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Excitation transfer cross sections for levels of the Ne 2p53d configuration
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We have measured electron-impact optical emission cross sections for selected resonance and nearby non-
resonant levels of the neon 2p53d 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 2p53d configuration. We measured excitation-transfer cross sections of 540
680 Å2, 16006500 Å2, and 11006200 Å2 for transfer from the 3d5→3d6 , 3s18→3s19 , and 3s18→3s1

+,
respectively.
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I. INTRODUCTION

The decay of an isolated excited-state atom is solely
the radiative channel. For a collection of atoms, however
excited-state atom can also change internal states nonr
tively via collisions with other atoms. Indeed, excitatio
transfer of energy from one atom to another is the key p
cess in many gas discharge lasers such as the ubiqu
HeNe laser and eximer lasers. In addition to collisions
tween dissimilar atoms~as in the HeNe laser system!,
excitation-transfer collisions between excited state a
ground-level atoms of the same atomic species are also
evant in the modeling and understanding of plasma kine
@1–4#. For example, intramultiplet excitation-transfer col
sions among the ten levels of the Ne 2p53p configuration
result in altered optical emission intensities relative to
expected intensities based upon only the populating elect
impact excitation kinematics@1#.

Collision transfer cross sections have been extensiv
studied experimentally for the ten 2p53p levels of neon~the
2p levels in Paschen’s notation! @2,5,6#. In these experi-
ments, a tunable dye laser was used to pump atoms in
selected 2pi level from an atom initially in an excited stat
of the 2p53s configuration, and the increased fluorescen
from the decay of a 2pj level was used to deduce the 2pi
→2pj excitation-transfer cross section. With a narrow-ba
laser and high-resolution optical detection system, one
select both the initial and final states of the excitatio
transfer process.

Unfortunately, electric-dipole selection rules and expe
mental difficulties limit the number of levels that can b
studied using this technique. For example, starting from
Ne 2p53s configuration, parity selection rules prevent las
excitation into the 2p5ns and 2p5nd configurations. On the
other hand, laser excitation into theJ51 levels of these con
figurationsis possible from the ground state, but would r
quire a tunable extreme-ultraviolet laser (l'60 nm). As a
result of these difficulties, only a small subset of possi
excitation-transfer processes have been previously studie
the heavy rare gases.

In this work, we use a different technique to measu
excitation-transfer cross sections@7#. An electron beam is
used to excite atoms from the ground state intoall possible
excited states. At ‘‘high’’ electron energies, there is a su
1050-2947/2002/65~6!/062701~5!/$20.00 65 0627
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stantial difference in the size of direct electron-impact ex
tation cross sections into resonance levels~i.e., ones con-
nected to the ground state via dipole-selection rules! and
nonresonant levels even for levels in the same configurat
The larger cross sections for dipole-allowed excitation p
cesses lead to the formation of larger excited-state pop
tions of resonance levels vs nearby nonresonant levels
the pressure of the target gas is increased, the large pop
tion of atoms in a resonance level is partially transferred
excitation transfer to the nearby nonresonant levels resul
in increased fluorescence from transitions out of the nonre
nant levels. Emission intensities from the nonresonant lev
are utilized to determine the transfer cross sections.

II. METHOD

The general formalism of our approach follows that
Gabriel and Heddle@8#, and our earlier work on excitation
transfer in helium@7#. We briefly discuss the optical metho
for measuring electron-impact excitation cross sections,
then include the influence of collision transfer.

Consider an electron beam of currentI passing through a
gas target of number densityn0. Some atoms will be excited
to level i. We detect these atoms by measuring the numbe
photons per beam length per unit time,F i j , as they decay to
some lower levelj. The optical emission cross sectionis
defined as

Qi j
opt5

F i j

~ I /e!n0
, ~1!

wheree is the fundamental charge. Theapparent cross sec
tion of level i is the sum of all optical emission cross sectio
from level i to all lower levels. The apparent cross section
so named since, in the absence of nonradiative channe
appears to be the cross section into leveli. It is also ‘‘appar-
ent’’ in the sense that it includes contributions from bo
direct electron-impact excitation from 0→ i , as well as acas-
cade contribution from excitation into higher levelsk fol-
lowed byk→ i decay.

We are concerned with collision transfer between a re
nance levelR and a nonresonant levelN. The nonresonan
level is populated by direct electron-impact excitation, co
sion transfer from the resonance level and cascades f
©2002 The American Physical Society01-1
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electron-impact excitation into higher lying levels. It is d
populated by collision transfer collisions, and radiative dec
to lower lying levels. Thus the rate equation for the numb
density of atoms in levelN, nN , is

dnN

dt
5n0S I

eDQN
dir1 (

k.N
Ak→Nnk1cR→NnR

2cN→RnN2 (
j ,N

AN→ jnN , ~2!

whereQN
dir is the direct excitation cross section into the no

resonant level,ca→b is the average rate of transfer from lev
a to b through collisions with ground-state atoms, andAa→b
is the transition probability of thea to b transition. The
steady-state solution of Eq.~2! is simply

nN5

n0S I

eDQN
dir1 (

k.N
Ak→Nnk1cR→NnR

cN→R1 (
j ,N

AN→ j

. ~3!

Note that the second term in the numerator is sum of
cascades into the level.

The collision transfer rate is equal to the collision trans
cross sections times the average relative velocity of tw
atoms and the atomic number density,

cR→N54n0sR→N~RT/pM !1/2, ~4!

where R is the gas constant (8.313107

amu cm2 s22 K21), T is the target gas temperature, andM
is the atomic mass. The principle of detailed balance requ
that the collision transfer ratescR→N andcN→R are related by

cN→R5S gR

gN
e2DE/kTD cR→N , ~5!

where DE is the energy difference between the resona
and nonresonant levels, andgR and gN are the statistica
weights of the resonance and nonresonant levels. For
cases we are interested in,DE!kT, so the exponential term
is nearly one, and thus will be ignored. To further elucid
the dependence of the collision transfer rate on the gas p
sure P, which comes from the dependence on the num
densityn0, we define

bR→N5
1

P
cR→N, ~6!

which is independent of the atomic number density.
To use Eq.~3! to determine the transfer rate, we obser

one optical emission cross section, theN→ l transition. The
rate of photon emission for this transition per unit electro
beam length, according to Eq.~3! is
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FN→ l5AN→ ln0S I

eDQN
dir1QN

casc1PS e

n0I DbR→NnR

(
j ,N

AN→ j1
gR

gN
bR→NP

, ~7!

whereQN
casc is the cascade cross section, which is equa

the second term in the numerator of Eq.~3! divided by
(n0I /e). The number of atoms in the resonance level,nR , is
found by a separate measurement of the optical emis
cross section of theR→ l 8 transition. Due to radiation trap
ping, this cross-section measurement, like the case
He(51P→21S) discussed in Ref.@7#, exhibits some pressur
dependence,

nR5
n0~ I /e!QR→ l 8

opt
~P!

AR→ l 8

. ~8!

Upon substitution of Eq.~8! into Eq. ~7! and combiningQN
dir

andQN
cascas the apparent cross sectionQN

app, we find that

QN→ l
opt ~P!5AN→ l

QN
app1PS bR→N

AR→ l 8
D QR→ l 8

opt
~P!

(
j ,N

AN→ j1
gR

gN
bR→NP

. ~9!

To extract the collision transfer rate, we take our observ
optical cross-section measurements for both the reson
and nonresonant levels as input to Eq.~9!. Using the known
values of the transition probabilities@9–11#, the fit has two
free parameters:QN

app, the apparent cross section~direct plus
cascade! into the nonresonant level; andbR→N , which is
converted into the collision transfer cross section via Eq.~4!.
In general, the apparent cross section for levelN, may also
have some pressure dependence due to radiation trappin
cascading levels@12#. For the particular levels studied in thi
work, the cascade contribution is small and exhibits lit
pressure dependence@13#, which justifies this simplification.
However, if the pressure dependence of the cascading le
are known, this effect can be easily included in Eq.~9! by
replacingQN

app with a fitted pressure independent term,QN
dir ,

and an experimentally measured pressure dependent ca
term,QN

casc(P).
The experimental apparatus and general data collec

procedures have been described in detail elsewhere@7,12#,
thus we present only a brief overview. The stainless s
vacuum chamber is evacuated to a base pressure of,2
31028 Torr, and then back filled with research puri
~99.999%! neon. The gas pressure was measured with a s
ning rotor gauge. The monoenergetic electron beam~0.6-eV
energy spread! is formed by an indirectly heated BaO cat
ode, electrostatically focused through the collision reg
and collected with a deep Faraday cup. Fluorescence fro
particular transition was selected with a 1.26-m Czern
Turner spectrometer and detected with a C31034A photom
tiplier tube ~PMT!. Relative optical emission cross sectio
are obtained by dividing the emission intensities from t
1-2
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EXCITATION TRANSFER CROSS SECTIONS FOR . . . PHYSICAL REVIEW A 65 062701
PMT by the electron-beam current and gas pressure. A r
tive pressure curve is obtained by measuring the opt
emission cross section at a fixed electron-beam energy
function of gas pressure. An excitation function is the cro
section at a fixed pressure as a function of electron-be
energy. The relative results are placed on an absolute s
by comparing the excitation signal intensity at 20 mTorr a
100 eV with the output of a calibrated standard lamp@13#.

III. RESULTS

We have studied excitation transfer for three pairs of
ergy levels of the neon 2p53d configuration. The electron
impact excitation cross sections into the threeJ51 levels of
the 2p53d configuration (3s18 , 3d2, and 3d5 in Paschen’s
notation! are relatively large, with broad excitation function
characteristic of dipole-allowed excitation processes@12#.
For example, the average cross section for excitation into
three 2p53d levels with J51 at 100 eV is approximately
19310220 cm2, whereas the remaining nine levels withJ
Þ1 have an average cross-section value less tha
310220 cm2 @13#.

The size of an excitation-transfer cross section betw
two levels, in turn, typically varies inversely with the ener
difference between the initial and final energy levels~the
energy defect! @14#. Thus the excitation-transfer cross secti
out of the 2p53d J51 levels is expected to be large for a
levels with an energy defect much less thankT
(;208 cm21 at 300 K!. The smallest energy defects, an
correspondingly largest expected collision transfer cross
tions are from the 3d5 (J51) level into the 3d6 (J50)
level (DE514 cm21); and from the 3s18 (J51) level into
the 3s19 (J52, DE516 cm21), 3s1- (J53, DE
526 cm21), and 3s1

+ (J52, DE527 cm21) levels.
Overlapping transitions and weak signal rates prevented
from making measurements for the 3s1- level. The same dif-
ficulties occur in the case of the 3d2 (J51)/3d3 (J52)
pair that are separated by only 30 cm21.

Let us consider first the transfer from the dipole-allow
3d5 level into the 3d6 level. We plot in Fig. 1 the measure
variation in the 3d6→2p10 optical emission cross sectio
with pressure at an electron energy of 100 eV. Below
mTorr there is little dependence of the cross section w
pressure, but at higher pressures the cross section incre
almost linearly with pressure. We fit the data to Eq.~9! using
our previously measured 3d5→2p10 optical emission cross
section@12# and the transition probabilities of Ref.@11#. The
line in Fig. 1 is the fit to the data with a collision transf
cross section of 5.4310214 cm2.

Neon is not anLScoupled atom so that the wave functio
for a level of total angular momentumJ is in general a mix-
ture of LS eigenfunctions of the sameJ. However, since the
3d6 level is the only 2p53d level with J50, it is a pure
triplet level (3P0) within the one-configuration approxima
tion. Direct electron-impact excitation into the 3d6 level
from the 1S0 neon ground state thus corresponds to a sp
changing process dominated by a steep-declining energy
pendence. The observed energy dependence of the 3d6 exci-
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tation cross sectionat high pressuresas shown in Fig. 2,
however, has the broad energy dependence of a dip
allowed excitation process. This is due to excitation trans
from the 3d5 level whose electron-impact excitation is d
pole allowed. For example, at 50 mTorr, the 3d6→2p10
cross section decreases only 32% between 50 eV and 20
At low pressures, however, the observed energy depend
of the cross section is much sharper, with a 90% decre
between 50 eV and 200 eV. The observed energy depend
at both pressure extremes is well modeled by Eq.~9! using
the known 3d5→2p10 excitation function and the fitted val
ues for the apparent excitation cross section and collis
transfer cross section.

The situation of excitation transfer from the 3s18 level is
somewhat different since it is in close proximity to thre
other levels (3s19 , 3s1- , and 3s1

+). In fact all four of the 3s1

levels are spaced within 27 cm21 of one another, thus the
collision transfer cross section between any pair of lev

FIG. 1. Variation of 3d6→2p10 optical emission cross section a
100 eV with pressure. The solid line is a fit of Eq.~9! to data using
the measured pressure dependent 3d5→2p10 optical emission cross
section.

FIG. 2. Excitation functions for the 3d6→2p10 transition at dif-
ferent pressures. The solid lines are the results of using Eq.~9!
along with the fitted 3d6 apparent cross section and 3d5→3d6

excitation-transfer cross section. The dotted line is the 3d6→2p10

optical emission cross section derived from Eq.~9! in the limit of
no collision transfer.
1-3
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may be large. The analysis of Sec. II, however, included o
collision transfer directly from the 3s18 resonance level. In
principle, Eq.~2! can be modified to include collision trans
fer to and from additional levels. However, the electro
impact excitation cross sections into the threeJÞ1 3s1 lev-
els are of similar magnitude@13#, leading to roughly equa
populations for the three levels. Since the ratio of collisi
transfer rates fora→b to b→a is equal to (2Jb11)/(2Ja
11)'1, the total flow of atoms between any pair of leve
of nearly equal population is negligible in comparison to t
population flow from theJ51 3s18 level with a cross section
population greater than a factor of 10 larger than the ot
levels. Another omission in our model developed in Sec
relevant to the 3s1

+ level is collision transfer via an interme
diate state, e.g., 3s18→3s19→3s1

+. Such a two-step proces
however, has a quadratic rather than linear dependenc
pressure. Based on the measurements of Ref.@2# for neon
2p53p two-step collision transfer, we are well below th
pressures where this is of serious importance.

Pressure curves for the 3s19 and 3s1
+ levels are shown in

Fig. 3. The solid lines shown in Fig. 3 are the result of fitti
Eq. ~9! to the data. The reasonable agreement of the fits g
us confidence about the validity of our omitting the term
mentioned in the preceding paragraph. The fitted collis
transfer cross sections for the three processes studied in
paper are listed in Table I. The largest sources of uncerta
in the fitted values are from the transition probabilities~par-
ticularly AR→ l 8).

IV. DISCUSSION

It is interesting to compare the present 2p53d intramul-
tiplet collision transfer cross sections with the previou

FIG. 3. Variation of 3s19→2p10 and 3s1
+→2p7 optical emission

cross sections at 100 eV with pressure. Solid lines are a fit of
~9! to data using the measured pressure dependent 3s18→2p10 opti-
cal emission cross section.
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measured 2p53p intramultiplet values determined in Refs
@2,5,6#. The smallest energy defect for levels of the 2p53p
configuration is between the 2p3 and 2p4 levels with an
energy defect of 59 cm21 ~8 meV!. Patersonet al. @2# mea-
sured the cross section for 2p3→2p4 excitation transfer to
be 19310216 cm2. The 2p53d collision transfer cross sec
tions reported in this paper are approximately two orders
magnitude larger, while differing by less than one order
magnitude in energy defects. The present cross section
ues are similar is size, however, to our earlier measurem
of He n1P→nF collision transfer@7#, which have similar
energy defects.

To further elucidate the dependence on energy defec
Fig. 4 we plot the state-to-state excitation-transfer cross s
tions obtained by dividing the values in Table I by (2J11)
of the final level. Also included in Fig. 4 are a number
other excitation-transfer cross sections for excited atoms
liding with a similar ground-state atom@2,5–7,15–21#. By
plotting the state-to-state cross section, we remove the c

q.

TABLE I. Thermally averaged~300 K! Ne 2p53d excitation
transfer cross sections.

Process DE (cm21) s (10214 cm2)

3d5→3d6 (J50) 14 5.460.9
3s18→3s19 (J52) 16 1665
3s18→3s1

+ (J52) 27 1162

FIG. 4. Comparison of state-to-state excitation-transfer cr
sections with energy defect. Solid-filled symbols all involv
excitation-transfer processes where the initial level is a resona
level; open symbols are for excitation transfer between nonre
nance levels. Dashed lines are only an illustrative guide. The e
thermic reaction for each process is plotted.
1-4
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EXCITATION TRANSFER CROSS SECTIONS FOR . . . PHYSICAL REVIEW A 65 062701
founding influence of the (2J11) degeneracy in the fina
level. Two interesting features are apparent in Fig. 4. Fi
the magnitude of an excitation-transfer cross section is
versely related to the energy defect for the process. Sec
if we group the results shown in Fig. 4 into excitatio
transfer processes involving resonance levels~represented by
filled symbols! and excitation-transfer processes involvi
nonresonance levels, the cross sections involving reson
levels are approximately 40 times larger than the cross
tions involving only nonresonant levels with the same ene
defect.

The two major features of Fig. 4 can be understood fr
a simple analysis based on the Massey adiabatic criterion
atom-atom collisions@22#. For the case ofA-to-B excitation
transfer, let us assume the intermolecular potential curves
A1X and B1X have an avoided crossing at a distancea,
whereX is the ground state. If the collision is adiabatic~i.e.,
v!aDE/h, wherev is the relative velocity of the atoms,DE
is the energy defect between levelsA and B, and h is
Planck’s constant!, the system remains on the same poten
curve for the duration of the collision, and the excitati
cross section is small. On the other hand, if the atoms col
at much higher velocities, the system can hop from theA
1X potential curve to theB1X one, yielding a cross sectio
on the order ofpa2. For a small energy defect, not only
the Massey velocity criterion more easily satisfied, but it
also more likely that a curve crossing will occur at a larg
inter-atomic distance. For collisions involving a resonan
level, the difference in the interatomic potentials can scale
1/r 3, whereas collisions involving only nonresonance lev
will have a weaker dependance on interatomic separa
, J

k

ne

r. A

ov

s.
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@14#. Thus for a given asymptotic energy defect, a cur
crossing can occur at a larger distance—yielding a lar
cross section—more readily for collisions involving a res
nance level@23#. To extend the qualitative nature of this di
cussion to a more quantitative level would require a deta
knowledge of the intermolecular potentials for all levels i
volved. As a result,ab initio calculations of excitation cros
sections are exceedingly difficult, and have generally b
limited to simpler systems@23,24#.

The present results use an electron beam as an excit
mechanism to extend previous neon excitation-trans
cross-section measurements@2,5,6# to levels that would oth-
erwise be exceptionally difficult to measure via laser exc
tion. The major disadvantage of using an electron beam
excitation is that it is nonselective—it is only useful in stud
ing collision transfer between adjacent energy levels wh
have dramatically different electron-impact cross sections
this paper, we have applied the method to cases where
level is a resonance level, and one level is a nonreson
level. In principle, however, this restriction is not necessa
For example, it may be possible to study excitation trans
between the krypton 2p8 and 2p9 levels ~which are both
nonresonant! since they are nearly degenerate (DE
513 cm21), and have electron-impact excitation cross s
tions that vary by an order of magnitude at high energ
@25#.
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