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The many bands and continua of helium are reviewed, categorizing them by wavelength. Excited
helium clusters dissociate, producing ultraviolet light. The population mechanisms of these mole-
cules are deduced by using spectra, potentials, and the time evolution of excited atoms and mole-
cules. Quartet ion recombination is proposed as accounting for the second decay component in
low-energy afterglows. The roles of He," and helium clusters are identified. Data available in the
literature are used to calculate a lifetime of 0.55 nsec for the “metastable” state 4 '=7 at 700 Torr.
This lifetime gives a theoretical upper limit for the cross section for stimulated emission of 9X 1078
cm?. The feasibility of a helium dimer laser that operates at 825 A is assessed.

I. INTRODUCTION

During the 1920s and 1930s, ultraviolet bands and con-
tinua were discovered in helium discharges. In 1924, Ly-
man discovered a band at 600 A and later Hopfield found
a series of weaker bands at longer wavelengths associated
with this band. Then, in 1929 Hopfield discovered a con-
tinuum’? (1000-600 A) that was later to be named after
him. This ultraviolet light is generated by the photodis-
sociation of molecular helium. Variation of pressure,
temperature, and discharge method results in a wide
variety of spectra (Fig. 1). Such variability is indicative
of the complex decay channels, which are the subject of
this work.

Historically, three factors have motivated research into
these continua: (1) the helium discharge lamp is a cheap
and compact source of vacuum ultraviolet (VUV) radia-
tion, (2) information yielded about He, can be used to test
molecular theories, and (3) He, plays an important role in
the discharge kinetics of excimer lasers in which helium
is employed as a buffer gas. In the future, it may be pos-
sible to build a helium dimer laser that will generate
coherent radiation® at wavelengths inside the Hopfield
continuum. Similar dimer lasers have already been
developed for the heavier noble gases®® but at longer
wavelengths.

Proton-excited discharges, pulsed discharges, and dc
discharges all produce distinct spectra that originate
from different mechanisms. This work reviews the
current understanding of these reaction mechanisms and
proposes new mechanisms in the light of recent data and
discoveries. Sections II-V provide an analysis of the
main types of helium continua and bands, categorizing
them by wavelength. From the insights obtained about
the origins of these spectra regions, molecular lifetimes
are reduced in Sec. VI and are used to comment on the
feasibility of a helium dimer laser in Sec. VII.

IL. 600-A BAND

A pulsed beam of 4-MeV protons fired into helium at
100 Torr produces an afterglow (spectrum A in Fig. 1).°
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FIG. 1. Helium continua: A4, 100 Torr, proton excited (Ref.
6); B, 600 Torr, proton excited (Ref. 6); C, 77 K, molecular
beam (Ref. 3); D, 45 Torr, pulsed (Hopfield) (Ref. 60). E, 24
Torr pulsed (Hopfield) (Ref. 61); F, ac with no charging capaci-
tor (‘“uncondensed”) (Ref. 26); G, ac with charging capacitor
(“‘condensed”) (Ref. 26). Spectra F and G are from photographs
and have a nonlinear intensity scale. This figure was created by
digitizing original figures found in the references.
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Molecular-beam discharges® (spectrum C in Fig. 1) and
low-energy 3 mA dc discharges’ produce similar spectra.

The reaction mechanisms responsible for spectrum A4
are detailed in this section. The excited molecules that
photodissociate to generate this distribution of radiation
are identified, then the reactions that form these mole-
cules are discussed. It is proposed that two reaction
mechanism be required to describe adequately the forma-
tion of the excited molecules: association (proposed by
Mies and Laslett Smith® and recombination of quartet
ions (proposed in this paper).

Proton-beam excitation is unique among methods of
excitation because only a low power (a fraction of a watt)
is deposited in the helium. Further, the initial composi-
tion and energy of excited helium have been calculated;®
this has not been done for other sources. In contrast with
conventional lamps discussed in later sections, the gas
remains at room temperature and the concentration of
products is small.

The proton-excited spectrum results from the decay of
the highest vibrational levels, v=16,17 (Ref. 9)in 4 '}
to the ground state X E+ This transition obeys the
selection rule ungerade (u )<—>gerade (g).!° Solution of the
Schrodinger wave equation for these high vibrational lev-
els shows that the molecule has a high expectation value
at the extremes of the potential. The peak at 600 A origi-
nates from the extended molecule, while the small inter-
nuclear separation extreme is smeared over a large range
of wavelengths by the steep nature of the ground-state
potential at small separations There is little vibrational
relaxation as there is no significant radiation from the
lower vibrational levels. The peaks seen near 750 A in
this spectrum are generated by neon impurities.'!

Although the molecular levels generating this spec-
trum are known, the time evolution of the radiation indi-
cates that there are several processes involved in their
formation. This time evolution is illustrated in Fig. 2.
Bartell et al.® identified three components: first, second,
and fast. In the following parts of this section the pro-
cesses behind each will be deduced.
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FIG. 2. Time evolution of a proton-excited afterglow, show-
ing fast, first (association), and second (quartet-ion recombina-
tion) regions.
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A. First component— association process

Bartell er al.® have identified a process that will gen-
erate  this proton-excited spectrum: three-body
association —

slow

He(2'S)+2He — He+He,( 4

fast

— 3He+hv 2 pana - (1)

1Z,T,v =max)

The 4 'Z; molecule has a potential barrier of maximum
height of 0.05 eV at an internuclear separation of 3.1 AS
The Maxwellian distribution of velocities v,

32
—mv?

2kT

Zexp

P(v)=4rm , (2)

_m
2wkT
indicates that at room temperature (kT =0.025 eV) 34%
of atomic collisions have sufficient energy to form this
molecule. While the molecule is in a continuum state,
with an internuclear separation less than 3.1 A, a further
collision with a neutral atom may cause the molecule to
relax into a bound state.

Equation (1) indicates that there should be a relation-
ship between the population of the 2 'S state and the final
radiation. Since the decay rate of the 4 '3 molecule
(~0.55 nsec for v =0 at 700 Torr—see Sec. VI) is much
faster than the formation rate [~30000 nsec at 100
Torr—Egs. (1) and (3)] the formation of the 4 '3/ di-
mer is the rate-limiting step in the series of reactions that
produce the final radiation. If the dimer is formed by the
association process, characterized by Eq. (1), then the
amount of light produced is proportional to the concen-
tration of 2'S. Therefore it is reasonable to attribute to
the associative process the component of the radiation
that has the same decay rate as the 2 \S metastable atom.

The destruction rate of the metastable 2 'S atom, k,,,
measured in the same proton-beam apparatus used to

create this spectrum,'? is

k,, =220P+1.4P%, (3)

where P is in units of Torr. The first-order term may be
attributed to collision-induced radiative decay to the 1'S
state. Payne et al.'? suggest that the second-order pres-
sure term corresponds with the proposed three-body as-
sociation mechanism in Eq. (1).

Bartell ez al.® found that the 600-A band radiation-
decay curve (after an initial spike in intensity they called

the “fast component”) could be fitted by the expression

I,= A,exp(—k,t)+ A exp(—k,t) . (4)

The first and second terms of this equation refer to the
first and second components of the radlatlon respective-
ly. For the radiation measured at 601 A% the pressure
dependence of k; may be approximated by

k,=6380+382P+1.09P? . (5)

The similarity between the destruction rate for the
metastable atom [Eq. (3)] and for the 4 'S} molecule
[Eq. (5)], as illustrated in Fig. 3, and the favorable kinet-
ics of the association reaction at room temperature, are
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FIG. 3. Pressure dependence of the decay rate of 2 'S mea-
sured by Payne et al. (Ref. 12) (dashed) and of the first com-
ponent of the decay rate of the 4 '3 dimer as determined from
data in Bartell et al. (Ref. 6) (solid).

compelling evidence that the reaction mechanism for the
first component is association. The small discrepancy be-
tween the pressure dependence of the formation rate [Eq.
(3)] and of the radiation rate [Eq. (5)] may correspond to
the lifetime of the A '3 (v =max) molecule limiting the
radiation rate at higher pressures.

B. Second component— quartet-ion recombination

The second term in Eq. (4) is consistent with a separate
process that also produces vibrationally excited 4 'I}
molecules. At pressures below 100 Torr A4,, the
coefficient of the second process, is greater than 4,. This
indicates that the second process a significant source of
A 'S} molecules at low pressures. The decay rate of the
second process, k,, displays no pressure dependence but
shows a strong sensitivity to the initial energy of the
electron-ion pairs created by the proton beam. For in-
stance, when the initial energy per electron-ion pair drops
from 43.8 to 40.0 eV, the decay rate of the second process
at 200 Torr increases by 80% compared with only 10%
for the first. This energy sensitivity of the second pro-
cess is suggestive of electronic recombination, which de-
pends on the electron temperature among other factors.

The association process does not provide a plausible
explanation of the formation of this spectrum in a dc
discharge struck in the expanding jet of a molecular beam
with its nozzle cooled to 77 K.> The average energy of
the atoms in this beam is <<0.007 eV. The 0.05-eV po-
tential barrier would make the formation of the dimer by
association less likely at lower temperatures, yet Baldwin
et al. found that there is six times more radiation at 77 K
than at room temperature.

This evidence suggests a second mechanism; general
principles may be invoked to aid in its identification. To
generate a spectrum of this shape this second mechanism
must exclusively populate the high vibrational levels of
A 'S} (as was the case for the association mechanism).
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Expressed in terms of the Franck-Condon principle, this
means that the radial wave function of the parent mole-
cule must have significant spatial overlap with the high
rather than the low vibrational levels. Knowledge of the
association process (Sec. II A) adds further constraints.
The association process depletes the population of the
2'S atoms, and thus this species is not involved. Other
metastable and resonantly trapped atoms are too low in
energy or of too short a lifetime to form the molecule
directly. These considerations will be used to eliminate
molecular neutrals and doublet ions as parent molecules.

A vibrationally excited X *2; ground state of He, " is
a potential parent molecule, but may be ruled out for
these two reasons: (1) the ion does not remain in high vi-
brational states but instead undergoes rapid vibrational
relaxation to the ground state v =0 (Ref. 13), recombin-
ing to become the lower vibrational states of the 4 'S
molecule (as described in the Sec. V), and (2) the high vi-
brational states of the ion do not have sufficiently similar
radial wave functions to fill the upper states of 4 'S ex-
clusively. This is because the potentials themselves are
considerably different at their respective high vibrational
levels, due to the lack of a potential barrier for the ion
state!!® such as that found with the molecular state.’
The highest vibrational state of the ion is v =22 (Ref. 16)
with radial extent 0.78 to >4 A (Ref. 15), while the
highest vibrational state of the molecule is v =17 with a
radial extent of 0.73-3.1 A.°

The X 3 state is not involved in the formation of
these vibrationally excited levels of the 4 'S, molecule.
This raises an ion deficiency problem. The elimination of
the X 2= state’s role in the production of this spectrum,
in conjunction with the absence of the radiation from the
low vibrational 1ev§:ls normally produced by this state (a
broad peak at 825 A, see Sec. V), imply the absence of the
X 2=} molecule. Since X *Z is formed in the afterglows
from the reaction of neutrals with atomic ions [Eq. (13)],
the absence of this molecule implies the absence of the
atomic ions. This is contrary to the prediction that atom-
ic ions are a major product of these proton beams.® Any
explanation of the second process must also account for
the absence of these atomic ions.

There are no doublet states!” observed or predicted ly-
ing above the X *= that are sufficiently similar to the
A '3} state to fill this vibrational level exclusively.

The metastable quartet state X ‘S was identified'®
when two separate molecular-ion drift velocities were
discovered.!”” The quartet state is metastable because
transition from X ‘3 to 4 22; or X ?X} (the only ion
states of lower energy) breaks the selection rule: quartet
-+ doublet. This ion, consisting of He' and He 235, is
faster than the X 23 ion, which consists of He* and He
118, because the latter undergoes resonant collisions as it
drifts through the He 1!S. This quartet state was ob-
served to be the exclusive product of low-power, narrow-
pulsewidth discharges.’” The slower X232, could only
appear if sufficient time were allowed for decay of the
X %3 state. As there is no potential barrier preventing
formation of the quartet state, this dimer may be formed
by simply multibody thermal collisions of ions with 2 3S:
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He+He' +He(23S)—He,"(X*3})+He . (6)

Recombination of this quartet-ion state can produce
the 100-Torr proton beam spectrum A. In the highest vi-
brational level this bound particle has internuclear sepa-
rations ranging from 2.3 to 8.4 A and will recombine to
the high vibrational levels of the 4 'S state at radius of
23-3.1A (Fig. 4). This range of overlap explains the ex-
clusive population of states having a large radial extent.
Because the quartet ion is a product of these low-energy
afterglows and recombines to produce this radiation, it
merits consideration for the second process.

The metastable 2 3S atoms act as a sink for helium ions,
solving the ion deficiency problem. Quartet-ion forma-
tion [Eq. (6)] competes successfully with neutral atoms
that would otherwise form the ground ion X 23 state.
This is why this process is observed to the exclusion of
other processes that would produce radiation from the
lower vibrational levels—the Hopfield continua.

The confirmed existence of the quartet state in the aft-
erglow, the lack of Hopfield radiation indicating the ab-
sence of the ground-state molecular ion, the overlap of
the radial extents of this quartet potential with the
A 'S} potential leading to the population of the ob-
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FIG. 4. Potential-energy curves of various electronic states of
He, and He,". The fine horizontal lines indicate the radial ex-
tent of the topmost vibrational levels of the various potentials.
At this scale the potential barrier of the 4 'S} state (0.05 eV) is
not seen. The shaded region shows the possible energy and ra-
dial extent of the potential that by decaying to the 4 2=/ state
would generate the 1050-4000- A continuum. Source (top to
bottom), Refs. 18, 14, 16, 16, and 62.
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served levels, the height of the potential barrier of the
A '3} state making the association insignificant at 77 K,
and the evidence of a second mechanism dependent on
recombination all support the hypothesis that the second
process is recombination of the quartet state.

Having established association and quartet recombina-
tion as the mechanisms producing this spectrum it is pos-
sible to derive information about the lifetimes of 4 '}
dimers from the pressure dependence of this spectrum.
Both these mechanisms initially form 4 '=} in high vi-
brational states. Thus the spectral distribution at 600
Torr (spectrum B in Fig. 1) showing radiation from lower
vibrational levels is evidence of vibrational relaxation.
The lifetime of the high vibrational levels of this molecule
determines whether the state vibrationally relaxes or de-
cays to the ground state X 12;. At 100 Torr, decay
occurs before vibrational relaxation, while at 600 Torr
there is relaxation before decay. This means that the de-
cay rate of the molecule in the high vibrational states
does not increase with pressure as much the vibrational
relaxation rate.

C. Fast component

The fast component of the proton spectra is described
by Bartell et al.® At 203 Torr the fast component has a
decay rate of 7.2X10° sec™! as opposed to 0.12X10°
sec”! for the first (associative) component—some 60
times faster. The fast component has a spectral range of
950-630 A. This indicates that the fast radiation origi-
nates from the lower vibrational levels of 4 !=} and not
from the D 'S state, as proposed by Bartell et al.® The
v =0 level in D 13 ¥ radiates as a smooth peak principall
within a range of wavelengths from 740 to 600 A (675 A
feature on the 24-Torr spectrum E in Fig. 1 and Ref. 20)
and cannot account for the 950-A radiation. The ratio of
intensity of the fast component to the other components
is constant with pressure and wavelengths from 660 to
950 A.% As the explanation of Bartell et al. has been the
only one proffered, the reaction mechanism responsible
for generating the fast component of the spectra, there-
fore, is as yet unknown. Two hypotheses as to the origin
of the fast component merit consideration: (1) the fast
component results from different conditions in the early
afterglow, (2) the fast component is caused by the decay
of the B 'T1; molecule.

At the beginning of the afterglow there may be a
sufficient concentration of electrons for the process of su-
perelastic collisions to become significant. This effect was
illustrated by Lawler et al.?! who measured a much
higher the decay rate of the 2 'S state in a pulsed electri-
cal discharge than that found in the late afterglow of a
proton-beam apparatus'? (Fig. 5). The decay rate of the
fast component coincides with the higher decay rate of
the 2 'S state. It might be possible that in the fast com-
ponent the 4 'S} is formed by association [Eq. (1)] its
decay rate reflecting the rapid decay rate of the 2 'S state,
and is spectral extent speculatively explained by vibra-
tional relaxation of the high vibrational levels (corre-
sponding with the shorter wavelength radiation) by elec-
trons. This hypothesis is refuted by the unperturbed level
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FIG. 5. Pressure dependence of decay rates: squares denote
2!S in a pulsed discharge (Ref. 21), wedges denote 2P* in a
pulsed discharge (Ref. 21), and circles denote fast component of
dimer decay in proton-excited helim (measured from data pro-
vided in Ref. 6). The solid curve is the decay rate of 2 'S mea-
sured in proton beam apparatus (Ref. 12) (also shown in Fig. 2).

of radiation from the higher vibrational levels during the
time of the fast component. Firstly, this indicates that
there is not a period of enhanced 2 'S decay, and second-
ly, these high vibrational levels are not destroyed by the
supposed high concentration of electrons. Instead, the
fast component appears to be a superaddition from a pro-
cess not involving 2's.

The B H+ state may be formed by association of neu-
tral atoms w1th the 2 'P state (helium atoms). The selec-
tion rules allow this to decay the 4 '3 state and thereby
create the fast component. The fixed ratio of 2'S to 2 !P
created by the proton beam® would explain the fixed ratio
of intensities of the fast and slower components.

This process also explains “prompt molecular emis-
sion” in conventional pulsed lamps described by Villarejo
et al.? In the initial excitation pulse, there is emission
within the same wavelength regions of the fast com-
ponent. Disturbingly, as Villarejo et al. noted, there is
insufficient time to form the X 2=, dimer ions that would
normally account for this radiation (see Sec. V). Associa-
tion of 2 'P atoms during the excitation pulse would pro-
vide a plausible explanation of this phenomenon.

In summary, the quartet state of the ion recombines to
form the high vibrational level of the 4 '3} state, which
in turn decays to the ground state yielding this particular
spectrum. The existence of the quartet channel in addi-
tion to the association channel accounts for a two-term
decay-rate equation. The quartet channel could also ex-
plain the production of this spectrum by molecular beams
in which the number of collisions and temperature would
make the association unlikely on kinetic grounds. The
formation of excited dimer ions by association of ions and
metastable atoms may explain the absence of Hopfield
continuum with this spectrum, even though atomic ions
are produced by the proton beam.

PETER C. HILL
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III. 600-700-A BAND SERIES
AND 2100-6100-A CONTINUUM

When the 600-A band, discussed in the Sec. II, was in-
vestigated with high-resolution spectrometers, it was
found to be the most intense and narrowest of a series of
14 or more bands stretching to longer-wavelength regions
(F in Fig. 1). In this section, a nexus will be established
between this band series and a broad continuum, the va-
lidity of which rests on the interpretation of the origins of
this band series.

In the literature two explanations have been advanced
for this band series: (1) the band series represents nodes
in the wave function of the highest vibrational level,”®
and (2) the band series is the result of radiation from suc-
cessive vibrational levels.® These explanations are not
mutually exclusive.

The generation of this band series by a single vibration-
al level —the first hypothesis—places a number of con-
straints upon the position and relative intensity of these
bands.

(1) The spectra must be calculable using the ground-
and excited-state potentials.

(2) Since the wave functions are not affected by
discharge conditions, the relative intensity of successive
bands must likewise be constant under varying condi-
tions. Minor variations may be argued for by reference
to the effect of different populations of rotational levels.

(3) Since the wave function increases at the extremes of
the bound potential, and the ground-state potential flat-
tens at larger internuclear distances, the shortest-
wavelength band should have the greatest intensity.

In fact, the first peak at 600 A can be one-sixth of the
intensity of the second at 601 A.7 This is accounted for
in Sando’s’ simulation by a hybrid of the two
explanations—using the two uppermost, quasibound, lev-
els. The topmost v =17 level causes the 600- A peak; this
level can dissociate, explaining the weaker intensity of
this peak. The v =16 level causes the 601 A peak and
subsequent bands result from nodes in its wave function.
Sando explains the filling of these levels by free-free radi-
ative emission.?* .

The proposition that the 600-A band series is the result
of radiation from a series of vibrational levels—the
second hypothe51s—was semiquantitatively described by
Tanaka and Yoshino.”> They map the position of the
maxima onto the location of vibrational levels in the
A '3} state. In support of this proposition, the first
seven absorption bands, which correspond to transitions
of the ground state to the upper state, were found to coin-
cide with the band peaks. The energy shifts between the
emission and absorption spectra are semiquantitatively
explained by consideration of the position of the maxima
in the upper state in relation to the ground-state wave
function of energy kT.

Perhaps the most compelling evidence that the bands
between 600 and 700 A originate from different vibration-
al levels is their apparent freedom from constraints (2)
and (3), as shown in Table I. There is no agreement be-
tween experiment and the theoretical results. In particu-
lar, the band-to-band variability of the 20-K experimental
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result (produced by an electron beam incident on
superfluid helium?®), shows no indication of being gen-
erated by the projection of a single vibrational state onto
a smooth ground-state potential. Further, the absence of
the first three bands may indicate that these levels are not
formed at all, rather than being formed and then ab-
sorbed by the intervening gas, as was proposed by Stock-
ton et al.?® The work of Tanaka and Yoshino?’ shows
that the absorption bands in this region are not
sufficiently broad to block out this radiation.

The validity of the second hypothesis, that this spec-
trum is generated from a distribution of vibrational lev-
els, is pivotal to an explanation of the visible continuum
which is found to accompany this spectrum. If a cluster
dissociates to form a 4 '3} dimer, it will fill a distribu-
tion of levels consistent with its range of internuclear sep-
arations upon fragmentation, which is likely to be
different from that of a higher dimer level. Thus the gen-
eration of this spectrum from a distribution of states—
hypothesis 2—is a necessary precondition for a reaction
that creates this spectrum by clusters populating the
A '2 state. Evidence for such a reaction is presented in
the remaining part of this section.

In 1958 Tanaka et al.?® reported the spectrum F seen
in Fig. 1. An ac power supply for a commercial sign,
with no charging capacitor (denoted as “uncondensed”),
was used. This spectrum has been produced in dc
discharges at room and liquid-nitrogen temperatures’ and
by bombarding superfluid helium at 20 K with elec-
trons.?> The band intensity in the spectrum of Tanaka
et al. has been shown to increase with pressure up to 60
Torr.?” The intensity of the band may still increase at
higher pressures; however, this was not determined due
to deterioration of discharge conditions.

The only molecular bands observed in the spectrum of
Tanaka et al. were weak triplet bands; these are not
directly involved in the singlet cascades which result in
vuv radiation from the singlet 4 'T} state. Further,
these bands diminished with increasing pressure, con-
trary to the trend of the vuv radiation. This indicates
that this spectrum is not generated by the decay of higher
dimer neutral and ion states to the A4 1}3: state, as such
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transitions would produce molecular band radiation.

This lack of dimer cascade also eliminates a possible
explanation of the 825-A peak —that arises from the
v =0 level of the 4 'S state—found in this spectrum
(see Sec. V). If dimers in higher electronic states do not
decay to fill the v =0 level, can the top level of the 4 '=}
state (formed by the processes described in Sec. II) fill the
lower levels by vibrational relaxation? Examination of
the 100- and 600-Torr proton-excited spectra (discussed
in Sec. II B, spectra 4 and B in Fig. 1) reveals that the
answer to this question is no. The fact that there is little
vibrational relaxation in the 100-Torr spectrum renders it
unlikely that there would be relaxation in the spectrum of
Tanaka et al.’s taken at pressures between 5 and 60 Torr,
the relative band intensities remaining constant over this
range. Even if there were relaxation, one would expect
the high vibrational levels to be depleted, as is illustrated
by the absence of these levels in the 600-Torr spectra. On
the contrary, in the spectrum of Tanaka et al’s the
highest band has the strongest intensity.

As both the cascade from higher dimer states and vi-
brational relaxation have been eliminated as viable ex-
planations of the 825-A feature, a further explanation is
required. The process for the band series hypothesized in
this paper also accounts for the filling of these lower vi-
brational levels.

The mechanism responsible for the band series is re-
vealed by examination of an apparent by-product: a
weak continuum stretching from the visible 6100 to
~2100 A (Ref. 27) observed in conjunction with the
600-700-A band series. The vuv and visible continua
both increased with pressure. The 2100-A radiation (5.9
eV) is consistent with transitions from the highest vibra-
tional levels of molecules corresponding to atoms with
large principle quantum numbers to the lowest levels in
the 4 '3} state.

The existence of this continuum implies that the inter-
mediate species is multibody, most probably Hej.
Balasubramanian et al.'> have recently treated theoreti-
cally He;*, an ionic species known to exist in discharges.
It was determined to be the major ionic species at 82 K.28
This cluster can be used to illustrate the process that

TABLE I. Intensity ratios of successive peaks in the 600-700 A series (e.g., spectrum F in Fig. 1).
The ratio of successive peaks is given in order to minimize the effects of spectrometer functions.

Intensity ratios

Peak Experimental Experimental Theoretical

ratios (300 K)* (20 K)° (300 K)*
601/600 1.149 >1 0.83
602/601 0.260 >1 0.30
605/602 0.500 >1 0.30
608/605 0.577 0.76 0.50
613/608 0.626 0.92 0.51
619/613 0.723 0.56 0.61
627/619 0.79 0.57

2Reference 27.
YReference 25.
‘Reference 24.
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leads simultaneously to this continuum and band series:
He;"(*3))+e—Hey(4 'S} )+He+hv
He,( 4

6100-2100 A *
(7)

'S5 —>He+He+hv 10004 -

The mean bond length of the cluster ion is 1.239 A.!S
The Franck-Condon principle implies that this cluster
would dissociate over a range of internuclear separations
populating the lower vibrational levels of the dimer. The
visible radiation is Hopfield-style continuum subsisting
inside another—only the former contains more bodies.

IV. 1050-4000-A CONTINUUM

Huffmann et al.?® observed a broad continuum stretch-

ing from the visible to 1500 A (8.3 eV) and thereafter rap-
idly reducing in intensity down to 1050 A (11.8 eV). In
their experiment a lamp was connected to a dc power
supply in parallel with a capacitor which charged up to
the lamp breakdown voltage and then discharged
through the lamp. The continuum began at pressures of
150 Torr; although the Hopfield dimer continuum (Sec.
VI) occurred with it, by about 200 Torr, the broad con-
tinuum was much stronger. The optimum operating
pressure was 800 Torr. Since the repetition rate dimin-
ished with pressure the optimum pulse brightness may be
at still higher pressures.

The existence of a continuum implies that some of the
energy of decay is lost into fragments; therefore the
species involved is multibody. The energy associated
with a 1050-A photon is too great to be that from a tran-
sition between the excited levels of the dimer (<6 V) un-
like the scenario for the 2100-6100-A continuum in the
Sec. III.

Huffman et al., attributed this continuum to levels in
He," on the basis of the high concentration of He™, de-
duced from the broadening of He II radiation. They not-
ed that information about the levels of He2+, then una-
vailable, would help in the identification of the likely re-
action mechanism. Despite considerable progress in this
area since the publication of their paper in 1960, there is
still no clear explanation of this spectrum.

X 22; states of He, ' have been accurately mapped us-
ing information gained from scattering experiments.!’
The X 23} bound ground state is also accurately
known.'® It can be concluded from the value of these po-
tentials (see Fig. 4) that the bound-bound g —u transi-
tions are too great in energy (19 eV) to account for this
radiation. A transition to the unbounded ground A4 *X;
(see Fig. 4) state from an excited X 2= state could gen-
erate such a continuum. To date there are no calcula-
tions or measurements of excited X 23] states in helium
molecular ions. However, there are calculations for
heavier elements, briefly reviewed by Krauss and Mies,*
indicating that these excited X 22 states are bound. En-
ergy considerations dictate the radial extent of any bound
state (including cluster ions) dissociating into this poten-
tial, to be within the shaded region of Fig. 4.

When Bogdanova et al.’! bombarded helium impreg-
nated metal with electrons they discovered He,** ions of
lifetime at zero pressure of 170+20 nsec. Although they
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calculated the ion’s formation energy to be 44=+2 eV, this
result must be questioned as the energy of the decay
products—an ion (24.59 eV) and a 33D (23.0 eV) or a
43D atom—is greater than 46 eV. The decay to these
triplet atomic states indicates that the ion is a quartet
state lying above and perhaps crossing the quartet poten-
tials that dissociate to these triplet atoms. Being a quar-
tet state it can only decay to the ground quartet state
(Sec. IIB) and thus could not generate this spectrum.
This analysis is consistent with the failure to observe this
continuum in their experiment.

Hez2+ appears to be an alternative explanation of this
spectrum. The high density of He Il radiation signifies
the high densities of the double ions. The ground state of
He,?" is bound between approx1mately 0.5 and 1.0 A and
could not produce such a continua.!” Yagisawa er al.’?
have calculated the first 11 excited states of He,?", none
of which is capable of generating this radiation.

Trimer and heavier cluster ions are also possible candi-
dates. At room temperature and 800 Torr, 4% of cluster
ions are trimers. This percentage, proportional to pres-
sure, is an extrapolation from work by Gusinov et al.>
Information about He;** and ungerade He,"* would
help in the identification of a likely reaction mechanism.

Note added in proof. Blint** has calculated 23, poten-
tials for He;". The first excited 23, state has its first vi-
brational level at an energy of approximately 48 eV with
a radial extent consistent with the shaded region of Fig.
4. 1 am presently attempting to confirm whether or not
this molecule produces this spectrum on decay to the

2).‘.+ state by simulating the spectrum.

V. 600-1000-A HOPFIELD CONTINUUM

A pulsed discharge is the mostly widely used method
of producing the Hopfield continuum (D, E, and G in Fig.
1). It attains a claimed 1% efficiency in converting elec-
tric energy to vuv light in the afterglow (700 Torr, 15
keV, 20 ka, 10-nsec pulse).>> This high efficiency makes
this process a prime candidate for a vuv dimer laser. In
this section the important states and mechanisms in-
volved in the formation of the spectrum are reviewed and
the contribution of metastable states discussed.

A. Photodissociating molecules

The Hopfield continuum is caused by the decay of the
first four vibrational states of 4!'3] and D 'S to the
ground state X 12;.20 The contribution of the D 'S} de-
creases steadily with pressure until by 100 Torr it is not
observed. The relative populations of the vibrational lev-
els are to high in energy to be thermal; rather they are
the result of the recombination of molecular ions.

B. Molecular ions

To analyze the lifetime of the dimers and to achieve
efficient light sources it is important to understand the
process leading to the formation of these radiating states.
The sequence of events occurring in the afterglow is for-
mation of He, "X 2=}, vibrational relaxation to the v =0
level, recombination, and then cascade to the 4 '3 and
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D 12;’ states. The molecular ion may be formed by a
number of processes, including the association of neutral
atoms with excited atoms, and the association of neutral
atoms with ions.

If an excited helium atom has a principle quantum
number n > 3 then the reaction, known as the Hornbeck-
Molnar>® process is exothermic:

He*+He—Hej(v=n) . (8)

This reaction involves the crossing of the potential in-
volving the excited atom with the X 22 (Ref. 37) ion po-
tential leaving the ion in the vibrational level of the cross-
ing. Its subsequent relaxation [Eqgs. (10) and (11)] ac-
counts for the extremely large atomic cross sections for
this process; the 3 3D state, for instance, has a cross sec-
tion of 1.4 X107 !° cm? .8

Multibody formation by direct combination of a heli-
um ion with ground-state atoms has been investigated by
Russell:*

He" +He+He—He; " —He, [X 22, (v =max)]+He .
9)

This process has been measured by observing the change
in ion-drift velocity upon the formation of the molecular
ion. The reaction has been established as the major
method of molecular ion production.** This reaction is
three body, proceeding twice as fast at liquid-nitrogen
temperatures as at room temperature and has a measured
rate of k=1.10(z/300)"%*X1073" cm®sec™'.%° The
crucial aspect of this reaction is that it does not generate
any ultraviolet light in the hot plasma conditions of an
ordinary dc discharge; for this it is necessary to use the
afterglow of a pulsed discharge. At some step, the series
of reactions that generate the excited dimer breaks down,
eliminating the radiation. The dimer itself can survive to
radiate in the hot plasma, as evidenced by the prompt
molecular emission discussed in Sec. II C.

Once He, " is formed it rapidly relaxes to the v =0 lev-
el. This is facilitated by the overlap of this potential with
a large number of molecular potentials'® allowing a cycle
of autoionization

He,*(v =n)—He,"(v=n—1)+e (10)
and recombination
He,"(v=n—1)+e+e—He,*(v =n—1)+e (11)

to proceed. The electron remains in a high Rydberg state
and can be autoionized by a vibrational quantum, result-
ing in rapid vibrational relaxation of He,'. The ion’s vi-
brational relaxation rates have been measured to be five
times faster than gas collisions, which also relax the mol-
ecule. As recombination and the cascade to the radiating
states contain the rate-limiting step, this process will be
dealt with in Sec. VI.

C. Role of metastable atoms and molecules

Metastable atoms are important in determining the ki-
netics of the afterglow; they can modify the electron-
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energy distribution by superelastic collisions.*! They can
form dimers through neutral collisions and can generate
ions through metastable-metastable—atom collisions.
Further, they can react with atomic ions to form excited
dimer ions (Sec. II). Finally, metastable atoms them-
selves may be formed by the dissociation of dimers and
dimer ions. With so many potential reactions, interpreta-
tion of the time evolution of metastable-atom populations
is difficult. The significant factor in this discussion of
metastable atoms is the extent to which they couple to
the final radiation. Radiation trapping adds further com-
plexity owing to the fact that it enhances the population
of resonant states so that they also appear to have meta-
stable lifetimes.

Section II B illustrated a reaction in which metastable
2 'S molecules reacted with neutral atoms. Another ex-
ample involving 23S (Ref. 42) is

He(2°S)+nHe—He,(a >3] )+(n —1)He . (12)

This forms an ungerade dimer which is precluded from
radiating to the ground state by its parity. Even though
this reaction is in strong reverse equilibrium, reaction of
the product with impurities or  metastable-
metastable—atom collisions [Eq. (14)] serves as a sink for
He(2*S) and may explain the decay rate of He(23S) ob-
served by Horiguchi et al.** The height of the potential
bar{tiser for this reaction has been calculated to be 0.08
eV.

The populations of 2 'S and 23S are coupled in condi-
tions of high electron density by a weak spin-exchange re-
action discovered by Phelps**,

He(2!S)+e—>He(22S)+e , (13)
who determined its rate to be 3.5X 1077 cm3sec ™.
Metastable-metastable—atom reactions,
He*+He*+nHe—Het +nHe+e , (14)

have been found by Biondi*® to have a rate of 4X107°
cm®sec”!. Such reactions are important as they couple
the metastable-atom population to species that eventually
create the Hopfield radiation, and also provide an ex-
planation for the decay of a®3}.* In low-pressure
discharges*® the electron population almost doubles after
the termination of the pulse due to this mechanism.
Hirabayashi et al. deduce an increase by a factor of 12 in
electron population.*’ Trace impurities are found to be
critical to the rate of metastable-atom conversion.

The formation of metastable atoms may be achieved by
one of two processes. (1) Metastable atoms from excited
atoms: Collisional-radiative recombination theory de-
scribes the atomic recombination and the Saha-
Boltzmann equation*’ in the radiative regime*® describes
the cascade to the metastable atom. (2) Metastable atoms
from excited dimers: this process becomes significant at
higher pressures.

An important result from the analysis of the first pro-
cess is that in the afterglow the electron temperature rap-
idly falls to the ambient temperature of the gas.*® Con-
trolling the operating temperature of the lamp will deter-
mine the electron-energy distribution in afterglows.
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The second process constitutes a significant dimer loss
channel. Generation of excited helium atoms associated
with the recombination of He,* has been observed.*
The atomic 10 830-A radiation from the 2P to 2 2S tran-
sition has an anomalous decay curve in that it follows
that of the helium molecules. The following reaction has
been proposed™ for the generation of 2 3P:

He+He,"—He,; ",
He,* +e—He(23P)+2He , (15)

He(2°P)—>He(2°S)+hv 540 4 -

This is one example of a class of possible reactions called
Rydberg dissociative recombination, in which recombina-
tion can occur at different stages. This reaction is only
feasible for Hey molecules with energy greater than the
dissociation products.

In summary, the concentration of metastable and other
species in the afterglow will determine which of many
complex reaction paths will dominate, and whether the
presence of metastable atoms will impede or enhance the
final radiation.

VI. LIFETIMES

Any comment on the feasibility of a helium dimer laser
relies upon an understanding of molecular lifetimes.
Firstly, the lifetime of the upper state bears on issues
within the lasing process itself, such as cross section,
competing mechanisms, and laser design. Secondly, the
lifetimes of processes that lead to the upper state deter-
mine which method of excitation most effectively fills this
state.

The lifetime of the metastable 4 '3 state at 700 Torr
(Ref. 51) 0.55 nsec. This is calculated from

I o1 kN , (16)
where N is the population of A4 12: =6.1X10" cm™3, «
is the rate, and the photon density is I=1.1X10?!
photons/cm®sec. The decay rate may be influenced by
the electron and neutral density and thus may be slower
at lower pressures. Measurements of the intensity and
population, similar to those made by Stevefelt et al.,’! are
required at different pressures to determine the pressure
dependence and the natural lifetime. 0.55 nsec is a lower
limit of the natural lifetime of this molecule. Lifetimes
for other noble gas dimers, at pressures > 100 Torr are for
Ar,, 2.9 usec; Kr,, 265 nsec; and Xe,, 100 nsec.>?

Gand et al.*® show that, in the operation of a conven-
tional pulsed source, the higher pressures achieve
brighter peak intensities and thus greater population of
the upper state. Consequently, the 700-Torr value of the
lifetime is relevant to the operation of lasers.

For a lasing process it is critical to utilize the method
that achieves a large population of the upper state. The
level before the rate-limiting step in a cascade will have
the largest population. Nonexponential recombination
rates lead to complex evolution of populations in the aft-
erglow radiation. To date that has been no completely
successful quantitative description of this time evolution.
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What follows is a qualitative description.

In a high-energy pulse the high concentrations of elec-
trons and metastable atoms lead to the reactions and the
Hopfield radiation described in Sec. V. The reactions and
periods described for a low-energy pulse in Sec. II are no
longer appropriate. The decay curves of a high-energy
pulse afterglow contain three regions: deadtime,
molecular-decay limited, and recombination limited. The
extents of these regions depend upon competition be-
tween mechanisms in varying discharge conditions.

There are two mechanisms of recombination: col-
lisional

He," +e+e—He}(low electronic states)+e , (17)

and radiative,

He," +e—He?(high electronic states) . (18)

The two mechanisms are not distinct and are best de-
scribed by a hybrid theory, ‘“collisional-radiative recom-
bination.”** This theory is embodied in the experimental
value for the recombination rate by Deloche et al.:>*

acg=[a,+k,(He)]T *+k,(e)T 7, (19)

where acr is the rate of combination, a,<5X107!°
cm®sec” !, k;=5+1X10"% cm®sec™!, k,=4.0+0.5"2°
cmfsec™!, and T=T,/293 K. x=1%1, while
y=4.0£0.5.

Collisional recombination occurs more rapidly at low
electron temperatures. Increasing the density of elec-
trons will significantly increase the intensity of the initial
radiation. Most importantly, collisional recombination
tends to form the lower electronic states, namely, 4 12:.
This offers two advantages.

(1) At sufficiently high electron densities the recom-
bination rate is faster than the intermediate states decay
rate. By circumventing these slower steps a higher peak
intensity and a higher population of the 4 '3} state can
be achieved.

(2) There are fewer losses to dissociative or other re-
action channels.

When the electron density reduces, radiative recom-
bination is the dominant reaction and the molecular ion
forms higher excited states. The decay tends to take a
u —g—u path to the 4 '3 state, while in these states
the molecules may dissociate. In these conditions some
70% of dimers are calculated®* to dissociate without gen-
erating the Hopfield continuum.

This path produces the molecular bands observed in
the visible region. Initially, the molecular band decay
rate is less than the uv radiation’! because the molecular
bands do not include radiation from the collisional path.
While the recombination rate is faster than the decay rate
of intermediate molecular states, the latter is the rate-
limiting step. This corresponds to the intermediate decay
region where the decay rate departs from the recombina-
tion rate.
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Ultimately, the recombination rate will become slower
than the molecular radiation rate. Once more, recom-
bination will be the rate-limiting step.

Using data from Gand et al.’° and Huffman et al.,> it
may be induced that the product of the pressure and the
time required to reach a maximum intensity of 800- A
light is constant over a pressure range of 44—700 Torr,

Pr=5.401+0.20X 1075 Torrs . (20)

This may be interpreted as the time required for the
electron-energy distribution to decrease to a point which
permits molecular recombination to commence.

The significance of the recombination of the molecular
ion in the production of the dimer is demonstrated by the
phenomenon of dead time. Huffmann et al.’> observed
that at 44 Torr, regardless of intensity, there was a 20-ns
dead time between the excitation pulse and the com-
mencement of the afterglow. Observation of He 2'S
shows that at 50 Torr (Ref. 43) it monotonically decays
over 20 nsec. A plausible explanation for these phenome-
na is as follows. At this gas pressure the He 2 'S under-
goes superelastic collisions with electrons, maintaining a
high electron temperature which in turn prevents the
recombination of the molecular ion until the population
of He 2 'S is depleted. The cross section for superelastic
collision at 300 K has been measured to be 3X 107 !4

m2.4

Analysis of lifetimes is crucial to laser design. For the
design involving molecular beams described by Baldwin
et al.’ a lifetime with the highest vibrational level of the
A 'S} state of the order of milliseconds would be re-
quired for it to survive for a reasonable gain length. Con-
sidering other laser schemes, the efficiency of collisional
recombination, together with the short lifetime of the di-
mer, heighten the importance of achieving an intense
pulse with a high electron density.

VII. FEASIBILITY OF A HELIUM
DIMER LASER

A population inversion between the excited states (life-
time 5>< 10710 gec) and unbound ground state (lifetime
10~ '* sec) makes it possible to build a helium dimer laser
that will produce tunable radiation in the region of 800
A. This region is already accessed by tripling and other
four-wave sum-mixing technique using gases as a non-
linear medium. The efficiency of such conversions is at
best 1X107%3¢ Free-electron lasers and optical klyst-
rons’’ are other areas that will, in time, produce coherent
light at these wavelengths.

The equation determining the gain criterion’ is

)\.4

=—2 _=9x107 ¥ cm?, QD
8mrc AN

O atom

where A is the wavelength (825 ;\), o is the cross section
for stimulated mission, 7 is the natural lifetime (> 0.55
nsec), and AA is the width of the transition; in this case,
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125 A is on the basis of the spectrum of Gand et al.’*

The value 9X 10~ ¥ cm? is the maximum value of the
cross section for stimulated emission. This compares
favorably with the cross section for Ar, of 1X 10717 cm?
in which laser action has been demonstrated (60 atm at
1260 A, the end mirrors having 5% reflectivity?). Dimer
lasers have already been achieved in argon and xenon, the
major problems being radiation damage to the optics.

The cross section per molecule is inversely proportion-
al to the lifetime 7. The population of the upper state is
proportionate to 7 making o, independent of 7. There-
fore, the upper-state lifetime is of secondary importance,
pertaining to issues such as the bandwidth of the outcom-
ing radiation and the susceptibility of the upper state to
alternate reactions (if the molecule has a long lifetime it is
likely to react). Paramount to lasing is the population of
the excited state (N); the method that produces the
greatest peak intensity is best suited to stimulated emis-
sion. Critical to achieving a large peak intensity is rapid
recombination and direct formation of the A !=;} state
found in high-pressure, high-electron-density pulsed
discharges.

Mirrors at the end of the cavity will reduce the gain re-
qulrements Tungsten has a reflectivity of 25% in this re-
glon, 8 while iridium coated with aluminum (400 A) (Ref.
59) has a theoretical normal incidence reflectivity of 70%
at 825 A. If the reflectors also polarize the light, one ex-
ample being a corner reflector, this would increase the
effective gain by a factor of up to V2. Such a corner
reflector can be made to focus the radiation by construct-
ing it with two toroidal mirrors that are designed to im-
age at a grazing angle of 45°. The mirrors are cut and
joined at an angle of 90°.

Despite the apparent feasibility of this laser, there are
engineering problems to overcome. Not the least of these
is the fact that this wavelength of radiation is absorbed
by air (as is 1260 A).

In summary, the 4 '3 state has a cross section for
simulated emission comparable to other dimers in which
lasing has been demonstrated. A large population of this
state can be obtained in high-pressure pulsed discharge
and there are high reflectivity mirrors available for the
ends of the resonant cavity.

VIII. CONCLUSION

This work has identified key population mechanisms of
Hej. Quartet-ion recombination was hypothesized to ex-
plain the time evolution of proton-excited afterglows.
Various continua were linked with different processes,
highlighting the role of clusters and molecular ions. The
Hopfield continua were discussed in order that the feasi-
bility of vuv laser be accessed.

Future enquires into this topic might address the na-
ture of the potential responsible for the 1050-4000- A
continuum, the lifetime of the higher vibrational levels in
the 4 'S} molecule, and vibrational relaxation mecha-
nisms. Insights into molecular physics gained and the
potential commercial applications, especially lasers,
would reward such investigations.
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