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Spectra of liquid helium and hydrogen-doped liquid helium
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Proton-beam irradiation, using the 3 MV accelerator at Guelph, has been successful in allowing us to study
the emission spectra from liquid helium and hydrogen-doped liquid helium despite the fact that the beam
penetrates the target a scant 0.5 mm .erhission lines can be observed from liquid samples following doping
with small amounts of hydrogen into the helium gas before condensation. The line intensities are a sensitive
function of the sample temperature, becoming strongest as the liquid approaches 4.2 K, [itfes them-
selves are much broader than those from Because the helium lines actually originate in small bubbles of
helium gas trapped in the liquid, which is above theoint. The interesting fact is that electronic emission
spectra from H are observed at all from liquid helium and a calculation of the widths and shifts of the spectral
lines will be presented.

PACS numbsgfs): 33.70.Jg, 67.26:k, 78.60—b

I. INTRODUCTION and shifted from the corresponding gas phase spectra, this
effect was smaller than anticipated.

The use of liquid helium as a possible matrix for perform-  These studies led to the idea of helium “bubbles™ arising
ing spectroscopy on atoms and molecules in a cryogenic edl0M the repulsion between the helium molecule and the
vironment is receiving renewed interest with the use ofdround-state atoms of the Ilqgld. This is S|m|I.ar in nature to-
evaporatively cooled helium droplets as the environnfight ~ &" electron bubble observed in related experiments, where it
However, studies using bulk liquid helium, both as a com-S @ free electron that forms the bublji-12]. A more re-

parison for the droplet measurements and as a medium Wit@igittep daﬁgrrijgogzéhgfaie%ui?\bllsq ucignhglliic[)mgf [errg?(;bkfy an
Cor:j;?xgd;rec:tno%e_fgg:s Eiirrr]g d?;gzﬁur:ba;e SSI'&Sef);iblg'e lation experiments have studied excited states of mostly al-

. . kali and alkali-earth atoms, dimers, and clusters in liquid
Graaff accelerator at the University of Guelph, we canp qlium both above and below the point [14,15. A recent
achieve about 50@m penetration of a bulk liquid helium f

o - : . review examines these experiments and others that have im-
target, which is sufficient for us to spectroscopically examingyjanted impurities in superfluid liquidHe [16].

the light emitted at right angles to the proton beam using \when dense helium is subjected to ionizing radiation, a
either a Bomem FTIR spectrometer or a 0.3 m McPhersor@ommex set of reactions involving Ke,He;* and meta-
grating spectrometer. Similar measurements using solid hystable atoms and excimers become imporfad. The life-
drogen targets, gaseous helium targets, or combinations @fnes of these metastable species are mostly dependent on
the two[2] have been performed by us for a number of yearswo-body collisions involving excited species for both bod-
mostly at the now defunct McMaster University Tandem Ac-ies. An interesting fact is that the lowest excimer state, the
celerator. One technique, developed by us, was to put cold33 " | calculated to have a long lifetime in vacuum, is
helium gas above a thin film of solid hydrogen, which uponmetastable in the dense medium with a lifetime in excess of
irradiation, produced emission whose spectra revealed th&0 s[18].
presence of helium hydride excimé®s4]. By extending that Our cryostat does not permit us to work below the
idea to having liquid helium above a thin film of solid hy- point. The consequence is that macroscopic helium gas
drogen, we were able to identify molecular hydrogen emisbubbles are present in the liquid and these are sensitive to the
sion spectra, which are the subject of this report. No heliuniemperature and pressure of the sample. We shall present
hydride was observed. spectra taken from just irradiated liquid helium as well as
In 1968 Surko and Re[5] found that a radioactive source Spectra taken when a small amount of solid hydrogen is
immersed in liquid helium could create neutral localized ex-Present in the bottom of the cell. For some of these, we shall
citations. Fischbackt al. [6] found evidence for long lived D€ able to compare to spectra taken by us in just dense he-
excitations in liquid helium both above and below the UM gas[19]. We shall demonstrate that the occurrence of
point [7]. These excitations produced emissions that werdnolecular hydrogen spectra is a consequence of the solubil-

tentatively attributed to metastable states. ity of the hydrogen in the liquid helium, which is strongly
To clarify the situation, Dennigt al. [8] performed an temperature dependent below 4.2 K. The width and shifts of

experiment in superfluid helium using electron bombardmen{h® . spectral lines will also be discussed and compared to
as the excitation method. His group was able to identify seythose for excited atomic and molecular helium measured by
eral features arising from electronically excited states of He Oters-
Both singlet and triplet states were found to be populated,
including the metastabl33,,* state. In addition they found

that metastable 23S, helium atoms were created by the  Our experimental arrangement is not so different from
excitation processes. While all features were both broadeneatiat described in Ref$19,2]. The accelerator is the 3 MV

II. EXPERIMENT
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Van de Graaff at the University of Guelph producing 3 MeV T
protons with a current density of 20 nA/cn?. (For one X4 330 torr
spectrum, as mentioned in the caption, 4 MeV protons were
used at McMaster UniversityThe copper sample cell has
the shape of a cube, with interior volume about 0.5 con

the tip of a Janis transfer line cryostat. The proton beam
enters through a 1m thick nickel foil (which has been
moved closer to the center of the cell from our previous
experiments that is clearly visible through the two quartz
windows on the perpendicular faces of the cell. The sample
cell is surrounded by an aluminum radiation shield with three X4
holes at right angles to each other. All of this is contained by 190 torr
a vacuum shroud with room-temperature windows also made
of synthetic quartz. One can look right through the cell at
right angles to the proton beam. This optical configuration
has been used by us for both absorption and emission experi-
ments but this paper is reporting exclusively emission ex-
periments.

On one side of the cell is a 0.3 m McPherson grating
monochromator with either a 1200 line/mm holographic or a _
600 line/mm grating, the latter blazed atudm. It is config- T D;>C '(0_0') —
ured with a Hamamatsu R3310 cooled phototube, sensitive 11— 130 torr
from 0.36 to 1.0um, and standard photon counting electron- P R
ics. A spherical and two plane mirrors image the entrance slit
of the monochromator just behind the nickel foil of the cell,
thereby collecting light emitted from a locally small region.
This adjustment is made under operating conditions, i.e.,
with the cell full of liquid helium and the proton beam on.
The one, and perhaps only, advantage to using a lower en-
ergy accelerator is that the radiation levels are sufficiently
low that we can be physically present in the target room
when the proton beam is on, allowing us to make the adjust-

ment mentioned above. FIG. 1. The Hg D—C(0-0) FTIR emission band for different

On the opposite side of the shroud from the grating MONOyessures above the liquid at 2.8 K.

chromator is a Bomem 157 Fourier Transform Spectrometer

using a single Caf 75 mm focal length lens as collimator. pressure that we could apply. Close to this limit we observe
This instrument, having a 2 cm spectral resolution, has spectra with the most intense lines. As the external pressure
been configured for low-light-level emission experimentsis increased, the line intensity decreases until, at about 330
and for the work reported here was using a cooled, InGaAsgorr, the lines are essentially gone, leaving only a broad un-
detector sensitive from 0.8 to 1/6m. derlying background that we attribute to the liquid itself.
To achieve temperatures below 4.2 K, the exhaust of th&ych broad, unresolved spectra have been observed by others
transfer line can be pumped by a large rotary pump. Then liquid helium below the\ point[20]. We attribute the line
lowest stable temperature attainable within the cell using thi%pectra as Coming from macroscopic gas bubbles caused by
system is 2.6 K. The cell temperature has been calibrateghcal heating by the proton beam. A modest increase in the
below 4.2 K by measuring the equilibrium vapor pressure ofexternal pressure prevents these bubbles from forming. This
helium in the sample cell. The temperature inside the samplgsult is independent of the wavelength being observed.
while the proton beam is on will be not more than 0.5 K we have acquired gas phase spectra over a sufficient

Intensity

7550 7750 7950
-1
Frequency (cm )

higher than our quoted values. number of pressures to allow us to calibrate the linewidth as
a function of gas pressure for a number of transitions of both
. RESULTS the excimer Hg and atomic He. An example of the gas spec-

trum can be seen in our previous wddd]. Such calibration

allows us to conclude that the gas bubbles in the liquid have
Before presenting spectra of hydrogen in liquid helium itan internal pressure of 1@) torr. If we use only the surface

is worthwhile looking at some spectra from the liquid itself. tension of liquid helium and elementary physics, this pres-

Figure 1 is representative of all of the spectral regions thasure converts to a bubble radius ofu@n but the uncertain-

we have studied that span 400—-1600 nm. We have chosen ties in our pressures are greater than the pressure difference

display theD '3 ,*—C lEg+(0—0) near 7600 cm® taken  between the interior of the bubble and the bulk liquid, so we

with the Bomem spectrometer. At 2.8 K the vapor pressureanay conclude only that the bubble is larger than Q8. We

of helium is 133 torr, which represents the lowest externahave no way of precisely measuring the lifetime of these

A. Liquid-helium spectra
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a szlrr?.ltze.o-frhhe (Eoee_r)l?d(c?-g()j ?]r;ﬂ (rcr)n-lL:I;EeimIssisnlon4b0a:\]/|desvf0rro_ FIG. 3. FTIR survey spectrum of liquid helium above a film of
tons 'IE)he asytemgeratur% is 6 Kuang the ressuure ?s i50 torr pT seolid hydrogen at 3.9 K and 650 torr. All rotationally identified

- 'heg pe! : P ) qransitions are of K Intensities have been corrected for detector
R3 line is blended with a He line.

response.

bubbles, but can estimate that it is of the order of ms. Thiconsistent with what was observed for helium hydride. This

estimate is based on pulsed proton-beam absorption meabservation that emission spectra are extremely sensitive to
surements, using a technique described previol&ly We  temperature and pressure conditions seems to hold generally
have observed an intense absorption signal, which was wavésr hydrogen-doped helium samples at these low tempera-
length independent, that we attribute to light scattering fromtures. We have tried to observe hydrogen or helium hydride

these macroscopic bubbles. This interpretation is reasonab#pectral features at warmer temperatures without success.
because the technique is such that as little as a 0.1% decredseen pure hydrogen gas does not emit radiation that we can
in lamp flux from Mie scattering would produce an intenseobserve under any pressure or temperature conditions that we
signal. The bubbles would have to have a lifetime of thehave tried, save the lowest pressures at which we have ob-

order of ms to be detected in such an experiment. served weak atomic emission lines.
All H, emission features that we are reporting arise from
B. Hydrogen-doped gaseous helium thee-a transition of the triplet state molecule. The two bands

shown in the figure are th@-0) in the lower panel and the

ang‘]?cf)rct‘;g!fz”S;g;fesloeec”f‘e;‘;n*ie.np;‘?segtgr?].:;‘%Sneg”:;tr'g)-l) in the upper. Note that the(3) andR(1) lines are the
Irow , WePp In F1g. ISSI P ost intense, meaning that tlde=2 rotational level of the

Egmﬂecgg";z% dr%gﬁﬂne?ker}gtgnz g; &i&gg{grogﬁoir:?é;si_upper state is preferentially populated. This converts to a
. 9 9 p ' rotational temperature of 480 K. The linewidths of 2 tm
ties have been corrected for detector response. No ener e instrumental

dependence, other than emission line intensities, has ever
been observed in our experiments. The conditions are iden-
tical to those that produce helium hydride emissjdh but

no such emission was observed in the spectral regions under Figure 3 shows a survey spectrum taken with the FTIR of
examination for this study. The partial pressure of hydrogera sample of liquid helium above a film of solid hydrogen at
at 6 K is (8+1)x 10 torr [22], and 150 torr of helium at 6 3.9 K and 650 torr(The spectral intensities in this figure and

K optimizes the intensity of the hydrogen emission. That isin Figs. 2 and 4 have been corrected for detector response; all

C. Hydrogen-doped liquid helium
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FIG. 4. Survey spectrum of liquid helium above a film of solid Frequency (cm)

hydrogen at 3.9 K and 650 torr, recorded using the grating spec- . .
trometer. Identifications as in Fig 3. Intensities have been corrected FIG. 5. Spectra recorded using the FTIR for three different tem-

peratures of a sample of liquid helium above a film of solid hydro-
gen. The pressures are approximately the vapor pressures for the
other figures are uncorrected intensitids. contrast to the corresponding temperatures.
gas phase helium spectrum shown above, the liquid shows a
more intense hydrogen spectrum with several vibrationathree times stronger in the raw spectrum before correcting
bands, the most intense of which are the(B-0) and(0-1).  for detector responseThe presence of hydrogen quenches
Figure 4, taken with the grating spectrometer, covers thehe helium transitions and we have observed that this is a
spectral region below Lum for the same sample conditions general trend occurring for all helium emission features that
as the previous figure. Note that for every band, the strongeste have studied. That the formation of helium hydride pro-
line is the P(1), meaning that)=0 of the upper state is ceeds through interactions involving excited ,Hthereby
preferentially populated. The rotational temperature foirH  quenching emission from that excimer, is a reasonable but
the liquid is about 35 K. Whether this is a consequence ofiot certain explanation for what is occurring. HeH could be
inhibition of rotation of the molecule in the liquid or signifi- present in the liquid, in the lowest electronic potential curve,
cantly different excitation conditions from the gas is notand show no spectrum.
clear but we shall return to this question below. The intensity of the hydrogen features is a sensitive func-
The strongest emission spectrum is from the (@-0)  tion of the temperature, as shown in Fig. 5. Each of these
band near 11 600 cnt. This band appears among the spec-spectra were taken close to the vapor pressure of liquid he-
tra from both spectrometers but has better signal-to-noiskum for that temperature. Clearly the maximum hydrogen
ratio using the PMT/grating combination than the FTIR. Thisline intensity occurs at the highest possible temperature.
is a consequence of the wavelength being close to the higBiven our temperature uncertainties and our reluctance to
frequency limit of the FTIR detector. Note that it appearsrupture the seals of our sample cell, we did not try to work at
much stronger than the He emission bands near 4.2 K but kept the temperature a few tenths lower than 4.2 K.
15500 cm! even though these bands are the strongesthe role that hydrogen plays in reducing the intensity of He
emission features from samples of pure helidlhappeared emission is clearly demonstrated in this figure as well.

for detector response.
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' ‘ ' vary much with temperature, as can be seen from the spectra
14 H, bands 1 presented in Fig. 5.
“1-1 The existence of a bubble surrounding an excited atom in
12} :8‘_(1) 1 liquid helium was first suggested by Deneisal.[8] and has
\\ « n1- since been confirmed by several groups working on excited
~ 10} AN x 2-3 . atoms[13,24—28. A cavity in the liquid helium is formed
g because of repulsive forces between the excited atom and the
= 8l _ surrounding helium atoms. Free electrons in liquid helium
= are known to form such bubbles and their infrared spectrum
B 6L | has been observe@ee[27,28 and references therginin
5 view of this body of work it is reasonable to attribute the
% Al | small shifts observed in our work to cavities formed around
= the excited molecules. Indeed, the Molecule in its excited
state €33) is too large to fit inbetween the He atoms in the
2r ’ liquid. Calculations based on the model presented indicated
that the average radius of the valence electron is Bd\u,

05 P2 P3 ” while the average He-He separation based on the bulk den-
sity is about 3 A . The size of the cavity formed in liquid
helium by an excited molecule and the effect of this cavity

FIG. 6. Progression of the line shifts of the hydrogen emissionon the line position is evaluated following the method of
features. The numbers in the rotational labels refer to the rotationatlickman et al. [24]. A brief outline of this calculation fol-
quantum numbers of the lower electronic state. lows.

Rotational labels

The amount of hydrogen dissolved in the liquid helium at
these temperatures is a matter of solubility and we are not
aware of the relevant parameters being tabulated. Construct- The helium atoms surrounding the cavity are assumed to
ing an estimate, based on the gas phase vapor pressurefefiow a density profile first introduced by Hiroiket al.
hydrogen at these temperatures, does not explain the grokk2]. Apart from the bulk density of the liquid helium, only
temperature dependence. Using Eq. 4.5 from Radf], we  two parameters are needed to describe the density profile for
note that the vapor pressure of,Hat 3.0 K is 5.7 aspherical cavity: the zero-density radil®y) and the width
%10~ 1 torr while at 4.0 K it is 2.0<10~ 7 torr. If the con- («~ 1) of the transition region. An additional term, can be
centration of H really did decrease over three orders ofused to describe deviations from spherical symmetry. The
magnitude in going frm 4 K to 3 K, onewould not be able exact form of the density profile in its spherical and non-
to see any features at the lower temperature. Hence, obtaifpherical form can be found in previous publications
ing concentration estimates from the gas phase does not ajpt2,13,24.
pear useful and a more serious calculation would have to be The size of the cavity is governed by the interaction be-

A. Model calculation: line shift

performed to explain the observed spectral intensities. tween the excited molecule and the surrounding He atoms.
The cavity size will remain constant on the time scale of a
IV. DISCUSSION transition. Thus for both emission and absorption, the cavity

geometry is always determined by the initial state of the

The most notable feature of the spectra of iH liquid  transition. This explains why the magnitude and sign of the
helium is that the lines are broader than those of Hed line shift can differ between absorption and emission experi-
much broader than the same lines taken in the gas phaseents[13,20.

When one remembers that we attribute the hees to emis- The He-He interaction energy in the liquid is assumed to

sion from macroscopic gas bubbles and have argued th&ke the same in both the upper and lower electronic states of
emission from the liquid itself underlies the line spectrumthe molecule. This energy does not contribute to the line shift
and is quite broad, it might then be considered unusual thaind is set to zero for convenience. The energy of the system
any H, lines were observed at all. Besides being broadeneds then(using atomic units

the lines are blue shifted, that is, the centroids of the lines
have been shifted to higher frequencies.

The P-branch line positions of the hydrogen bands were
compared to the transition energies calculated from the en-
ergy levels given in Ref[23]. The features are all blue
shifted between 2 and 11 ¢rhand there is a progression in where E.,.iweq iS the energy of the excited molecule in the
the magnitude of the line shift as is indicated by Fig. 6. All cavity, vy is the surface tension, amlis the pressure of the
of the hydrogen features are broadened to between 30 aniduid. R, is the effective radius of the cavity, given approxi-
35 cm 1, which lies beyond the linewidth of the FTIR and mately by R,~Ry+2a 1. A volume kinetic energy term
the grating monochromatof2 and 5 cm?, respectively. has been neglected in favor of using the experimental value
The widths and shifts of the emission lines do not appear tof the surface tensiomy) of liquid He at 4 K.

4
Etota™ Eexcited™ 47TR§7+ 3 WRgp, 1
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1.460 . TABLE I. Table of the B:e3%," —a33 ;" lines in the 4.0 K,
650 torr liquid He spectrum above solid hydrogen. All entries are in
1.450 | &°s," 3p state i cm™ 1. Uncertainties in parentheses are 1 standard deviation.
Band Line Liquid FWHM Gas pha8e Difference
- 1480 2-3 P2  8311.61.0 33(4) 8302.71 8.01.0
> P1 8379104 341) 8369.69  9.40.4)
g 0L ) 12 P3  8550.01.00 344 854636  3.6L.0
2 0.0307 i P2 8634.80.8 303 862547  9.80.9
P1  8704.60.8 30(2) 8695.45 9.0.8
0.020 |- aa):,,+ 2s state N 0-1 P4 8774.02.0) 22(3) 8771.29 2.R2.0
P3 8865.61.0) 24(5) 8862.20 3.41.0
0.010 1 | P2  8952.90.2 291)  8944.67 8.20.2
P1  9026.50.2 29(1) 9017.87 8.60.2
0.000 ‘ ‘ , 1-1 P2 11015.81.00 3313 1100430 11.a.0
0.6 08 1.0 1.2 1.4 P1 11090.40.6) 31(5) 11080.57 9.80.6
R, (nm) 0-0 P4 11266.40.4 215  11263.31  3.00.4)
P3  11373.00.3 24(4) 11367.06 5.@.3
FIG. 7. Total energy of the cavity formed by an excited hydro- P2 11468.40.3 27(2) 11459.23 9.10.3
gen molecule in liquid helium as a function of the radius of the P1 11548.90.3  30(1) 11538.94  10.M.3
cavity. The upper curve refers to the initial state of the emission
features. %Referencd 23]

theaszg state. From the minimum of the upper state curve,
we calculate that the average cavity radiufRjs-1.06 nm.

A free electron forms a cavity in the liquid with a radius
lying between 1.2 and 1.4 nf®,12]. For the case of excited
He atoms in liquid He, Hickmart al. [24] calculates the
fadius of the cavity formed by a He atom in thé @ and

31S states to be 1.11 nm and 1.30 nm, respectively. Ki-
h . oshitaet al. calculate the radius to be 0.735 nm for excited
The model consists of an excited molecule at the center

. o A s atoms in liquid He at 1.6 K26].
a spherical cavity in the liquid He. We assume that the mol- Using the curves presented in Fig. 7, we find that the
ecule can be de;crlbed by arﬂ-]core and a va_lence elec- effective energy shift is+ 16.7 cmi 1. This should be com-
tron. The screening due to the inner electron is represent

by a &-f : il shell of radius 0.5 A Th Y red to the shifts tabulated in Table I. As can be seen our
y aé-function potential shell of radius-0.5 A. The ampli- oq 115 are within a factor of 2 of the average of the energy

tude of the pseudopotential is chosen so that the calculat ifts reported. Kinoshitat al. report an energy shift of

energy of the valence electron corresponds to the unpe%7 7 eni! for excited Cs atom§26], while Hickmanet al.
turbed electronic energy of the excited state. [24] report an energy shift o,f~40 el for the

The energy terms used to evaludgieq include the 4. 53p 335 amission line. Our calculation cannot account

same electron-helium pseudopotential mtroduceﬂmj as_ for the progression of the line shift with changing rotational
well as a standard Van der Waals term. The interaction of th‘%tate(see Fig. 6 since it treats the excited molecule with

H,* core anq the !ﬂe atoms of f{he liquid is neglected. Wespherical symmetry.
solve the radial Schdinger equation of the valence electron

in the cavity, thus obtainin@e,.ieqand the perturbed wave
function of the valence electron.

This calculation is performed for different cavity sizes As has been mentioned previously, the hydrogen emission
when the molecule is in the upper electronic staéY;’).  features are broadened to abeu80 cm *. Two methods
The cavity size, which minimizes the total energy of thewere_use_d to evaluate the I|ne_ shape of the emission lines.
system, is taken as the average size of the cavities formed Byhe first is based on standard line-broadening theory and we
the excited molecule. The calculations are then repeated féfs€ the same method outlined in Sec. IV of Re#]. The
the lower electronic stataa(32g) and the energy difference critical term in these expressionsAs/(R), the difference in
at the average cavity size, obtained previously, yields thdhe |.nteract|on potential energies in 'Fhe upper and lower elec-
perturbed transition energy. tronic states. In our calculatio¥,(R) is taken to be

The calculation was performed for a single cavity in a N
sample of bulk liquid He at 4 K. The energy of the system __ THe, 2 37 2 S_ 7
for both excited states is plotted in Fig. 7, where the zero of ViR RS {r >+f drLuAn)] Vp5(|R D@
potential energy is taken as the sum of the He-He interaction R R
energy from the bulk liquid and the unperturbed energy ofwhereR andr are the positions of the helium atom and the

The difficulty lies in evaluating=e,gieq b€Cause this de-
mands knowledge of the interaction potential between
ground-state He atom and an electronically exclidmol-
ecule. At this time, this potential is not known. It is at this
stage that our calculation departs to some extent from th
calculation off24], where the energies are evaluated by first
order perturbation theory.

B. Model calculation: linewidth
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electron, respectively. The first term is a standard Van der ' ' l
Waals attractive term witly, the polarizability of ground-

state He. The second term represents the interaction between
the valence electron and the He atoms of the liqujfr) is I ~
the radial wave function of the electron, calculated for the \

!
average cavity size an?/,{|R—r|) is the samee-He I /
pseudopotential used in our calculations of the cavity size ,’
and line shift. The linewidth resulting from this calculation is ]
too large by a factor of 4 and the associated line shift too ,’
large by a factor of 20. ]

The second method uses the cavity energy curves shown ,‘ \
|
!
]
]
]
f
I
I
!
/

Intensity

in Fig. 7, treating them as potential energy curves describing L
the breathing mode of the cavity. The cavity formed by the
molecule in its upper excited state is assumed to be in ther-
mal equilibrium with the liquid. Thusta4 K there is a ther-
mal energy associated with the breathing mode of the cavity.
If one considers the ensemble of cavities in the bulk liquid,
then at the instant a transition occurs there should be a dis- ' 1 L
tribution of possible cavity sizes. An effective line shist 8990 9010 9030 9050 9070
can be calculated for each cavity size from the difference of
the cavity energy curves. ) _ o )
The line shape is constructed by plotting the probability FIG- 8- The(0-1) P1 line of Fig. 3(solid line) and the profile
that a given line shift will occurP(w), as a function of that  calculated using the method outlined in Sec. IMd&shed ling
shift. P(w) is governed by the Boltzmann distribution of The frequency of the unperturbed transition is marked by the arrow.

cavity sizes

Frequency (cm™)

line-broadening theory, resulted in a linewidth too broad by a
P(w)dw=e PAERIAR,, (3)  factor of 4. The second method, based on a simpler statistical
argument, yields a result that agrees much better with the

whereR, is the effective cavity radius\E(R,,) is the energy 0observed linewidths. However, it is still in error by a full

difference between the cavity energy and the minimum cavthird of the observed width. o
ity energy in the initial state, an@=1/kgT at 4 K. The There is a third method, proposed[6], that is similar

reader is reminded that the energy curves plotted in Fig. 0 the second width calculation. The method involves treat-
represent the electronic energy of the molecule in the giveing the potential curves as potentials in a one-dimensional
electronic states. Thus the transition energy obtained frorfroblem. The eigenfunctions are calculated from the Schro
the difference of both curves for some valueRyfrepresents  dinger equation and Frank-Condon-type arguments are ap-
the sum of the unperturbed electronic transition enefy ( Plied. Application of this idea leads to a line shape whose
~1.42 eV) and the induced energy shit) centroid is unchanged, but whose width-i$ cm L. Clearly

The results are displayed in Fig. 8. In order to comparethere is more work to be done on this problem.

the resulting line shape with experimental data,was
shifted by +9017.12 cm?, the unperturbed transition en-
ergy of thee-a (0-1) P1 emission line. This feature is the V. CONCLUSION

strongest hydrogen line in the spectrum shown in Fig. 3. As
can be seen, the centroid of the calculated line shape lies We have presented spectra of molecular hydrogen doped

about 7 cm! to the right of the experimental line center. In into a sample of liquid helium at temperatures aboveXhe
addition, the FWHM of the calculated line is only point. An analysis of the spectral shifts and widths has been
~20 cmi ! compared to the 30 cit of the observed emis- performed using a slight variation on work done previously
sion line. with only modest success. The shifts were predicted to be too

The centroid of the calculated line profile is determinedlarge by nearly a factor of 2 and the widths too narrow by
by the energy difference between the energy curves of Fig. @bout the same factor. That the spectral shifts of the lines
at the equilibrium cavity size. The width and symmetry of showed a decrease with increasing rotational quantum num-
the profile depend on the actual curvature of the energyper has not been explained. Even if the model presented were
curves. These are calculated from the energy expression afiodified to account for nonspherical symmetry, one would
Eq. (1), which, for small values oRy,, is dominated by the have to incorporate a coupling between the electron and
energy of the excited molecule in the cavBy, g Thus nuclear motions. Such couplings, accounting for one type of
closer agreement with experimental data may be achieved Born-Oppenheimer breakdown, would present a significant
the method for calculatingcygjeqcan be improved. complication to the model presented here.

We have shown in some detail two attempts to model the Another feature, clearly seen in the spectra but not ex-
linewidth. The first, based on an extension of the standarglained, may also be related to a coupling of electronic and
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nuclear motion; that is, the change in the distribution of ro-offers insights and challenges different from but complemen-
tational intensities observed in the doped liquid spectra atary to the study of doped atoms.

compared to the doped gaseous spectra. We recorded a drop
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