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tion for liquid helium of a constant negative dif-
ferential specific heat (&C/&N)r on starting to
empty. Since on emptying, the free surface area
increases, so should the heat capacity, which de-
pends at low T on excitation of the ripplon modes
(3) with a = a„, the metastable radius. This in-
crease more than compensates for the decreas-
ing filled-pore term, since co(a ) «s.

Finally, we note that if r~ is one of the two
equal radii of curvature at the point P of Fig.
1(b), it follows from (8) and the assumption of
equilibrium that

1 [P(")IP.j=P[&(o)—2 ~']
This and Eq. (8) are generalizations of the Kel-
vin equation of capillary condensation to in-
clude substrate forces.
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The optical absorption and emission spectra of electron-bombarded liquid helium has
been studied as a function of pressure between the saturated vapor pressure and 25 atm.
The transitions of He* and He2* in the liquid shift toward the blue with increasing pres-
sure. The observed line profile and pressure shift of the He(2 P) —He(23S) atomic ab-
sorption line are in good agreement with recent static line broadening calculations. We
also report a strong pressure-dependent quenching of the excited atomic and molecular
states in the liquid.

The optical fluorescence of liquid systems has
been a subject of long-standing scientific interest.
However, the excited states of most liquids are
difficult to study because the surrounding fluid

usually causes rapid nonradiative de-excitation
of the excited states. ' In contrast to the usual
situation, recent spectroscopic studies of elec-
tron-beam-bombarded superfluid helium have
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shown that excited liquid helium offers a particu-
larly unique opportunity to investigate a variety
of excited atomic and molecular states that are
in constant interaction with a dense surrounding
medium. ' ' Recent studies of liquid helium at
saturated vapor pressure (SVP) have detected
wavelength shifts between corresponding absorp-
tion and emission bands of the liquid as well as
shifts with respect to transitions of the free atom
or molecule. ' The shifts observed in the case of
the atomic transitions He(2'P) —He(2'S) have
been interpreted in terms of a "bubble model"
which suggests that the excitations reside within
small voids in the liquid. ' In order to study fur-
ther the nature of the interaction between the
ground-state liquid and the atomic and molecular
excitations, we investigated the absorption and
emission spectra of electron-bombarded liquid
helium as a function of pressure between SVP
and 25 atm.

The details of the experimental apparatus in-
cluding the electron accelerator, beam steering
and pulsing, the cryogenic system, and the opti-
cal arrangement used to obtain absorption and
emission spectra have been described elsewhere. "
For these experiments the sample liquid is con-
tained in a copper chamber that is submerged in
a liquid helium bath. The bath temperature is
regulated by pumping under fixed vapor pressure
conditions. The sample pressure is measured
and regulated to within about + 2 lb/in. ' by a
pressure regulating system which consists of a
helium gas bottle at high pressure, a precision
Bourdon-tube gauge, and a pressure regulator
equipped with a downstream relief valve. The
optical signals produced by the pulsed 0.1- to
2.0- p.A beam of 160-keV electrons incident on
the liquid are detected through sapphire windows
in the chamber and recorded using conventional
phase- sensitive techniques.

The measured wavelength shifts as a function of
pressure for several atomic and molecular emis-
sions of the liquid are shown in Fig. 1(a). All the
atomic and molecular emission bands that we
studied exhibited shifts of roughly 3.2 A/atm; for
clarity not all of our results are included in Fig.
1(a). The atomic and molecular absorption bands,
on the other hand, shift at markedly different
rates as indicated by curves 1, 2, and 3 in Fig.
1(b) for the (0-0)c'Z-a'Z, (0-0)b'll-a'Z, and
2'P —2'S transitions, respectively. Measure-
ments of the 2'P- 2'S atomic absorption line re-
quire special experimental consideration because
of overlapping and relatively intense molecular
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absorption bands. The overlapping molecular ab-
sorptions can be eliminated by pulsing the elec-
tron beam rapidly, such as 50 p. sec in and 50
p.sec off, because the concentration of metastable
molecules does not vary appreciably on this time
scale and thus the molecular absorption signal is
not detected. ' The pressure shifts for the 2'P
—2'S absorption line measured at the tempera-
tures of 1.4 and 1.98'K, shown in Fig. 1(b), indi-
cate essentially no appreciable temperature de-
pendence of the observed shift. The shifts for
the 2'P- 2'S atomic absorption line have been
calculated on the basis of the "bubble model"
[solid curve in Fig. 1(b)] by Hickman and Lane, '
and also by Steets, Hickman, and Lane using
static line-broadening theory (dashed curve). ' lt
should be noted that at 1.S8'K and for pressures
in excess of 15 atm the liquid helium is no long-
er superfluid but is normal liquid helium because
of the decrease in the A. transition temperature
with pressure. ' %e have not made an exhaustive
study comparing all the atomic and molecular
transitions above and below the A. line, but in the
many cases studied we have not detected any
change in the intensity, spectral width, spectral
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FIG. 1. (a) Pressure shifts for the 3 S-2 P (7060 A)
and (0-0)C'Z -A X (9128 A) emission bands of electron-
excited liquid helium. Although not shown, the (4-3)C:iZ

A Z (8641 Aj, (0-0)D Z BiII (6586 A), (0-O)d'Z-b'II
(6396 A), (0-0)c3Z —a Z (9173 A), and 2 P 2 S (10910
A) bands exhibit shifts represented by the line in the
figure. The band maxima at SVP are indicated in par-
entheses. (b) Pressure shifts of the (0-0)c P. —~ ~,
(0-0)b D~gsg, and 2 P- 2 S absorption bands. The
molecular bands were observed at I' =1.75', the atomic
band for T =1.98 K (solid square) and T =1.4'K (open
triangle). Curve 3 also indicates the shifts predicted
by the "bubble model" (solid line) and by static line
broadening theory (dashed line) for the 23P- 23S absorp-
tion band (Ref. 8).
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FIG. 2. The shift and asymmetry of the He(238}—He(23@ absorption line measured at 1.7 and 25 atm
is compared with the static line-broadening analysis of
Bef. 8. As shown, the intensity of this absorption de-
creases slightly with increasing pressure. The line-
widths (full width at half-maximum) measured at other
pressures are compared with theoretical values in the
table. The calculated profiles and widths include the 39-
0
A instrumental bandpass of the experiment.

shift, or relative vibrational or rotational state
populations upon the change of phase provided
the pressure is sufficiently high so that the elec-
tron beam does not induce boiling of the normal
fluid. (Pressures in excess of 10 atm are suffi-
cient to prevent boiling of the normal fluid with
1 LLA of incident beam current. )

The pressure dependence of the 2'P- 2'$ line
profile has been studied also. The observed
asymmetric absorption line for the pressures of
1.7 and 25 atm and the full width at half-maxi-
mum measured at other pressures are compared
in Fig. 2 with the theoretical predictions of Steets,
Hickman, and Lane. ' In order to compare with
experiment the theoretical results have been con-
voluted with the 39-A-wide instrumental profile
of the monochromator used during these mea-
surements.

During the measurements of the pressure shifts
and line profiles, we found that the intensities of
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FIG. 3. Relative intensities of atomic and molecular
emissions of excited liquid helium versus pressure.
The hatched area (labeled P) indicates the quenching of
the (0-0)c Z —a Z, (0-0)C Z —A h, and 2 P- 2 S 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 8-type-orbital electron.

the atomic and molecular emissions decreased
exponentially with increasing pressure, in some
cases decreasing by as much as several orders
of magnitude between SVP and 25 atm. The ob-
servation is rather surprising, particularly in
view of the fact that the density of the liquid
changes by only 20%%d between SVP and 25 atm. "'
The measured pressure-dependent intensities are
summarized in Fig. 3 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 pressure-de-
pendent intensities of the (0-0)c'Z —a'Z, (0-0)C'Z
-A'Z, and 2'P- 2'S transitions are all within the
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band indicated in Fig. 3, and these transitions
are all similar in that the upper state can be
characterized by a P-type-orbital excited elec-
tron. " Qn the other hand, the remainder of the
curves in Fig. 3, all of which have different
slopes and are outside the P-type band, indicate
the intensities of emission from $-type- orbital
upper states. The intense 800-A continuum due

to the A'Z -X'Z transition is least affected by
pressure. "" Et should be noted also that the ra-
tio of the intensities d'- b' and d'- c' (curves 4

and 2 in Fig. 3) is pressure dependent even though
the upper state is the same for both transitions.

We interpret the results in Fig. 3 as evidence
for pressure-induced destruction of the excited
states. Qur results indicate that the two lowest
states A'Z and g'Z are populated at pressure-in-
dependent rates, " and previous work has shown
that these rates are many orders of magnitude
greater than those due to radiative cascade. ' '
Thus the production of the two lowest states could
be in part due to the nonradiative de-excitation
of higher states. There is also direct evidence
for the quenching of the c'Z and C'Z states: the
c' and t."' states can radiate only to the a' and A'

states, respectively, and the measured decay
times for these near-infrared bands are less
than 20 nsec which is too short to be the radia-
tive lifetime. " Furthermore, the pressure
quenching of the c'Z state relative to the d'Z
state is implied by the measured intensity ratio
(d' —c')/(c'-a') which is about 1 at SVP, but is
roughly 100 at 15 atm.

The strong pressure quenching of the excited
states of liquid helium is an unexpected result.
For example, the effects of pressure on the fluo-
rescence of most liquids are due either to the
changes in density or index of refraction (a, small
effect), or to the pressure dependence of the vis-
cosity (or diffusion coefficient) which influences
the excitation transfer rates between excited
states and other solute molecules. " Neither of
these processes could account for our results.
We conclude that the quenching of the liquid fluo-
rescence is related to the microscopic interac-
tion between the excited states and the surround-
ing liquid. The quenching mechanism could in-
volve the formation of a complex of atoms which
ultimately dissociates into either the g'Z or a'Z
states depending upon the spin quantum number

of the original state. In fact such a process has
been invoked previously to account for the de-
struction of the 2'$ and 2'$ atomic metastable
states in the liquid. "Additional experiments
are required to establish the nature of this quench-
ing phenomenon, and in particular the fluorescent
decay times of the various transitions should be
examined as a function of pressure and density
in both the liquid and dense gas phases of helium.
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