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ABSTRACT

The properties of *He—*He solutions are discussed. The theorotical analysis ig
carried out on a basis of general quantum mechagical considerations without
‘Tesorting to any model concepts. Satisfactory agreement of the proposed simple
theory with all the experimental data allows us to make reliable predictions of
I new effects. Particularly interesting are the magnetic properties of the solutions
and the superfluidity of *He in solution. Observation of the corresponding effects

seems to be possible.
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§1. INTRODTOTION

Helium isotopes *He and “He are unique physical objects where the quantum
properties of the macroscopic systeins are particularly clearly exhibited. Thus, in
helium, one can obtain the mogt complete and the most visual description of a large
number of interesting quantum effeets. On the other hand, a good wnderstanding of
the physics of helium will clarify a number of general relationships inherent in low-
temperature phenomena in the physics of condensed matter.
The theory of gquantum liquids describes equally well such diverse physical
systems as superconducting metals and alloys, the clectron liquid in metals and
semiconductors, altradense stars and heavy nuclei, ete. At the same time, the theory
of quantum liquids is essentially a theory of the liquid izotopes of helium. Superfluid-
*He and normal *He were the traditional objects of analysis in the physics of helium.
Recently, there has been considerable interest in the superfluid phases of *He. A
solution of helinm isotopes ean exhibit properties characteristic of all of these.
Moreover, quantum *He—*He solutions possess completely new specific properties
uncharacteristic of pure isotopes of helium, such as giant magneto-kinetic effects—a
considerable growth of the mean free path of the dissolved *He atoms and strong
enhancerment of the kinetic coefficient of the solution in magnetic fields.
A 3He—He 11 solution is a Fermi liquid of impurity *He atoms dissolved in a
superfluid Bose background of “He. Such a Fermi liquid is an extremely interesting
object for hoth theoretical and experimental analysis due to the following.
A general description of any Fermi liquid is possible in the scope of Landau
theory; Landau theory of Fermi liguids enables one to clarify a whole number of
relationships characteristic of the system of fermions. All the observable charac-
teristies of the system are comprehensively determined by a phenomenological
 Fermi liquid function. The Fermi liquid function is microscopically defined by the
two-particle interaction of fermions. For macroscopically dense systems a. consistent
calculation of the f-function in general form turns out to be impossible. Therefore,
the form of the Landau f-funetion can be explained only by comparing theoretically
calculated characteristics of the Fermi liquid with experimental data. Thus the
measurement of the specific heat and sound velocity of "He enahles one to determine
the zeroth and first harmonics in the expansion of the Fermi liguid fumction in
Legendre polynomials. In most phenomena, however, the set of all the harmonics of
the f-function, whose experimental values cannot be obtained, at present is
important. The use of the f-function in a two harmonic approximation has rather low
accuracy and is often unsatisfactory. An important exception, where all calculations
can be congistently performed, 18 the case of a low density Fermi liquid, i.e. actually a
slightly nen-ideal Fermi gas. In this case the situation is eased by the fact that there
exists a natural small parameter in the sy

rstem—the low concentration of fermions. A
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§1. INTRODUCTION

Helium isotopes *He and *He are unique physical objects where the quantum
properties of the macroscopic systems are particularly clearly exhibited. Thus, in
helium, one can obtain the most complete and the most viswal deseri ption of a large
number of interesting quantum effects. On the other hand, a good understanding of
the physies of helium will elarify a number of general relationsh ips inherent in low-
temperature phenomena in the physies of condensed matter.

The theory of quantum liquids describes equally well such diverse physical
systems as superconducting metals and alloys, the electron liquid in metals and
semiconductors, ultradense stars and heavy nuclei, cte. At the same time, the theory
of quantum liguids is essentially a theory of the liquid isotopes of helinm . Superfluid
*He and normal *He were the traditional objects of analysis in the physics of helium.
Recently, there has been considerable interest in the superfluid phases of “He. A
solution of helium isotopes can exhibit properties characteristic of all of these.
Morcover, quantutn *He*He solutions possess completely new specific properties
uncharacteristic of pure isotopes of helium, such as giant maguneto-kinetic effects—-a
considerable growth of the mean free path of the dissolved *He atoms and strong
enhancement of the kinetic coefficient of the solution in magnetic ficlds.

A *He-He I1 solution is a Fermi liquid of impurity *He atoms dissolved in a
superfiuid Bose background of “He. Such a Fermi Lquid is an extremely interesting
object for both theoretical and experimental analysis due to the following.

A general description of any Fermi liquid is possible in the scope of Landau
theory; Landau theory of Fermi liquids enables one to clarify a whole number of
relationships characteristic of the systemn of fermions. All the observable charac-
_ teristics of the system are comprehensively determined by a phenomenological
Fermi liquid function, The Fermi liquid fanction is microscopically defined by the
two-particle interaction of fermions. For macroscopicall y dense systems a consistent
calculation of the f-function in general form turns out to be impossible. Therefore,
. the form of the Landau f-function can be explained only by comparing theoretically
caleulated characteristios of the Fermi liquid with experimental data. Thus the
meagurement of the specific heat and sound velocity of *He enables one to determine
the zeroth and first harmonics in the expansion of the Fermi liquid function in
Legendre polynomials. In most phenomena, however, the set of all the harmonies of
the f-function, whose experimental values cannot be obtained, at present is
important. The use of the f-function in a two harmonic approximation hag rather low
accuracy and is often unsatisfactory. An important exception, where all caleulations
can be consistently performed, is the case of alow density Fermi liquid, i.e. actually a
slightly non-ideal Fermi gas. In this case the situation is eased by the fact that there
exists a natural small parameter in the system-—the low concentration of fermions. A

SHe—*He quaniwm solutions 3

degenerate dilute Fermi gas does not occur in nature, since the majority of real Fermi
systems condense before the effects of the quantum degeneracy begin to develop. A
single cxception is the degenerate Fermi gas of impurity *He atoms dissolved in
superfivid He LI background. Therefore, the experimental and theoretical investig-
ation of the low-temperature properties of the solutions is not only of considerable
interest in itself, but enables one to understand the nature and the origin of a whole
number of phenomena in denge Fermi systems too.

Fifteen years ago the finite solubility of *He in He I at low temperature was
discovered (Edwards ¢f of. 1965}. It turns out that the phase diagram of the mixture
*He—*He is such that the solution does not demix into pure components up to
concentrations of 6-4%, (with Increasing pressure the demixing concentration
increases to109). Thus, sufficiently decreasing the temperature, we shall always hit
the region of Fermi degencracy of the impurity *He atoms, The discovery of the finite
solubility stimulated markedly subscquent experimental and theoretical investig-
ations of the degenerate *He—Te 11 solutions. In the region of quantum degencracy
of the dissolved *He atoms, the contribution of rotons and phonons inherent in pure
superfluid *He can be neglected. (Thus, even at fairly high temperatures, T<0-7K
and low conecentrations, x 2§59, the eontribution of phonons in the normal density
ofthe solution is less than 19, of the impurity contribution.) Then, on decreasing the
temperature, all thermodynamic and kinetic characteristics of the solution are
determined solefy by the impurity component and must exhibit Fermi liquid
properties. An experimental verification of this fact was the discovery of the lincar
temperature dependence of the gpecific heat of the solution (Anderson ef al. 1966 b),
the temperature dependeuces of the coefficients of spin diffusion and thermal
conductivity (Anderson et al. 1966 a, Abel ef al. 1967) and alzo a certain dependence
of the effective mass of impurity *He atoms on the solute concentration.

The properties of *He dissolved in superfluid *He were first studied theo retically
by Landau and Pomeranchulk {1948), who treated the impurity *He atom as a
delocalized Fermi quasiparticle with a large de Broglie wave length. The thermo-
dynamic functions of the solution considered as an ideal Fermi gas of such
quasiparticles in a superfluid background were caleulated by Pomeranchuk (1949).
Comparison of the results of this caleulation with the experimental data showed the
ingufficient accuracy of the ideal gas approximation and the need to take into
account the interaction between *He quasiparticles, even in the region of rather low
concentrations.

Anessential role in the interaction of *He quasiparticles in a solution is played by
the superfluid *He background. The effect of the superfluid background on the single
*He quasiparticles, according to Landau and Pomeranchuk’s theory, is simply
reduced to a renormalization of the mass of ‘He particle, i.e. to a considerable
difference between the effective mass of a single bare *He quasiparticle and the mass -
of *He atom. Unfortunately, the interaction of *He quasiparticles in a solution does
not generally reduce, to a simple renormalization of the interaction potential of *He

“atoms in vacuum, for example, to a Lennard-Jones potential. This is caused by the

fact that the interaction of impurity quasiparticles is followed by a polarization of
the medium, and is connected with the properties of “He excitations. Since the sound
velocity in *He 1s not too large, in the interaction of *He quasiparticles in a solution
retardation effects should occur, and this leads to an essential non-locality of the
interaction. Therefore, a realistic description of the structure of interaction does not
exist at present. In connection with this fact, the majority of authors, beginning with




4 E. P. Bashkin and A. K. Meyerovich

the well-known work of Bardeen ¢t af. (1966, 1967) used mode! potentials of different
types to describe the interaction of *He quasiparticles while the paramcters of these
potentials were chosen from a comparison with experimental data. These potentials
donot possess a direct physical meaning and their chotce can hardly be justified from
first principles. With a model potential, it is difficult to interpret equally well all
cxperimental data, and for satisfactory agreement with experitment onc must resort
to atheory containing rather large numbers of fitting paraneters. At sufficiently low
temperatures and concentrations, the two-particle interaction potential can be
represented ag an expansion in a power series in the small momentum of formions.
Then, because of the isotropy of the system, only terms with even powers of the
momentum will enter the expansion. In thig case, the determination of the model
potential is actually reduced to fitting the corresponding coefficients in the
expansion. A detailed discussion of those articles and summary of the results can be
found in the reviews of Radebaugh (1968), Ebner and Edwards (1971}, Esel’son ef af.
(1973), and Baym and Pethick (1978). At the same time the application to real
solutions of the consistent phenomenological theory in the spirit of Landau’s Fermi
liguid theory (Khalatnikov 1967, 1968, 1971) turns out to be difficult since no
explicit form of the f-function ig obtained from the experimental data.

Nevertheless, one can carry out a complete and fairly cxact microscopic
investigation of the properties of wealk solutions corresponding to the study of effects
of non-ideality of a Fermi gas of impurity quasiparticles in Landau and
Pomeranchuik’s theory. In the limits of this description, the Fermi liguid interaction
can be taken into account with satisfactory accuracy by perturbation theory, ginee
in the given case, the expansion in interaction coincides formall y with the expansion
in concentration which is the only amall parameter in the system.

At low temperatures, T« h?/Mr (M is the fermion mass and r, the range of
interaction) and concentrations ¥3 3574 (I is the number of particles per unit
volume) the system of dissolved *He atoms forms a dilute Fermi gas of slow
quagiparticles. In accordance with the phase diagram of the Fermi component of the
degenerate He—*He solution, these conditions are always fulfilled up to the
demixing concentration. The scattering amplitude of slow particles (see, for
example, Landau and Lifshitz 1974) when the interaction between them decreases
rapidly at large distances, iz determined by an expansion in even powers of the small
relative momentum p* (1 is the orbital momentum of scattered particles). Therefore,
for a Fermi gas of slow particles, the interaction reduces, in general, to s—scatfel‘ilig
(Huang and Yang 1957, Lee and Yang 1957, Abrikosov and Khalatnikov 1957 b,
Abrikosov el af. 1962, Lifshitz and Pitaevskil 1978) and can be described by just a
gingle microscopic constant independent of momenta, which has a clear physical
meaning—-the s-scattering length, . The value of the s-scattering length cannot be
defined in the theory and must be found from a comparison of theoretical and
experimental resultg. Then the concentration dependence of all thermodynamic and
kinetic characteristics of the degenerate solutions are caleulated as expansions in'
powers of i'co|a-| ~a'P el (k, is the Fermi wave vector).. Nevertheless, one can
describe the whole range of experimental data on the properties of the superfluid
solutions using just a single phenomenological parameter, ¢. The principal difference
of this appreach from the method of model potentials consists in the fact that the
concentration dependence of all observed quantities can be explained in the limits of
s-scattering only; whereas, in the model description, to obtain many relationships
one moegt consider the momenta-dependent part of the interaction potential, i.e.
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the well-known work of Bardeen et al. (1966, 1967) used model potentials of different

types to describe the interaction of *He quasiparticles while the parameters of these

patentials were chosen from a comparison with experimental data. 'hese potentials
donot possess a direct physical meaning and their choice can hardly be justified from
first principles. With a model potential, it is difficult to interpret equally well all
experimental data, and for satisfactory agreement with experiment one must resort
toa theory containing rather large numbers of fitting parameters. At sufficiently low
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expansion. A detailed discussion of those articles and summary of the results can be
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in concentration which is the only small parameter in the system.

At low temperatures, T« h®/M»Z (M is the fermion mass and ¥y the range of
interaction) and concentrations N3 'y (N5 is the number of particles per unit
volume) the system of dissolved *He atoms forms a dilute Fermi zas of slow
quasiparticles. In accordance with the phase diagram of the Fermi component of the
degenerate “He—*He solution, these conditions are always fulfilled up to the
demixing concentration. The scattering amplitude of slow particles (see, for
xample, Landau and Lifshitz 1974) when the interaction between them decreases
rapidly at large distances, is determined by an expansion in even powers of the small
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for a Fermi gas of slow particles, the interaction reduces, in general, to s-scattering
(Huang and Yang 1957, Lee and Yang 1957, Abrikosov and Khalatnikov 1957 b-,
Abrikosoy et al. 1962, Lifshitz and Pitaevskii 1978) and can be described by just a
single microscopic congtant independent of momenta, which has a clear physical
meaning—the s-scattering length, «. The value of the s-scattering length cannot be
defined in the theory and must be found from a comparison of theoretical and
experimental results, Then the concentration dependence of all thermodynamic and
kinetic characteristics of the degenerate solutions are calculated as expansions in
powers of kola|~z' <« (k, is the Fermi wave vector). Nevertheless, one can
cesceribe the whole range of experimental data on the properties of the superfluid
solutions using just a single phenomenological parameter, . The principal difference
of this approach from the method of model potentials consists in the fact that the
concentration dependence of all observed quantities can be explained in the limitg of
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one must consider the momenta-dependent part of the interaction potential, i.e.
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scattering with the higher momenta. In the limit of zero momentum the results
obtained using model potentials must coincide, of courge, with the results derived in
the framework of the above-mentioned scheme in the Born approximation, i.e.
actually in the modet of hard spheres (Fu and Pethick 1976). Indeed, in the highest
concentration region, ncar the demixing curve, the use of model potentials provides,
for the present. the only possibility of describing the available experimental data.

The value of the s-seattering length, a, was determined from the best fit of the
theoretical curves simultaneously with alt available experimental data on the
properties of a degenerate solution. Information about the s-scattering length
enables ug not-only to deseribe fairly exactly the available experimental results, but
also to predict reliably a whole number of phenomena hitherto unobserved.

It turns out that the quantity a is negative, which corresponds to attraction
belween the impurity *He atoms, This leads automatically to the conclusion that
weakly damped high-frequency spin waves can propagate in a degenerate solution,
but oscillations of zero-sound type cannot propagate. This also means that the
superfluid phase transition of *He in solution is provided by the s-pairing of impurity
*He quasiparticles and can be explained in the framework of BCS theory which, in
the given cage, does not give a model (asin supercondueting metals) but a fairly exact
description of the superfluid transition. Then one can dbtain a realistic value of the
superfluid transition temperature of *He in a solution which turns out to be
sufficiently high, and this makes the observation of this phase transition accessible
even at present. Although this superfluid transition results from the usual BUS
pairing of the impurity fermions, the macroscopic properties of the solution in this
temperature region differ markedly from the properties of other superfluid and
superconducting svstems; this is associated with the simultaneous presence of two
Bose condensates in *He and *He. Therefore the macroscopic behaviour of such
systems Is deseribed already by the equations of three veloeity hydrodynamics
(there are two superfluid and one normal flow rate in the solution). At the same time
the effect of dragging on both components of the solution by each of the superfluid
flows becomes important. Interest in the search for superfluidity of *He in *He—He I1
solutions has recently been particularly heightened by new achievements in the
investigations of the superfluid phases of pure *He.

A pronounced interest in the analysis of the Fermi liquid with a polarized spin
system has also emerged. The system of nuclear gping of *He in a weak *He—*He
solution can be polarized simply by applying an external magnetic ficld. The
switching of the external magnetic field does not affect the motion of the single
uncharged fermion. In the presence of a magnetic ficld, however, the occupation
number for particles with different spin orientations changes and therefore the
energy of Fermi liquid excitations which itself is a functional of the distribution
function. The behaviour of a Fermi liquid in & magnetic field has been studied so far
only in weak fields where the corrections to the f-function are as small as the field and
all characteristics of the system can be expressed by the Fermi liquid harmonics in
the absence of the fleld. In strong magnetic fields the Fermi-liquid funetion cannot,
in general, be expressed by ity value without a field.

For a low-density Fermi liquid like the 3He—*He solution all calculations can he
performed ina closed form for arbitrary magnetic fields. The Fermi liquid function is
calcutated in practice with the same procedure as for no field. This is due Lo the fact
that in the non-relativistic approximation the particle inferaction is spin-
independent and the seattering amplitude of bare quasiparticles is field-
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independent. The dependence of the f~function on the field appears only because the
field influences the digtribution function of fermions. Therefore, for *He—He 1T
solutions in which the magnetic dipole-dipole interaction is negligibly small, all
IFermi liquid characteristics in not very strong fields are determined by the same
gquantity as in the abscnce of field—the s-scattering length, .

Tn an isotropic Fermi liquid of spin-§ particles, there are two Fermi surfaces for
the different sping, spheres whose radit are determined by the degree of polarization
by the field. In the exchange approximation, particles of both polarizations remain
at their Fermi surfaces. For s-scattering of fermions with spin-% only collisions of
particles with opposite directed spins are important because of the Pauli principle.
Theretore, in very strong fields when practically all sping are parallel to the magnetic
field, the s-scattering becomes ineffective. In this case, the Fermi liquid interaction is
associated already with p-scattering. The p-scattering amplitude of slow particles is
considerahly sinaller than the s-scattering amplitude and, therefore, the polarization
of the solution by a magnetic field leads to a considerable weakening of the Fermi
liquid interaction, with particularly noticeable effects on the trangport phenomena,
ginee the free path of the particles is inversely proportional to the scattering cross-
section. Ag a result, magneto-kinetic offects must be observed in *He--*He solutions
{gigantic growth of the kinetic coefficients such as viscoszity and thermal condue-
tivity) on polarizing the spin systemn.

The influence of spin polarization on the thermodynamic properties of the
solution ig also noticeable. This influence is notl associated, in general, with the
properties of the Fermi liguid interaction, but simplv with the change of the radii of
Fermi surfaces. These effects must be observed even in an ideal Fermi gas.

An external magnetic field sharply changes the character of the superfluid phase
transition of *He in solution. Thus, in some regivns of the flelds, the superfluid
transition in *He is accompanied by the formation of Cooper pairs with non-zero
momentum, and this leads to a spatial inhomogeveity of the superfluid phasge. The
appearance of such a guasicrystalline strueture is strongty echoed in the liguid
properties. s-Pairing in stronger magnetic fields becomes impossible. Ag a con-
sequence, the temperature of the phase transition, associated already with the p-
seattering, decreases congiderably. The resultant superfluid phase is reminiscent,
microscopically, of the A-phase of pure superfluid *He.

Many of the phenomena studied in superfluid *He—*He solutions have their
analogues in dense polarized Fermi systems. Since the degeneracy temperature of
the dense Fermi liquids is fairly high, the spin system cannot be polarized to any
considerable degree by an external magnetic field at presenit. Thus, it is necesgary to
employ other methods in order te achieve-a high degree of polarization. There is
interest in a method of polarization of pure *He using fast meiting of a crvstalline
magnetically ordered *He (Castaing and Nozieres 1979, Chapellier ef o, 1979). Some
curiows examples of other polarized Fermi systems are discussed in the concluding
part of this work.

In the case of low-density Fermi systems the approach propesed can alzo be used
in non-degenerate svstems. For temperatures above the degeneracy temperature the
Fermi liquid excitations undergo, generally speaking, a strong damping. In a low-
density Fermi liquid, the damping of the quasiparticles is small as the density of
fermions is small, and in Born approximation the excitations do not attenuate at all
(Gulitskii 1958a). Therefore, in first-order perturbation theory, this methed of
calenlation can be extended to the cage of arbitrary temperatures. It iz interesting to
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propertics of the Fermi liquid interaction, but sim ply with the change of the radii of
Fermi sur"ﬁlces. These effects must he observed even in an ideal Fermi oad.

An external magnetic field sharply changes the character of the su perﬂuid phase
transition of *He in sofution. Thus, in some regions of the felds, the superfluid
transition in *He is accompanied by the formation of Cooper pairs with non zero
momentum, and this leads to a spatial inhomogeneity of the superfiuid phase. The
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properties. s-Pairing in stronger magnetic flelds becomes impossible. As a con-
sequence, the temperature of the phase transition, associated already with the p-
scattering, decreases considerably, The resultant superfluid phase is reminiscent,
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Many of the phenomena studied in superfluid *He—*He solutions have their
analogres in dense polarized Fermi systems. Since the degeneracy temperature of
the dense Fermi liguids is fairly high, the spin system cannot be polarized to any
considerable degree by an external magnetie field at present. Thus, it is necessary to
employ other methods in order to achiove .y high degree of polarization. Thers is
interest in a method of polarization of pure *He usi}}é fast melting of a crystalline

magnetically ordered *He (Castaing and Nozieres 1979, Chapellier et al. 197 l}) Some
curions examples of other polarized Fermi systems are discussed in the concludin
part of this work.

2

In the case of low-density Fermi systems the approach proposed can also be nsed
in non-degenerate systems. For temperatures above the degeneracy temperature the
.I*‘erm.i liquid excitations undergo, generally speaking, a strong damping. Tn a low-
density Fermi liquid, the damping of the quasiparticles is smail as the density of
fermions is small, and in Born approximation the excitations do not attenuate at ail
(Gatitskil 19538a). Therelore, in first-order perturbation theorv, this method of
caleulation can be extended to the case of arbitrary tempemtures.‘ Hisinteresting to
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analyse the transition to a fully polarized degenerate solution taking place via a state
of the systemn in which the subsystem of particles with spins parallel to the field is
degenerate, and particles with opposed sping are few and of the Boltzmann type.
Note that in the phase diagram non-degenerate "He—*He solutions correspond either
to rather high-temperature regions or (at low temperatures) to regions of rather
small concentration. At high temperatures, the propertics of the solution are
determined to a large extent by the phonons and rotons and are already studied in
detail (Wilks 1967, Wheatley 1968, Peshkov 1968, Keller 1969, Taconis and De
Bruyn Ouboter 1964, Khalatnikov 1971, Elscel'son et al. 1973). At low coneent-
rations, neglect of the leading terms in perturbation theory for a high order non-
degenerate solution is unimportant and caleulations using the Born approximation
have gufficient accuracy,

§2. BASIC PROPERTIES OF sUPERFLUID “He—He 1I sortrioss

2.1. Klementary excitotions of *He

Consider first a selution in the absence of superfluid motion v, =0. According to
Landan and Pomeranchuk’s (1948} theory, an isolated *He impurity atom in
superfluid “Ie behaves as a delocalized long - wavelength quasiparticle. The impurity
states can be classified by a continuous energy spectrum £(p). Data for the density of
the normal component of wealk solutions (Livnton and Fairbank 1950, Pellam 1955,
see also Esel’son ef al, 1973) allow one to draw the conclusion that the minimum of
the energy spectrum &,(p) occurs at zero momentum. In the isotropic liquid the
spectrum &(p) near the minimum can be represented as & series of the even powers of
the momentum p. The expansion parameter is the ratio of the quasiparticle velocity
to sound velocity in helium. At low temperatures and densities, when the
characteristic velocities of the bare quasiparticles are small, it is possible to restrict
the expansion of &, to the first fow terms in the powers of p?.

2 2
V4 P
i3 =—A+ T—v =) | 2.1.1
&o(Pp) Y 7 ,c) ( )

Here the values of the binding energy (—A) and the effective mass ) of a single
impurity atom are equal to Ax28K {(Roberts ef ol 1964, Massey et al. 1970),
M =23 my; py=imgsy(p Az 18 A1), ma(my) is the mass of the "He(*He atom, s,
the sound velocity in pure “He at zero pressure, and the dimensionless paramoter v is
very small. According to the experimental results of Brubaker ef . (1970) =014
£0-05, but according to KEsel'son et al. (1975] y~ 0+ 0-01. In the dispersion relation
{2.1.1), it is necesgary, in contrast to Landau and Pomeranchuk, to keep the term
with p* sinee its contribution, as will be clear later, has the same concentration
smallness as the Fermi liquid interaction in which we are interested. Parameters A,
M and y in the spectrum of single-bare quasiparticle (2.1.1) are functions of the
density of *He atoms, N,

Notice that at large vatues of the momentum p the energy spectrum of bare *He
excitations differs markedly from the simple expansion (2.1.1). Despite the existence
of a large number of direct az well ag indireet measnrements, the final form of the
spectrummn at large p has not been ascertained yet. {The latest experimental data and
reviews can be found, for example, in Greywall (1978).) This uncertainty is negligible
in degencrate mixtures up to the largest densities.
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