Heddle model. This analysis allows us to obtain apparent o g AVAVAVA = g‘

excitation cross-section results without the need for xuv ra- % “ j§

diometry, which in the past has severely limited measure- 2z | hal

ment of these cross sectioni§]. The following section |

briefly reviews the optical method, and is followed by a de- 3‘

scription of the Heddle model. In Sec. lll, we describe our 0

technique to extract cross sections from the measured pres-

. . FIG. 1. Process of radiation trapping. An atom excited b
sure dependencies of the data, and in Sec. IV we present oy, PpIng y

ctron-impact excitation into a resonant level, can decay to

results. either the ground state, 0, or to some other leyglAt very high
pressures, any photons emitted in the>0 transition will be reab-
II. THEORY sorbed by another atom before the photon leaves the collision re-
gion, resulting in an increased chance of a photon being emitted on
A. Optical method for measuring excitation cross sections the a— 8 transition.

The principle, upon which the optical method is based, is
that in steady state the rate of production of an excited case_ ' yopt
atomic level is equal to the decay rate out of the level. The a & oxear
production rate is proportional to the excitation cross section,
while the decay rate is equal to the photon flux of all transi-The direct electron-impact excitation cross section is then

tions out of the level. The difficulty of applying the optical equal to the difference between the apparent and cascade
method is the necessity of detecting all photons emitted byross sections

an atom over a potentially very wide range of wavelengths.

Since the optical method has been described at length in the Qg”:Qgpp_ Qgase, (2.4

literature[19], only a brief summary is given here to set forth

the definitions and provide some remarks relevant to this The wide range of wavelengtfguv to far-infraredfar-

paper. ir)] required to measure both the apparent and cascade cross
An electron beam with currenttraversing a gas inside a sections has limited the applicability of the optical method in

collision chamber with atom number densﬁtyexcites some many cases. As an example, our recent measurements of

of the atoms into energy level that subsequently decays electron excitation of the rare gasis3,17,18,20 extended

into a lower levelb. The number of photons emitted in the from visible/near-uv to ir wavelengths, but not to the xuv.

a—b transition per unit time per unit beam length,;,, is  Thus, we reported no apparent cross sections for the resonant

measured and the optical emission cross section for this trafevels.

sition is defined as

(2.3

o B. Model of radiation trapping
ab

t_
Qzb ~(I7e)ng’ (2.9) Consider an atom in a resonant levelwhich can decay
either into the ground level, 0, or the nonresonant Ig8/els

wheree is the magnitude of the electron charge. If we mea-lllustrated in Fig.- 1. Absorption of the resonant photons from
sure the transitions from a level of interest into all the lower-tN€ @—0 tranS|rt]|on by.sc:jme otherhgtcr:m n _|(tjs groung ds_,tate |
lying levels, the sum of the optical emission cross sections {§Enerates another excited atom, which provides an additiona

termed the “apparent excitation cross section,” opportunity for th.ea_ﬂg transitio_n. At higher gas pressures,
the resonant radiation is more likely to be reabsorbed before

the photon can escape the collision chamber so that the net
app— > Q2P (2.2)  resultis to increase the branching fraction of the: 8 chan-
b<a nel at the expense of the—0 channel. Thus, the optical
cross section for thee— B emission increases with pressure
which is a measure of the total rate of producing atoms iruntil it reaches a high-pressure limit when #e->0 resonant
level a. At low pressures an excited level is populated byradiation is completely reabsorbed.
direct electron-impact excitation and cascades from the Gabriel and Heddld15] and Heddle and Samu¢l6]
higher levels excited by the electron beam. The cascade crobsave analyzed the effects of this radiation trapping on the
sections can be determined by measuring the optical crogwessure dependence of the- 8 emission cross sections. In
sections for transitions into the level from the levels their model, based on the earlier works of HolstEh21]
above it, and Phelp$22], radiation trapping is described by the frac-
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tion of resonant photons escaping the collision chamber. This T p
quantity [22], denoted byg, is a universal function of the r He3 P—>2S
dimensionless quantitiyp. Herep is the characteristic col-
lision radius for the geometry of the collision chamber and
Ko is the absorption coefficient of the resonant line, which is @
proportional to pressure as well as the transition probability 5

1} Limit of complete trapping

of the 0— « transition. When the reabsorption of the—0 =
radiation and the subsequent production of the 8 emis- E
sion are taken into account, the optical excitation cross sec<
tion for thea— B transition at a pressuf® as defined in Eq. § 0.1 4
(2.1), becomes g ]
(2]
. [9]
opt, oy Qi” +Qgase 8 Limit of no trapping
Qap(P)=Asp— : (2.9
Aa+Aaog[kO(P)p]
whereA,,; andA ,, are thea— g anda— 0 transition prob- 001 boest o e e
abilities, respectively, and\), is the sum of the transition 01 1 10 100
probabilities from the levek into all lower levels except the Pressure (mTorr)

ground level. At very low pressures practically all the reso-

ngnt pbh(zjtonsdescaae thekcoII|_S|lon éhan:.ber(;vg)h(:#t being reiével at an electron-beam energy of 100 eV. At low pressures, most

3 Sorbe r?nf W.(T. avg( Op)._ ) Iql.Ja IOrl;l 7 ?n '®"  atoms excited to the® level decay to the ground state. At high
uces to the familiar expression relating the optica em.'ss'orﬁressures, radiation trapping of the resonance transition shifts al-

cross section to the apparent excitation cross sect@fif ( most all emissions to thel®— 21S transition. Line is fit of data to
+Q:2%9 and the branching fraction. At the other extreme ofq. (2.5 with p as the only free parameter.

high pressuregy(kqop) approaches zero so that thg, term
disappears in Eq2.5), corresponding to complete trapping shape of the pressure curve for the optical cross sections
of the resonant radiation and eliminating the-0 channel  gepends o\, A, the universal functiom(kop), and the

FIG. 2. Pressure curve for radiation trapping of H®3esonant

for the decay of the levek. geometry parameter. Although Q%*® may also be pressure
dependent, its pressure dependence is neglected in the appli-
IIl. METHOD cation of Heddle’s model. This is because the cascades into

the resonant levek come entirely from the nonresonant lev-
] ] ) els for which the reabsorption mechanism does not operate.
The apparatus used in this paper has been described #hese non-resonant levels, however, receive cascades from
detail in our previous work23], so only a brief overview is  he higher resonant levels and such cascades are pressure
presented here. A stainless steel vacuum chamber is evacyapendent. Indeed the apparent excitation cross sections for
ated to a pressure of 18 Torr, then slowly backfilled with nonresonant levels of the rare gases do exhibit pressure de-
high purity gas {>99.999%). The pressure can be measuregendence, but to a much lesser extent than the resonant lev-
by either a capacitive manometer or a spinning rotor gauges|s [13]. For the resonant levels the direct excitation cross

The electron gun contained within the collision chamber iSsections generally dominate the cascade part, thus a modest
composed of an indirectly heated BaO cathode, followed bBbressure dependence in tRE2° term in Eq.(2.5) consti-
multiple grids for electrostatic focusing and beam modulay ¢ only a small fractional contribution @2(P). Hence

tion. The electron-beam current is measured by a deep Far- SC
aday cup with an inner diameter of 2.1 cm. Fluorescence. . neglect the pressure dependenc®ft™"in Eq. (2.5 as

from excited atoms exit the collision region through two ver- Vas done in Ref15]. Th_|s Ie_ads o a_3|mpl|f|cat|on that/the
tical slits cut in the Faraday cup. pressure dep_elnde_nce is given entirely by the_fa@!bg

Two different optical detector assemblies were used in” A«09(kop)] 7. Sinceg(kop) tends to zero at high pres-
this paper. For transitions in the visible spectr(®0-900 sures and app_roaches one at very .'°".V pressures, the ratio of
nm), a 1.26 m Czerny-Turner grating monochromator Wasthe cross sections at these two limits is
used with a high sensitivity GaAs photomultiplier tube

A. Apparatus

” : QoPl(P—ox) A
(PMT). For transitions beyond 900 nm, we used a Fourier- ap =14 20 (3.1)
transform spectrometéNicolet model MagnalR-860oper- Qﬂ%t(PHo) Al
ating in step-scan mode with either an®a,_;As detector
(A\<1.6 um) or an InSb detecton(>1.6 xm). Calibration To apply the Heddle model of radiation trapping to a par-
procedures for both systems are described elsewiaie ticular system, one must have knowledge of the transition
probabilitiesA’, ,A o, and the characteristic radiys For he-
B. Measurement of pressure curves lium the transition probabilities, andA o are well known

A sample plot of an optical emission cross section versu$24], allowing us to extract the value qgi from a least-
pressure is shown in Fig. 2. From E@®.5 we see that the squared fit of the measured values@ pﬂt(P) to Eq. (2.5).
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Our fit yields a value ofp=(1.4+0.2) cm for both the same functional form of pressure dependence given by Eq.
He(5'P—2'S) and He(3P—2'S) [shown in Fig.(2)]tran- (2.5 except for a multiplicative constant. If we have the
sitions and this value corresponds closely to the geometry diressure curve for a particular transition from say «
our apparatus. This value pfis adopted for the analysis of — B1, We can use it to extrapolate all the cross sections mea-
the other rare gases, since the same collision chamber is usédred at one pressuré€?;, to their high-pressure limits
for all measurements. Q‘;E’J(P—m) by the same scaling factor and obta@fP?

In comparison to helium, where the transition probabili- entirely from optical cross sections for the nonresonant emis-
ties are well known, the situation for the heavier rare gases isions measured at one pressBreaccording to
rather different. Published values of theoretical calculations

of transition probabilities are availabJ@5-29, but the ac- Qgpﬁt(p_,oo)
curacy of these calculations is difficult to assess in view of Q3PP=—— > Qg%t(pl). (3.9
the complexity of the atomic structure and the possible gross szﬂtl( Py) fe

sensitivity of the transition matrix elements to the choice of

the approtximate wave functions. When comparing our mearyg ,_, o emission is excluded in the above summation as
suredQ°PY(P) data to the results of Eq2.5) using published  yho resonant radiation is completely reabsorbed and con-

theoretical transition probabilities, there are varying levels of g e to other radiative channels at the high-pressure limit.
agreement. While some theoretical values fit our data well, in In Sec. Ill B, we indicated that the fitted parametars,

other cases we find a significant disagreement indicating thﬁndA’ may not correspond to accurate values of the transi-

g\;ﬁtcig;acy of the theoretical values of the transition prOb"[ion probabilities because of the nonunique nature of fitting

. . . Eq. (2.5 to the experimental data. Fortunately, this reserva-
a5 parametors 10 1t th expermental data” AS indicated ST 4965 1Ot &pply (0 the use of B0 o determingQ:
. . ' ) his is because E@3.3) is essentially an extrapolation from
Eq. (3.1, A,o/A), is related to the ratio of the optical cross 33 y P

. £th o h ) P=P; to P—. In this paper we limit the use of this pro-
sections of thex— /3 transition at the two asymplotiC pres- .oqre to cases where the measurements were made up to a
sure limits. The magnitude &% ,, determines the degree of

; . : sufficiently high pressure so that the extrapolation generally
reapsorptlon. A; We Increase the pressure, the opt|ca[ CrO$&sults in an increase of no more than 20%. In other words
sectionQ,z beg'lns. to increase over its low-pressure limit. \, o ;s Eq(2.5 as a quantitative method of extrapolation to
The onset of this rise would shift to a lower pressure wheryhain 4 small correction. Thus the analysis presented here
Aqo becomes larger. Thus we prefogrr: a nonlinear leasty|iqys us to determine the apparent cross sections for reso-
squares fit of Eq(2.5) to our measure@°P(P) by adjusting  nant levels without performing vacuum ultraviolet radiom-
A4 andA,, . This would provide an independent determina- gy,

tion of the transition probabilities if there are enough data

points over a pressure range extending to both the upper and

lower asymptotic limits. However, practical reasons often re- IV. RESULTS AND DISCUSSION

strict measurements of the optical emission cross sections to A, Comparison of pressure curves with Heddle’s model

a limited pressure range. With limited data, it is often pos- .
sible to obtain a satisfactory fit using different sets of values, ' F19- 3, we plot our measured pressure dependence of
for A,, and A’: ie., different sets ofA,,, A., and the optical emission cross sections for ten resonant transi-
Q.(P—0) fit the observed data equally well. Under sucht'ons o_f Ne, Ar, and Kr. The range of pressures is limited by
circumstances, the fitted parameters may not represent a u or signal rates at IOW pressures, and the possible on;et of
ful estimate of the transition probabilities. The quality of the second'ary effects at h'ghef Pressures. For the calculation of
fitted transition probabilities thus depends on the number Oklleddles model we start with theoretical values/Agf, and

data points, the uncertainty in the values, and the pressufés @S the input to Eq(2.5). All the A values for Kr were

range they span. The relevance of these limitations on th% tained from the calculation of Aymar and Coulonias};
extracted transition probabilities is discussed in Sec. Iv C. (e theoretical values needed for Ne and Ar were gathered
from a number of different sourc¢26,27,29. We will refer

C. Determination of apparent excitation cross sections to these theoretical values collectively as the “starting val-
of resonant levels ues.” The modeled pressure dependence of (Bdp) based
At the high-pressure limit thexr—0 decay channel is ©OnN these starting input values is shown in Fig. 3 as dashed
completely suppressed, so that the apparent excitation cro§Tves. In the alternat_|ve approach, f|tt|ng,the experimental
section for levela is the sum of the optical cross sections data to Eq(2.5) to obtain values oA, andA,, produces the

Q%PY(P—x) to all the lower levelsB except the ground SOlid curves in Fig. 3. Table | lists both the starting values
ap\’ . .
level, i.e., (along with the sourgeand the fitted values for the ten tran-

sitions. In addition to the data shown in Fig. 3, we have
app_ E opt measured pressure curves for an adgiitional six resonant lev-
Qu =" Qap(P—). (32 els of Ne, Ar, and Kr. While we can fit the optical emission
B#0 cross-section results for these levels to the Heddle model, the
data points have not come close to approaching the high-
All the transitions from the same upper level have the pressure asymptote. These data are excluded from the
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TABLE I. Values of A,y andA/, (in units of 10 s ). Starting
values are theoretical numbers from the sources cited, fitted values
L Krad—-2p, ] are extracted from nonlinear least-squares fit of @cp) to experi-
mental measurements. Fits are nonunique, resulting in large uncer-
tainties in fitted transition probabilities, i.ex100% except other-

@ ' 1 * o

0.8} —
Kr 3s,—2p,

06}

04 wise noted.
;
02 = Ao Al
*3or 01 1 o 8o 01 1 10 Starting Fitted Starting Fitted
"2} (o) = %7 @ 1 Kr(3s,) 302 31° 0.932 0.98"
10F Kr3s:'52p, 1 osl Kras—2p, ] Kr(4ds) 2.82 2.6° 1.02 0.85°
08 ] Kr(3sj) 0.212 7.3P 0.852 0.81
osl. ] oal , ] Kr(3sy) 0.0412 3.0° 1.1°2 0.83
o ] M Ne(3d,) 9.3¢ 3.2 3.7 1.8
' 02| — ] Ne(3ds) 3.3°¢ 2.0 5.0 1.5
7 k= 1 Ne(3s}) 3.8 3.2 4.24 1.8
2 8o 01 1 T IRY 1 10 Ar(2sy) 35° 12 2.02° 13
g s Ar(2s,) 7.7° 11 2.06° 0.58
5 (@ 12 ® Ar(3ds) 3.5¢ 7.8 1.48 1.1
s | Nesd-2p, =
g | %Referencd25].
3 08f i b<50% estimated uncertainty.
s S e ‘Referencd 26].
3 1 oef : YReferencd 27].
= ®Referencd29].
ER 0.0
;a 0.1 1 10 100 0.1 1 10 100
o]

present paper since extrapolation by E81.3) to obtain the
apparent excitation cross sections may entail a substantial
uncertainty.

To discuss the individual cases, consider first the Kxf3
level. Inputting the starting values #f,, andA/, (Table )) to
Eqg. (2.5 generates a curve that reproduces all the data points
almost perfectly as shown in Fig(8. Not surprisingly a
H— ] least-squares fit of Eq2.5) to the experimental data gives
1 1 10 practically the same fitted values as the starting values. An-
other strong case is the Kr¢4) level in Fig. 3b). The pres-
sure curve generated by the startihgalues agree very well
with our measurements except for a slight underestimation at
high pressure. Only a minor adjustment 15%) of theA
values is needed to optimize the fit.

In Figs. 3c) and 3d) we have the opposite situation,
wherein the pressure curves derived from the starting values

7F (h) ' —x

6l
Ar 2s,-2p,

@

| Ar2s,—2p,

T — of the parameters are virtually flat and bear no resemblance
ob— y 0 93 : 10 to the experimental data. These starting values give the ratio
Pressure (mTorr) Q(P—>°°)/Q(P—>O) as 1.25 for KI’(SD and 1.04 for

Kr(3s,) which are much too small in comparison to our
measurements. Fitting E@2.5 to the observed values re-
sults in an order-of-magnitude increase A, but only a
modest change iA), as listed in Table I. The change #,

FIG. 3. Optical emission cross-section measureméatstoo Nt only affects the high-to-low pressure limits, but also the
eV) as a function of gas pressure for selected resonant levels of KEfféctive pressure where reabsorption begins to manifest it-
Ne, and Ar. Dashed lines are modeled pressure dependencies usiglf via the dependence kj on A 0. Since the four pressure
theoretical transition probabilities. Solid lines are results of fittingCurves in Figs. @—3(d) all start to increase in roughly the
data to Eq(2.5) by adjustingA o andA/,. Dotted line in(h) is best ~same pressure region, it is clear that starting values gf
fit obtained by limiting the changes to the theoretical transitionfor the Kr(3s;) and Kr(3s,) levels are too small. For these
probabilities to+25%. Short segments labeled with ax * mark two levels our measurements provide a distinct improvement
the high/low pressure asymptotic limits of the fitted curves. of the A, value over the theoretical calculations.
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For the Ne and Ar levels, Figs(&-3(j) show a varying 120 -
degree of agreement between the experimental data and the
calculated pressure dependence based on the starting values
of the parameters. Generally, the fitted transition probability
values for these levels are within a factor of two compared to
the starting theoretical values. In Sec. IV C, we will discuss
to what accuracy the fitted values can be taken as the transi-
tion probabilities.

With the fitted pressure curves we determine the two
asymptotic cross sectionQ(P— =) and Q(P—0). These
values are marked on the graphs of Fig. 3. The upper
asymptotic cross sections are of special importance for de- oL -

termining the apparent excitation cross sections as discussed 01 ! 10
in Sec. lll C Pressure(mTorr)

-

(=]

o
T

®
o
T

Kr 2p,—1s;

S
o
T
L

Cross section (arbitrary units)
o
o
1

n
(=]
T
!

FIG. 4. The measured optical emission cross section for the
B. Alternative sources of pressure effects nonresonant Kr f@g(J=3) level has no characteristic pressure de-

While we can find possible transition probabilities to PEndence at 40 eV.
make our data fit the Heddle model, the validity of this
method depends upon the assumption that radiation trappingeased, the diffusion length of atoms decreases, so long-
is the sole cause of the pressure effects. In this section wéived atoms are less likely to diffuse away from the collision
attempt to support that assumption by eliminating the alterregion. Resonant levels, however, generally have shorter life-
native causes. times than nonresonant levels, so one would expect the

A number of possible causes of observed pressure effectfiffusion-limiting effect to be less important for those levels
could be discarded by finding a level that has no pressur@here we observe the largest pressure effects.
dependence, since this would rule out most experimental ar- A possible cause of nonlinear signal dependence upon
tifacts (such as nonlinearities in pressure measurement, PMpressure is a state-selective population of excited levels via
responseg. . . ). In the absence of cascades, radiation trapsome secondary collision process. Examples of this class in-
ping to the 1Sy ground state of the heavy rare gases wouldclude: electron-metastable atom collisiof30], ion-atom
only affect energy levels witi=1 and odd parity. However, collisions, or dissociative recombination of rare-gas eximers.
due to cascade transitions out of radiation trapped levelsThese processes all rely on the electron beam creating some
pressure dependence can be passed to nonresonant levels.é\dtited state/ion which then undergoes either an additional
levels receive cascades either directly from a resonant levellectron-atom collision or some other ion/atom-atom colli-
(i.e., the krypton £°5p levels withJ=0,1,2 from the $°6s sion. Since the number of ions or excited atoms created in
and 4p°4d levels withJ=1), or indirectly from levels that the first step is proportional to the electron-beam current as
themselves receive cascades from resonant lgvels the  well as the pressure, the measured cross section from these
krypton 4p°4d levels withJ=0,2,3 from the 4$°6p levels  processes should exhibit a linear dependence on pressure and
with J=0,1,2 which had received cascades from higher resoelectron-beam current. Since we observesataped pres-
nant levels such as thep35d levels. The levels with the sure curve and no dependence of the cross section on
least expected pressure dependence are ones that receive adgetron-beam current, these processes do not fit our obser-
cades from resonant levels only through very indirect routesvations.
For example, the first resonant levels that could possibly Other possible causes of pressure effects include the pres-
contribute cascades to the Ap%p J=3 level (2pg) are  sure dependence of polarizati¢81], stimulated emission
the J=1 levels of the P°6s configuration: °6s(J=1)  [32], and collision transfef15]. Heddle and Lucu$33] ob-
—3p°5p(J=1,2)—3p°55(J=2)—3p°4p(J=3). Due to served that the measured polarization of the fluorescence for
the long, convoluted nature of this decay chain, the pressurexcitation of helium levels decreases with increasing pres-
effects for this level are minimal as we demonstrated in ousure. While some degree of this variation is due to radiation
earlier work[13]. Figure 4 is a pressure curve taken over thetrapping, the general cause is collisions with background gas
same range of pressures as our other curves for thepgy(2 atoms that randomizes the preferred quantization axis im-
level, whose cascade chain from a resonant level is similar tposed on the atoms by the electron’s trajectory. In the worst
the Ar(2pg) level. While there is a small dependence oncase scenario of a starting polarization of 100% and com-
pressure, it is essentially constant over the range of pressurgtete collisional depolarization, this would amount to only a
which show substantial pressure effects in the resonant 1e\33% pressure-dependent change in the cross-section results.
els. In comparison to this theoretical maximum effect of 33%,

Since some levels have little or no observable pressurthe Kr(3s;) level, where the use of theoretical transition
effects, the cause of pressure effects must not lie in the probabilities in the Heddle model does a poor job, has an
apparatus but within some paraméseof the collision phys-  observed variation in a cross section of over 500%. So de-
ics that varies from one atomic level to another. For examplepolarization alone is insufficient at explaining our observa-
levels exhibit a range of lifetimes. As the pressure is in-tions. In fact, with realistic values of starting polarization
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(less than 10% at 100 g\this effect would have no notice- but the effect only starts to become significant above 20
able effect on our measurements. We do note, however, thatTorr. Since the pressure effects we report in this paper oc-
any effect of depolarizing collisions would tend to improve cur at much lower pressures, collision transfer is unable to
the accuracy of our radiation trapping results by decreasingxplain our observed pressure effects.
the effect of polarization.

DeJoseph and Clark32] have raised the possibility of C. Transition probabilities
stimulated emission playing a potential role in pressure ef-
fects. Essentially, if the direct electron-impact cross section
into resonant level&nd thus the populatiopare larger than
the cross sections into the levels which the resonant leve _ . i
decay to, a weak population inversion exists between the tw ssured if the_fo_llowmg three quan_tltles are _knov(m): the
levels which, in principle, could provide some gain to the ow-pressure limit of the Cross sectiof?) the hlgh-prgssurg
transition connecting the levels. This process would lead t(g'm't of the cross section, an(8) the pressure at which this

ans-shaped pressure curve since as the pressure is increasg&ns't'on between these two limits r.eaches the halfway
the “gain” on the selected level would increase, resulting inPoint. These features set the two effective free parameters in

a larger measured cross section; until the excited level Waléeddles model:,the ratio of the two I|m|t|pg cross sections Is
lated toA,o/A), by Eq.(3.1), and the critical pressure de-

being depopulated solely through this stimulated-emissioh®'2" : A -THE _
channel, at which point the measured optical emission crod§rmines the absorption coefficierky(which is proportional
section would level off. The condition necessary for this ef-t0 As). In reality our measurements do not extend to the
fect to be important is that the stimulated emission rateasymptotic limits. The ratio of our highest- to the lowest-
By u(v,), should be around the same order of magnitude ageasured cross section could be much smaller Q&R

the spontaneous emission rafg, . The radiation intensity —)/Q(P—0) so that one cannot fi&,o/A,, directly from
required for this conditiorfon the order of mW/cr/), how-  the raw data. Instead we have had to resort to least-squares
ever, is at least five orders of magnitude larger than the lighfitting with A, and A/, as free parameters. This leads to a
levels produced in our experiment. high degree of covariance between the fitted values gf

Collision transfer involves the transfer of energy from oneand A . This is particularly troublesome in cases where the
excited state into another excited state via a collision withimited amount of data does not display the asymptotic be-
another atoni{presumably in the ground staté\t very high  havior.
pressuregmany Torj excited levels are brought into a state For example, consider the Arég—2p;) data shown in
of collision-induced equilibrium where the population of Fig. 3(h). The wavelength for this transition is 1.30im,
each state is proportional to the level’s statistical weight. Th§yhich necessitated the use of low sensitivity ir detectors,
pressure at which this collision transfer mechanism becomegich in turn limited the low-pressure limit with which we
important is determined by the excitation-transfer cross secoyld obtain data. Due to the lack of low-pressure data, there
tions out of the relevant energy levels. The largest collisiong great uncertainty inQ(P—0). The modeled pressure
transfer cross sections are between atomic levels whose egqrve obtained from the starting values of the parameters,
ergies are less thakiT apart in energy (208 cnt at room  gives a high relative value fa@(P—0), in poor agreement
temperatur For example, in krypton the energy levels of yith our data. Starting from this theoretical pressure curve, a
the resonant 8, level and the 85(J=2) level differ by only  petter fit is obtained by shifting the curve to the right and
19 cnmit, and in neon the energies of the resonas}(3 increasing the gap between the two extreme cross sections—
=1) and 37(J=2) levels differ by only 16 cm'. These poth of which are obtained by increasing the valueAgs.
levels would be expected to have the largest collision transHowever, the data can be fit nearly equally as well by simply
fer cross sections, and thus the lowest pressures where colltecreasing the value @/,. The best fit line in Fig. @) is
sion transfer effects would be important. obtained with a mixture of these approachds, is in-

To discount the role of excitation transfer to the pressurgreased by 240%, whild!, is decreased by 40%. The change
effects we have attributed to radiation trapping, we havey the value ofA, is well outside thex25% uncertainty
looked for the pressure onset of collision transfer effects fofggigned to this transition probability, while the change in the
selected levels at much larger gas pressures than used elsgy e of A’ is sill within the +50% effective uncertainty

where in this paper. To increase the sensitivity of these me 6]. However, we can obtain a fit that is nearly as good by
surements, raiher than Iooking for the small change in th onstraining tr,1e changes in both values to be withit5%
resonance Igvel d_e_populatlon, we have examined the 15t the starting theoretical valugsee dotted line of Fig.
hancement |n_coII|S|on transf(_ar in a nonresonant Iev_el. A (h)]. The main differences in the resulting pressure curves
100 eV, the direct cross section into the Ne{Blevel is  occyr at very low pressures where we have no data, the high-
relatively small, whereas the cross section into the resonanfessyre limit of the cross sections show little change for the
Ne(3sy) level is relatively large. At high pressures, excita- yarious fits. Since we are mainly concerned with the high-
tion transfer will increase the small population of atoms inpressure limit of the data for the determination of apparent
the 3s;’ level at the expense of the much larger number ofcross sections, the nonuniqueness of the fitted curves at low
atoms in the 8] level. Indeed, we have seen such an en-pressurdand thus the fitted transition probabilitigsas little
hancement in the §— 2p,, optical emission cross section, bearing on the cross sectiof8ec. IV D) we obtain.

In principle, the transition probabilitied o and A/, can
%e obtained from a fit of Eq2.5) to the observed pressure-
gependence curve. The uniqueness of the resulting fit can be
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There are also a couple of additional physical processes 14 - - - -
that increase the difficulty in extracting accurate transition
probabilities with this methofi34,35. In particular, there is 12y 1
some uncertainty in the value of the functigkgyp). At high 1ok \ HH \ } * \ i
pressures, the functional dependence ofglienction varies +
slightly depending on where one assumes radiating atoms are st .
located within the collision chamb¢i6]. Furthermore, the
value of the absorption coefficierity, also has some poten- ér + T
tial problems with it due to isotope effedi35]. For example,
if more than one isotope is present in the gas, and the isotope M )
shift for the transition is larger than the Doppler width, the oL % Ne 3s,'

effective value ofk, will be less than the value used in our
model calculations. Additionally, at very high rates of reab-
sorption(high pressuresit is necessary to use a Voight line
shape, rather than the Doppler profile assumed in this analy-
sis, to accurately model the resonance reabsorption process.
The omission of these factors from the model, however, can
be partially offset in the fitting of our results to the model by
variations in the fitted parameters, namely,, and A, .
Hence, the modeled values at any given pressure have a
much lower uncertainty than the uncertainty in the fitted val-
ues ofA o andA,.

Due to the wide range of potential values/f, andA,,
that yield acceptable fits, the uncertainties in the fitted values
of the transition probabilities are generally very large
(>100%). Our measurements of the pressure effects, how-
ever, clearly reveal the inadequacy of the calculated values
of A, for the Kr(3s;) and Kr(3s,). Theoretical calculations
of transition probabilities involving highly excited states are
exceedingly difficult. The wave functions are complicated by
possible configuration interactions with a vast number of
states and the transition moments may vary sensitively with
the oscillatory nature of the matrix element integrand. The
transition probability parameters determined by indirect
means as in this paper could be of considerable value in
cases where clear asymptotic behayairboth pressure lim-
its) is displayed.

141 .

D. Cross sections for resonant levels 1ol ]

For seven of the levels listed in Table | we have measured 1ol \ \ ]
all the emission lines out of the level, except for the transi- * {
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tions to the ground state. Combining these measurements 8t
with the ratios taken from the fitted pressure curves of Fig. 3
we obtain the apparent excitation cross sections in accor-

dance with Eq(3.3). In Fig. 5, we show the apparent exci- 4t .
tation functions for the Ne(®,),Ne(3ds),Ne(3s;), and ol # Kr 3s,'
Kr(3s;) levels. In the case of the Arg2),Ar(2s,), and 7

Ar(3ds) levels, we have also measured all of the significant O 80 0 180 200

cascade cross sections into these levels allowing us to obtain
the direct cross sections via E.4). The extrapolation
made in the value of the cross sections from the highest F|G. 5. Apparent cross-section results for Ne and Kr resonant
measured pressure to the limit of complete radiation trappingvels. Error bars include systematic and statistical uncertainties, as
is generally less than 20%. Thus, even with a 50% uncerwell as the uncertainties introduced from extrapolating to the com-
tainty in this extrapolation, the uncertainty introduced intoplete radiation-trapping domain.

our final cross-section results is less than 10%.

Electron energy (eV)

=0,2,3,4) of the p°3d configuration of Ng18]. For theJ

=1 resonant levels the transitions to the ground level are in
In a previous paper, we have determined the apparent exhe xuv and were not measured. However, the observed pres-

citation cross sections for the nonresonant levels ( sure curvegsee Figs. 8)—3(g)] indicate that the reabsorp-

1. Neon and krypton
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tion is almost complete at 20 mTorr. Thus the sum of the TABLE Il. Comparison of argon 8°5s direct cross sectionén
optical cross sections for emission from the resonant levelgnits of 10*° cn¥). Results for the & and s levels are from
into all the lower levels except the ground state measured dtef.[23]. Uncertainties are on the order of 25%.

20 mTorr was taken as an approximation to the apparent

cross section in the paper by Chiltenal. [18]. The values Energy(eV)

we report here for the®,,3ds, and 3; levels are a result of peak 50 100
applying the Heddle model to extrapolate the values to i”fi'232(J=1) 12 9.2 77

nite pressure, and indeed are only 15% larger than the valu%s(J:O) 5.4 11 015
reported in Ref[18]. These results confirm that the resonant, (J=1) o5 23 01

levels of the D°3d configuration have much larger cross Zs:(J=2) o4 48 0.94

sections than the nonresonant levels of the same configura-
tion except near the energy threshold. Kanik, Ajello, and
Jamed 6] have measured the xuv emission cross sections of ) . o ) ]
neon at an energy of 300 eV. They were unable to resolve the At low energies, the direct excitation cross sections mto
individual 2p®3d— 2p® emission lines, so they report only a the argon 2; and X5 non-resonant levels are comparable in
sum cross section of (32t913.5)x 10~ 2° cn? (feature 5 of ~ Size to the cross sections into the resonasit@nd X, lev-
Table | in Ref.[6]). Since we only obtained data up to an €ls; in fact, the cross section into the;2]=2) level is twice
electron energy of 200 eV, we use thes,land 1s, excita-  as large as the direct cross section for tise Rvel. At high
tion functions as a guide to estimate from their data a valuelectron energies, however, the resonant levels have much
at an energy of 200 eV of (4118)x10 %° cn?. In com-  larger cross section as listed in Table II. In comparison to the
parison, combining our present results for the threé32i broad energy dependence of the cross sections shown by the
J=1 levels we obtain a sum of (4910)x10 %° cn? at  2s, and 2, levels in Fig. 6, the 85 level has a much
200 eV. Considering the extrapolation necessary to comparsharper appearance even though all three levels are optically
both data sets, this is remarkably good agreement. connected to the ground state. As described in our previous
In the case of Kr, apparent excitation cross sections foyork [23] this is due to the singlet component in the wave
only three of the $°4d non-resonant levels €§,3d7,3d])  function of the 35 level being unusually small. It is also
were reported in Ref17]. Again the cross sections for these noteworthy that the cascade contribution to the total apparent
three nonresonant level are smaller than the cross section gfgss sections for these levels can be quite substantial; for
the resonant Kr(8;) level except near the onset energy. example, the total cascades into the, 2evel are 50% the
Pressure curves for three additional krypton levels werg;jze of the direct-excitation cross section even at 200 eV.
included in Fig. 3, but no apparent excitation cross sections pjentall and Morgan have measured the xuv emission
are presented. Thes3 and 3, levels can decay to both the ines for these three argon lines at an electron energy of 200
2p and 3 Paschen levels. The transitions into thel8vels ¢\, 136) we can convert our apparent cross sections into the
range in wavelength from 1.2:m to 5.0 um. Due to low LfV optical emission cross sectio(@ zero pressujedy mul-

detector se.n.S|t|V|ty, we have been unable. to measure all plying by the appropriate branching fractions. Thus, we in-
these transitions. According to the calculations of Aymar an 1 . o
erpolate from our data that thes2— *S, optical emission

Coulumbe[25], these transitions make up a significant frac- . 19
tion of the total decays out of these levels. Due to the IargeFrOSS feCtIOI’] hlas.a valge of (5:2.4)x 10 ot and the
2s,— Sy emission line has a value of (i56)

uncertainty introduced from the estimation of the missing”>4 " 5 2 L _ .
optical emission cross sections into the resulting apparent 10 ~ ¢ (where the large uncertainties arise mainly

cross section, we do not present results for these two level&0M the branching ratiosin Eztl)gmpr%gison, Mentall ar}f\j Mor-
We also do not present apparent cross-section results for tf§&n report a value of 7:810 = cnr” for the 880.0 A(2;

1 H —19
4ds level due to complications arising from the inability to — ) line, and 5.410°*° cn? for the 870.0 A(3,
resolve all of the emissions out of this level. — ) line [36]. Due to improved measurements of the ni-
trogen line used by Mentall and Morgan for absolute calibra-

tion, however, it has been suggested that their results should
2. Argon be corrected by a factor of 0.45]. With this correction,
Due to argon’s wide use in plasma processing, as well atheir values are (4:40.9)x10 *° cn? for the 25,— 'S,
it being the third most abundant gas in the earth’s atmoline, and (3.3:0.7)x10°'° cn? for the 25,—'S; line.
sphere, there has been much more work on the electroWhile we have good agreement for the,2emission line,
impact excitation of the resonance and nonresonant levels dlfiere is serious discrepancy on the value of tisg-2 'S,
argon than the other rare gases. We have previoigdy  optical emission cross section.
measured all of the significant cascades into the53 and Ajello et al.[7] have also measured the xuv spectrum of
3p°3d configurations, allowing us to obtain direct cross sec-argon at an electron energy of 200 eV. They were not able to
tions for all of the nonresonant levels in these configurationsfully resolve the 3, and %, emission lines from the nearby
The present radiation trapping method has allowed us to ex2p°3d resonant emission lines. They found the combined
tend these measurements to three resonant levels: ghe 22s,+3s; uv-emission cross sections to be (624)
and %, levels of the $°5s configuration, and the® level ~ x 10 1° cn?, and the combined €+ 3d,+ - - - cross sec-
of the 3p°3d configuration. tion to be (75-17)x 10 ° cn?. Our results are well under
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30 T - - - 2s, level, and a much larger factor for thel3level. The
o5 Ar 2s, poor agreement for thed3 level can be easily explained by
I | noting the sensitivity of the calculation on the very small
ool ) singlet component of the wave function. However, it is inter-
esting to note that the reasonable agreement for shdeXel
15} . and poor agreement for thes2level is opposite to the ex-
}H perimental measurement of the uv optical emission lines by
101 T, ‘Ir ‘} + ] Ref.[36]. In comparison, the earlier plane-wave Born calcu-
5| ., vt $ 4] lation of Peterson and Alle[87] is much closer to our ob-
A Y served values. Their calculation used generalized oscillator
0 : : : : strengths extracted from experimental measurements of
= Ar 2s electron-impact energy-loss specteELS). The incorpora-
£ 4 - : : : i
G tion of EELS experimental data in their semiempirical calcu-
3?030 r 7 lation may explain the much better agreement for tlog 3
- level.
Sool il An alternative means of absolute calibration of cross sec-
5 tion for resonance levels is based upon normalizing results at
& high electron energies to the Born-Bethe approximation. At
210} . high energies, the direct excitation cross section is propor-
o v, . tional to the oscillator strength of the corresponding optical
© ) M S R B transition. For example, McConkey and Donaldsidii]
0 : ’ ’ ’ measured the cross sections for the A and 1s, resonance
Ar 3d, levels by normalizing their data from 400 eV to 2000 eV to
30+ ] the known oscillator strengths. The maximum energy of our
data is only 200 eV, which is too low to reliably apply the
20 % —— Apparent Born-Bethe approximation. Nonetheless, the oscillator
I v Cascade | strengths derived from our data taken between 100 eV and
Jf o Direct 200 eV are consistent with the theoretical values. For #he 2
10l il and %, levels we findf-values of 0.00&0.003 and 0.027
+0.005 respectively, versus theoretical values of 0.012 and
0.027[26].
O L $ Q a
0 50 100 150 200
Electron energy(eV) V. CONCLUSIONS

FIG. 6. Cross-section results for resonant levels of Ar. Error barir We have demonstrated that radiation trapping can be used

include systematic and statistical uncertainties, as well as the unce 0 measure the apparent cross _sgctlons for r?so.”a”t. levels
tainties introduced from extrapolating to the complete radiation-WIthOUt having to measure the difficult xuv emission lines.

trapping domain. Furtherm(_)re, the measurements need not be taken at ex-
tremely high pressures since the Heddle model of radiation
trapping can be used to extrapolate from workable pressures

25, emission cross sections. to the asymptotic limit. In this paper, we have presented

. . results where the amount of this extrapolation was limited to
There have been a number of theoretical calculations o . X
. .~a small correction from the highest measured pressure. In
the cross sections for the argon resonant levels. A sampling .~ . )
. , . rinciple, the method could also be used in cases where the
of these values are provided in Table Ill. The calculation of . . s i
T . . extrapolations are much larger if the transition probabilities
Ref.[29] which is based on the distorted-wave Born approxi- : ; : .
. ) . . were known with some certainty beforehand. Alternatively, if
mation with exchange yields cross sections larger than th

the pressure curves were extended to higher and lower pres-
0,
present results by 25% for thes2level, a factor of 3 for the sures, the method could be used to obtain both apparent cross

sectionsand transition probabilities. Unfortunately, at the
moment the low end of our pressure curves are limited by the
low signal rategparticularly for ir lineg, while the high end

of our pressure curves are limited by electron-beam defocus-
ing effects and the possible onset of other secondary pro-
cesses. In principle, these technical problems could be over-

the upper limits these measurements place on theand

TABLE lll. Comparison of direct cross sectior{@ units of
107 ° cn?) for excitation into resonant levels of the argop®8s
and 3°3d configurations at 100 eV.

This Semiempirical  Distorted-wave

paper Borr37] approx.[29] come with improved detectors, electron-gun designs, and the
2s, (5s'[1/2]y) 8+2 8.8 21 inclusion of collision transfer terms to the fitted model.
2s, (59[3/2],) 21+3 27 25.6 While the present approach of complete radiation trapping
3ds (3d[1/2],) 1+0.7 1.8 11.5 to remove the need to measure resonance transitions has en-

abled us to determine the excitation cross sections for several
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resonant levels of Ne, Ar, and Kr, it is not suited for He. mTorr. In contrast, we have found that for the heavy rare-gas
Referencd 38] discussed the resonant levels of fee nP levels we have studied the excitation transfer cross sections
serie$ where the onset of collision transfer proceds#534]  are in almost all instances small enough to have insignificant
occurs at pressures well below the value where radiatioeffects below 20 mTorfsee Sec. IV B Thus, for the heavy
trapping has begun to reach its asymptotic value. This diffitare gases the pressure for secondary processes are generally
culty, however, is due to some of the peculiarities of heliumwell above the critical pressure for radiation trapping. By
rather than being a general problem with the technique oéxploiting this gap, it is possible to take measurements at
complete radiation trapping. The resonant transitions of Henoderate pressures and use the Heddle model to extrapolate
have much smaller photon absorption cross sections than ttiee results to higher pressures where measurements would be
resonant levels of the heavier rare gases, which shifts thdifficult.

critical pressure for radiation trapping to well over 10 mTorr.

Furthlermore, th_e near ldegener<'l:uz§/E(<50 cm' ) of the ACKNOWLEDGMENTS
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