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Raman sPectra from condensed phases of helium. H. Excitation of m«- than one Phonon

C. M. Surko and R. E. Slusher
Bel/ Laboratories, Murray Hill, New Jersey 07974

(Received 26 August 1975)

%e present Raman spectra for pure solid and liquid 'He, 'He, and 'He„'He, „solutions for frequency shifts
from 10 to 300 K. The data for all phases show a broad peak. In the solids this peak corresponds reasonably
well with the scattering expected from the phonons near the zone boundary. In the liquids a similar
interpretation is possible although not compelling. The data from all phases also show a large amount of
intensity beyond that corresponding to the maximum of twice a phonon frequency which has a monotonically
decreasing dependence on frequency shift. The high-frequency tail extends out to 300 K in the higher density
solids (17 cm'/mole), This feature of the spectra, which is absent in classical solids, is found to correspond to
a Raman process where a photon Raman scatters, producing a pair of energetic nearly-free particles with
equal and opposite wave vector. The details of this model are explored both theoretically and experimentally.

I. INTRODUCTION

The Raman spectra of solids can be divided into
single-phonon and multiphonon processes. Such a
division is meaningful in that for the former, a
phonon is created with a single well-defined fre-
quency and wave vector; whereas in the latter
case several phonons are created, and only the
sums of the energies and wave vectors of the pho-
nons are conserved. The preceding paper, which
we shall refer to as I, ' presented an experimental
study of the single-phonon Haman spectra of solid
helium. These spectra were qualitatively similar
to those of other solids, and showed evidence of a
mell-defined zone-center optic mode. We now pre-
sent a study of the "multiphonon" Raman spectra
of solid and liquid helium.

In most crystals this multiphonon spectrum can
be described quite mell by considering only two-
phonon processes. ' The spectrum then reflects pre-
dominantly the two-phonon joint density of states,
and in particular, has a rather sharp decrease in
intensity at a frequency shift corresponding to
twice that of a zone-boundary phonon. It has
been shown previously'4 that the multiphonon
spectrum of condensed phases of helium is con-
siderably more complicated than this, showing lit-
tle correspondence to the joint density of states for
two phonons and exhibiting spectral weight out to
frequency shifts which would correspond to thepro-
duction of six or eight phonons. In Secs. II-V of
this paper we present a detailed study of the multi-
phonon spectra of pure solid and liquid 'He and 4He

and their solutions. %'e do not consider two-roton
scattering in superfluid helium which has previous-
ly been studied in detail. "%'e present data to
demonstrate the extreme similarity of the spectra
of all phases of liquid and solid 'He and 'He. We
present a simple model which explains the spectral

shape and scattered intensity of the spectra at
large frequency shifts. Ne discuss possible in-
terpretation of the "two-phonon" component of the
liquid spectra, and the relationship of our data
from all phases of helium to the need for a mor' e
precise theory of Baman scattering from helium.

II. EXPERIMENTAL APPARATUS

The experimental apparatus and crystal growing
and data acquisition procedures used in these ex-
periments are described in detail in I. The solid
samples are unoriented. We presume that they
are single crystals (at least in the small focal
volume collected by the spectrometer) based on
the experience of others in growing helium crys-
tals. ' We do not analyze the polarization proper-
ties of the scattered light since me collect a large
solid angle of scattered light (f/3) and since the
sapphire cell windows depolarize incident and
scattered light. The spectra shown here were
taken with monochromator slit widths of 150 p, ,
giving a resulting spectral resolution of 3.2-cm '
full width at half-maximum (FWHM). Typical
spectra were taken sweeping the spectrometer at
a rate of 1 point/sec and averaging 100 such
sweeps. The noise in the spectra is predominately
statistical, i.e., proportional to the square root of
the number of detected photons. Since the fre-
quency shifts of interest are much greater than
kT/ji, where T is the sample temperature, all
data shown below correspond to Stokes scatter ing.

III. EXPERIMENTAL RESULTS

In Fig. 1 is shown the spectrum of a solid hcp
'Heo, 'Heo, alloy. The sharp feature near 8 cm '
is due to scattering from a single optic phonon.
The remainder of the spectrum is due to multi-
phonon scattering and is prototypical of the spectra
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FIG. 1. Baman spectrum of a solid helium alloy
Heo 8 Heo &

at 1.4 K and 48 atm pressure. The scattered
intensity, in arbitrary units, is plotted as a function of
frequency shift. The resolution is 1.2 cm ~ FWHM.

of all. phases of solid and liquid helium except
superfluid 'He which exhibits an additional sharp
peak due to two-roton scattering. For the purpose
of this pa.per, the multiphonon spectrum ean be
characterized qualitatively by two features: a
broad peak and a long monotonically decreasing
tail. at larger frequency shifts. %'e will first dis-
play the data to study the behavior of the broad
peak as a function of isotopic concentration and

phase and then show details of the spectrum at
la, rger frequency shifts.

In Figs. 2 and 3 the multiphonon spectra of ~He

and 'He are shown as a function of molar volume.
In the liquid near vapor pressure the peak is at
small frequency shifts and there is relatively a
large amount of spectral weight near zero fre-
quency. As the molar volume is decreased (by
increasing the pressure) the spectral weight at
small frequency shifts decreases and the peak
shifts to higher frequencies. Qualitatively there
is little change upon going from liquid to solid as
shown in Figs. 2(c) and 2(d) and in 3(b) and 3(c) or
on changing crystal structure in the solid as shown
in Figs. 3(a) and 3(b). In Fig. 4 we compare the
spectrum of solid 'He near melting to that of liquid
'He at the same temperature and nearly the same
pressure. The main change in the spectrum is on
the low-frequency side of the peak with little if
any change in the spectrum at higher frequencies.
The spectra are insensitive to changes in tempera-
ture in the region from 1.0 to 4.0 K.

Calculations for the two-phonon Raman scatter-
ing spectrum in solid helium" predict peaks in
the spectrum due to peaks in the joint density of
states. These features are predicted to occur at
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FIG. 2. Multiphonon Raman spectra of solid and liquid
4He. The temperature is 3.2 K for the liquid spectra
and 2.3 K for the solid spectra. The units of scattered
intensity are arbitrary but are the same for each spec-
trum. The resolution is 4 cm ~ FTHM.

frequency shifts less than or of the order of that
of thepeaks in the solid spectra. shown in Figs. 2

and 3 and would have widths of the order of 10
cm '. No consistent and clearly identifiable struc-
ture of this type was observed. The slight peak at
the frequency shift 43 K in Fig. 2(a) is about as
large as any observed. %e are unable to assert
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FIG. 4. Haman spectra of solid He (solid circles) and
l.iquid 3He (open circles) compared near melting. The
temperature is 1.45 K. The pressure is 55.1 atm for the
solid and 53.7 atm for the liquid. The resolution is
3 cm ~ FWHM. The solid l.ines are guides to the eye.
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FIG. 3. Multiphonon Raman spectra of sol.id and liquid
3He at 1.5 K. The units of intensity are arbitrary but
are the same for each spectrum. The resolution is
3 cm ~ FTHM.

that this feature is not due to "noise" although this
is somewhat unlikely.

Figures 5 and 6 show the Raman spectral inten-
sity of solid and liquid ~He and 'He at large fre-
quency shifts beyond the broad peak. The data are
displayed on a semilogarithmie plot in order to

show accurately the spectrum at large frequency
shifts. Qualitatively there is little change in the
spectrum as a function of molar volume or phase.
The derivative of spectral intensity with respect
to frequency shift at a given frequency shift dI(sr)/
dw decreases as the molar volume is increased.
At a given molar volume this quantity is larger
for 'He than 'He.

The intensities of the multiphonon spectra in
'He and in He relative to spectra of the same iso-
tope at different molar volumes are shown in Figs.
2 and 3. We are unable to ascertain the relative
intensities of spectra from different isotopic con-
centrations at the same molar volume more ac-
curately than to assert that they are equal to with-
in +30j~. The absolute intensity of the multiphonon
spectra is obtained by calibration against the
measured intensity of the two-roton scattering in

superfluid helium. This procedure is described
in I for the single phonon intensity. In a similar
manner we find the integrated Raman efficiency
for the multiphonon spectrum is (8.5+ 5}x10 ''
cm 'sr ' for the spectrum shown in Fig. 1.
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FIG, 5. Semil. ogarithmic plot of the scattered Raman
intensity of He at large frequency shifts for different
molar volumes. The temperature is 1.5 K and the re-
solution 3 cm F%'HM. The upper two curves are for
hcp solid and the lower two are for liquid 4He. The
data at each molar volume are displaced vertically for
clarity. The solid lines indicate the predictions of the
model for the free-particle production Raman process.
Each curve is translated vertical. ly for best fit. See
Table I for comparison of the predicted and measured
absolute intensities.

FIG. 6. Semilogarithmic plot of the scattered Raman
intensity of ~He at l.arge frequency shifts fox' different
molar volumes. The temperature is 1.5 K and the re-
solution 3 crn ~ FTHM. The upper curve is hep solid,
the next is bce solid, and the lower two are liquid He.
The data at each molar volume are displaced vertically
for clarity. The solid curves indicated the predictions
of the model for the free-particle production Raman
process. Each curve is translated vertically for best
fit. See Table I for comparison of absolute intensities.

IV. INTERPRETATION OF RESULTS

A. General remarks

The present theories of Raman scattering from
helium are not adequate to describe in detail the
spectral features of the Raman data shown above.
Not only is the theory for classical solids inade-
quate to explain the solid helium data, but in the
ease of Raman scatter'ing fx'om liquids there is no
theory for either classical or quantum liquids.
Therefore in addition to describing the px'esent
state of the theories that relate to these measure-
ments, we will discuss the relationship of Raman
data. from other rare-gas solids and liquids to the
helium data presented here.

The theory of Rarnan scattering from condensed
matter involves a description of the modes of
atomic motion in the medium and a coupling be-
tween these modes and the incident light. For in-
stance, in solid and liquid helium at low frequen-
cies (typically less than the Debye frequency)
there are phonon modes. At very high frequencies
there is evidence that the "modes" are mainly
single-particle excitations. 'O' " In normal (non-
superfluid) liquids in addition to the phonons there

exist single-particle excitations at arbitrarily low

frequencies. The simplest and most common de
scription of the coupling of light to helium is a
model where the atoms are replaced by point par-
ticles each with a constant polariza. bility a. The
dipole-induced-dipole (DID) interaction is used
to describe the coupling of the incident light to
modes in the medium giving xise to Raman scat-
tering. Recently quantum-mechanical calculations
have been carried out for the polarizability of
paixs of helium atoms. " These calculations show
that the DID model describes the pair polarizabil-
ity to better than 50 j~ for internuclear separations
relevant to liquid and solid helium. Thus the DID
model is a reasonable approximation, and further-
more the quantum ealeulations provide a moxe
rigorous bRsis fox' R refined theory. The DID mod-
el has been the basis of calculation of Raman scat-
tering from both solid and superfluid helium. ' "' '
Vfhile both predictions are inadequate to describe
the data in detail they provide at least qualitative
insight into the multiphonon RRmRn processes.

8. Multiphonon peak

The calculation done by Nerthamer, Koehler,
and Gray' for solid helium uses DID coupling and
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phonon modes calculated from self-consistent
phonon theory to calculate scattering from one
and two phonon processes. For an n phonon pro-
cess with n ~2, the integrated intensity is expected
to be proportional to (u/a)'" (where u is the ampli-
tude of the zero-point motion of an atom and a is
the lattice spacing), so that for helium where u/a
=0.3 it is expected that higher-order (e.g. , three-
phonon) processes will be relatively unimportant.
Their calculation describes semiquantitatively the
Raman spectrum of solid Ar, Kr, and Xe, where
little spectral weight is measured beyond the fre-
quency for production of two phonons. " In Xe the
fine structure in the spectra due to peaks in the
density of states for particular combinations of
phonon branches has been resolved, and these
measurements" agree with the theoretical predic-
tions. The theoretical predictions for solid hcp
helium at approximately 19 cm'/mole are shown

by the solid lines in Figs. 2(c) and 3(a).'' The
theory predicts roughly the correct position of the
broad peak but cannot account for the large amount
of spectral weight at frequencies corresponding to
more than two phonons. The peak in the calculated
spectrum arises from the large contribution of the
two-phonon joint density of states near the zone
boundary. Neutron scattering measurements in
4He indicate that the phonons are well defined with

frequency position-to-width ratios in all eases

log 10 Vm

FIG. 7. Peak position of the multiphonon Raman
spectra is plotted as a function of molar volume. The
open circles are taken from the 4He data in Fig. 2. The
solid circles and squares are 3He data taken from Figs.
3 and 4, respectively. The solid lines correspond to a
Gruneisen parameter of 2.6.

greater than three, so that phonon damping is not
expected to modify appreciably the theoretical
calculation of the two-phonon spectra (which as-
sumes undamped excitations). In order to study
the contribution of two-phonon scattering to the
observed peak, we plot in Fig. 7 the molar volume
dependence of the peak position in solid and liquid
helium. Shown for comparison is a line which
corresponds to a GrQneisen parameter (din~/dlnV)
of 2.6. This value corresponds to the molar vol-
ume dependence of phonon frequencies consistent
with the optic-phonon measurements presented in

I, with the measurements in 4He by neutron scat-
tering, and with specific-heat measurements. "
The fact that the Raman peak scales with phonon
frequencies is consistent with the interpretation
that this peak is due to phonon scattering. The
fact that the peak frequency agrees reasonably well
with the theory indicates that the peak is due to
two-phonon processes. We will discuss in detail
below contributions to the spectral weight at higher
frequene ies.

The observed scattered intensity from the two-
phonon spectrum agrees within a factor of three
with the DID model. The theory would predict a
Raman scattering efficiency of 3 x 10 "cm ' sr '
for the spectrum in Fig. 1 as compared with the
measured value of 8.5 x10 " em 'sr '. The pre-
dicted value would be decreased if atomic overlap
corrections to the pair polarizability were in-
cluded. This correction is described in Eq. (2)
below with respect to a different feature of the
spectrum.

While the broad peak in the solid can be under-
stood in terms of conventional phonon theory, there
is less known about modes in the liquid. The fact
that the spectrum is qualitatively unchanged upon

going from solid to liquid (see Fig. 4) is the
s tronges t argument for s i milar "zone -boundary
phonon" modes in the liquid. Much of the shift in

peak position upon melting can be attributed to the
molar volume change. The rest of the apparent
shift in peak position appears to be caused by an
increase in scattering at low frequencies. In the
nonsuperfluid phases of liquid helium the increased
scattered intensity at small frequency shifts be-
comes increasingly apparent as the molar volume
of the liquid is decreased. In superfluid helium
this spectral weight at small frequency shifts is
completely absent. It is likely that the main con-
tribution to the spectral weight at small frequency
shifts is due to pairs of single-particle excitations
at small momenta which are not present in super-
fluid helium.

As has been pointed out previously, '4 the peak
in the liquids is consistent with the existence of
well-defined modes extending out to the zone
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boundary, where they produce a peak in the density
of states for the production of two phonons. Such
modes have been predicted for normal liquid he-
lium" and have been predicted and observed in
some but not all classical liquids. ""A recent
calculation by Aldrich and Pines" predicts the

energy and wave-vector dependence of these ex-
citations in liquid 'He. A comparison of the value
of frequency shift which corresponds to a maxi-
mum in the joint density of states yields a pre-
dicted peak position of 36 and 39 cm ' at 35 and

29 cm' molar volumes as compared with the re-
spective measured peak positions of 27 and 32
cm '. The agreement is moderately good consid-
ering this comparison neglects any wave-vector
dependence of the coupling of light to the modes.
As shown in Fig. 7, the molar volume dependence
of the peak position in the liquid is also consistent
with the "phonon" interpretation. This is the
strongest evidence for a high-frequency collective
excitation in liquid 'He. In 'He, the *'roton" por-
tion of the excitation curve is probably damped by

single-particle excitations, but it is expected that
the "maxon" will remain underdamped.

We conclude that the broad peak evident in the
Raman spectra of all phases of helium is most
likely due to scattering from pairs of excitations
whose wave vector is approximately v/a where a
is the avexage interparticle spacing. In the solids
these excitations are zone-boundary phonons. In
the liquids these excitations are the analogous
high-frequency collective modes (i.e. , maxons}
px'edicted by Pines. "

C. Spectra at large frequency shifts

Having discussed the multiphonon spectrum in
the region of the broad peak we now discuss the
spectrum at larger frequency shifts where the
spectra from all phases of helium show an inten-
sity which decreases monotonically as a function
of frequency shift. This feature of the Raman
spectra in solid helium is absent in the spectra
of the heavier rare-gas solids where the integrated
Raman intensity in the frequency range beyond that
for the production of two phonons is less than 0.01-
0.1 of the total Raman intensity" (depending on the
temperature). In contrast to this, for helium this
ratio ranges from 0.3 to 0.6 depending on the
phase. The spectra of heavier rare-gas liquids
are not easily compared with that for helium since,
for the former, g~ = pg in the frequency region of
interest. This makes description of the initial and
final states of the system more difficult.

We now develop a simple model calculation with
which we are able to describe quantitatively the
Raman spectra at large frequency shifts in all
condensed phases of 'He and ~He. We calculate

the Raman process where incident light with en-
ergy S~, creates a pair of nearly-free-particle
excitations, each with equal and oppositely directed
wave vector Tc and energy ~„, and a scattered pho-
ton of energy 5(do —2e„. Consideration of this pro-
cess is motivated by the fact that the excitation
spectrum of helium at large energies (&30 K} and

large momenta (&2.5 A ') is dominated by spectral
weight centered around the dispersion relation

where re~ is close to the "bare" particle mass m.
These free-particle excitations have been observed
by neutron scattering in both liquid and solid
He 'o 'a That they appear in helium at such low

energies, comparable to or slightly greater than

a zone-boundary phonon, is due to the weak at-
tractive nature of the helium potential and the
large zero-point motion which tends to expand the
lattice. Thus when a helium atom is given an en-
ergy greater than the moderately small energy
necessary to remove it from its lattice site (e &

40 K), it can travel for some distance ( &1 A) be-
fore interacting strongly with another atom. Neu-

tron scattering can produce one single-particle ex-
citation of this type, but the lowest-order process
allowable with light scattering is two excitations
with nearly equal and oppositely directed wave
vector since the photon has negligible small wave
vector on this scale. This process can also be
viewed as the production by an incident photon of
a "particle-hole pair" and a scattered photon,
since at these large momenta a "hole" excitation
is equivalent to an excited particle moving in the
opposite direction.

The polarizability of a pair of helium atoms has
recently been calculated quantum mechanically to
include effects produced by overlap of the electron
wave functions. " This calculation provides an ac-
curate basis for our model of the Raman produc-
tion of single-particle excitations, a process which
is found to be sensitive to the interaction at short
distances where overlap effects are most impor-
tant. The result of the calculation for the aniso-
tropic part of the pair polarizability P(r) may be
written

j(r) = (6u', /r')(3rr —I )y(r),

where no is the atomic polarizability and r is the
separation vector between atoms. The quantity
y(r) has a, value of unity at la.rge distances

~

r
~

~ 3.2 A, where the interaction may be described
classically by a dipole-induced-dipole (DID) mod-
el, and decreases as x decreases to the value of
0.5 at r= 1.8 A (which is effectively the shortest
distance of approach relevant to our highest den-
sity solid).
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We use P(~) from Eq. (2) and perturbation theory
to calculate the Raman scattering px'ocess where
an energetic pair of nearly-free particles is pro-
duced in the final state. The Hamiltonian is H
= ——,'E P(r) .E, where E is the sum of the electric
fields of incident and scattered light. The Raman
efficiency at frequency shift ur (which is defined as
the scattering rate per unit solid angle, per unit
frequency shift, per unit incident photon flux, per
unit length of the sample) is found to be

I
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x 5(e&, —hu),

where A;0 is the wave vector of the incident light
with polarization direction A. o, X, is the polariza-
tion of the scattered photon, e&; is the energy dif-
ference between initial and final states ~i & and

~ f&,
and V is the interaction volume. If we take the ini-
tial state to be spherically symmetric, write the
final particle states in terms of plane waves of
momentum x and take Xo& X, (since our experi-
mental arrangement collects depolarized scatter-
ing only), we find

0
60

I I I

100 140 180

Fexgumt:V SH1FT hP( K)

220

g(r) in liquid helium" and from calculated values
of the "short-range correlation function" in solid
helium. " Thus in the liquids we identify

FIG. 8. Dependence of the model calculation on the
width parameter j. for liquid 4He at 27.6 cm~/mole. The
dashed curve is for the value of l = 11.2 K/A ~ used in
the calculation. The solid line is for I =8.7 KjA ~,

vrhich corresponds to the best fit to the neutron data.

x j,(xr) g;(r)y(r) — 5(&z; —h u&),
dt'

where j,(xr) is a spherical Bessel function of or-
der 2, and g, (r) is the initial-state wave function.
We take the final-state particles with wave vector
x to be distributed about the energy 8'x'/2m* in a,

Gaussian manner with a l/e width I'A ~ which is
linearly proportioned to x. This distribution treats
phenomenologically the effect of the medium on
these nearly-free particle states. The width ac-
counts for both the initial velocity distribution of
the particles and the lifetime broadening of the
final state (which is most important for x & 80
A ')." The effective mass m~ treats the effect of
the medium on the real part of the final-state en-
ergy. It is known from neutron experiments to be
different from the bare-particle mass in the en-
ergy x'egion of interest for solid He. The assump-
tion of a Gaussian distribution for the particle en-
ergies is reasonably consistent with neutron mea-
surements. In fact we are interested in a convo-
lution of particle distributions at v and -I(;, and
this function is fit very well by a Gaussian distri-
bution.

The initial-state wave function g, is taken from
measured values of the pair correlation function

We note that with this identification our expres-
sion for A» is similar to that of Baeriswyl"

0 s
with the exceptions that g(r& (which was inserted
ad Roc by Baeriswyl) is found to be replaced by
y(r)g'~'(r) and that our expression treats scatter-
ing from "single-particle" excitations rather than
collective elementary excitations. We discuss be-
low the error introduced by assuming a spherical-
ly symmetric g,.(r) and a plane-wave final-state
wave function.

The resulting predictions for the spectra at large
frequency shifts are shown by the solid lines in
Figs. 5 and 6. Values of I' and m* were taken
fxom neutron measurements on'""*"" 'He and
are scaled in density according to a straight-line
fit on a. loga. rithmic plot of I' and m* as functions
of the molar volume V . Thevalues of I' usedfor
these spectra were increased 30% above those val-
ues indicated by the neutron data. Both values of I
showed the same integx"ated intensity and average
slope on a semilogarithmic plot of intensity as a
function of frequency shift but the smaller value
showed more of the frequency-dependent structure
of the matrix element than is observed in our ex-
periment, The effect of this change in I for the
parameters relevant to liquid ~He at 27.6 cm'/mole
is shown in Fig. 8. For 'He we scale from 'He ac-
e»ding to m,*(V )=-,'m,*(V ) and r, (V ) =-', l', (V )
(Ref. 20) (which is consistent with lifetime broad-
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TABLE I. A comparison of the experimental Raman scattering intensities I„„measured at
a frequency shift of 115 cm ~ and a resolution of 3 cm ~ (FWHM) and the corresponding theo-
retical intensities I,„calculated from the model described in the text at various molar vol-
umes for both 4He and 3He.

Isotope V (cm3/mole) I,„(counts/sec) I,h (counts/sec)

4He

4He

4He

4He

3He
3He

3He

3He

27.6
23.6
18.3
17

29
23.8
21
18.9

0.42
0.68
1.3
1.7
0.41
0.89
1.12
1.69

0.41
0.71
1.16
1.8
0.38
0.57
0.81
0.97

1.03
0.96
1.12
0.95

1.08
1.56
1.38
1.70

ening of the final state being the dominant contri-
bution to I'). The experimental and theoretical
values for the correlation functions which we take
for (,(r) were shifted up to 0.2 A to account for
changes in V . In Figs. 5 and 6 the intensity of
the calculated spectrum at each molar volume is
adjusted for best fit with the data by shifting the
calculated curves vertically with respect to the
data. We discuss below comparison of the abso-
lute intensity. We regard the general agreement
between theory and experiment to be strong evi-
dence that "nearly-free-particle pair production"
dominates the Raman scattering from helium at
large frequency shifts. The arrows in Figs. 5 and

6 indicate the maximum frequency for the produc-
tion of two phonons in the solids. From the re-
sults of neutron studies on'He, "'"we expect that
at frequency shifts smaller than this the free-par-
ticle process will become less important than two-
phonon Raman scattering. The transition is likely
to be complicated and our calculation ceases to
apply when the dynamic structure factor S(x, &u)

has appreciable weight in other than free-particle
modes.

In Table I we compare the measured intensity in
the high-frequency tail with the predictions of our
model. The intensities shown are for 3-cm ' reso-
lution (FWHM) at a frequency shift of 166 K and

correspond to the spectra shown in Figs. 5 and 6.
The agreement is excellent for 4He and reasonably
good for 'He, considering our lack of knowledge
of P, (r). To our knowledge this is the most accu-
rate prediction for scattered intensities of the
Rarnan spectra of condensed phases of helium.
This agreement gives us further confidence in the
assertion that at large frequency shifts, the Ra-
man scattering is dominated by the nearly-free-
particle Raman process described here.

This model is appropriate for helium where the
system is loosely packed and the "well depth" of
the potential binding an atom to a particular site
is comparable to or less than the frequency of ex-

I(u) =Ce "" (6)

where we have assumed a Debye phonon spectrum,
8D is the Debye temperature, and C is a constant
depending on the particular substance. The fre-
quency dependence of Eq. (6) is of the form of the
Debye-Wailer factor e ~ " ' '. For argon. , C is
found to be approximately 15 times the maximum
two-phonon intensity. Thus in the frequency inter-
val Ku&2E~ where Eq. (6) is valid, f(&u) &15e 'eb~~D

& 10 ' of the maximum two-phonon intensity.
It is our claim that this is the first calculation

of the Raman intensity from helium which treats
properly the interaction at small distances. We
have removed the need for a phenomenological
cutoff of the interaction used in previous calcula-
tions. "'"'" Since this "cutoff" affects drastically
the predicted intensity and spectral shape, the
calculation presented here is a significant step
toward predicting absolute intensities for Raman
scattering from helium. It is also the first reli-
able calculation of the spectral shape over any ex-
tended frequency interval. The model only applies

citations. The model would be appropriate for H,

and the heavier rare gases"'" but only at much

higher frequencies than those corresponding to the
maximum energy for the production of two phonons,
since in these systems the attractive potentialbinds
an atom much more strongly to a lattice site than

the energy necessary to create a zone-boundary
phonon. For example, the binding energy E,
amounts to 41 K in He in contrast to 715 K in Ar,"
whereas the Debye temperature o-D is 18 and 93 K,
respectively. For the heavier rare-gas solids we

have calculated the Raman intensity for the pro-
duction of an energetic pair of free particles using
Eq. (2) and an initial-state wave function corre-
sponding to atoms allowed to make random "zero-
point-motion" excursions of amplitude (u')'~' about
fixed lattice sites. The resulting spectrum for
this process f(&u), valid for ku&2E~ and (u')'~'la
&&1, is found to be
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at large frequency shifts however, and it would be

very desirable to develop a more complete theory
valid at arbitrary frequency shifts. This is par-
ticularly relevant for the case of superfluid helium
where details such as prediction of the scattering
intensity for tmo maxons or the absolute intensity
for two-roton scattering are beyond the capabili-
ties of present theories. It is only the very nar-
row region of frequencies over which the two-ro-
ton scattering extends which allows calculation of
the spectral shape. It is assumed in the super-
Quid case that the matrix element is constant and

that the shape is dominated by variations in the
joint density of states and by roton-roton interac-
tion effects.

Ne have investigated the effect of using a non-
spherically symmetric initial-state wave function

We have taken a ground-state wave function
modeled by Gaussians centered on a bcc lattice
with a Jastrow function to cutoff the two-body mave
function at short distances. We then compare the
square of the matrix element, summed over the
possible directions of z, computed using this
"solid" wave function with that computed using a
spherical average of the same g, . The matrix
elements are found to be similar in ~ dependence
and within 30% in magnitude. These results indi-
cate that the spherical average wave function is a
reasonable approximation. The assumption of a
plane-wave final-state wave function is justified
by the fact that the two-body helium potential
changes very little compared to c„ in the range
of internuclear sepaxations where g,.& 0. The
hard core cuts off g, (r) at a value of r large com-

pared to that at mhich the hard-core potential
would modify the final-state wave function.

CONCLUSION

The Raman spectra of pure solid and liquid 'He
and ~He are shown to be qualitatively very similar.
Other than the sharp feature in superfluid helium
due to two-roton scattering and scattering from
the single optic phonon in the hcp phases of the
solids, the spectra are characterized by a broad
peak followed by monotonically decreasing inten-
sity extending to much larger frequency shifts.
We identify the broad peak as due to scattering
from two excitations near the "zone boundary"
{i.e. , with wave vector approximately equal to
v/a, where a is the average interparticle spacing).
We identify the spectrum at larger frequency shifts
as a Raman scattering process where incident light
at frequency ~, creates an energetic pair of near-
ly-free particles with equal and opposite wave
vector and a scattered photon. We have calculated
the Raman scattering expected for this process
and have shown that it agrees quantitatively with
our measurements. This model should be of use
in studying of the two-body ground-state wave
function in 'He and 'He.
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