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Excitation transfer cross sections for levels of the Ne ®3d configuration
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We have measured electron-impact optical emission cross sections for selected resonance and nearby non-
resonant levels of the neorp23d configuration at pressures from 2 to 70 mTorr. The enhanced fluorescence
observed from nonresonant levels at high pressures is consistent with excitation transfer from highly populated
resonance levels of the p23d configuration. We measured excitation-transfer cross sections of 540
+80 A?, 1600+500 A2, and 1106-200 A? for transfer from the 85— 3dg, 3s;—3s), and 3;—3s;,
respectively.
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[. INTRODUCTION stantial difference in the size of direct electron-impact exci-
tation cross sections into resonance levgls., ones con-

The decay of an isolated excited-state atom is solely viaected to the ground state via dipole-selection jukesd
the radiative channel. For a collection of atoms, however, amonresonant levels even for levels in the same configuration.
excited-state atom can also change internal states nonradiéhe larger cross sections for dipole-allowed excitation pro-
tively via collisions with other atoms. Indeed, excitation cesses lead to the formation of larger excited-state popula-
transfer of energy from one atom to another is the key protions of resonance levels vs nearby nonresonant levels. As
cess in many gas discharge lasers such as the ubiquitotfse pressure of the target gas is increased, the large popula-
HeNe laser and eximer lasers. In addition to collisions betion of atoms in a resonance level is partially transferred via
tween dissimilar atomdqas in the HeNe laser systgm excitation transfer to the nearby nonresonant levels resulting
excitation-transfer collisions between excited state andn increased fluorescence from transitions out of the nonreso-
ground-level atoms of the same atomic species are also refant levels. Emission intensities from the nonresonant levels
evant in the modeling and understanding of plasma kineticare utilized to determine the transfer cross sections.

[1-4]. For example, intramultiplet excitation-transfer colli-

sions among the ten levels of the N@®3p configuration Il. METHOD

result in altered optical emission intensities relative to the

expected intensities based upon only the populating electron- The general formalism of our approach follows that of
impact excitation kinematicgl]. Gabriel and HeddlI¢8], and our earlier work on excitation

Collision transfer cross sections have been extensiveljansfer in heliun{7]. We briefly discuss the optical method
studied experimentally for the terp23p levels of neonthe  for measuring electron-impact excitation cross sections, and
2p levels in Paschen’s notatidri2,5,6. In these experi- then include the influence of collision transfer.
ments, a tunable dye laser was used to pump atoms into a Consider an electron beam of currérgassing through a
selected P, level from an atom initially in an excited state 9as target of number densifyy. Some atoms will be excited
of the 2p°3s configuration, and the increased fluorescence leveli. We detect these atoms by measuring the number of
from the decay of a @; level was used to deduce thgp;2 ~ Photons per beam length per unit tiniy; , as they decay to
—2p; excitation-transfer cross section. With a narrow-bandS0me lower levelj. The optical emission cross sectiois
laser and high-resolution optical detection system, one caflefined as
select both the initial and final states of the excitation-
transfer process. Q= | (1)

Unfortunately, electric-dipole selection rules and experi- T (1le)ng’
mental difficulties limit the number of levels that can be
studied using this technique. For example, starting from thevheree is the fundamental charge. Tlag@parent cross sec-
Ne 2p°3s configuration, parity selection rules prevent lasertion of leveli is the sum of all optical emission cross sections
excitation into the p°ns and 20°nd configurations. On the from leveli to all lower levels. The apparent cross section is
other hand, laser excitation into tie= 1 levels of these con- so named since, in the absence of nonradiative channels, it
figurationsis possible from the ground state, but would re- appears to be the cross section into levéd is also “appar-
quire a tunable extreme-ultraviolet lasev<60 nm). As a  ent” in the sense that it includes contributions from both
result of these difficulties, only a small subset of possibledirect electron-impact excitation from-9i, as well as aas-
excitation-transfer processes have been previously studied rade contribution from excitation into higher levels fol-
the heavy rare gases. lowed byk—i decay.

In this work, we use a different technique to measure We are concerned with collision transfer between a reso-
excitation-transfer cross sectiohg]. An electron beam is nance levelR and a nonresonant levél. The nonresonant
used to excite atoms from the ground state iallopossible level is populated by direct electron-impact excitation, colli-
excited states. At “high” electron energies, there is a sub-sion transfer from the resonance level and cascades from
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electron-impact excitation into higher lying levels. It is de- ,
Qﬁlr_}_ Q’c\‘asc+ p

e
— n
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populated by collision transfer collisions, and radiative decay | I
to lower lying levels. Thus the rate equation for the number q)N_”:AN_)an(_ 0 , (7
' ' i e Ir
density of atoms in leveN, ny, is E Anjt = Br P
<N 1N
dny I dir casc ; i ich i
gt Mol g/ 8N +I<ZN ANkt CRoNNR where Qy~"is the cascade cross section, which is equal to
the second term in the numerator of E®) divided by
(ngl/€). The number of atoms in the resonance lewngl, is
found by a separate measurement of the optical emission
_CNHRnN__z An=inN, 2 y P P

<N cross section of th&®—1" transition. Due to radiation trap-
ping, this cross-section measurement, like the case of

, 1 1Q) di ; e
whereQU" is the direct excitation cross section into the non-H&(5'P—27S) discussed in Ref.7], exhibits some pressure
resonant levelg, _, is the average rate of transfer from level déPendence,

ato b through collisions with ground-state atoms, ahd., opt
is the transition probability of the to b transition. The . ~No(17€)Qg™,/(P) ®
steady-state solution of ER) is simply R™ Ar_i/ :
0 N o S A N Crnn Upon substitution of Eq(8) into Eq.(7) and compinin@ﬂ"
Ole) =N & RNk T FRENTR and QS®as the apparent cross sectiof’®, we find that
nN= : 3
Cnort Ani .
N—R J;N N—] Qavry p(h) ot (P)
R—1’
RLi(P)= Ay )

Note that the second term in the numerator is sum of the 2 ORr
cascades into the level. 2 Anojt —BronP
- . - <N 1N
The collision transfer rate is equal to the collision transfer

cross sectiono times the average relative velocity of two g extract the collision transfer rate, we take our observed

atoms and the atomic number density, optical cross-section measurements for both the resonance
and nonresonant levels as input to E9). Using the known
Crn=4Noor N(RT/TM)Y2 (4)  values of the transition probabilitid®—11], the fit has two

free parameterQRP, the apparent cross sectitdirect plus
where R is the gas constant (8.3110 cascadg into the nonresonant level; anBz_,n, Which is
amucnt s 2 K1), Tis the target gas temperature, aid  converted into the collision transfer cross section via &jy.
is the atomic mass. The principle of detailed balance requirel general, the apparent cross section for leNgmay also
that the collision transfer rateg_, andcy_, are related by have some pressure dependence due to radiation trapping of
cascading levelgl2]. For the particular levels studied in this
work, the cascade contribution is small and exhibits little
CR-N> (5)  pressure dependenf®3], which justifies this simplification.
However, if the pressure dependence of the cascading levels
: . are known, this effect can be easily included in E9). by
where AE is the energy difference between the resonanc‘?eplacingQﬁ,ppwith a fitted pressure independent te@f'",

and nonresonant levels, armgg and are the statistical .
X In and an experimentally measured pressure dependent cascade
weights of the resonance and nonresonant levels. For th[

. . . &rm, QS(P)
cases we are interested iRE<KT, so the exponential term TH N N tal ¢ d | dat llecti
is nearly one, and thus will be ignored. To further elucidate € experimental apparatus and general data cotection

the dependence of the collision transfer rate on the gas pre rocedures have been de;crlbed in detail eIsew'[ierié],
us we present only a brief overview. The stainless steel

sure P, which comes from the dependence on the numbe :
vacuum chamber is evacuated to a base pressure 2f

densityno, we define X108 Torr, and then back filled with research purity
(99.999% neon. The gas pressure was measured with a spin-
(6) ning rotor gauge. The monoenergetic electron béad-eV
energy spreadis formed by an indirectly heated BaO cath-
ode, electrostatically focused through the collision region
which is independent of the atomic number density. and collected with a deep Faraday cup. Fluorescence from a
To use Eq(3) to determine the transfer rate, we observeparticular transition was selected with a 1.26-m Czerny-
one optical emission cross section, tle-| transition. The  Turner spectrometer and detected with a C31034A photomul-
rate of photon emission for this transition per unit electron-tiplier tube (PMT). Relative optical emission cross sections
beam length, according to EB) is are obtained by dividing the emission intensities from the

Ogr _
(—e AE/KT

CN—R™

1
BR—»N:ECR—N:
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PMT by the electron-beam current and gas pressure. A rela- T
tive pressure curve is obtained by measuring the optical 4~ 3'0_
emission cross section at a fixed electron-beam energy as a £ 25
function of gas pressure. An excitation function is the cross I
section at a fixed pressure as a function of electron-beam ‘\"o 20
energy. The relative results are placed on an absolute scale T -
1.5

by comparing the excitation signal intensity at 20 mTorrand 2
100 eV with the output of a calibrated standard lafhg]. ? 10 I
58 o5t
Ill. RESULTS g 0.5 I
We have studied excitation transfer for three pairs of en- 0-01 = '1'0 100

ergy levels of the neon®3d configuration. The electron- Pressure (mTorr)
impact excitation cross sections into the thdeel levels of
the 2p°3d configuration (3;, 3d,, and 35 in Paschen’s FIG. 1. Variation of 3lg— 2p, optical emission cross section at

notation are relatively large, with broad excitation functions 100 eV with pressure. The solid line is a fit of E§) to data using

characteristic of dipole-allowed excitation proces$&g].  the measured pressure dependeiy-32p,, optical emission cross

For example, the average cross section for excitation into th&ection.

three 20°3d levels with J=1 at 100 eV is approximately ) i i o

19x 10 2 cn?, whereas the remaining nine levels wilh ~ [ation cross sectiort high pressuresas shown in Fig. 2,

#1 have an average cross-section value less than BOwever, has the broad energy dependence of a dipole-

X 1072 cn? [13]. allowed excitation process. This is due to excitation transfer
The size of an excitation-transfer cross section betweeffom the 3s level whose electron-impact excitation is di-

two levels, in turn, typically varies inversely with the energy Pole allowed. For example, at 50 mTorr, thelg3-2p;o
difference between the initial and final energy levéise  CTOSS section decreases only 32% between 50 eV and 200 eV.

energy defedt{14]. Thus the excitation-transfer cross sectionAt Iow pressures, however, the observed energy dependence
out of the 253d J=1 levels is expected to be large for all of the cross section is much sharper, with a 90% decrease
levels with an energy defect much less thakr between 50 eV and 200 eV. The observed energy dependence

(~208 cmt at 300 K. The smallest energy defects, and at both pressure extremes is well modeled by @g.using

correspondingly largest expected collision transfer cross sed® known 35— 2p, excitation function and the fitted val-
tions are from the 85 (J=1) level into the 3g (J=0) ues for the apparent excitation cross section and collision

level (AE=14 cm1); and from the 3; (J=1) level into transfer Cross section. o , i
the ! (J=2, AE=16 cn'}), 3s! (J=3, AE The f?lttjzt'lf?n oftexpltatptn_trgnsftler from th_eslile\{el tlﬁ
=26 cnrl), and I (J=2, AE=27 cm') levels. somewhat different since it is in close proximity to three

- - - ther levels (37, 3sy, and 35, ). In fact all four of the 3
Overlapping transitions and weak signal rates prevented Ul%vels are s;:()aced V\l/ithin o7 lczrh of one another. thus %he

from making measurements for thegSlevel. The same dif collision transfer cross section between any pair of levels
ficulties occur in the case of thed3 (J=1)/3d; (J=2) yp

pair that are separated by only 30 ¢
Let us consider first the transfer from the dipole-allowed
3ds level into the g level. We plot in Fig. 1 the measured
variation in the 8lg—2p,o optical emission cross section 5
with pressure at an electron energy of 100 eV. Below 10 %,
mTorr there is little dependence of the cross section with = _ I
pressure, but at higher pressures the cross section increase & 4 5
1
o

aoF T e 50mTorr )
I 20 mTorr

o5l ' +o o  5mTorr T

......... Zero pressure

almost linearly with pressure. We fit the data to E%).using
our previously measuredd3— 2p,, optical emission cross
section[12] and the transition probabilities of Refl1]. The I
line in Fig. 1 is the fit to the data with a collision transfer 0.5k =Ny
cross section of 5410 4 cn?. I R
Neon is not arL.S coupled atom so that the wave function 0.0 ** . .

for a level of total angular momentudhis in general a mix- 0 50 100 150 200
ture of LS eigenfunctions of the samk However, since the Electron energy (eV)

3dg level is the only .2)53d level with J=0, it is a pure FIG. 2. Excitation functions for thed®— 2p,, transition at dif-
triplet level (Py) within the one-configuration approxima- ferent pressures. The solid lines are the results of using(®q.
tion. Direct electron-impact excitation into thedg level  ajong with the fitted 8, apparent cross section andi3-3dg
from the 'S, neon ground state thus corresponds to a Spinexcitation-transfer cross section. The dotted line is tHe-32p,
changing process dominated by a steep-declining energy deptical emission cross section derived from ). in the limit of
pendence. The observed energy dependence ofdhexi-  no collision transfer.
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1.75 TABLE |. Thermally averaged300 K) Ne 2p®3d excitation
150 transfer cross sections.

1.25 Process AE (cm™}) o (107 cmd)
1.00 3ds—3d, (J=0) 14 5.4:0.9

0.75 3s;—3s] (J=2) 16 16+5

0.50 3s]—3s, (J=2) 27 11+2

0.25
0.00

1.00 |

0.75

0.50

0.25

(b) Q

opt
3s,"">2p,

*

0.00
1

T |
10
Pressure (mTorr)

00

measured B°3p intramultiplet values determined in Refs.
[2,5,6. The smallest energy defect for levels of thg®2p
configuration is between thep3 and 2, levels with an
energy defect of 59 cmt (8 me\). Patersoret al.[2] mea-
sured the cross section fopg—2p, excitation transfer to
be 1910 16 cn?. The 20°3d collision transfer cross sec-
tions reported in this paper are approximately two orders of
magnitude larger, while differing by less than one order of
magnitude in energy defects. The present cross section val-
ues are similar is size, however, to our earlier measurements
of He n'P—nF collision transfer[7], which have similar
energy defects.

To further elucidate the dependence on energy defect, in

FIG. 3. Variation of 3]— 2p;,and 3, —2p; optical emission

Fig. 4 we plot the state-to-state excitation-transfer cross sec-

cross sections at 100 eV with pressure. Solid lines are a fit of Eqjgns obtained by dividing the values in Table | byJ21)

(9) to data using the measured pressure dependgnt 3p, opti-
cal emission cross section.

of the final level. Also included in Fig. 4 are a number of
other excitation-transfer cross sections for excited atoms col-

may be large. The analysis of Sec. II, however, included onlyiding with a similar ground-state atof2,5-7,15-21 By
collision transfer directly from the & resonance level. In Plotting the state-to-state cross section, we remove the con-

principle, Eq.(2) can be modified to include collision trans-
fer to and from additional levels. However, the electron-
impact excitation cross sections into the thdeel 3s; lev- 1
els are of similar magnitudgl3], leading to roughly equal
populations for the three levels. Since the ratio of collision
transfer rates foa—b to b—a is equal to (J,+1)/(2J,
+1)~1, the total flow of atoms between any pair of levels
of nearly equal population is negligible in comparison to the
population flow from the)=1 3s; level with a cross section/ ~ ~
population greater than a factor of 10 larger than the other<
levels. Another omission in our model developed in Sec. Il ~
relevant to the 8; level is collision transfer via an interme-
diate state, e.g.,§—3s]—3s;. Such a two-step process,
however, has a quadratic rather than linear dependence og
pressure. Based on the measurements of Réffor neon
2p°3p two-step collision transfer, we are well below the
pressures where this is of serious importance.

Pressure curves for thes'3and 3, levels are shown in
Fig. 3. The solid lines shown in Fig. 3 are the result of fitting
Eq. (9) to the data. The reasonable agreement of the fits give:
us confidence about the validity of our omitting the terms

-+
-
o

000

100

1

0.1

mentioned in the preceding paragraph. The fitted collision g ¢4

transfer cross sections for the three processes studied in th
paper are listed in Table I. The largest sources of uncertainty
in the fitted values are from the transition probabilitipar-
ticularly Ag_,/).

foo+DIOXXOmMOd®

_Legend

Ne(3d-3d), This work ™.
He(nP-nF), Ref. [7]

alkali(nP, -nP,), Ref. [16] ™.

Rb(6P,,-6P,,), Ref. [17]
Ne(2p-2p), Ref. [2]
Ne(2p-2p), Ref. [5]
Ne(2p-2p), Ref. [6]
Ar(2p-2p), Ref. [15]
Rb(7S-5D), Ref. [18]
Rb(6D,,-6D,,), Ref. [19]
Rb(nD,,-nD,,), Ref. [20]
Rb(6D,,-6D,,), Ref. [21]
Rb(8S-6D), Ref.'[21]

10

100

Energy defect (cm'1)

FIG. 4. Comparison of state-to-state excitation-transfer cross

sections with energy defect. Solid-filled symbols all involve

IV. DISCUSSION

excitation-transfer processes where the initial level is a resonance

level; open symbols are for excitation transfer between nonreso-

It is interesting to compare the preserg®3d intramul-

tiplet collision transfer cross sections with the previouslythermic reaction for each process is plotted.
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founding influence of the (2+1) degeneracy in the final [14]. Thus for a given asymptotic energy defect, a curve
level. Two interesting features are apparent in Fig. 4. Firstcrossing can occur at a larger distance—yielding a larger
the magnitude of an excitation-transfer cross section is ineross section—more readily for collisions involving a reso-
versely related to the energy defect for the process. Secondance leve[23]. To extend the qualitative nature of this dis-
if we group the results shown in Fig. 4 into excitation- cussion to a more quantitative level would require a detailed
transfer processes involving resonance leyelpresented by knowledge of the intermolecular potentials for all levels in-
filled symbolg and excitation-transfer processes involving volved. As a resultab initio calculations of excitation cross
nonresonance levels, the cross sections involving resonansections are exceedingly difficult, and have generally been
levels are approximately 40 times larger than the cross sedimited to simpler systemf23,24.
tions involving only nonresonant levels with the same energy The present results use an electron beam as an excitation
defect. mechanism to extend previous neon excitation-transfer
The two major features of Fig. 4 can be understood froncross-section measuremef®ss,6] to levels that would oth-
a simple analysis based on the Massey adiabatic criterion farwise be exceptionally difficult to measure via laser excita-
atom-atom collision$22]. For the case oA-to-B excitation  tion. The major disadvantage of using an electron beam for
transfer, let us assume the intermolecular potential curves faxcitation is that it is nonselective—it is only useful in study-
A+X and B+ X have an avoided crossing at a distarage ing collision transfer between adjacent energy levels which
whereX is the ground state. If the collision is adiabatie.,  have dramatically different electron-impact cross sections. In
v<aAE/h, wherev is the relative velocity of the atomdE  this paper, we have applied the method to cases where one
is the energy defect between leveds and B, and h is  level is a resonance level, and one level is a nonresonant
Planck’s constantthe system remains on the same potentialevel. In principle, however, this restriction is not necessary.
curve for the duration of the collision, and the excitation For example, it may be possible to study excitation transfer
cross section is small. On the other hand, if the atoms collidbetween the krypton & and 2pg levels (which are both
at much higher velocities, the system can hop from Ahe nonresonant since they are nearly degenerate\
+ X potential curve to th&+ X one, yielding a cross section =13 cmi %), and have electron-impact excitation cross sec-
on the order ofra?. For a small energy defect, not only is tions that vary by an order of magnitude at high energies
the Massey velocity criterion more easily satisfied, but it is[25].
also more likely that a curve crossing will occur at a larger
inter-atomic dlstancga. For.colllsmns_ |nvoIV|r]g a resonance ACKNOWLEDGMENTS
level, the difference in the interatomic potentials can scale as
1/r3, whereas collisions involving only nonresonance levels This work was supported by the Air Force Office of Sci-
will have a weaker dependance on interatomic separatioantific Research and the National Science Foundation.
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