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We have investigated the time dependence of the afterglow emission of pulsed-electron—
bombarded superfluid helium, and in addition we have studied the effects of pressure on the
steady-state intensities of the atomic and molecular emissions of the excited liquid. Our re-
sults indicate that two distinct mechanisms populate the excited states in the liquid. The first
production mechanism basically determines the steady-state properties of the excited liquid
and it is responsible for the rapid initial decay of the fluorescence during the first 1078 sec of
the afterglow. This rapid decay time taken with the observed exponential decrease of the
steady-state intensities with increasing pressure indicates that most of the excited states are
nonradiatively quenched by the surrounding ground-state liquid. The second production mech-
anism results in a slowly decaying late afterglow fluorescence of the excited liquid. It is shown
that this late time emission is due to the bilinear destruction of the long-lived He,(a 351
metastable molecules which are produced also in the liquid by the electrons. It is shown
further that most of the energy released during these bilinear reactions results in the popula-
tion of the Hey(A 12,’;) state which subsequently radiates in the vacuum-ultraviolet region of

the spectrum.

I. INTRODUCTION

The scintillation of superfluid helium when sub-
jected to energetic particle bombardment has been
the subject of considerable recent investigation.
The a-particle—induced scintillation of liquid heli-
um was reported first by Moss and Hereford in
1963.! Shortly thereafter Jortner et al. provided
evidence of neutral electronic excitations in con-
densed helium by observing the enhanced emission
of oxygen and nitrogen impurities when the liquid
is subjected to a-particle bombardment.? The
more recent experiments of Surko and Reif estab-
lished the existence of long-lived but unidentified
excitations in superfluid helium.® The question of
identifying the nature of the electronic excitations
of the liquid remained unanswered until 1969 when
Dennis et al. noted that a much greater intensity
of emission could be achieved by using an electron
beam to excite the liquid.* These authors made
direct spectroscopic measurements of the liquid-
helium fluorescence and established that under
electron bombardment the visible and near-infra-
red emission was due to excited states of the neu-
tral diatomic helium molecule, with some emission
coming from excited atoms. In 1970, Stockton
et al. and Surko et al. simultaneously reported the
first vacuum uv spectrum of electron-bombarded
superfluid helium, and it was shown that this emis-
sion resulted from the radiative dissociation of the
He,(A'Z}) molecule.’:® Further investigation
showed that the uv fluorescence accounted for over
99% of the total scintillation intensity.”
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We, as well as others, have believed that the
transient or time-dependent behavior of the liquid-
helium fluorescence should provide information
about the mechanisms for the production and de-
struction of the excited states in the liquid. For
example, several experimenters have investi-
gated the shape of uv scintillation pulses coming
from single a-particle tracks.® Unfortunately, it
is difficult to correlate these observations with
particular excited states of the liquid since the
emission spectrum of a-particle-excited super-
fluid helium has not been reported.

On the other hand, both the optical emission and
absorption spectra of electron-beam-excited liq-
uid helium are now reasonably well known.*:*°
Furthermore, the experiments described in Paper
I of this report have established the dynamic be-
havior of the spin-triplet metastable states of he-
lium which are produced in the liquid.'® Thus in
the case of electron bombardment there is a large
body of information which may be expected to be
related to the time dependence of the electron-
induced fluorescence of the liquid. Furthermore,
the enchanced intensity of emission which results
from using an electron beam makes it possible to
study the transient behavior of individual molecu-
lar emission bands. For example, it is shown in
this paper that there are two distinctly different
mechanisms which populate the excited molecular
states in liquid helium. One mechanism is ob-
served to be very prompt since most of the fluo-
rescence is produced within a time that is of the
order or less than 1078 sec after the impinging
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electrons. This fast transient response time and
the observed decrease of the steady-state inten-
sities with increasing pressure indicates that most
of the excited states are nonradiatively quenched
by the surrounding superfluid. The second popu-
lating mechanism may be described as slow since
under our experimental conditions the characteris-
tic times are of the order of milliseconds. It is
shown that this second mechanism is due to the
bilinear destruction of the metastable helium mole-
cules, and further that most of the energy released
by this process results in the formation of

He,(A 'z ;) molecules.

II. EXPERIMENTAL PROCEDURE

In these experiments we observe the steady-state
intensity as well as the decay in the intensity of
the major visible, infrared, and vacuum-uv molec-
ular emission bands of superfluid helium when
bombarded with repetitive pulses of 160-keV elec-
trons. The emission spectrum of electron-beam-
excited superfluid helium and a diagram showing
the molecular transitions monitored during these
experiments is shown in Fig. 1. The visible and
infrared spectrum is essentially identical to that
previously reported by Dennis et al. The uv spec-
trum is taken from the work of Stockton et al.*'®
The details of the electron accelerator, the method
of sample preparation and temperature regulation,
and the method of pulsing the electron beam, with
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10 to 90% rise and fall times of 10 and 20 nsec,
respectively, have been published elsewhere.®

The optical arrangement used to study the visible
and infrared emissions bands is shown schemati-
cally in Fig. 2. A }-m Jarrel Ash spectrometer
with a bandpass of about 13 A was used to isolate
most of the visible and infrared emission bands for
individual study; a narrow bandpass interference
filter was used to isolate the intense 10 400-A

d’c; -z} band. The entire optical detection
system, including the collection lens, precision
f-stops, spectrometer, and detector, was mounted
on a pivoted optical bench so that the system could
be rotated quickly and accurately in order to alter-
nately observe equal surface areas of either the
excited liquid or a radiance standard strip lamp.
This procedure minimized the errors in the mea-
surements of absolute intensity introduced by the
slowly varying time-dependent sensitivity of the
cooled photomultipliers. Cooled EMI 9558 (S-20)
and FW 118 (S-1) photomultipliers served as detec-
tors for the visible and infrared, and the faster but
less sensitive RCA 7102 (S-1) was used when faster
response times were necessary. The uv emission
was studied using a concave grating vacuum-uv
spectrometer which forms an integral part of the
sample chamber and liquid helium Dewar. This
particular spectrometer is described elsewhere.®
The uv continuum was studied in zeroth order
(using the grating as a mirror) and at the wave-
lengths of 736 and 862 A with a spectral bandpass
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FIG. 1. Emission spectrum of electron-beam—excited superfluid helium and a level diagram for the ground vibra-

tional states of Hey that are produced in the liquid.
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of about 12 A. The vacuum-uv (vuv) fluorescence
was detected by observing the secondary fluores-
cence of a sodium-salicylate screen with a EMI
6256 (S-11) phototube.

Measurements of the absolute steady-state in-
tensity as well as the transient decay of each prin-
ciple emission band were carried out as a function
of beam current and temperature for electron beam
currents during the pulses of 0.25, 1.0, and 5.0
wA and sample temperatures between 1.4 and 2.08
°K. These experimental conditions do not induce
the superfluid helium to boil and they are also be-
low the threshold for the nonvisible local heating
phenomenon which is discussed in the preceding
paper. The duration of the electron-beam pulse
was adjusted to allow sufficient time to achieve
steady-state conditions for both the band emission
as well as the concentration of metastable states.'®

A. Steady state and early afterglow

All the principle molecular emission bands ex-
hibit the same qualitative variation with time dur-
ing and after a pulse of electron-beam excitation.
An example of this behavior is shown in Fig. 3.
The bands achieve a steady-state intensity during
the beam pulse, indicated by the transition rate
I° and then upon termination of the beam the in-
tensity decays in approximately 1072 sec to small-
er value, indicated by /¥, after which it decreas-
es more slowly with a half time that is of the or-
der of milliseconds. The ratios /#/I° were typ-
ically in the range 0.1-0.2. The absolute steady-
state intensities of the principle emission bands
were determined by comparing the fluorescence
signal of the excited liquid with the signal observed
when the sample was replaced by a tungsten strip-
lamp radiance standard. The absolute intensities
of the six principle molecular bands for tempera-
tures between 1.68 and 2.08 °K with the liquid at
its saturated vapor pressure are given in Table I.
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FIG. 2. Experimental arrangement for the optical-
emission experiments. The optical bench is pivoted in
order to compare the intensities of the liquid-emission
bands with a standard lamp.
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The tabulated values refer to 1 pA of 160 keV
electrons stopped in an estimated 0.04 cm?® of
liquid. The over-all uncertainty in the absolute
intensity of the infrared bands could be as large
as 50%, which includes the uncertainties in the
shape and uniformity of the excited liquid. The
800-A A~ X! band has an additional uncertainty
of a factor of 2 arising from the calibration of the
sodium salicylate wavelength shifter. The relative
intensities of any given band as a function of tem-
perature is estimated to be 10% with the relative
intensities of different bands at the same tempera-
ture having an additional uncertainty of about 5%
due to the standard lamp. The details of the abso-
lute intensity measurements and the associated
calculations are described elsewhere.!! The
steady-state intensities of all bands was found to
be linearly dependent upon the beam current. The
results in Table I indicate a slight decrease of the
intensities with decreasing temperature. The
AT ~ X'S uv continuum is by far the most intense
emission of the excited liquid, and furthermore the
radiative transition C 'S - A 'S does not by any
means account for the population of the A ' state.
The relative steady-state intensities of the prin-
ciple molecular bands along with the 235-23pP
and 23P - 23S atomic lines were also measured as
a function of pressure between SVP and 25 atm.
We find that the intensities of the atomic and mo-
lecular emissions decrease exponentially with in-
creasing pressure, in some cases decreasing by
as much as several orders of magnitude between

1 ,\_\7 )
:_,v? i _
5 d3—c3 i
o 10400 A )
o L
S| 1o
st ]
C
ot 1
n
B - -
9]

": L -

Q| | Le—eea-

Ol IM 4
(0] 0.2 0.4 0.6 0.8

Time (msec)

FIG. 3. Typical afterglow decay of emission bands of
electron-beam—excited liquid helium showing the early
and late afterglow behavior. I is the steady-state inten-
sity and I¥ is the contribution to the steady-state inten-
sity which is due to the bimolecular destruction of
He, (@ ®Z) metastable molecules.
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TABLE 1. Absolute intensities of the major (0-0)
molecular emission bands of electron-beam—excited
superfluid helium at the indicated temperatures. The
intensities are given in photons/(sec/ cm3/ pA) of 160~
KeV electron beam current stopped in 0.04 cm? of liquid.

ApA) T (°K) I% sec”lem™3pA™l)
6400 2.08 4.50x 1013
1.89 4.24x10%3
1.79 3.47x 1013
1.68 3.58x 1013
6600 2.08 3.60x 1013
2.05 3.43x 1013
1.94 3.47x 1013
1.89 3.21x10!3
9136 2.08 1.44x 1014
1.89 1.35% 10
1.79 1.15x 10!
1.68 8.66x 1013
9182 2.08 2.26x 1013
1.89 2.23x 1013
1.79 1.44x 1013
10400 2.08 3.67x 1013
1.89 3.60x 1013
1.79 3.09x10!3
1.69 2.89x 1013
vuv 2.08 5.0x 1017

zeroth order

SVP and 25 atm. This observation is rather sur-
prising, particularly in view of the fact that the
density of the liquid changes by only 20% between
SVP and 25 atm.'? The measured pressure-depen-
dent intensities are summarized in Fig. 4, where
the intensity of each band has been normalized to
unity at SVP. The sensitivity of the various atomic
and molecular emissions to pressure quenching is
apparently related to the type of the upper state
involved in the transition. For example the pres-
sure-dependent intensities of the (0-0) ¢3% - 433,
(0-0) C'z ~A'z, and 2°P - 23S transitions are all
within the band indicated in Fig. 4, and these tran-
sitions are all similar in that the upper state can
be characterized by a P-type orbital excited elec-
tron.’® On the other hand, the remainder of the
curves in Fig. 4, all of which have different slopes
and are outside the P-type band, indicate the in-
tensities of emission from S-type orbital upper
states. The intensity of the 800-A continuum ap-
pears to be independent of pressure. It should be
noted also that the ratio of the intensities d*® 52
and d®~ ¢® (Curves 4 and 2 in Fig. 4) is pressure
dependent even though the upper state is the same
for both transitions.

We interpret the results in Fig. 4 as evidence
of pressure-induced destruction of the higher ex-

cited states as opposed to possible pressure-de-
pendent production rates for these states. Our
results indicate that the two lowest states A'S
and ¢ % are populated at pressure-independent
rates, and that a pressure-dependent production
mechanism is unlikely. Since these rates are
many orders of magnitude greater than that dué to
radiative cascade, the production of the two low-
est states could be related to the pressure depen-
dent nonradiative destruction of higher states.!®
Direct evidence for the quenching of the higher
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FIG. 4. Relative steady-state intensities of atomic
and molecular emissions of excited liquid helium vs
pressure. The intensities have been normalized to
unity at saturated vapor pressure. The hatched area
labeled P indicates the quenching of the (0-0) a3Z
—a’Z, (0-0) C'Z—Alz, and 2°P —23S bands, all of
which have a P-type orbital excited electron in the
upper state. The remaining curves refer to transi-
tions for which the upper state can be characterized by
an S-type orbital electron.
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excited states could be obtained by measuring the
fluorescence decay times during the early after-
glow. Unfortunately, the response time of our
present optical detection system is too long for
these measurements. Nevertheless, we were able
to establish an upper limit of 20 nsec for the decay
times of the ¢®~qa® and C'~ A’ transitions. Since
an oscillator strength of unity would imply a life-
time of about 13 nsec for these transitions, the
upper limit of 20 nsec is much shorter than the
expected radiative lifetime and thus the C states
appear to be nonradiative quenched. Further evi-
dence for the quenching of the ¢ °c state is indicat-
ed by the pressure dependence of the intensity ratio
4%~ ¢®/c® ~ a® which increases from unity at SVP
to roughly 100 at 15 atm.

The quenching of excited states in liquid systems
is a well known phenomenon. However, the strong
pressure dependence observed in the liquid-helium
experiments is an unexpected result. For example,
the effects of pressure on the fluorescence of most
liquids is due to either the changes in density or
index of refraction (a small effect), or to the pres-
sure dependence of the viscosity (or diffusion co-
efficient) which influences the excitation transfer
rates between excited states and other solute mole-
cules.'* However, the pressure effects in the lig-
uid helium case are too large to be explained by
changes in the macroscopic properties of the fluid,
_and except for the very-long-lived a*s metastable
molecules there is no evidence for a destruction
mechanism that is related to the transport proper-
ties of the liquid.'° We conclude that the pressure
quenching of the liquid-helium fluorescence must
be related to the microscopic interaction between
the excited states and the immediately surrounding
liquid.'® The quenching mechanism could involve
the formation of a complex of atoms which ulti-
mately results in the production of either the A'%
or a 3% states depending upon the spin quantum
number of the original state. In fact, such a pro-
cess has been invoked previously to account for the
destruction of the 2'S and 23S atomic metastable
states in the liquid.®' *°

Our investigation of the steady-state and early
afterglow behavior of the atomic and molecular
fluorescence of electron beam excited liquid he-
lium has established that all but the lowest spin
singlet and spin triplet molecular states are
quenched by the surrounding liquid. The charac-
teristic quenching times are of the order of less
than 10 nsec. Additional experiments are required
to establish the nature of this quenching phenome-
non as well as to study the production mechanisms.
The fluorescent decay times of the various transi-
tions should be examined as a function of pressure
and density in both the liquid and dense-gas phases

OF NEUTRAL... II... 891

of helium. We hope to conduct experiments of this
type in the near future.

B. Late afterglow

The late afterglow of electron-bombarded super-
fluid helium is the time period which begins ap-
proximately 20 nsec after the termination of the
beam pulse, indicated by the transition rate /¥ in
Fig. 3, and extends for times of the order of sev-
eral milliseconds during which the intensity of
the fluorescence decays toward zero. With our
experimental conditions this fluorescence signal
consists of separated single photon events, and the
experiment must determine the distribution of
emitted photons as a function of time for each of
the principle molecular emission bands. The ap-
paratus used to record the data is shown schema-
tically in Fig. 5. Standard pulse-height discrimi-
nation techniques are used to obtain acceptable
photomultiplier pulses, and then each of these
pulses is converted into a current pulse represent-
ing a predetermined amount of total charge by
using a constant current amplifier that is gated by
a variable one-shot multivibrator. After this prep-
aration, the time-dependent distribution of after-
glow photoemissions is represented by the same
distribution of charge pulses. These signals were’
recorded by using a PAR waveform eductor that
was modified so that each of its 100 identical mem-
ory capacitors would function as a scaler. Each
memory capacitor corresponds to a time ¢, after
the electron-beam pulse with all memory units
having consecutive and equal channel durations &¢.
The charge pulses were applied directly to the
memory “bus-bar” of the eductor; this required
bypassing the input amplifier and time constant
circuits of the instrument. In this way the eductor
functions as a 100 channel multiscaler since each
detected photon is represented as a known quantity
of charge deposited on one or another memory ca-
pacitor depending upon the time of emission. After
observing n repetitive afterglow decay signals, the
voltage V, appearing on a given memory capacitor
is given by

vV, =1, 6tn(Q/C),

where I; is the photon counting rate at time ¢;, @

is the charge deposited for each count, and C is the
capacitance of the memory unit. Separate calibra-
tion measurements established that V; was linearly
proportional to I; and » and independent of both ¢;
and &¢ for counting rates between 102 and 105/sec
to within 4%, as long as the over-all stored signal
did not exceed 80% of the maximum dynamic range
of the eductor. The afterglow emission signals re-
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corded with this system were scaled in order to
represent the true emission rates by determining
the ratio 1#/I° for each band and then comparing
the steady-state signals measured in the multi-
scaling mode with the absolute measurements
shown in Table I.

The late afterglow of electron-beam-—excited
superfluid helium is evidence of a mechanism which
slowly populates excited states of the helium mole-
cule. There are two candidates for this mecha-
nism: One is the slow recombination of ions which
could take place in the bulk liquid, and the other is
the bilinear destruction of the long-lived He,(a®z )
metastable states which are produced by the elec-
tron beam. Both of these mechanisms are bilinear
in nature and they would result in the same qualita-
tive behavior of the afterglow fluorescence. How-
ever, we will present quantitative measurements
which indicate that the delayed fluorescence of the
liquid is due to the bilinear loss of metastable mol-
ecules. If, for the moment, we assume that the
metastable molecules is the important energy stor -
age mechanism,- then the delayed population of the
higher excited states would be described by the
reaction

a’s! +a’z} ~He}~A'>}+2He (with probability f,),
~C'z}+2He (with probability f, ),
~c¢ °T}+2He (with probability £, ),

etc. (1)
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FIG. 5. Schematic of counting system used for late
afterglow measurements.

The exact nature of the intermediate complex Hejf
and whether or not an ionic species is formed as
an intermediate step is not known, nor are all the
possible products of this reaction known. Never-
theless, the net result is a production rate for a
given excited molecule which is proportional to the
loss rate of metastable molecules multiplied by the
factor f*/2, where f! is the probability of produc-
ing the ith excited state during the reaction. If

one considers the concentration N, of the ith ex-
cited state of He, during the afterglow time period,
then the delayed production mechanism suggested
by Eq. (1) would imply that the concentration of
this excited state would obey an equation of the
form

Ay _ flom®
dt 2

- (VU 5 VN, (2)

where aM? is the rate at which metastable mole-
cules are destroyed during the afterglow, (v;;+v,,)
represents the rates of optical de-excitation of the
ith level to two supposed lower states, and v, is
included to account for possible nonradiative
quenching of the state under consideration. Equa-
tion (2) is sufficiently general to describe the mo-
lecular emission bands that we will discuss. Dur-
ing the late afterglow the production of excited
molecular states is expected to proceed very slow-
ly compared to any of the optical transition rates;
thus a quasisteady state will exist during which
dN,/dt=0. In this case one may solve for y;;N,,
which is the measured instantaneous emission
signal [, in transitions/sec/cm?® referred to 1 pA
of electron-beam excitation. Thus the observed
afterglow-emission signal is expected to obey the
relation:

L= [v,/ (v + v +0) | (fEaM?/2) . (3)

It is shown in the previous paper that the concen-
tration of metastable molecules during the after-
glow decays according to the relation:

M(t)=My/(1 +aMt), “)

where M, is the initial concentration of metastable
states, « is the temperature-dependent reaction
coefficient for the bilinear destruction of these
states, and ¢ is the time after the end of the elec-
tron beam pulse. Combining Egs. (3) and (4) with
some algebraic manipulation, it can be shown that
the inverse square root of the observed afterglow
fluorescence should vary linearly with time as
described by

) V=) V2 em  t, 6))
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where the initial late afterglow intensity extrapo-
lated to zero time is given by

U V2= [+, +Va)/"u](2/1”)1/20’—1/21"[51 ,
(6a)

(I)7Y2=[(vy; + vy, +v) vy 1V 2@/FH)Y 2 (KDY
(6b)

Equation (6b) follows from Eq. (6a) due to the re-
lationship M, = (KI/a)"? discussed in the previous
paper; K is the coefficient for the production of
metastable molecules due to the beam electrons
and ] is the beam current. The slope in Eq. (5)
is given by

my;= [(Vij+yl'k+Vq)/Vijll/z(z/fi)l/z(a)l/a. (7)

Our observations of the late time fluorescence of
electron-bombarded superfluid helium agree with
the model suggested by Eqs. (5)-(7). An example
of our results is in Fig. 6, where the inverse
square root of the observed 4%~ b° (6400 &) late
afterglow emission is shown for the temperatures
of 2.08 and 1.79 °K with beam currents of 0.25,
1.0, and 5.0 uA. The inverse square root of the
signal increases linearly with time in agreement
with Eq. (5), and the intercept or (1;',,)-1/2 varies
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FIG. 6. Inverse square root of the d3Z —b °II late
afterglow intensity vs time. Open circles, for T =2.08 °K;
solid dots, for T =1.79°K. The observed linearity with
time of I;!/? with a slope that is independent of beam
current but decreases with temperature is consistent
with the model suggested by Eq. (2) of the text.

as the inverse square root of the beam current as
suggested by Eq. (6b). Also the slope or m,, is
independent of the beam current in agreement with
Eq. (7). The increase of the slope with decreasing
temperature is expected from the temperature de-
pendence of a2 in Eq. (7) if all the other factors
are independent of the temperature.

The afterglow of all the principle molecular
bands was fitted to Eq. (5) in order to determine
the best intercept and slope for each band. The
weighted-least-squares technique of Steinback and
Cook was used for this analysis.'® After this fitting
procedure the best slope and intercept for each
band was scaled according to the previous mea-
surements of absolute intensities in order to obtain
absolute values for these quantities. The results
may be discussed more conveniently in terms of

" the squares of these quantities, which are given by

I = [vy;/ (v + g, +0)|(F/2)(KD) (8a)
and
mi; = (KI/If)a= oM 3/I¥, . (8b)

The squared slopes m? are plotted as a function of
the inverse temperature for the A'~ X!, ¢~ a3,
d®~c® and C'~A' molecular emission bands in
Fig. 7. The observed temperature dependence of
m? for each of these bands is the same as the tem-
perature dependence of the bilinear reaction co-
efficient a(T). This result and the form of Eq. (7)
imply that the optical and nonradiative transition
rates, as well as the probability factors f, are in-
dependent of the temperature. Furthermore, Eq.
(6b) indicates that the initial intensity of the late
afterglow emission l“; should be independent of the
temperature. As shown in Fig. 8, this is essen-
tially the case, except for perhaps the initial in-
tensity of the A' . X! transition which increases
slightly as the temperature is reduced from 2.08
to 1.4 °K.

The qualitative agreement between the data shown
in Figs. 6-8 and the expected behavior indicated by
Eqgs. (1)-(7) firmly establish the bilinear nature of
the mechanism which results in the late afterglow
fluorescence of the liquid. However, quantitative
comparisons are necessary in order to demon-
strate that the important mechanism is the bilinear
destruction of the metastable molecules. For ex-
ample, even though the temperature dependence
of the squared slopes m? suggests the importance
of the metastable molecules, one would also ex-
pect roughly this temperature dependence to char-
acterize the bilinear recombination of ions in the
liquid.'” On the other hand, Eqs. (6a) and (7) indi-
cate that if one forms the product of the measured
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FIG. 7. The squared slopes m?, as defined in Eq. (8b),
vs inverse temperature for the Al—-X1, c"—-as, & — ca,
and C'—A! molecular-emission bands. The resulting
curves indicate a temperature dependence that is the
same as a(T), which implies that the formation prob-
abilities and de-excitation rates as discussed in Egs. (1)
and (2) are essentially independent of temperature.

quantities I{;m? for each of the different emission
bands, the result should have the same numerical
value o*(T)MZ in each case. It should be noted that
1/a(T)M, is simply the half-time for the decay of
the concentration of He,(a 32; ) molecules under
given experimental conditions of temperature and
beam current. We estimate the value of o*(T)M 2
to be about 107 sec™? with 1 pA of beam current

at 2.08 °K, and evaluating I};m® from our data we
obtain 1.2x107, 4Xx107, 5.4x10°, 1.5x107, 2.2
x107, and 1.4x107 sec™? for the A'~ X', d®~c?,
C'-AY, ¢®*~a®, D'~B', and d%~b® bands, respec-
tively. This quantitative agreement indicates that
all of the above states are populated by the same
mechanism during the afterglow, and that the
mechanism is the bilinear destruction of meta-
stable molecules. The factor of about 3 variation
between the largest and smallest of these numbers
is felt to be within the over-all experimental un-
certainties, particularly in view of the fact that
these measurements were carried out over a time
span of several months. A second quantitative
comparison may be carried out with respect to the
A'~ X' uv transition. In the case of the A'T; state
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FIG. 8. The initial intensities I‘}‘j of the vacuum-uv
and infrared bands resulting from the bimolecular de-
struction of @ *Z metastable molecules. The observed
slight decrease of the I with decreasing temperature
may reflect a weak temperature dependence of the forma-
tion probabilities or de-excitation rates.

there is only one optical transition to be consid-
ered, and furthermore the nonradiative quenching
of the state cannot be important since a very large
fraction of the electron beam power (approximately
30%) is converted into uv light. Thus Eq. (6a) re-
duces to the simple expression

M= (F4/2)a(T)M2.

By using the measured values of I4, and a(T)M?}

“which correspond to 1 pA of beam current at 2.08

°K, it can be shown that the probability factor f 4
is approximately 2. Clearly a probability greater
than one is not reasonable. However, our result
of 2 is well within the experimental uncertainties
and it indicates that a large fraction of the energy
released during the bilinear metastable reactions
results in the formation of A'>;} molecules. Fur-
thermore, if one were to use the known ion mo-
bilities in liquid helium and attempted to evaluate
/4 on the basis of ionic recombination, the mini-
mum value of f4 is about 103.'® This result is in-
deed unreasonable and it rules out ionic recombi-
nation as the important populating mechanism dur-
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FIG. 9. The squared slopes m?, as defined in Eq. (8b),
vs inverse temperature for the D'—B% and d®—53 molec-
ular bands compared with the behavior of the d° —c?
emission band.

ing the late afterglow. It is not possible to obtain
reliable estimates of f* for the other excited states,
since the nonradiative quenching rates are un-
known, and in the cases where more than one opti-
cal transition needs to be considered, the optical
transition frequencies are unknown also.

The reader may have noted that the slopes and
intercepts for the D'~ B (6600 A) and d°-b°
(6400 A) bands have not been included in Figs. 7
and 8. This is because the measured slopes and
intercepts for these two bands exhibit an unusual
and strong variation with temperature. Our re-
sults are shown in Figs. 9 and 10, where the cor-
responding quantities for the associated d*~ ¢®
band have been included for comparison. The
importance of this observation lies in the fact that
the d°z} state is the upper state for both of the
spin triplet transitions. Equations (6) or (7) may be
used to show that for the 4°~5°and d°®- ¢® bands
the ratios of either the initial afterglow intensities
or the squared slopes depends only upon the ratio
of the optical transition rates. In other words, the
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FIG. 10. The initial intensities I¥ for the D!—B! and
d®—b3 molecular bands compared with the behavior of
the d®— c? band.

optical branching ratio is given by

13'»/15 = de/Vdc ’

and our observations indicate that this ratio de-
pends upon the temperature of the surrounding
superfluid helium. The observed temperature-
dependent branching ratio is very likely related to
the details of the interaction between the excited
state and the surrounding liquid as is the previous-
ly mentioned pressure-dependent quenching phe-
nomenon.'®

III. SUMMARY

The steady-state and afterglow electron-beam-
induced fluorescence of liquid helium has been
studied over a wide range of temperatures and
pressures. It is shown that the steady-state inten-
sity of the atomic and molecular emissions is in-
fluenced by a quenching mechanism which is due to
the presence of the surrounding fluid and which de-
pends strongly upon the type of upper state involved
in the transition. It has also been shown that the
late afterglow fluorescence of liquid helium is due
to the bilinear destruction of He,(a °Z) metastable
molecules.
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