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RECENT NEUTRON STUDIES OF ELEMENTARY EXCITATIONS IN LIQUID 3 ~ e  AND 4 ~ e  

W.G. Stirling 

Institut Laue-Langevin, 156X, 38042 Grenoble CQdex, France 

R6sumb.- La diffusion inblastique des neutrons est un outil particulizrement puissant pour dtudier 
les excitations de l'hblium-4 superfluide. Au cours des dernisres annbes, ces Studes ont dtb 
Qtendues B l'isotope 3 ~ e  trgs absorbant. Nous prssentons ici des travaux recents sur 4 ~ e  et 3 ~ e ,  
ainsi que sur les mdlanges des deux isotopes 

Abstract.- Neutron inelastic scattering has been shown to be a particularly powerful tool for the 
study of the excitations of superfluid 4~e. In the last few years, these studies have been extended 
to the highly absorbing isotope 3~e. In this paper, recent neutron work on both 4 ~ e  and 3 ~ e ,  and on 
mixtures of the two isotopes, is discussed. 

1. INTRODUCTION.- After more than twenty years ofin- 

tensive study by neutron inelastic scattering (N. I. 

S.) methods, probably more is known about the beha- 

viour of the elementary excitations of superfluid 

4He than for any other material. Why there should be 

this continuing interest is not difficult to explain. 

Firstly, there is the innate attraction of this 

unique substance. The hope that neutron scattering 

would help provide a microscopic understanding of 

the phenomenon of superfluidity, however, has gone 

largely unfulfilled. But there is also the interest 

in the study of the elementary excitations them- 

selves and in their interactions. 4 ~ e  may be consi- 

dered as a "model" substance for the study of exci- 

tations in solids as there is only one well-defined 

mode to consider, and, of course, helium is isotro- 

pic. The excitations have energies of a few meV, 

(ImeVGll.6 K) well-matched to the energies of ther- 

mal neutrons, while the inter-atomic distances are 

very similar to the wavelengths of thermal neutrons. 

Although neutron scattering yields information com- 

plementary to that obtained by other techniques, for 

instance ultrasonic attenuation measurements, it is 

the only method by which detailed dynamic informa- 

tion may be obtained at values of wavevector Q grea- 

ter than about 0.1 11-l. 

The very first N.I.S. results on 4 ~ e  were 

reported in 1957 by Palevsky and his colleagues / I / ,  

and demonstrated directly the existence of the "ro- 

ton',' excitations predicted some years earlier by 

attempting to supply the missing detail, particu- 

larly in the field of the interactions between 

these excitations. The most recent advances in 

these studies have been concerned with the excita- 

tions in 4 ~ e  films and with the excitations of li- 

quid 3 ~ e  and of mixtures of 3 ~ e  and '~e, until la- 

tely considered too difficult to observe with neu- 

trons. 

As an introduction to a discussion of some 

of the recent experiments, we shall outline briefly 

the techniques employed in N.I.S. studies of liquid 

helium. 

The usual aim of a neutron scattering expe- 

riment is to obtain knowledge about the Van Hove 

scattering function S(Q,w) over some range of wave- 

vector Q and frequency w.S(Q,w) describes the fluc- 

tuations in the density of the system and is direc- 

tly related to the dynamical susceptibility x(Q,w) 

which describes the response of the system to an 

external perturbation. The quasi-momentum transfer 

Q = 161 is given by the difference between the 
-f 

wavevectors of the incident neutron beam, ko, and 

the scattered beam $. Thus 
6=$-% 

and the energy transferred to the sample is 

gw = (g2/2~,) (k: - KG) 
where Mn is the neutron mass. Thus by defining 

-f -+ 
both ko and % we may obtain information on the 
scattering function by measuring the intensity of 

the scattered neutron beam. The two principal ins- 
Landau 121. The work of several groups, in particu- 

truments employed to study the inelastic scattering 
lar that at A.E.C.L., Chalk River 131, has since 

from liquid helium are the triple-axis crystal 
contributed to our knowledge of the "phonon-roton" 

spectrometer and the time-of-flight (t.0.f.) spec- 
dispersion curve of superfluid 4He. Current work is 

trometer . 
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In the first of these, a monoenergetic 

neutron beam is obtained by Bragg reflection from 

a suitable single crystal. The energy of the neu- 

trons scattered by the sample is then measured 

using a second single crystal, suitably oriented. 

Figure 1 shows a diagram of the IN3 triple-axis 

spectrometer at I.L.L., used for some of the measu- 

rements to be discussed in section 2. 

TRIPLE AXIS CRYSTAL 

SPECTROMETER IN3  

neutron quide tube 

$ -Seller col l i ra tors 

Sample 
table 

Fig. 1 : Schematic diagram of the IN3 triple-axis 
crystal spectrometer (I.L.L.). 

The particular advantage of this technique is that 

the energy spectrum of the neutrons scattered by a 

sample can be determined at preselected constant 

wavevectors, Q. But normally only one angle of 

scatter at the sample can be examined at a time. 

This mathod is especially useful where the sample 

has a well-defined ("sharp") dispersion relation 

Mw(Q) ; much of the detailed measurement of the 

phonons and rotons of superfluid 4 ~ e  has been made 

in this way (see for example reference 131). 

Time-of-flight spectrometers normally use 

either a single crystal or a mechanical rotor sys- 

tem to define the energy of the incident neutron 

beam while the energy of the scattered beam is de- 

termined by measuring the time-of-flight of the 

neutrons from the sample to the detector bank. In 

figure 2, we present a diagram of the IN5 time-of- 

flight spectrometer at the I.L.L., used for several 

of the experiments discussed in sections 2 and 3. 

Although many different scattering angles can be 

examined sidultaneously, both 6 and w vary over the 

measured spectrum. Where S(Q,w) does not exhibit 

sharp delta-function features, the t.0.f. technique 

may be many times more efficient than the triple- 

axis method. All the measurements to date on liquid 

3 ~ e  have been made using time-of-flight spectrome- 

ters. 

Since the aim of this paper is to discuss 

some of the more recent work on helium, and not to 

provide an exhaustive review, we refer the reader 

who desires a more detailed treatment to several 

recent reviews. 

400 3 ~ e  detectors 

auide tube \ b1 
He. filled \ 

3 \ 4m. fliaht wth\ \ \  

I ' I [ ( /sample and vanadium 
4 Synchronised 

choppers I '  lcryostat with cadmium 
shielding 

further shielding 
neutron monitor 

Fig. 2 : Schematic diagram of the IN5 multichopper 
time of flight spectrometer (I.L.L.) 

Woods and Cowley, 1973 141, review work on the 
excitations in liquid 4 ~ e ,  while 3 ~ e  is included in 

the articles of Price, 1976 151, Lovesey and Copley, 

1977 / 6 /  and Cowley, 1976 / 7 /  and 1977 181. 

2. BULK 4 ~ e  AND 'He FILMS.-One of the few really new 

topics in neutron research on helium is the study 

of thin films. In this section we shall describe the 

observation of roton excitations in films only a 

few atomic layers thick. Returning to the bulk li- 

quid we describe a few experiments which have attem- 

pted to increase our detailed knowledge of the exci- 

tation spectrum of 4 ~ e  and of the interactions be- 

tween these excitations. 

Figure 3 represents the well-known phonon- 

roton dispersion curve of superf luid 4~e. There 

have been recent neutron studies of the excitations 

in the phonon region A, the roton region B, and in 

region C where the one-phonon excitations merge 

into the band of multiphonon excitations. 

It has been known for many years that the 

behaviour of liquid 4 ~ e  is different in confined 
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geometry to that in the bulk. on 4 ~ e  films. 

Fig. 3 : The phonon-roton excitation curve of 
superfluid '~e. The dashed lines represent an arbi- 
trary separation into "phonon", "roton", and 
"large waveveccor" regimes. 

For instance the temperature of the superfluid 

transition is lower for helium in narrow channels 

than for bulk helium 191. It has been suggested 

that the roton energy of constricted helium should 

decrease and that new excitations - "ripplons" - 
might occur at the free surface of the film 1101. 

To date, two neutron experiments have been reported 

which investigate these effects. Both experiments 

studied superfluid films on exfoliated graphite. 

In the experiments of Carneiro et al. 1111, 

sharp excitations at Q = 2.0 i-I could be observed 

for coverages down to less than 6 atomic layers. 

Within experimental uncertainty, the energies of 

these roton excitations were found to be identical 

to those of bulk 4~e. No additional scattering was 

observed which could be attributed to ripplons. 

Lambert et al. 1121 came to very similar conclu- 

sions. Roton peaks were observed with a decrease 

in energy of only about 0.24 K compared with the 

bulk roton energy of 8.62 K. In both experiments 

the lineshapes were asymmetric and this was inter- 

preted / 1 1 /  as arising from out-of-plane contribu- 

tions to the scattering. There was also agreement 

in the value of the coverage, 2 112 layers, at 

which the integrated roton scattering falls to zero. 

So it seems that the liquid film lies on a layer of 

solid 4 ~ e ,  2 112 atomic layers thick. Thus, even 

for films of only 3 112 atomic layers, bulk beha- 

viour predominates. It is certain that in the near 

future there will be further neutron experiments 

Even in bulk helium there are still out- 

standing problems. There is considerable interest 

in the "anomalous" or "positive" dispersion of the 

phonon dispersion curve for wavevectors below 1 i-l. 

If there is upwards dispersion, then the decay of 

one phonon into two others is possible, and so the 

shape of the dispersion curve controls the decay 

processes which can occur. This unusual behaviour 

has been extensively studied using a variety of 

techniques - see the review by Maris 1131. However, 

although it is now generally accepted that the phase 

velocityw/Qdoes exceed the sound velocity Co at 

some finite wavevector Q, the evidence was somewhat 

indirect. In principle, neutron scattering allows 

the direct determination of w(Q).  But neutron mea- 

surements on phonons in 4 ~ e  are fairly difficult 

since normally rather small scattering angles must 

be employed and so there are problems with the ex- 

perimental geometry. Further, for wavevectors % 0.5 

Z-l, the one phonon intensity is only about 10 % of 

its maximum value at the roton minimum 131.  The ex- 

perimental data of Cowley and Woods 131 at s.v.p. 

and of Svensson et al. I 1 4 1  at pressures up to 

24 atm. are consistent with the existence of anoma- 

lous dispersion at pressures of up to 17 atm. but, 

taken alone, are not sufficiently accurate to de- 

monstrate this phenomenon. For this reason, the 

phonon region was reexamined I 151  using a t.0.f. 

spectrometer with low energy neutrons to provide 

many points (w,Q) on the dispersion curve, with 

improved resolution. In this way, about 40 phonon 

frequencies were determined between 0.1 and 0.9 

;-I. The measured phase velocities are presented 

in figure 4 .  It is clear that the phase velocity 

does increase from its long wavelength limit, with 

a maximum deviation of about 4 % at a wavevector of 

about 0.42 1-l. These measurements confirm the 
existence of anomalous dispersion in superfluid 

4~e. The predicted functional forms of Maris 1131 

and Aldrich et al. 1161 are shown as the lines of 

figure 4. Both the parametrized expression of 

Maris, fitted to the data of Cowley and Woods 131,  

and the polarization potential calculation of 

Aldrich et al. 1161 agree well with these experi- 

mental results. 

We turn now to recent results at larger 

wavevectors. For several years there has been spe- 

culation as to the existence of a two-roton bound 

state 1171. High precision Raman scattering I 1 8 1  



which measures the scattering from pairs of rotons 

with approximately equal and opposite momenta, has 

shown the existence of a peak at 16.97 f .03 K. This 

has to be compared with twice the roton energy A as 

measured by neutron scattering. Cowley and Woods 

131 measured A/k = 8.67 f .04 K in 1971. So the 

two-roton Raman peak occurs at an energy slightly 

lower than 2A. 

in the existence of a two-roton bound state. 

While it seems certain that pairs of rotons 

with almost zero total momentum interact attracti- 

vely, it is not clear that the interaction has the - 
same sign at larger values of the total pair momen- 

tum. Graf et al. 1201 have studied the neutron scat- 
0 

tering at the "maxon" position - Q = 1.1 A-I  - as 
a funciton of pressure. 

Fig. 4 : Measured phase velocities in superfluid 
at 1.2 K 1151. The solid square is the experi- 

mental sound velocity and the circles are the mea- 
surements of referencellq. The open squares are re- 
presentative data of Cowley and Woods 131. The 
dashed curve is calculated using the parameters of 
Maris 1131 while the dotted curve is the calculation 
of Aldrich, Pethick and Pines 1161. 

This difference, the binding energy EB of the two 

rotons, was not consistent with the value of E B 
determined independently from a lineshape analysis 

of the Raman results /IS/. In an attempt to improve 

upon the accuracy of the neutron value of A, and 

hence give a more reliable value of EB, an accurate 

determination of the roton energy was made by Woods 

et al. /19/. The measured dispersion curve for the 

roton region is presented in figure 5 where the data 

points are compared with the "best-fit" parabola of 

the form 

where mX is the roton effective mass. From this fit 

a value of A/k of 8.618 f 0.009 K was obtained. So 

2 U k  is 17.24 K which, when compared with the Raman 

value of 16.97, yields a binding energy EB of 0.27 
- 

+ 0.04 K. This value compares favourably with that 
obtained from their lineshape analysis by Murray et 

al. /18/ and ~rovides solid support for the belief 

Fig. 5 : The measured dispersion curve near the 
roton minimum 1191. The curve is a parabola, fitted 
to the data points. 

The maxon frequency increases with pressure and 

exceeds .2A at above about 20 atm., while A itself 

decreases with increasing pressure. A more recent 

experiment 1211 has been concerned with the region 

about 3 1-l where the one-phonon excitations merge 
into the "upper branch" of multiphonon excitations. 

Once again at the higher pressures, the one-phonon 

peaks were found to have frequencies above 28, for 

Q values above about 2.6 1-l. Figure 6 shows the 
observed dispersion relation at a pressure of 24.3 

atm. These results were interpreted using the theory 

of Zawadowski et al. 1221 in which the basic appro- 

ximation is that the observed spectrum is dominated 

by the decay of the excitations into pairs of rotons. 

There are then two principal parameters of the 

theory, gg which describes the interaction between 2 

rotons and a single excitation, and g,, describing 

the direct roton-roton interaction. These parameters 

were obtained by fitting the theoretical expressions 

to the observed intensity distributions. 

As expected from the result that the one- 

phonon peaks have frequencies above 2A, the roton- 

roton interaction was found to be repulsive. A simi- 

lar analysis of the results of Graf et al. 1201 

for Q = 1 .I 1-l leads to the same conclusion. 
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Fig. 6 : The dispersion relation of superfluid 4 ~ e  
at 24.3 atm. as measured by Smith et al. / 2 1 / .  

However, there remains some controversy ower this 

result. Tiitt8 and Zawadowski / 2 3 /  argue that the 

relevant quantity is not g4 but rather and effecti- 

ve g4 which combines both g4 and g3. It is this 

effective roton-roton coupling which should be used 

to describe the neutron lineshapes. These authors 

argue that even if the experiments of Smith et al. 

/ 2 1 /  yield positive values for g4, and hence a 

repulsive rnteraction, the effective coupling may 

be negative leading to an attractive roton-roton 

interaction. 

Further measurements at wavevectors near the 

"end" of the one-phonon spectrum may help to clarify 

this point. The principal problem lies in the diffi- 

culty of handling with sufficient accuracy the 

multi-phonon distribution which is very broad and 

which persists to high energies. To make a separate 

estimate of the parameters g3 and g4 requires a 

clear separation between the one-phonon and multi- 

phono~~ scattering, a task which the present author 

considers almost impossible. 

3 .  NORMAL LIQUID 3~e.-~t first sight, the excitation 

spectrum of liquid 3 ~ e  might be expected to be 

very similar to that of 4~e. This not so as 3 ~ e  is 

a system of interacting Fermions, whereas 4 ~ e  is a 

Bose system and so the quantum statistics are very 

different. In a Fermi liquid there is the possibi- 

lity of observing both "sharp" collective excita- 

tions and a broad continuum of quasi-particle - 
quasi-hole excitations which arise from the exci- 

tation of a 3 ~ e  atom from an energy close to the 

Fermi surface to a higher energy state. 

Whereas the scattering from 4 ~ e  is wholly co- 

herent, 3 ~ e  has a spin-1/2 nucleus and so spin-de- 

pendent incoherent scattering must also be consi- 

dered. This scattering is by no means negligible 

as the incoherentcross-sectionisabout 25 % of the 

coherent cross-section 124,  2 5 / .  The reason that 

neutron studies of 3 ~ e  are not as developed as 

those of 4 ~ e  is the extremely large thermal neutron 

absorption of the lighter isotope-about 10000 b a 

wavelength of 4 1. Nevertheless, two groups have 
now made extensive measurements on liquid 3 ~ e .  

The first neutron results were reported by 

Scherm et al. in 1974 1261. Using a conventional 

"multichopper" time of flight spectrometer, figure 

2 ,  they observed broad distributions of scattering 

at wavevectors between 1.3 i-l and 2.2 for a 

sample temperature of 1.3 K. These measurements 

were later improved upon in a series of experiments 

at 0.63 K for wavevectors between 1.0 and 2.5 L-l 

/ 2 7 / .  

The observed scattering was assumed to arise 

from excitations within the particle-hole continuum 

but no sharp collective excitations were observed. 

The maxima of the continuum peaks exhibited a roton 

like di:, near 1.6 ;-I. These results were compared 

with lineshapes calculated using variants of the 

random phase approximation. The theory gives rea- 

sonable agreement with experiment but with rather 

extensive modifications. 

In parallel with this work, measurements on 

3 ~ e  at 0.015 K were made at Argonne National Labo- 

ratory by Skold et al. / 25 ,28 /  using the statisti- 

cal or correlation time-of-flight technique / 2 9 / .  

In these measurements, peaks were observed at ener- 

gies of about 12.8 K for wavevectors in the range 
0.8 i - 1  to 1.3 ;-I. These peaks have been identified 

with scattering from the zero sound mode, observed 

in the sound attenuation measurements of Abel et 

al. / 3 0 / .  As well as the zero sound peak, scatte- 

ring from the particle-hole continuum was present 

and a low frequency peak, identified with the spin 

fluctuation excitations. Specimens of the data of 

this experiment and of that of reference / 2 7 /  are 

shown in figure 7 .  For wavevectors above 1.4 ;'I, 

the two sets of data are in.good agreement, sugges- 

ting that the continuum scattering is largely tem- 

perature independent. Indeed, the polarization po- 

tential calculations of Aldrich et al. 1311 used 

the results of Scherm et al. / 2 6 /  to fit some para- 

meters of the theory and obtained satisfactory 

agreement between the theoretical and experimental 

/ 2 5 /  dispersion relation for zero sound. Figure 8 

taken from the paper of Aldrich et al. / 3 1 / ,  pre- 



sents a comparison between this theory and the 

experiments of references I 2 5 1  and 1271. 

ENERGY ( K )  

Fig. 7 : Comparison of 3 ~ e  data of references 1251 
and 1271. The A.N.L. data is interpolated to give 
the energy distribution at constant wavevector while 
the I.L.L. data is presented in the constant scatte- 
ring angle representation and so both energy and 
wavegector vary. At.the smaller wavevector (Q 
1.2 A-l) the upper figure shows clearly the exis- 
tence of a low energy spin fluctuation peak and a 
higher energy zero sound peak while this structure 
is lost in the statistical scatker of the points 
of the lower figure. For Q a 2 A-~, the two sets 
of data are in good agreement. 

A more recent set of experiments at A.N.L. 1281 

indicates that the zero sound mode bends over to- 

wards the sound velocity line, at small wavevectors. 

0 1 2 

Q (x-') 
Fig. 8 : The 3 ~ e  zero sound peak positions of SkEld 
et al. 1251 at 0.015 K, closed circles, and the ma- 
xima of the spectra observed by Stirling ee al. I 2 7 1  
at 0.63 K, crosses. The full-line represents the 
zero sound calculation of Aldrich et al. 1311 and 
the hatched area is the band of particle-hole exci- 
tations. 

Since there is some overlap in wavevector 

between the 'I.L.L. and A.N.L. measurements, it has 

been suggested that the zero sound mode is damped 

with increasing temperature and so might not be 

separable from the continuum scattering at the 

much higher temperature of the I.L.L. measurements. 

Using the theory of Akhiezer et al. 1321 which is 

based on Landau theory and so is strictly valid 

only for small Q and w, Lovesey and Copley 161  show 

that there is a "dramatic changef' in S(Q,w) on chan- 

ging the temperature from 0.016 K to 0.65 K. The 

temperature dependence of the zero sound mode has 

also been considered by Glyde and Khanna 1331, wi- 

thin the framework of the random phase approxima- 

tion. These authors also find a loss of structure 

of S(Q,w) at higher temperatures. On the other hand, 

Aldrich and Pines 1341 consider the way in which 

their low temperature s.v.p. calculations will be 

changed by increasing the temperature and pressure. 

They conclude that neither the frequency nor the 

width of the zero sound mode at about 1-l are much 
altered by increasing the temperature to as much 

as 1.2 K. ~kgld and Pelizzari have now made measu- 

rements at both 0.04 K and 1.2 K 1351 and find that 

the zero sound mode is still observable at the 

higher temperature for wavevectors between about 

0.36 i - 1  and 1.24 1-l. It appears that for these 
extremely difficult neutron measurements on 3 ~ e ,  

the correlation technique provides significantly 

improved sensitivity as compared with the conven- 

tional timevf-flight method. For a detailed com- 

parison of the experimental techniques used in 

these measurements on liquid 3 ~ e ,  the reader is 

referred to the original papers and to the review 

of Lovesey and Copley 161. 

There remains much experimental work to be 

done. In particular, the pressure dependence of the 

excitations remains to be studied in detail. Hilton 

et aL 1361 have measured the inelastic scattering 

at the saturated vapour pressure and at 10 and 

20 bars, for a temperature of 0.7 K. Figure 9 gives 

the peak and half height positions of the energy 

distributions observed by Hilton et al. 1361. No 

well-defined zero sound peak was observed, even 

though measurements were made in the region of 

(Q,w) space in which such a peak was expected. 

However, there are marked differences in the spec- 

tra at s.v.p. and at elevated pressure. As the 

pressure is increased, the maxima in the energy 

distributions shift to smaller energies. This effect 

is particularly marked at the "roton-minimum" wave- 

vector, Q a 1.9 i-l, where the maximum decreases 

from about 10 K at s.v.p. to less than 4 K at 20 

bars. This is a much greater change than in liquid 
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4 ~ e  as the same pressure increase decreases the 

roton energy from 8.6 K to 7.3 K. For further de- 

tails of these results, we refer the reader to the 

paper of Hilton et al. in these proceedings. 

Fig. 9 : The peak positions and half-height posi- 
tions of the energy distributions observed by Hil- 
ton et al. 1361 for 3 ~ e  at 0.7 K and at s.v.p., 
10 bars and 20 bars pressure. The dotted lines 
show t e free-particle dispersion relation MU = 
H2Q2/2$ for effective masses @ of 3.08 m3 at 
s.v.p., 4.4 m3,at 10 bars and 5.2 m3 at 20 bars. 

It is certain that further experiments on 

liquid 3 ~ e  will be performed in the near future. 

The A.N.L. group intends studying the pressure 

dependence of the excitations while the I.L.L. 

group will re-examine the excitations at s.v.p. at 

much lower temperatures. These experiments have 

stimulated a great deal of theoretical effort which 

will doubtless continue as more experimental in- 

formation becomes available. 

4. MIXTURES OF LIQUID 3 ~ e  and 'He.- A simple model 

for the neutron scattering from a dilute 3 ~ e  - %e 
mixture might be considered as being merely the 

weighted superposition of scattering from 3 ~ e  and 

4~e. We would then expect to see the phonon-roton 

excitations of 4 ~ e ,  perhaps modified slightly by 

the addition of the 3 ~ e  "impurity", as well as 

scattering from the 3 ~ e  continuum of particle-hole 

excitations. 

Rowe et al. 1371 reported the first neutron 

measurements on a mixture of 5 % of 3 ~ e  in 4~e. 

Although more difficult to observe due to the 3 ~ e  

absorption, the 4 ~ e  excitations were only slightly 

different from those of pure 4~e. Small energy 

shifts of up to 0.5 K, and increases in width of 

about 1 K were detected, but there were no large 

changes in energy as had previously been suggested 

[e.g. 13811. Similar effects on the phonon-roton ex- 

citations were observed in the measurements of 

Hilton et al. 1391 on a 6 X micture, but in addition 

peaks at lower energy were seen, which were identi- 

fied with the particle-hole continuum. The excita- 

tion spectrum of this mixture is shown in figure 10. 

It is clear that the continuum excitations deviate 

from a simple quadratic dispersion relation, but 

whether or not there is a roton-like dip as has been 

suggested 1401 is impossible to say. 

Wavevector transfer 

Fig. 10 : The excitation spectrum of a mixture of 
6 % 3 ~ e  at 0.6 K 1391. The open circles are the po- 
sitions of the particle-hole continuum peaks while 
the "error bars" represent the full-widths at half 
maximum of these peaks. The solid circles show the 
phonon-roton positions and the triangles give the 
lower limit of effects due to these peaks. Two pos- 
sible forms for the continuum are represented by the 
dashed (quadratic) and dot-dash ("quadratic plus 
roton-like") lines 

As one might expect, increasing the 3 ~ e  con- 

centration increases the roton line-width, but for 

concentrations of up to 25 X, the roton energyshifts 
are found to be negligible. At wavevectors smaller 

than that of the roton, both shifts and line widths 

increase with increasing temperature. Without doubt, 

more detailed measurements of the excitations in 

mixtures of 3 ~ e  in 4 ~ e  will soon be performed. 

5. CONCLUSION.- Of necessity, much has been omitted 

from this short "sketch" of current neutron scattering 

research on liquid helium. Considerations of space 

have dictated that no mention was made of work on 

normal 4 ~ e  or of the continuing effort to prove -or 

disprove- the existence of a Bose condensate. Al- 

though over twenty years of continuous work lie be- 

hind us there remains much that needs to be done. 



ACKNOWLEDGEMENTS.- The author  wishes t o  thank t h e  

many col leagues  who helped, a t  s h o r t  n o t i c e ,  t o  pro- 

duce t h i s  paper. In  p a r t i c u l a r  he i s  indebted t o  

Drs. R. Scherm, J.R.D. Copley, P.A. H i l t o n  and 

R.A. Cowley f o r  h e l p f u l  advice  and t o  D r .  K. Sksld 

f o r  providing new d a t a  p r i o r  t o  pub l i ca t ion .  

References 

/ 1 /  Palevsky, H.,  Otnes, K. ,  Larsson, K.E., P a u l i , R .  
and Stedman R., Phys. Rev. 112 (1958) 11. 

/2/ Landau, L.D., J. Phys. U.S.S.R. 11 (1947) 91. 

/3/ Cowley, R.A. and Woods, A.D.B., Can. J. Phys. 49 
(1971) 177. 

/4 /  Woods, A.D.B. and Cowley, R.A., Repts. on Prog. 
i n  Physics ,  2 (1973) 1135. 

/5/ P r i ce ,  D.L., The Physics  of Liquid and So l id  He- 
lium, Vol. I1 (Bennemann K.H. and Ket terson J.B., 
Eds.) (Wiley and Sons, New York) 1976. 

/6/ Lovesey, S.W. and Copley, J.R.D., Proc. I n t .  
S?p. on Neutron I n e l a s t i c  S c a t t e r i n g ,  I.A.E.A., 
Vlenna (1977) -. t o  be  publ ished.  

/7 /  Cowley, R.A., Proc. Conf. Neutron S c a t t e r i n g ,  
Gatlinburg, U. S.A. (ORNL USERDA) (1976) 935. 

/8 /  Cowley, R.A., Proc. I n t .  School Low T. Phys. 
E r i c i ,  S i c i l y , R u v a l d s  J .  and Regge T., Eds., 
(North-Holland Pub.) 1978 - i n  p ress .  

/9/ Brewer, D.F., Champeney, D.C. and Mendelsshon,K., 
Cryogenics 1 (1960) 1 .  

/ 10/ Edwards, D.O. ,  Eckardt,  J.R. and Gasparini,F.M., 
Phys. Rev. A9 (1974) 2070. 

/11/ Carneiro ,  K., El lenson,  W.,  Passe l ,  L.,  
McTague, J. and Taub, H., Phys. Rev. L e t t .  2, 
(1976) 1695. 

/12/ Lambert, B.,  Sa l in ,  D . ,  J o f f r i n ,  J. and 
Scherm, R., J .  Physique Le t t .  38 (1977) L-377. 

/13/ Maris, H.J., Rev. Mod. Phys. 2 (1977) 341. 

/ I41  Svensson, E.C., Marte l ,  P. and Woods, A.D.B., 
Phys. L e t t .  55A (1975) 151. 

/15/ S t i r l i n g ,  W.G., Copley, J.R.D. and Hi l ton ,  P.A., 
Proc. I n t .  Stpup. on Neutron I n e l a s t i c  Scat te-  
r ing ,  I.A.E.A., Vienna (1977) - t o  be published. 

/16/ Aldr ich,  C.H., Pe th ick ,  C.J. and P ines ,  D . ,  
J .  Low Temp. Phys. 2 (1976) 691- 

/17/ Ruwalds, J .  and Zawadowski, A., Phys. Rev. Lett. 
25 (1970) 333. - 

/18/ Murray, C.A., Woerner, R.L. and Greytak, T.J., 
J. Phys. (1975) L-90. 

/19/ Woods, A.D.B., Hi l ton ,  P.A., Scherm, R. and 
S t i r l i n g ,  W.G., J .  Phys. (1977) L-45. 

/20/ GraE, E .H., Minkiewicz, V . J . ,  ~ s l l e r ,  H.B. and 
P a s s e l l ,  L., Phys. Rev. A10 (1974) 1748. 

/21/ Smith, $.J., Cowley, R.A., Woods, A.D.B., 

/23/ ~ i i t t i j ,  I. and Zawadowski, A., J .  Phys. Cl1 - 
(1978) L-385. 

/24/ Sears ,  V.F. and Khanna, F.C., Phys. L e t t .  3 
(1975) 1 .  

/25/ Skald,  K., P e l i z z a r i ,  C.A. , Kleber and 
Ostrowski, G.E., Phys. Rev. L e t t .  37 (1976) 842. 

/26/ Scherm, R., S t i r l i n g ,  W.G., Woods, A.D.B., 
Cowley, R.A. and Coombs, G . J . ,  J. Phys. 
(1 974) L-34 1. 

/27/ S t i r l i n g ,  W.G., Scherm, R., Hi l ton ,  P.A. and 
Cowley, R.A., J. Phys. 2 (1976) 1643. 

/28/ SkGld, K. and P e l i z z a r i ,  C.A., Proc. I n t .  Symp. 
on Atomic, Molecular and So l id  S t a t e  Physics  
and Quantum S t a t i s t i c s ,  Sanibel  I s l and ,  F lo r ida  
(Liiwdin P.O., Ed.) (Plenum, New York) 1977, 195. 

/29/ P r i c e ,  D.L. and SkSld, K. ,  Nucl. Instrum. & 
Methods 82 (1970) 208. 

/30/ Abel, W.R., Anderson, A.C. and Wheatley, J . C . ,  
Phys. Rev. L e t t .  2 (1966) 74. 

/31/ Aldr ich,  C.H., Pethick,  C.J. and P ines ,  D., 
Phys. Rev. L e t t .  2 (1976) 845- 

/32/ Akhiezer,  A.I. ,  Akhiezer, I . Y . ,  
Pomeranchuk, I . Y . ,  JETP 14 (1962) 343. 

/33/ Glyde, H.R. and Khanna, F.C., Can. J. Phys. $5 
(1977) 1906. 

/34/ Aldr ich,  C.H. and Pines ,  D., J. Low Temp. Phys. 
- t o  be published. 

/35/ Skzld,  K. and P e l i z z a r i ,  C.A., J. Phys. C, t o  
be published. 

/36/ Hi l ton ,  P.A., Cowley, R.A., S t i r l i n g ,  W.G., 
and Scherm, R., Z. fi ir  Phys. B., t o  be  publ i -  
shed. 

/37/ Rowe, J.M., P r i c e ,  D.L. and Ostrowski, G.E., 
Phys. Rev. L e t t .  31 (1973) 510. 

/38/ Bar t l ey ,  D.L., Wong, V.K. and Robinson, J.E., 
J. Low Temp. Phys. 2 (1973) 71. 

/39/ Hi l ton ,  P.A., Scherm, R. and S t i r l i n g ,  W.G., 
J. Low Temp. Phys. 2 (1977) 851. 

1401 P i t a e v s k i i ,  Proc. U.S.-Soviet Symp. Cond. 
Matter,  Berkeley, C a l i f o r n i a  (1973). 

S t i r l i n g ,  W.G. and Martel ,  P . ,  J. Phys. 
(1977) 543. 

/22/ Zawadowski, A., Ruvalds, J .  and Solana, J., 
Phys. Rev. & (1972) 399. 


