
PHYSICAL REVIEW A VOLUME 12, NUMBER 6 DE CE MBER 197 5

Time dependence of the vacuum-uv emissions from neon, and energy transfers to the resonance
states Ne('Pi) and Ne( P,) in helium-neon mixtures
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Time-resolved studies of the vacuum-uv emissions from neon and helium-neon mixtures
were made using a single-photon counting technique. Excitation of the atoms was provided
by a pulsed beam of 250-keV electrons. Measurements in neon were carried out at the
wavelengths of the resonance states Ne(~P&) and Ne( P&). Collision coefficients for the de-
struction of Ne(P&), Ne(P&), and Ne(P2) atoms in neon were determined. The two-body
collision coefficient for deexcitation of Ne(P&) atoms to the Ne(P&) state is 5.5 &&10 sec /
Torr. Atoms in the Ne(3P&) level undergo two- and three-body collisions with neon ground-
state atoms. The deexcitation rate for the transition Ne(P&) to Ne(P2) is 1.80 ~10 sec /
Torr. The three-body collision coefficient for Ne(~P&) is 6.0 sec ~/Torr2. Metastable
Ne(3P&) atoms are collisionally excited to the Ne(3P&) state at the rate 160 sec t/Torr, and
they are destroyed in three-body collisions with rate coefficient 0.60 sec t/Torr2. The two-
body deexcitation frequency for Ne(P&) and two- and three-body collision coefficients for
Ne(P2) are in agreement with the results of Phelps. Studies of the emissions from He-Ne
mixtures were performed at relatively high helium pressures of 200 and 400 Torr, respec-
tively. At each helium pressure controlled amounts of neon impurity were added. Time-
resolved measurements were nmde at the wavelengths of the He(2i$) rnetastable, the helium
continuum emissions, and at the wavelengths of Ne(iP&) and Ne(3P&). The decay constants
for He(2~$) and Ne(P&) are shown to be consistent with resonant excitation transfer from
He(2 $) to the Ne(3s2) laser level (Paschen notation). The pressure dependence of the emis-
sions from Ne(3P&) in helium is governed primarily by collisional deexcitation to the meta-
stable Ne(P2) state. The two-body collision coefficient for the destruction of Ne(P&) atoms
by helium is 8.3 X10 sec /Torr.

I. INTRODUCTION

Time-resolved spectroscopic studies of the
emissions from noble gases excited with energetic
charged particles have provided much new infor-
mation about the excitation and relaxation of atom-
ic and molecular species. The ability to rapidly
inject energy into gases over wide pressure
ranges makes it possible to determine colli-
sion coefficients and molecular lifetimes that
would be difficult to obtain from other types of
experiments or from theory. Much of the current
interest in vacuum-uv emissions from noble gases
has arisen because of laser applications. ' Detailed
knowledge of atomic collision rates and of excimer
formation and decay is essential for an understand-
ing of the mechanisms which lead to stimulated
emission in high-pressure noble gases. '

The objective of the present paper is twofold.
We report new experimental results for the pres-
sure dependence of the emissions from Ne('P, )
and Ne('P, ) in neon. Secondly, we have studied
energy transfers to the same resonance states in
He-Ne mixtures. For pure neon, we have extended
the emission study of Leichner' to lower pressures
to obtain additional information about collision co-
efficients for the lowest excited states. The im-

portance of low-pressure data is that they reveal
atomic features which cannot be observed at high-
er pressures. In particular, Ne('P, ) atoms are
rapidly depleted in two-body collisions with neon
ground-state atoms. At pressures of a few Torr,
this collision frequency exceeds the rate of es-
cape of imprisoned resonance radiation. Conse-
quently, the investigation of emissions from
Ne('P, ) is limited to relatively low gas pressures

Low-pressure data for the emissions from neon
0

at the 744-A resonance line are combined with
previous results' to obtain pressure-dependent
lifetimes of Ne('P, ) and Ne('P, ) atoms in the range
from 4 to 1000 Torr. Emissions from the Ne('P, )
level give information about both the Ne('P„) and
Ne('P, ) states because of collisional excitation of
the metastable to the nearest radiating state. The
two-body destruction rate for Ne('P, ) atoms and
two- and three-body collision coefficients for
Ne(3P, ) are in good agreement with the absorption
study of Phelps. In addition, we have determined
the two-body deexcitation frequency for Ne('P, )
atoms and the three-body collision coefficient for
Ne('P, ). These could not be measured by the ab-
sorption technique. Based on time-resolved data
and on the theoretical work of Cohen and Schneid-
er,"we argue that the large two-body coefficient
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for Ne('P, ) represents collisional deexcitation to
the Ne('P, ) state. Furthermore, we construct a
kinetic model for the formation of excited neon
molecul. es. This model. is consistent with experi-
mentally observed features and with theory.

To examine energy-transfer reactions in He-Ne
mixtures, we have measured the time dependence
of the vacuum-uv emissions from the He(2'S)
metastable, from the He(A'Z„') molecule, and
from the resonance states Ne('P, ) and Ne('P, ).
This investigation differs from earlier measure-
ments' " in several aspects. The helium host
gas is at relatively high pressures of 200 and 400
Torr, respectively, with neon partial pressures
ranging from 0.05 to 5 Torr. At these high helium
pressures, collision processes compete with and
even dominate radiative trans itions. Fur thermor e,
we present time-resolved measurements for ex-
citation transfer from the helium host gas to the
lowest excited states of neon. These data are
shown to be consistent with gas-discharge re-
sults in that the initial excitation transfer appears
to be primarily to the Ne(3s, ) laser level. Atoms
in the Ne(3s, ) state are subsequently destroyed by
radiative transitions and by two-body collisions
with helium ground-state atoms. For the helium
pressures used in this experiment, collisional de-
struction of Ne(3s, ) atoms is several decades fast-
er than the radiative transition rate. In particular,
the large reverse resonant-transfer rate from
Ne(3s, ) to He(2'S) causes most of the excitation
energy to be returned to the helium metastable.
Therefore, energy is rapidly transfered in the
forward and reverse directions between He(2'S)
and Ne(3s, ). Under these conditions the net de-
struction rate of He(2'S) is governed by the rate
at which excitation can be collisionally transfered
from Ne(3s, ) to other upper levels of the neon
atom. The lowest excited states of neon are pri-
maril. y populated by cascading from these upper
levels. We show that the measured time depen-
dence of the emissions from He(2'S) and Ne('P, )
atoms can be explained in terms of the transfer
processes outlined above. The final decay of
Ne('P, ) atoms in helium is governed primarily
by collisional deexcitation to the Ne('P, ) meta. —

stable.

The experimental apparatus and technique are
similar to those used previously in an emission
study of neon. ' For completeness we give a brief
description. A pulsed beam of 250-keV electrons
produces a narrow pencil of excited atoms along
the axis of a cylindrical stainless-steel emission
cell. The cel. l. has a radius of 2 cm and a length
of 16 cm. Electron pulse widths are continuously

variable from 50 nsec to 12 p, sec, with repetition
rates ranging from 2 to 20 kHz. Typical electron
currents used in this experiment ranged from about
0.01 to about 0.1 p, A, with excitation pulse widths
ranging from 0.1 to 3 p. sec. No dependence of the
time-dependent emissions on either current or
pulse width was observed.

Photons emitted by the excited gas enter a vacu-
um-uv scanning monochromator, are dispersed
by a diff l action grating, and are detected with a
s ingle-photon detector. Time-resolved measure-
ments are carried out using a time-of-flight tech-
nique. Since the helium and neon emissions from

0
the lowest excited states occur below 1000 &, the
gas is differentially pumped to keep the mono-
chromator evacuated. Helium gas used was
Matheson research grade with the following im-
purities (in ppm): 0,& l, N, & 5, and CH, & 0.5.
Neon gas used with Linde ultrahigh purity with
an assayed purity of 99.995%. Total and partial
pressures were measured with an MKS Baratron
gauge. Experimental errors are estimated at 10%
in absolute magnitude and at 5% in relative magni-
tude.

III. NEON RESULTS

In this section we report new experimental. re-
sults for the time dependence of the emissions
from neon at the wavelengths of the resonance
states Ne('P, ) and Ne('P, ) Measure. ments were
made at relatively low gas pressures up to 35
Torr. Figure 1 shows typical low-pressure emis-

0
sion spectra. The emission intensity at 744 A in-
creases rapidly with increasing pressure, where-

0

as the intensity at 736 & does not. At pressures
slightly higher than those shown in Fig. 1, the in-
tensity at 736 A decreases with increasing pres-
sure. At about 40 Torr the emissions at this wave
length are too weak to make time-resolved mea-
surements.

Typical time-resolved spectra for the two reso-
nance lines at a pressure of 8 Torr are shown in

0

Fig. 2. Emissions at the 736-A ('P, ) line are
characterized by a fast decay corresponding to a
single exponential term. The emissions from
Ne('P, ) at 744 A exhibit a rapid initial buildup in
intensity and a subsequent decay which extends
over about 200 p, s ec. This buildup occurs within.
the 6-lj.sec decay time of the Ne('P, ) atoms. The
decay of Ne('P, ) photons is characterized by the
sum of two exponential. terms. An analysis of the
time evolution of the emissions from the two reso-
nance states is given below.

A. Ne( P ) Analysis

f»ig. 3 we have plotted the Ne('P, ) decay con-
stant in the pressure range from 1 to 35 Torr.
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constant may therefore be written as

u('P, ) = p, + k, PN,

where PN, is the neon pressure in Torr, and
where

P, =2.6X10' sec ',
k„=5.5&&10' sec '/Torr,

(2)

4 Torr 8 Torr

so that u('P, ) is in units of sec '. The constant p,
is somewhat larger than but not inconsistent with
the imprisonment decay constant calculated from
Holstein's theory" according to the relation

P (0 207/~)(A/R)ala (4)
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FIG. 1. Low-pressure neon emission spectra at the
736-A {~P&}and 744-A (3P&) resonance lines.

The solid l.ine was obtained by a least-squares
analysis. A pressure-independent term and a
two-body collision term were required to fit the
data. There is no evidence of three-body colli-
sions in this pressure range. The Ne('P, ) decay

where 7 is the natural lifetime of the radiating
state, X is the corresponding wavelength, and 8
is the radius of the emission cell. Using the life-
time measurements of Lawrence and Liszt, "we
find a theoretical value of 2.2&10' sec ' for P, .
The larger experimental value may arise from
systematic errors in determining a pressure-in-
dependent decay constant. However, the recent
calculations of Payne et al."show thatatlowpres-
sures (of the order of a few Torr and below) the
assumption of complete redistribution in frequency
of the resonance radiation is no longer satisfied.
Deviation from Holstein's theory may therefore
be expected.

Of particular interest is the large two-body col-
lision coefficient k, for the destruction of Ne("P, )
atoms in collisions with neon ground-state atoms.
Since the lowest excited states of neon are closely
spaced in energy, an appreciable fraction of
ground-state atoms can cause transitions between
excited levels. Collisional deexcitation of meta-
stables and resonance atoms to the ground state
is assumed negligible because of the large conver-
sion of potential energy to kinetic energy required.
The level closest to Ne('P, ) is the metastable state
Ne(sPo). From energy considerations, one would
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FIG. 2. Typical low-pres-
sure time-resolved spectra
for the Ne(~J'&) and Ne(3P&)
resonance states.
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two- and three-body collision terms are evident.
The pressure-independent constant is characteris-
tic of trapped resonance radiation from the Ne('P, )
level. . The solid line in Fig. 4 represents the
equation

Yz 1 86 X 10 + 1 80X 10 PN + 5 18Pg

where rz is in units of sec '. The pressure depen-
dence of the slow-decay component is displayed in

Fig. 5. The solid line is given by

x, =160P„,+0.40PN, , (6)
) i I i i I ) I a ) a i I ) ( i i I ) i & i I t I a I I s s ) ) I
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Neon Pressure (Torr)

FIG. 3. Pressure dependence of the emissions from
Ne('P&).

therefore expect that Ne('P, ) atoms are primarily
deexcited to the upper metastable state. However,
in view of the time-resolved spectra (Fig. 2) and

because of potential. -energy curves' now available,
we believe that the dominant relaxation mechanism
for the Ne('P, ) level is collisional deexcitation to
the lowest resonance state Ne('P, ).

The calculations of Cohen and Schneider' show

that spin-orbit coupling effects of Ne, molecular
states lead to several. avoided crossings. Cross-
ing is avoided by the pairs 0~ ('P, ), 0, ('Po) and

I ('P, ), I ('P, ) and 0'('P, },Og ('P, ). The latter of
these implies that the Ne('P, ) and Ne('P, ) states
are strongly coupled, which makes rapid transfer
of excitation energy possible. We therefore con-
clude that at low pressures the decay of Ne("P, )
atoms is governed primarily by the escape of
resonance radiation from the emission cell and

by collisional deexcitation to the Ne('P, ) reso-
nance state.

710 s
L

s s ~
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also in units of sec '. Note that in Figs. 4 and 5,
low-pressure data from 4 to 30 Torr represent
new measurements. Data from 50 to 1000 Torr
are based on results previously obtained by
Leichner. '

The analysis of the various terms in Eqs. (5)
and (6) is facilitated by the following observation:
The two-body term in Eq. (5) is in good agreement
with the deexcitation frequency from Ne('P, ) to
Ne('P, ) determined by Phelps in an absorption
study. The three-body term which suggests the
formation of excited neon mol. ecules could not be
measured by the absorption technique. In Eq. (6),
the two- and three-body collision coefficients are
also comparable to values obtained by Phelps.
The two-body term in this equation represents
collision-induced excitation from Ne('P, ) to
Ne('P, ). The three-body coefficient gives rise
to excited neon molecules. Because of the colli-
sional excitation transfer between the Ne('P~) and
Ne('P, ) levels, the emissions observed at 744 A

B. Ne( PL) and Ne( P2) analysis

We turn now to an analysis of the time-resolved
0

spectra at the 744-A ('P,} resonance line. It is
evident from Fig. 2 that the Ne('P, ) state plays
no role in the final decay of the emissions from
Ne('P, ). This is in agreement with the observa-
tions of Phelps, ' who found no measurabLe Ne('P, )

density during the afterglow. In the analysis
presented below we therefore assume that the
final decay of Ne('P, ) atoms is decoupled from
the Ne('P, ) level.

As shown below, the two decay components (fast
and slow) of the emissions at 744 A need to be an-
alyzed in terms of two coupled differential equa-
tions involving the Ne('P, ) leveLs. Figure 4 shows

the pressure dependence of the fast-decay com-
ponent. A pressure-independent term and
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FIG. 4. Pressure dependence of the fast-decay com-
ponent of the emissions from Ne(P&). Points shown by
circles represent new measurements. Data points indi-
cated by squares are from Ref. 3.
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lecules. The identification of the molecular levels
is based on the work of Cohen and Schneider, as
is the lifetime of the Ne, 0'„('P,) molecule. The
5-p, sec lifetime of the Ne, 1„('P,) level represents
a pressure-independent lifetime measured by
Leichner, in agreement with a mean lifetime ex-
pected from theory. '

The differential equations governing the excited-
state populations of the atomic levels may be
written as

' = —
(pm + k2P„, + k~PN2, )R, + k~PN, Mi, (7)
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have as their origin both atomic states. The fast-
decay component represents primarily the de-
struction of Ne('P, ) atoms, and the slow-decay
component is due to the destruction of Ne('P, )
atoms. To separate the decay components and to
obtain more reliable collision coefficients than
those given by Eqs. (5) and (6), we analyze the
data in terms of the differential equations which
govern the decay of the two lowest excited states
of neon.

The above statements are summarized in Fig. 6.
Atoms in the Ne('P, ) state decay by the emission
of resonance radiation, by deexcitation to Ne('P, ),
and in three-body collisions which lead to the for-
mation of Ne, 0'„('P,) molecules. The Ne('P, ) level
is depleted by excitation to Ne('P, ) and by three-

FIG. 5. Pressure dependence of the slow-decay com-
ponent of the emissions from Ne(3P&). Circles represent
new measurements. Squares are from Ref. 3.

dM,
d

' = k2P„, R, —(k,PN, +k,PN2, )M, , (8)

where R, and M, denote the number of atoms in the
resonance and metastable states, respectively.
In the above equations, we have assumed that in-
verse processes corresponding to upward transi-
tions from excited molecular levels to excited
atomic states are negligibly small. The assump-
tion appears justified, because in neon the molec-

0

ular continuum occurs at about 850 A and is wel. l
separated from excited atomic states. Further-
more, the molecular lifetimes are relativel. y
short, and the depth and shape of the potential.
wells' suggest that neon molecules are primarily
deexcited by transitions to the repulsive ground
state which promptly dissociates.

With this assumption, Eqs. (7) and (8) may be
solved to yield

R,(t) A,e ""+A,e "",
where A, and A, are constants, and where r, and
r, are given by Eqs. (5) and (6). In Appendix A it
is shown that the unknown col.lision coefficients
k, to k, can be evaluated in terms of the two mea-
sured quantities r, and &,. From the results in
Appendix A it follows that the Ne('P, ) decay con-
stant is given by

Ne( S, )

Ne 0+( P, )

Ne, i ('i )

(T~ 2AS) ( T ~ 5~)

850-A CON T I NUUM

u('P, ) = p2+k2PN, +k,PN,

with

p, = 1.9x10' sec ',
k, =1.8x10' sec '/Torr,

k, = 5.0 sec '/Torr ' .
For the Ne('P, ) metastable we find

u( P2) = k4PN, +ksP„,
where

(10)

(12)

(»)

(14)

FIG. 6. Rate diagram for the decay of Ne(3P&) and
Ne(P2) atoms.

k4 = 160 sec '/Torr,

k, =0.60 sec '/Torr' .
(15)

(16)
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The coefficients k„k~, and k, are in good agree-
ment with the results of Phelps. As mentioned
previously, the three-body collision coefficient
k3 cou ld not be measured by the abs orption tech-
nique. As in the case of Ne('P, ), the pressure-
independent decay constant P, is larger than what
is obtained from Holstein's theory. Using Eq. (4),
we find a theoretical value of 1.3~10' sec '. We
note in this connection that Phelps also found that
experiment yields a larger value than theory.

The analysis of the lowest excited states of neon
has not incLuded the Ne('Po) level. We beLieve that
this is justified for the following reasons. The
initial excitation of neon by 250-keV electrons
probably satisfies the optical approximation, so
that the amount of energy transferred to a particu-
lar excited state is proportional to the oscillator
strength of this state. Consequently, the reso-
nance states Ne('P, ) and Ne('P, ) should be richly
populated by the incident beam pulse. Of course,
low-energy secondary electrons will also excite
atomic states, and these excitations will not satis-
fy the optical approximation. Nevertheless, ex-
perimental evidence suggests that when high-ener-
gy electrons or protons interact with noble gases
and when low excitation currents are used, it is
primarily the resonance states which are excited.
Therefore, the Ne('P, ) population in the experi-
ment reported here was probably too low to have
an effect on time-resolved measurements. Fur-
thermore, the Ne('Po) potential energy curves'
are repulsive at nearly all internuclear separa-
tions, so that excitation transfer from Ne('P, ) or
Ne('P, ) to the upper metastable should be negiigi-
ble. On the other hand, the potential energy
curves for the Ne('P, ) level exhibit an attractive
potential well and the previously mentioned avoided
crossing 1~('P,), l~('P, ). Consequently, one may
expect the lowest metastable to be populated by
deexcitation of Ne('P, ) atoms. This is precisely
what is observed.

C. 850-A continuum radiation

We comment briefly on time-resolved measure-
0

ments at the wavelength of the 850-& continuum
reported in a previous publication. ' It was found
that the intensity of the molecular emissions con-
tinued to increase for a relatively long time after
the excitation pulse had passed through the gas.
The time delay in reaching peak intensity ranged
from about 20 p, sec at 100 Torr of neon pressure
to about 2 p, sec at 1000 Torr. From the rise time
of the continuum emissions it was calculated' that
excited molecules are created in three-body colli-
sions at the rate 0.6PN, . A pressure-independent
molecular lifetime of about 5p, sec was established.

These experimental results can be explained in
terms of the processes indicated in Fig. 6. The
measured lifetime corresponds to radiative tran-
sitions from vibrational levels of the Ne, 1„(~P,)
molecule to the repulsive ground state. This mol-
ecule is created at a rate equal to the rate at which
Ne('P, ) atoms are destroyed in three-body colli-
sions —namely, 0.60PN, . Time-resolved mea-
surements at the wavel. engths of the atomic and
the molecular emissions are therefore in excel-
lent agreement. We point out, however, that the
new experimental and theoretical resul. ts no long-
er support the existence of a metastable neon mol-
ecule suggested in Ref. 3.

IU. HELIUM-NEON RESULTS

u(2'S) =150PH, +1.SPY (17)

In this section we examine energy transfers to
the resonance states Ne('P„) and Ne('P, ) in He-Ne
mixtures. Measurements of the pressure depen-
dence of the lifetimes of He(2'S), Ne('P, ) and Ne('P, )
were made at relatively high helium pressures of 200
and 400 Torr, respectively. At each helium pres-
sure, controlled amounts of neon impurity were
added. Decay constants were determined as a
function of neon partial. pressure in the high-pres-
sure helium host gas.

Because of the complexity of the collision pro-
cesses which take place in gas mixtures at pres-
sures of a few hundred Torr, an understanding of
the emissions from pure helium is essential for
the interpretation of time-resolved measurements
in He-Ne mixtures. The vacuum-uv emissions
from pure helium have been investigated experi-
mentally in detail by Bartel. l et al. ' Furthermore,
Payne et al. ' have recently examined the kinetic
processes which determine the time dependence
of the vacuum-uv emissions from helium. These
authors have shown that most of the large He(2'P)
population generated by the incident charged parti-
cles is converted rapidly to the He(2'S) meiastable
state either by radiative transition, by two-body
collision processes, or by the related predisso-
ciation of the B'll, molecule. The collision coef-
ficients'" are large, so that at pressures of a few
hundred Torr the He(2'P) population is small
whereas the He(2'S) level is richly populated.

Helium emission spectra at 200 and 400 Torr are
shown in Fig. V. These spectra are characterized
by a fairly sharp peak at the 601-A He(2 "S) line,
and by continuum emissions extending to about
1000 A. As explained in the last paragraph, at
these helium pressures emissions from He(2'P)
are too weak to be observed. The pressure depen-
dence of the He(2'S) decay constant is given by"
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FIG. 7. Helium emission spectra as a function of
pressure and wavelength.
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FIG. 8. Emission spectra from He-Ne mixtures at a
constant helium pressure of 400 Torr. Neon partial
pressures are 0.2 and 2 Torr, as indicated in the figure.

in units of sec '. The linear term represents col-
lision-induced radiation from He(2 S). The three-
body term represents the formation of He, (A'Z„')
which radiates to the repulsive ground state and
dissociates. The light emitted in this transition
would be expected to have the same time depen-

0

dence as the 601-A radiation at pressures such
that the decay of He(2'S) does not approach the
transition rate of the A. 'Z„" molecule. For pres-
sures up to 1000 Torr, Bartell. et al. have ob-
served that the emissions in the wavelength region

0
601 & A, & 950 A have the decay rate given by Eq.
(17). Therefore, destruction of He(2'S) is the
rate-limiting step for molecular emissions in
this pressure range. The implication is that the
A'Z„molecule has a relatively short lifetime and
is therefore not a likely energy donor in He-Ne

y(2'S) =4.1&&10'PN, , (18)

in units of sec '. This is the net destruction rate
of He(2 "S) atoms resulting from collisions with
neon ground-state atoms. Within experimental
error it is the same for helium host-gas pres-
sures of 200 and 400 Torr. It is shown below that
the two-body coefficient given by Eq. (18) is con-
sistent with the cross-section measurements of
Benton et al. ' and with other data for excitation
transfer in the He-Ne system.

mixtures. On the other hand, the decay rate of
He(2'S) is very much lower than that of any other
singlet state, so that it is strongly affected by
impurities. The experimental data presented be-
low show that even at relatively high hei. ium pres-
sures the energy-transfer reactions in He-Ne mix-
tures can be explained in terms of resonant energy
transfer from He(2'S) to Ne(3s, ). Molecule-atom
energy transfers which have been reported for the
heavier rare gases' evidently play no role in
He-Ne excitation transfers.

Having examined the time dependence of the
vacuum-uv emissions from neon and helium, we
are now in a position to analyze the emissions
from He-Ne mixtures. In Fig. 8, time-unresolved
emission spectra are shown at a helium pressure
of 400 Torr and neon partial pressures of 0.2 and
2 Torr, respectively. Quenching of the emissions
from He(2'S) as a function of neon partial pres-
sure is evident. Both spectra are dominated by
intense emissions from the Ne('P, ) level. The in-
tensity at the wavelength of the Ne('P, ) state is
much lower at all neon partial pressures. Fur-
thermore, the intensity of the radiation from the
resonance states of neon in He-Ne mixtures great-
ly exceeds the intensity of the emissions from pure
neon at comparable neon pressures. Direct excita-
tion of Ne('P„) and Ne('P, ) by the electron beam
was determined to be negligible in comparison
with excitation transfer from He(2'S) to neon.

Figure 9 summarizes time-resolved measure-
ments as a function of neon partial pressure at the
wavelength of the He(2'S) metastable. Measure-
ments for identical helium pressures and neon
impurities were also made at the maxima of the

0
helium continuum emissions at 6'75 and 825 A.
Within experimental error, ihe decay constants
at the l.atter wavelengths are the same as those

0
at 601 A. Extrapolation to zero neon partial pres-
sure yields excellent agreement at all wavelengths
with the results of Bartell et al. for pure helium. '
We conclude that in helium and in He-Ne mixtures
the destruction of the He(2'S) metastable is the
rate-limiting step for the decay of the He2(A'Z„')
molecule. The solid lines in Fig. 9 represent the
equation
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y('P, ) = 1.1 && 10'P„
for the Ne('P, ) state, and

y('P, ) =9.0x10'PN, (20)

partial pressure. Nithin experimental error,
these decay constants are identical at helium
pressures of 200 and 400 Torr. The solid lines
in Figs. 11 and 12 are respectively given by
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FIG. 9. He(2 8) decay constant at helium pressures
of 200 and 400 Torr as a function of neon partial pres-
sure.

Typical time-resolved spectra for Ne('P, ) and
Ne('P, ) in He-Ne mixtures are displayed in

Fig. 10. There are several features which distin-
guish these spectra from the pure neon spectra
given in Fig. 2. The Ne('P, ) decay at 736 A is
now characterized by the sum of two exponential.
terms. The second (slow) component has a small
amplitude, and is observed only for low neon im-
purity concentration. It is probably due to emis-
sions from the helium molecule at the same wave-
length, and we have not included it in the subse-
quent analysis of the Ne('P, ) decay constant. The
time evolution of the Ne('P, ) emissions at 744 A

shows a buildup in intensity at early times and a
decay at later times that is characterized by a
single exponent. The initial buildup arises from
collisional deexcitation of Ne('P, ) to Ne('P, ) and
probably from conversion of metastable states to
the lowest radiating state. The final decay of
Ne('P, ) persists long after the emissions from
Ne('P, ) and from helium have ceased. It repre-
sents primarily the collisional deexcitation of
Ne('P, ) to Ne('P, ).

In Figs. 11 and 12 we have plotted the Ne('P, )
and Ne('P, ) decay constants as a function of neon

He(2'S) +Ne('S, ) -He(1'S)+Ne(3s, ) . (21)

The forward resonant-transfer rate coefficient for
this reaction can be calculated from the total de-
struction cross section for He(2'S) and is given
by'3

k„=2.4&&10' sec '/Torr . (22)

An important kinetic process at helium pressures
of a few hundred Torr and above is the reverse

for Ne('P, ) atoms. The quantities Z('P, ) and Z('P, )
are in units of sec '. The two-body coefficient in
Eq. (20) represents the final decay of the Ne('P, )
level. Note that for all the measurements reported
in this section P„,» P„,. Therefore, at each
constant helium pressure, the collision coeffi-
cients given by Eqs. (19) and (20) represent de-
struction rates for Ne('P, ) and Ne(3P, ) atoms in
collisions with helium ground-state atoms.

The above results give no information about the
many important transitions in the visible and in-
frared regions of the spectrum. In the interpreta-
tion of the measur, ed decay rates, we therefore
rely strongly on gas-discharge investigations of
energy transfers in He-Ne mixtures. Transfer of
excitation from He(2 "S) to neon presents a number
of possibilities. The 3s, 4s, 5s, 3d, 4d, and 5d
neon levels (in Paschen notation) all lie within
about 10 ' eV of He(2'S). However, experimental
evidence (see, e.g. , Refs. 12 and 21)appears to in-
dicate that energy transfer from He(2'S) is pri-
marily to Ne(3s, ), the upper level of the 6328-A
laser transition. Thus, Massey et al."have found
that the total destruction cross section (Q =4.1
&&10 " cm') for He(2'S) is consistent with the re-
action

1000
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FIG. 10. Time-resolved
spectra of the emissions
from Ne('P&) and Ne(P&) in
200 Torr of helium and 0.06
Torr of neon.
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FIG. 11. Ne(~P&) decay constant at helium pressures
of 200 and 400 Torr as a function of neon partial pres-
sure.

FIG. 12. Ne(3P&) decay constant at helium pressures
of 200 and 400 Torr as a function of neon partial pres-
sure.

resonant-transfer reaction

Ne(3s, ) + He(1 'S)-Ne('So) + He(2 'S) . (23)

The reverse-transfer rate coefficient may be ob-
tained from considerations of detailed balancing'
and at 300 K has been calculated to be"

„'k=9.4 X1 '0sec '/Torr . (24)

For the helium pressures used in this experiment,
the reverse-transfer rate exceeds the forward-
transfer rate and the inverse lifetime (A=1.3X10'
sec ") of the Ne(3s, ) level by several orders of
magnitude. Furthermore, at these relatively high
helium pressures, collisional deexcitation of
Ne(3s, } to other nearby neon levels must be taken
into consideration. Energy transfer from He(2'S)
and from Ne(3s2) to the 3s. .. levels of neon vio-
lates the signer spin rules, as discussed by Ben-
nett. " Massey et al. have estimated maximum
cross sections for energy-transfer processes
which do not comply with the Wigner spin rules.
Their estimates are based on ratios of calculated
A coefficients and on measured relative popula-
tions. The results are:

Q,„[He(2'S)+Ne('S, )-He(1'S)+Ne(3s. ..)]
~ 10-~8 cm~ (25)

Q,„[Ne(3s,) +He(1 'S)-Ne(3s. ..) + He(1 'S) ]
& 4&&10-» cm2 . (25)

Note that the cross section (25) is two orders
of magnitude smaller than the total destruction
cross section for He(2'S). At low neon pressures,
this process may therefore be negl. ected. On the
other hand, Eq. (26} shows that collisional excita-
tion transfer from Ne(3s~) should play an impor-

dA,' = k„PN, M2 —[(k„' + k )PH, +A]R, , (2S)

where M, and R, denote the number of He(2'S) and
Ne(3s, ) atoms, respectively. The quantity A rep-
resents spontaneous emission. The solution of the
coupled differential equations is of the form

B,(t) =B,e j'+B,e (29)

where B, and I3, are constants. In Appendix B it
is shown that fo. PH. » PN, the decay constants
~, and ~, may be approximated by

A., =(k„'+k)P„, +k„PN, +A,

X, = (kP H, +A)k„PN, [(k„'+k )P H, + k„P N, +A]

(30)

(31)

At sufficiently low gas pressures, radiative pro-
cesses are dominant, so that A,, = A and A = k„PN, .

tant role in a high-pressure helium host gas. Be-
cause of the large reverse-transfer rate, the net
destruction frequency of He(2'S} depends strongly
on the rate at which excitation can be transferred
from Ne(3s, ) to other neon levels. One would
therefore expect the two-body collision coefficient
for He(2'S) to be dependent upon such energy
transfers. Furthermore, the lowest-lying neon

states are populated by cascading, so that their
pressure dependence is coupled to the pressure
dependence of the Ne(3s, ) population.

These excitation-transfer processes are depicted
in Fig. 13 with the collision coefficient k as the
only unknown. The rate equations governing ener-
gy transfer may be written as

d~2 = —k„PN, M2+krPHe&2 )
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A.~
= k„'P„,

A., = (kPs, +A)k„PN, /k„'PH, .

(30')

(31')

At high helium pressures, ~, represents primarily
the reverse excitation transfer from Ne(3s, ) to
He(2'S). Furthermore, Eqs. (31) and (31') show
that as helium pressure is increased to a few
hundred Torr, the magnitude of ~, decreases be-
cause of the reverse-transfer rate k„'PH, . If the
helium density is sufficiently high so that kP„,
»A, A2 becomes independent of helium pressure,
and we have

A,, = k(k„/k„')PN, (31")

The experimental data indicate that the last equa-
tion is valid for the helium pressures used in this
work.

The collision coefficient k can be determined
from the time dependence of the Ne('P„) emissions.
This assumes that lower-lying neon levels, in par-
ticular the Ne(2P) states, decay primarily by radi-
ative processes, so that no new pressure depen-
dencies are introduced at these level. s. The data
of Soldatov et a/. " indicate that, for low neon par-
tial pressures, the population of the lowest excited
states is determined by cascading from the Ne(2P)
levels. It is also assumed that the decay of Ne('P, )
atoms in helium is fast, so that excitation transfer
from the Ne(3s, ) level is the rate-limiting step.
Based on these assumpti. ons, we should have A3

k P

Ne(5s )

Under these conditions the two terms in Eq. (29)
represent radiative deexcitation and collisional
excitation of Ne(3s, ) atoms, respectively.

As helium pressure is increased, collisional
processes provide the dominant decay mechanism.
From the reverse-transfer rate (24) and the cross-
section estimate (26) it follows that k„'» k. Fur-
thermore, for the helium pressures used in this
work we have k„'PH, » k„PN, , A. The decay con-
stants then simplify to

= y('P, ). From Eqs. (19) and (31")we find

k=4.3&&10' sec '/Torr . (32)

This is in good agreement with the measured two-
body collision coefficient (18)for the destruction of
He(2'S) atoms. The result shows that in a high-
pressure helium host gas the net rate of excitation
transfer from He(2'S) to Ne(3s, ) is governed by the
rate at which energy is collisionally transfered
from Ne(3s, ) to other neon levels. Furthermore,
it is seen from Eq. (31") that the decay constant
A,, contains the ratio k„/k„', so that the observable
decay of Ne(3s, ) is reduced from kP„, by this
ratio. It is the quantity k(k„/k„')PN, that is mea-
sured at the wavelength of the resonance state
Ne('P, )

The two-body collision coefficient k given by
Eq. (32) corresponds to a velocity-averaged cross
section of about 8x10 "cm'. This is twice the
value of the cross-section estimate (26). It may
reflect an inaccuracy in the estimate. On the
other hand, the rate constant k represents the
total destruction rate of Ne(3s, ) atoms in colli-
sions with helium ground-state atoms. It may in-
clude excitation transfer to levels other than the
3s levels. If such processes play an important
role, one would expect the total destruction cross
section to be greater than indicated by Eq. (26).
Afterglow experiments' '" appear to indicate that
energy may be transfered from Ne(3s, ) to a num-
ber of levels other than the 3s levels. Further
discussion of this problem is given in Sec. V.

Finally, we analyze the emissions from the reso-
nance state Ne('P, ). The data of Soldatov &f al.
show that the lowest excited states of neon are
populated primarily by cascading from the Ne(2P)
levels. Furthermore, the populations of Ne('P, )
and Ne('P, ) were found to be nearly equal and con-
siderably larger than those of Ne('P, ) and Ne('Po).
As in the case of pur e neon, the time dependence
of the emissions from Ne('P, ) reflects collisional
deexcitation to the lowest metastable state. It has
been shown by Phelps that two-body collision coef-
ficients in mixtures may be determined from a
linear superposition of these processes in the
pure gases. Thus,

He(z's) k Hc —Nc (kH~ P Hc + kN~ PN~ )/(PNc + PN~ ) (33)

FIG. 13. Rate diagram for excitation transfer in He-Ne
mixtures. Qmbols used: ~„-forward resonant trans-
fer, k„'-reverse resonant transfer, A.-spontaneous
emission, 4-collisional deexcitation of Ne(3s2) atoms
to other neon levels.

where k H, N, is the coefficient for the mixture,
and kH, and kN, are the coefficients for the pure
gases helium and neon, respectively. In the ex-
periment reported here, PH, » PN, , so that
k„, N, = k«. This expresses the fact that, since
Pu. » PN, , Ne('P, ) atoms are destroyed primarily
in collisions with helium ground-state atoms.
When measured as a function of neon partial pres-
sure, the quantity observed is k„,PN, .
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The two-body collision coefficient for the
Ne('P, )-to-Ne('P, ) transition in helium given by
Phelps is about 6.7x10' sec ' Torr. At helium
pressures of a few hundred Torr a large fraction
of Ne('P, ) atoms is therefore rapidly excited to
the Ne('P, ) level. This collisional excitation pre-
sumabl. y contributes to the initial buildup in inten-
sity of the emissions from Ne('P, ). From detailed
balancing, ' it follows that the deexcitation rate
from Ne('P, } to Ne(SP, ) is about 12.4 times as
large as the excitation rate. Therefore, in the
mixture, Ne('P, ) atoms should be destroyed at
the rate of about 8.3x10' sec '/Torr. Rate equa-
tions similar to those used in Appendix A, with
the omission of three-body terms, may be used to
analyze Ne('P, ) decay in helium. It is easily shown
[see Eq. (A10)] that the observed collisional deex-
citation corresponds to the sum of the coefficients
k „, „,('P, -'P, )+k„, ~„('P,-'P, ). Based on de-
tailed balancing, this is about 9&&10' sec '/Torr,
in excellent agreement with the measured value
given by Eq. (20).

V. SUMMARY AND DISCUSSION

The analysis of experimental data for neon has
shown that, at low pressures, atoms in the Ne('P, )
state are destroyed by the escape of resonance
radiation and by collisional deexcitation to the
Ne('P, ) level. The latter conclusion was based
on the time evolution of the emissions from the
two resonance states and on potential-energy
curve crossings. Atoms in the Ne('P, ) LeveL are
deexcited by the escape of resonance radiation,
by collision-induced transition to Ne('P, ), and by
three-body collisions involving two neon ground-
state atoms. Metastable Ne('P, ) atoms are de-
pleted by collisional excitation to the Ne('P, ) level
and by three-body collisions. The two-body coef-
ficient for Ne(~P, ) and two- and three-body colli-
sion. coefficients for Ne('P, ) were found to be in
good agreement with the results of Phelps. Based
upon measured decay rates, a model was con-
structed for the formation of excited neon mole-
cules. This model is consistent with theory. "
The three-body destruction rate of Ne('P, }atoms
is in quantitative agreement with the time evolu-
tion of the neon continuum emissions reported
previous ly. 3

Measurements of the vacuum-uv emissions from
He-Ne mixtures indicate that excited helium mo1.-
ecules play no ro1.e in the excitation of the 1.owest
excited states of neon. The analysis of time-re-
solved data has shown that some of the excitation
energy of the He(2'S) metastable is ultimately de-
posited in the Ne('P, ) and Ne('Po, ,) levels. Mea-
sured decay constants for He(2'S) and Ne('P, )

atoms are consistent with gas-discharge re-
sults""'" for excitation transfer from He(2 "S)
to the Ne(3s, ) laser level. However, more infor-
mation about energy transfers from Ne(3s, ) to
other neon levels woul. d be desirable. The data
analysis indicates that the destruction cross sec-
tion for Ne(38, ) may be twice as large as previous-
ly estimated. This analysis was based on the as-
sumption that the pressure dependence of lower
neon leve1s, for example the 2P states, follows
the pressure dependence of the Ne(3s, ) level. If
these lower levels are also collisionally excited
or deexcited so that new pressure dependencies
are introduced, the calculated value for the de-
struction of Ne(3s, ) atoms would be in error. A
further possibility is that excitation is transfered
from Ne(3s, ) to levels other than the Ne(3s. ..)
states. In this case, the total destruction cross
section for Ne(3s, ) should be greater than estimat-
ed by Massey et a/. " At present, there appear to
be no time-resolved studies to answer these ques-
tions. Nevertheless, the two-body collision coef-
ficient for Ne(3sm) atoms appears to be of the right
order of magnitude.

The experiment reported here gives no experi-
mental input about the triplet states of helium.
The rate equations for excitation transfer in
He-Ne mixtures are based on the experimental
observation" that the He(2 "S}level is decoupled
from the He(2'S) level. Furthermore, the low ex-
citation currents used in this experiment make
transitions between singlet and triplet populations
much less important than is the case in gas-dis-
charge studies. The tripl. et states should have al-
most no effect on the emissions.

Tables I and II summarize the reactions and rate
constants investigated in this work.
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APPENDIX A: DECAY CONSTANTS FOR Ne{ P,)
AND Ne{'p, ~

The rate equations (7) and (8) may be written as

(D+P, +k,P~, +k,P~, )R, =k,P&, M» (A1)

(D+k,Pg, +k,P„*, )M, =k,P~, B, , (A2)

where D =d/dt. The collision coefficients k, to k,
will be evaluated in terms of the experimentally
determined decay constants

~, =1.86 x10'+ 1.80x 10'P~, + 5.18P~, ,

r, =160P„, +0.40P',

The simultaneous equations (Al) and (A2) lead to



2512 LEICHN EH, COOK, AND LUERMAN 12

TABLE I. Measured two- and three-body rate con-
stants in neon (two-body rates in sec ~/Torr, three-
body rates in sec ~/Torrt).

TABLE II. Measured rate constants in high-pressure
He-Ne mixtures.

Reaction

Ne (P &) + Ne (~$ 0) Ne pP &) + Ne ( So)

Ne pP &) + Ne (~$ 0) Ne PP 2) + Ne ( S0)

Ne(P 2) + Ne(SO) Ne(P &) + Ne( So)

Ne (P &) + 2Ne ( $0) Ne2(0 „+) + Ne ( S0)

Ne(P&)+2Ne($0} —Ne~(1„)+ Ne($0)

Rate Constant

5.5x 10

1.8x 103

1.6x 10~

5.0

0.60

Reaction

He(2'S) + Ne( Sp) Ne( S&) + He(l'S)

Ne(P &) + He{1'S) Ne{SP~) + He(1'S)

Ne(P &) + He(l' S) Ne(P2) + He(1'S)

Rate Constant
(sec ~/Torr)

4.1x 105

1.1x 105

8.3x 103

(D +a,D+b, )R, =0,
with

(A3)

(A4)

(A5)

a, = p, + (k2 + k~)PN, + (k, + k, )PN.

b, = p, (k~+k, PN, )PN, + [k,k, +k, (k, +k,PN, )]PN, a, =(k, +k,)PN, +(k, +k, )PN,

b, = [k,k, +k, (k, +k,PN, )]PN, .
(A13)

(A14)

k, =12.4k, in Eq. (All). Within experimental er-
ror, this yields the same results. The above val-
ues of k, and k, are in good agreement with the
measurements of Phelps.

For pressures of the order of 1000 Torr, Eqs.
(A4) and (A5) may be approximated by

The solution of Eq. (A3) is

R,(t) =A,e "~'+A,e "2',

where A., and A., are constants, and where

= —'a, [1+(1 —4b, /a', )'

so that

(A6)

(A V)

Using (A8) and (A13), one has

k, +k, =[r, +r, —(k, +k~)PN, ]/P„,
where r, and r, now include the full pressure de-
pendence. Pressure is assumed to be high enough
so that P, is negligible compared with the pressure-
dependent terms of x, . Then

~x =~&+~a

I 1 2

(A8)

(A9)

The number of unknowns in Eqs. (A4) and (A5) may
be reduced by first considering the low-pressure
region. At sufficiently low neon pressures, the
three-body terms may be neglected, and we have

k, +k, =5.58, (A15)

in units of sec '/Torr'. The coefficients k, and

k, can be found by solving Eqs. (A9) and (A15) with

b, given by (A14). This results in k~ =5.0 sec '/
Torr' and k, =0.60 sec '/Torr'. The three-body
coefficient k, is in good agreement with the value
obtained by Phelps.

a, = P, + (ke + k, )PN,

From (A8) and (A10) it follows that

(A10) APPENDIX 8: DECAY CONSTANTS FOR He(2 S)
TO Ne( 3s2) EXCITATION TRANSFER

r,r, = p, k~P„, =(1.84x10')160PN, (A12)

k, +k, =(r,'+r,' —p, )/PN, =1.96x10' (A11)

in units of sec '/Torr. The quantities r,' and r,'
include only the terms that are linear in pressure
and the constant P, of the experimental values of
r, and r, , Next, we use Eq. (A9) and keep only
linear pressure terms in the product r,r, . That
is,

To find a solution of the coupled differential
equations (28) and (29), we write

(D+k„PN, )M, =k,'PH, R2,

[D+(k„'+k)P„, +A]R2 =k„PN, M, ,

(B1)

(S2)

where D =d/dt, k„=2.4x10', k„'=9.4x10' in units
of sec '/Torr. The quantity' is about 1.3x10'
sec '. Solving Eqs. (Bl) and (82) in terms of R„
we find

From the last two equations we obtain k2 = 1.8
x10' sec '/Torr and k4=160 sec '/Torr. Note
that k, /k, = 11.3, in reasonable agreement with
the value of 12.4 based on detailed balancing.
An alternate procedure for finding k, and k, is
to apply detailed balancing and to use the relation

(D'+a j) +b2)R~ =0,
with

a, =(k„'+k)P„, +k„P„, +A,

b, =(kP„, +A)k„P„,

(S3)

(~4)

(B5)
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Equation (Bs) has the solution

R, (t) =B,e ' +B,e

where

X, , =-',a, [1+(1 —4b, ja,')'"] . (B6)

sures. The square root in Eq. (BS) may therefore
be expanded with the result

A., =b, /a, .

As explained in the text, k„'» k. For He-Ne mix-
tures which satisfy P„, » PN, , we have a', » 5,
for sufficiently low and sufficiently high gas pres-

Substitution of Eqs. (B4) and (B5) in the last two
equations leads immediately to Eqs. (30) and (31)
given in the text.
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