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Longitudinal relaxation times T, have been measured in >He-“He gas mix-
tures, using pulsed NMR, in the temperature range 0.6-15 K. Helium-3 number
densities of the order of 10** atoms m™ were used. Relaxation takes place on
or near the walls of the Pyrex sample cells and measurements of T, give
information about the surface phases. A cryogenic precoating of solid molecular
hydrogen was used to reduce the helium-substrate binding energy from ~100 K
on Pyrex to ~13 K for °He and 15 K for *He. The T, data at high temperatures
were similar to those observed previously in the pure *He-H, system. The
presence of *He generally caused T, to rise on cooling below 2 K due to the
preferential adsorption of *He over °He at the surface. However, *He atoms
that go into quasiparticle states in the superfluid helium film can be an extra
source of relaxation. In uncleaned cells, relaxation probably takes place in
quasiparticle states at the free surface of the superfluid film, which are bound
with an energy of 5.1+0.3 K. Baking the Pyrex cells under vacuum and rf
discharge cleaning the walls before sealing in the sample gas were found to
increase the bulk gas T, by two or three orders of magnitude. In a cleaned,
sealed cell a T, of ~8h was measured at 7.7 MHz and 0.8 K. In this case
relaxation is probably occurring two or three helium layers away from the
helium-hydrogen interface. It may be possible to observe a predicted minimum
in the intrinsic dipolar T, of the bulk gas by using a “He wall coating to
suppress wall relaxation effects (which usually dominate the nuclear relaxation
of the bulk gas).

1. INTRODUCTION

It is important to study and gain understanding of nuclear magnetic
relaxation processes in *He gas for a number of reasons: (1) long nuclear
spin-lattice relaxation times T; are required if one is to produce a nuclear
spin-polarized gas of *He atoms and keep the gas in a nonequilibrium state
for long enough to make measurements on it (a gas in which all of the
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We studied relaxation processes in the gas using pulsed NMR at ~1
and ~7.5 MHz. A cooled GaAsFET preamplifier that has been previously
described” was used in order to achieve the required sensitivity at the lower
"He number densities. The experimental setup and sample preparation have
been given in detail in a companion paper,’ hereafter called 1.

In I we presented our data on pure *He, with and without cryogenic
wall coatings, both in sealed and unsealed cells. That work also includes
much of the theoretical background needed for the present work and it
contains many references to earlier work on relaxation in *He gas performed
by other groups.

In the present work we present data on *He-*He mixtures, using H.,
wall coatings, and, based on our findings, we comment on the prospects of
observing the T, minimum in the intrinsic dipolar relaxation time of the
bulk gas predicted by Shizgal."® Some of our mixture data have been
reported briefly." Before presenting the mixture data, we summarize the
pertinent results of paper I

2. SUMMARY OF THE THEORY OF RELAXATION
PROCESSES AND OF WORK
ON PURE HELIUM-3

2.1 Relaxation Processes

A number of bulk gas relaxation processes must be considered when
interpreting T, data: (1) the dipole-dipote interaction between nuclear
spins, which is effective during binary collisions; (2) the spin-rotational
coupling effect; and (3) the diffusion of spins in the macroscopic field
gradients that exist across the sample due to imperfections in the coil
winding of the NMR magnet solenoid. In all our experiments these bulk
relaxation mechanisms were insignificant compared with wall relaxation
mechanisms, primarily because of the low *He number densities used. We
consider fully the possibility of observing interesting features of the bulk
dipolar T (mechanism 1) in Section 6.

In almost all of the range of temperatures and *He number densities
covered in our experiments the observed bulk relaxation was caused by
processes occurring at or near the walls of the sample cell, where there are
strong local magnetic fields due either to paramagnetic impurities embedded
in the glass or adsorbed on the surface, or to the nuclear dipole moments
of the neighboring *He adatoms on the surface.

When wall relaxation is important, a number of regimes must be
considered, depending on the surface cleanliness of the wall, the correlation
time for local magnetic fields at the surface 7., and the sticking time of
adatoms on the surface r,.
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In the *“‘dirty” wall limit the surface is sufficiently dirty that T, is
determined by the time needed for an atom to diffuse to the walls (the mean
free path for *He atoms was always much shorter than the cell dimensions
in our experiments, so we were always in the diffusive limit), since in a
much shorter subsequent time it will make enough collisions with the wall
to flip its spin. For a spherical sample cell, this time is of the order of

‘/@=°D, where R is the radius of the sample cell and D is the three-
dimensional diffusion coefficient for *He atoms. This time is at least two
orders of magnitude smaller than the observed longitudinal relaxation times
for all number densities, temperatures, and surface treatments used; there-
fore, we conclude that the data were taken in the ‘‘clean wail” limit.

If the cell walls are sufficiently free of magnetic impurities, an average
*He atom will diffuse to the wall, but will make too few collisions with the
wall to relax its spin before returning to the bulk gas; therefore, the average
atom must make many visits to the wall before its spin is flipped. Collisions
most effective in causing relaxation are those that result in adsorption. The
sticking time for *He atoms in an adsorbed phase is given by

7= 4(Nsaa/ A)(V/ Nip)(1/ S(0) (1)

where Ny is the number of *He atoms in the bulk, Njaq4 is the number in
the absorbed phase, V is the volume of the cell, A is its effective surface
area, S is the probability that a colliding atom wil] stick to the surface, and
{0} =(8kyT/7wm)"? is the mean thermal velocity of atoms in the bulk gas.

We must consider two cases in this clean wall limit: (1) 7, 7, and (2)
o« 7,. If the sticking time for spins in the adsorbed phase is much greater
Fhan the correlation time of local fields at the surface (case 1), then there
18 a characteristic relaxation time in the adsorbed phase, Tjag. If 7, < Tyaq,
lhen the relaxation time observed is Just T\, divided by the fraction of
time an average spin spends in the adsorbed phase:

T, = TlAd(N3B/N3Ad) (2)
provided that N,z » N, ,,.

nf the sticking time is much less than the correlation time of local fields
that would be seen by an adsorbed spin if 7, was infinite (case 2), then 7,

f;{fecx:\'el) becomes the correlation time and one can write for the observed
1

Tf‘ = 72(ABIZDC)TS(N3A¢/ Nip)
= ')’Z(ABlzoc)M V/A<U>S)(N3Ad/ N, B)Z (3)

assumin ; 7, < i
g that wyr, < 1, where wy 1S the Larmor frequency, and that
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yXABL)T:« 1, where (ABi,.) is the mean square local field at the surface
and v is the nuclear gyromagnetic ratio of *He.'°

At high temperatures, where there is only a small fraction of a complete
helium monolayer adsorbed on the surface, the ratio N,q/ N3p can be
obtained by taking the bulk phase to be an ideal 3D gas in the classical
limit and the adsorbed phase to be an ideal classical 2D gas. Equating the
chemical potentials of the gases, one obtains

Niaa/ N3g=2A;5(A/ V)(m?/m3) exp(AW;/kgT) » (4)

where m¥ is the effective mass of the *He adatom, m, is the mass of the
bulk *He, AW; is the adatom-substrate binding energy, and A;=
h(1/27m;ks T)"? is the thermal de Broglie wavelength for *He atoms, which
is 10A at a temperature of 1 K. The ratio N;uq/ Nsp is a function of
temperature, but is independent of N;p. On cooling, N;aq increases (we
assume that N,z remains unaltered) and the observed T, [given either by
eq. (2) or (3)] decreases. A complete monolayer will be formed at a
temperature T given approximately by

kBT=AW3/ln(VSO/N33/\3) (5)

where s is the areal density of helium at monolayer completion. Once a
monolayer has formed, Eq. (4) is no longer applicable and N;.q4 becomes
relatively insensitive to temperature and bulk *He number density. The
observed longitudinal relaxation time then becomes either proportional to
38 = N3/ V or to njp, depending on whether case 1 or case 2 is applicable,
given that T4 in Eq. (2) is independent of N;aq (Which is true if relaxation
is taking place by single-particle processes).

Thus far we have assumed that *He is not present in the system. It is
clear from Eq. (5) that in order to delay the formation of a *He monolayer
on cooling one must choose a substrate with a low binding energy. The
theoretical estimate of the binding energy for a *He atom on a semiinfinite
surface of solid molecular hydrogen is ~13 K.” This value is consistent with
measurements made in Paris'® and with our data’ (only a few H, layers are
needed to prevent the van der Waals potential of the Pyrex from showing
through'®). This value is approximately an order of magnitude smaller than
the binding energy for helium on Pyrex. Use of a cryogenic coating of H,
therefore delays the formation of a helium monolayer on cooling and results
in an increase in the value of T, that is observed at a given temperature. If
long relaxation times are required at temperatures below ~2 K, then “He
is the ideal coating to use, since “He is adsorbed in preference to *He on
cooling. The effect of “He in the system is discussed fully in Section 3. We
first summarize our pure *He data.
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2.2. Results for Pure *He
It was possible to stud
! ¥ the th i ;
by using an uncoated oy ermodynamics of *He adsorbing on Hs

T, was measured as i
: i ) a function of temperature
ind bulk number density. The cryogenic wall coating of solid H. w:s found

ements were consistent wi iod;
of ~13K for a *He atom t with a binding energy

?ilg)r??llztlgetrhwabs floi:r?fld, T, was independent of temperature, but was propor-
. ¢ bulk "He number density. This su t ’ p>
(2) is applicable. It also s : Sependont of burk snmbes

density as . 15 variod uggests that N;,4 is independent of bulk number
: 318 over a factor of almost 60. This is consistent with a
simple upPrommate calculation, which yields the value of 6.3x 1072 A7
g::sthi‘;rsef;i&l; P’i"gltc}:z completed *He monolayer is therefore thought to
N g this value for s, and taking the effective surface
area of the cell tg be tw.ice its geometrical area (there is evidence that for
P)’I‘@f cleaned with a dlsigharge the ratio of effective area to geometrical
area 1s not larger than 4),' we obtained a value for T oq of ~20 msec. Since
this value is the same order of magnitude as that obtained in this cell before
the H; coating was added, we believe that the mean square local fields at
the surface were approximately the same in both cases. This means that the
local fields were probably caused by macroscopic paramagnetic impurities
in the glass (local fields caused by surface impurities of microscopic
dimensions would be greatly reduced a few H, layers from the Pyrex
surface).

Baking the Pyrex sample cells under vacuum and using an f discharge
in *He gas to clean the walls before sealing in the sample gas were found
to increase the bulk gas T, by up to three orders of magnitude. Once a *He
monolayer was formed on the H, coating in these cleaned, sealed cells the
measured T,y was ~2 sec at 7.5 MHz. Relaxation at the surface is thought
to be dominated by the nuclear dipolar interaction between adsorbed spins.
Using a two-dimensional relaxation theory, the data, over a wide range of
Larmor frequencies, are consistent with a correlation time of ~2x 10~ sec
and this time is consistent with the idea that the adsorbed phase of *He on
H, really is a dense fluid and not a solid (the completed monolayer for *He
on graphite, which is more strongly bound than on Ha, is solid'').

3. MIXTURES OF HELIUM-3 AND HELIUM-4

In this work we present and discuss relaxation time data taken using
Pyrex cells containing mixtures of *He, “He, and H,. In our notation we
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use subscripts 3 and 4 to distinguish between the two helium isotopes and
use no numerical subscript when considering, for example, the total bulk
number density, n = n;+ n,.

Longitudinal relaxation times were measured at temperatures between
0.6 and 15 K. The *He number densities n, used were of the order of 10**
atoms m~>. The bulk *He number densities remained almost constant over
the temperature range used, since the bulk liquefaction point for *He was
never reached.

In all experiments a cryogenic precoating of solid molecular hydrogen
was used. Enough hydrogen was added to form ~20-30 geometrical layers
of solid H,. This coating was formed on the surface of the Pyrex cell at all
temperatures below ~6.5 K. It served to delay the formation of a helium
layer on cooling, since it reduced the helium-substrate binding energy.

The “He number densities n, used were in the range ~10% to ~5 x 10>
atoms m™> at temperatures above the *He liquefaction temperature. The
role of the *He is to lengthen the observed T, below ~2 K. It can do so in
a number of ways: (1) by dilution; (2) by preferential adsorption; and (3)
by the buildup of a superfluid film on the surface of the H,. At high
temperatures, where only a small fraction of a completed helium monolayer
is on the surface, the addition of “He has no effect on the observed T,
since the ratio N;p/N;aq is unaltered. However, at lower temperatures,
where a complete helium monolayer has formed, addition of “He will serve
to dilute the *He atoms in the adsorbed phase, thus reducing N;aq4, but the
number of spins in the bulk N,z will be almost unchanged. As N5/ N3ad
increases due to addition of “He, the observed T, increases [Eq. (2) or Eq.
(3)]. This will happen regardless of any preferential effect. In practice, at
low temperatures *“He atoms are more tightly bound to a substrate than *He
atoms, since their zero-point motion is less. This results in an increase in
the ratio N3g/ N34 Over that obtained from the dilution effect alone. Also,
on further cooling, the observed T, will increase as the preferential effect
becomes more pronounced. The difference in binding energies, AW, -
AW;=~2K, is calculated for single-atom states in the holding potential of
a semiinfinite crystal of H,.” This difference results from the extra zero-point
motion of the *He atom in the direction normal to the surface. However,
when a helium film starts building up, one must also consider zero-point
motion in the lateral directions and this will result in a larger preferential
effect. At low temperatures a superfluid film of *“He will form on the
hydrogen-coated sample cell walls and this may further exclude *He atoms
from the region where relaxation is taking place.

The buildup of the superfluid film on the surface might have a detri-
mental effect on the observed relaxation times. The *He atoms can go into
quasiparticle states in the film'*> and on its surface,'* causing the number
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of spins close to the surface (within ~100 A of the H, surface) to increas
If local magnetic fields are strong in this region near the surface, the
relaxation could be caused by spins entering these quasiparticle states ar
in this case the observed T; would decrease on addition of *He.

3.1. Thickness of the “He Film

In I we deduced (by equating the chemical potentials of the bulk an
the adsorbed phase) that at the temperatures used in our experiments on|
one monolayer of *He would be formed on the H, surface, and our exper
mental data were consistent with this. Since the adatom-substrate van de:
Waals interaction potential is the same for both helium isotopes, one migt
expect *He also to form one monolayer on cooling. However, for a give
number density, “He liquefies at a higher temperature than *He and in ou
experiments a superfluid film built up on the hydrogen-coated surface =
temperatures below 2 K.

The thickness of the superfluid film as a function of temperature ca:
be estimated using the Frenkel-Halsey-Hill (FHH) isotherm "

P,/ Py= exp[—(Aa/ T)(Do/d)S] (6

where Aaq = oy, ~ ay, and D, are van der Waals parameters, the attractivi
part of the adatom-substrate potential being given by

V(Z) = _asuka(DO/z)3

Py is the pressure of the “He in equilibrium with a slab of thickness d or
a hydrogen substrate and Py is the saturated vapor pressure of *“He a
temperature T,

. The ﬁim thickness as a function of temperature is calculated by putting
N, of the *He atoms into a cell of volume V and effective surface area A

!gnolﬁng the effect of any *He present in the system, the partial pressure of
He in the cell is given by

Py=(N;-n,Ad)k,T/ V (7)
where ny, is the number density of bulk liquid *He.
Substituting for P, in Eq. (6), we obtain

(d/ Do) = (Aat/ T)/{In[ VPso/ (Ny = nyAd) ks TT} (8)
¥aiue:s of d“as a function of temperature have been calculated'® from this
Sq&x%t:?n using our experimental parameters and taking Dy=3.6 A, Aa =
TR Y . b . ) ’

KO va’nf:l ngy =218 X’IO m™, The calculation shows that for all celis but
two twhich only contained enough “He to form ~15 layers or less on the

surface, given that the effective surface area was twice the geometrical one*)

4 FEa % ¥ ce area for a Iption is taken to be twice the eometrical surface area
The effert ve surfy dso 10
'.\E'ﬂf.}ilg T 2!115 work. ! 8
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the film thickness builds up rapidly on cooling, the temperature at which
this happens being given approximately by that at which (N, VYkgT is
equal to the saturated vapor pressure of “He. The gravitational potential
energy of a “He atom is equivalent to ~5 mK m™', which, for a 2-cm-diameter
cell, corresponds to a 100 w K advantage in putting a “He atom at the bottom
rather than the top of the cell. The substrate-adatom potential is such that
if the film is between 100 and 150 A thick, it is energetically more favorable
for an atom to go onto the bottom of the sample chamber than to thicken
the film at the top, and a liquid drop will form.

4. THE ROLE PLAYED BY THE HELIUM-4

When bulk nuclear magnetic relaxation takes place as spins visit the
walls of the sample chamber, the observed longitudinal relaxation time is
determined in part by Niaq, i.e., the number of spins in the region near the
walls where there are strong local magnetic fields causing relaxation.

At high temperatures the addition of “He has no effect on the ratio
Nsu/ Niaq (it is easy to see this by equating the chemical potentials of the
gas mixtures) and theoretically it should have no effect on T,. At tem-
peratures where interactions in the adsorbed phase become important, the
addition of “He dilutes the adsorbed phase, leaving N;p almost unchanged.
This causes T, to increase. Preferential adsorption of “He over *He will
enhance this expulsion of spins from the adsorbed layer and will cause the
observed T, to rise further on cooling."”

Once a superfluid film forms on the H, surface, the situation becomes
more complicated. We consider this situation below.

4.1. *He Quasiparticles in Superfluid “He:
The Effect of an External Potential

In the low-temperature regime a superfluid “He film builds up on the
surface of the sample cell as the sample is cooled. This film builds up on
the sample cell walls at a temperature above that of bulk phase separation,
as observed by Laheurte.'® Once the film has built up, itis possible for *He
atoms to go into quasiparticle states in the bulk of the film or on its surface
(at the gas-liquid interface). Our experimental parameters were such that
the bulk *He number density was not significantly changed when bulk
liquefaction of “He occurred.

The low-temperature thermodynamic properties of dilute mixtures of
3He in bulk superfluid “He are described in a review article by Ebner and
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Edwards.'” We use much of their notation in the following. The situation
is modified somewhat by the presence of a wall, which provides an externa]
potential. We follow closely the analysis of Himbert and Dupont-Roc!%%,
The energy change when a single *He atom initially at rest and far away is
added to some stationary liquid “He is given by

e(p)=—E;+(p*/2m¥) 9
where —E; is the energy with which the impurity is bound in the liquid and
m? is its effective mass. m¥ is known from experiment to be ~2.3 m,."”?
The energy E, is a function of the *He concentration x; and of the chemical
potential of the *He, u,. We consider the limit x3~>0 and use the relation"

dE;/dp,=—~(1+a) (10)

where (1+a) is the ratio of the volume occupied by a *He atom to that
occupied by a *He atom in the liquid. « is positive dueto the extra zero-point
energy of the *He atom. It isa slowly varying function of x5, 1, and pressure
P We take it to be constant and use a value of 0.25 (that which corresponds
o a temperature of ~1 K and zero x3 and P). Integrating Eq. (10) at x; =0,
we abtain

EytP, T)=Ey(P=0, T=O)—(1+a)[,u,4(P, T)—uy(P=0, T=0)]
=Ey—(1+a) uyP, T)+L,] (11)

nlf;ere Li=7.17 K is the latent heat of *He at zero temperature and E,,=
2EK i‘s the quasiparticle binding energy at zero T and P.'2 ‘
We now introduce an external potential V(z), which is that due to the
van der Waals interaction between the helium atoms and the substrate minus
gha{ created by the helium which the substrate has replaced; z is the distance
fmmﬂ the §ubstrate along the surface normal. The potential energy of a *He
quas:p{amcl‘e is altered in two ways by this external potential: (1) the
pmgngal Vizileads to a density variation in the “He film, the density being
;jga;zlm&unm nga;the surface, and this causes a change in the quasiparticle
émﬂf e c;x;i) t roygh }§q. (1'1); gnd (2) the external potential contributes
directls to quas.npartlcle binding energy. We can consider the density
df{afgxﬂn in ‘th? fluid due to the external potential as being similar to a
gz&:sufe vanation and replace #4(P, T) in Eq. (11) with u,(T)— Viz)
where #al T is a constant throughout the film, i.e., independent of z. The,
ned must then be augmented

~Eiiz Ty= V(z)'_{ESO_(l‘f‘CY)[(,u,‘,(T)— V(Z)+L4]}

=_E.m"aV(z)+(]+a T
I V0210, the term —qpa) o MndT)+L,] (12)
| v
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energy of a *He quasiparticle varies with its position in the film. We make
use of this equation in Section 5.

4.2. Surface Quasiparticle States

There are *He quasiparticle states that exist at the surface of the film.
Andreev® proposed the existence of these states in order to explain the
large reduction in the surface tension of pure superfluid *He at low tem-
peratures that resulted from the addition of small quantities of *He. The
surface tension data could be explained by assuming that surface quasipar-
ticle states exist at the gas-liquid interface with a potential energy 2.2 K
lower than that of the states in the bulk'®. The energy change in putting a
*He atom from outside the film into a surface quasiparticle state is

E(p)z_E35+(p2/2m;ks) (13)

where E;;=2.8+2.2 K=5K and the surface quasiparticle effective mass
m¥, is ~1.4m;.

The existence of surface quasiparticle states was verified theoretically
by Lekner® and the most recent calculations of the binding energy are in
good agreement with experiment (see ref. 13 for a review of the subject and
other references). Experiments on films less than 50 A thick® have shown
that the difference in the binding energies of the surface and the bulk
quasiparticle states might be less than 2.2 K for thin films.

5. EXPERIMENTAL RESULTS AND INTERPRETATION

In this section we present relaxation time data for *He-*He-H, mixtures
in open and sealed cells. Transverse relaxation was dominated in all cases
by diffusion of spins in the macroscopic field gradient across the sample.
This mechanism is discussed briefly in 1. We restrict our discussion here to
longitudinal relaxation. A rigorous cleaning procedure was used on the
sealed cells, which in general produced much longer T, than those observed
with the open geometry (for which no rigorous cleaning was attempted).
In almost all cases wall relaxation processes dominated the longitudinal
relaxation.

5.1. Longitudinal Relaxation Times in 3He-*He Gas Mixtures in an
Open Sample Chamber with a Cryogenic Wall Coating of Solid
Molecular Hydrogen

We measured T, using pulsed NMR at 7.5 MHz. The experimental
setup and sample preparation are described in detail in paper L In all
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experiments enough hydrogen was added to form ~20 geometrical layers
on the walls of the 2-cm-diameter Pyrex cell and filling capillary. A cryogenic
wall coating of solid H, was formed at temperatures below ~6.5 K.

We measured T, as a function of temperature for various *He: *He
ratios (ratios and concentrations are defined in terms of numbers of atoms
throughout this work). Once gas had been added, the valve to the sample
cell was closed and measurements were made, keeping the number of atoms
in the cell constant. The bulk *He number density n, was almost constant
with temperature.

Increasing amounts of “He were added to the cell, which was initially
filled with pure *He with n, =3.1x 10°*m™, The results are shown in Fig. 1.
The pure *He data exhibit the features mentioned in Section 2. The T,
dropped on cooling as *He atoms were adsorbed on the H, coating and
then reached a plateau once a complete helium monolayer had formed. In
this low-temperature plateau region T, was proportional to n, for pure *He
measurements. Once a complete monolayer of *He had formed, the ratio
N3p/ Niag was ~750. The pure *He data in Fig. 1 are part of the set given
in paper 1. For all the mixture data shown in Fig. 1 the cell contained
enough *He to form a saturated “He film, probably between 100 and 200 A

3
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0 3o o, g ]
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C 3§§ §§2°§;°l" ]
8 2 I I§§§ oo §\l’ i
o 10 F g 3 i
n r I§§ ;g ° %% o
A4 . ¢ ®0 o 3 3
1
; r ‘ A A o
1
10

M . X R R A
0 0.20.40.60.8 1.0 1.2 1.4
INVERSE TEMPERATURE (k1)

Fig. 1. Longitudinal nuclear magneti i i
1 Lor ; gnetic relaxation times of *He-*He mixt
c;)ntlamed ina 53011d Ha-coated Pyrex cell. The Larmor frequency is 7.5 Ml’f{zurIe:
all samples the *He bulk number density is 3.1 10 m™3, The SHe:“He atomic
rf.fmf are as follows: (A) pure 3He; () *He:*He=1:1: () 3He""}-{e= 1:4;
ﬁﬁ, ﬁHc. He=1.116. The arrows indicate the temperature at which a superﬁl.xi(i
¢ film builds up rapidly on the H, wall Coating.
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thick, and a liquid drop. The arrows in Fig. 1 indicate the temperatures at
which the superfiuid film rapidly builds up as the *He liquefies [as obtained
using Eq. (8)].

At high temperatures the adsorbed phase was a 2D gas mixture, which
was in equilibrium with the bulk 3D gas mixture. Given that the correlation
time 7, is much less than the sticking time in the adsorbed phase 7,, we
would expect the observed T, to be given by Eq. (2). The ratio N3aa/ Nas
is given by Eq. (4) and should be independent of the “He concentration,
the ratio N aq/ Nap being given by Eq. (4) with subscripts 3 replaced by
subscripts 4; AW, is ~15 K, as opposed to ~13 K for AW;. If Tiaa is @
slowly varying function of temperature, and it is dominated by single-particle
processes (we would expect this to be the case in the noninteracting 2D
gas limit), then one might expect a slope of ~—AW; (—13 K, neglecting
the T dependence of A3) if we plot In T, versus 1/ T, with T) independent
of total bulk number density n. However, we measured a variety of slopes,
depending on the “He content, whose magnitudes were all less than 13 K.
Also, T, was a function of n. This result is similar to that of our pure *He
data’ and our interpretation is the same: at temperatures above ~6.5 K the
hydrogen began to desorb from the surface, enabling the spins to “see” the
Pyrex walls; also, we expect that there were other contributions to the
observed bulk relaxation; for example, as the temperature was raised and
the bulk diffusion coefficient increased it was possibie that some relaxation
was taking place in the filling line.

On cooling from the highest temperatures, T, dropped due to the
building up of a monolayer (a mixture of *He and *He) on the H, surface.
T, was observed to rise on cooling below ~2 K due to (1) the preferential
absorption of *He over *He and (2) the buildup of a superfluid film of *He
on hydrogen. In Fig. 2 we plot T; as a function of total bulk number density
n=ny+n, at temperatures cold enough that a monolayer of a ‘He-*He
mixture was formed, but not cold enough for a superfluid “He film to be
present. The dashed line in the figure shows T, versus n = n; for pure *He
data in the low-temperature plateau region, where a complete monolayer
has formed. In this region 7, « 7, for the pure *He data. Taking Tjaq to be
the same for both the pure *He and the mixture runs, one would expect
these two curves to be coincident in the absence of a preferential effect (in
this situation the *He concentration would be the same in the bulk and in
the surface phase, and we would expect the areal number density at
monolayer completion to be only a few percent larger for the mixture than
for pure *He). However, from our data we deduce that “He is adsorbed
preferentially in this region; for example, at ~2K the sample with a 20%
3He concentration in the bulk gas has only a 10% *He concentration in the
adsorbed layer.
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in the region where the film builds up rapidly), we deduce that the data
were taken with the sample in thermal equilibrium.

1. At temperatures above that of the rapid buildup T, increases as “He
is added, because this does not significantly increase the film thickness, but
reduces the number of *He spins in the film.

2. As the film builds up from ~10 to ~100 A, either by adding “He
or by cooling [Eq. (8) shows that a temperature change of as little as 0.02 K
is required for this to oceur], two competing effects are at work. The number
of *He atoms within about 10 & of the H, substrate continues to be reduced,
thus increasing T, but the thickening film dissolves more >He in it and
also on it (surface states). This second effect eventually predominates, *He
atoms in surface quasiparticle states probably being the most important
source of relaxation, as discussed below.

3. When the film saturates at 100-200 A (the film thickness at a given
point in the cell being determined by its height above the free surface of
the bulk liquid drop), T; is observed to be independent of the *He content
of the cell. Since further addition of *He merely increases the size of the
bulk liquid drop in equilibrium with the film, we deduce that *He atoms in
the liquid drop are not an important source of relaxation. The common
curve followed by all samples after bulk liquefaction levels off at about
50 sec below 1 K.

Figure 2 applies to regime 1. The two competing effects present in
regime 2 explain the maximum in T, near the arrows in Fig.1 and the
crossing of the curves. On cooling a sample with less *He, T, will at first
be shorter due to more *He in the 10-A film. However, further cooling will
thicken the film in the sample with more “He first. This will draw extra He
to the surface, making T, shorter than in the sample with less “He.

Table I gives a number of *He quasiparticle parameters appropriate
for a superfluid “He film 100 A thick on a surface area of twice the
geometrical surface area of the cell. The number density of *He quasiparticles
in the bulk liquid ny, can be obtained by treating the *He quasiparticles as
a noninteracting 3D gas to give

ns/ n3y = (ms/m$)*? exp(— E;/ kg T) (15)

where we take E; = E;,=2.8 K once a saturated filmn has built up; and the
areal density of surface *He quasiparticles s, is given by

S35/n3=(N3;/ A)V/ N3p
= A3(m3s/ms) exp(Es,/ ks T) (16)
The Fermi temperature of the bulk quasiparticles T is given by
Te=1(37ny) 3/ 2m¥ kg (17)
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£
TABLE I
Helium-3 Quasiparticle Parameters”

HEN 1.67 1.5 1.2 1.0 0.7
P K 0.6 0.667 0.833 1.0 1.43
EL Y 5341073 443%1072 278 x 1072 1.74 x 1072 525x 1073
”, ; 3.00x107 1.17 %107 4.62 % 10° 4.54 x 10°
» 6.79 x 10° 4.26 %103 267 x10° 8.04 x 107
A 4.60 x 10* 1.79x 10* 7.08 x 10° 6.96 x 10?
.. 7.00 x 10°° 1.11x10% 1.78 x 10%¢ 5.90 % 10%¢
1o, 1.03x10"7 2.65x 10" 6.71 x 107 6.83x 10"
i, 0.32 0.51 0.82 27
I, 5.68x1072 7.7x1072 0.106 0.235
¥, 3.6x%1072 9.2x 1072 0.234 2.3
X, 6.77 420 2.65 0.865

“leialues Apprapriate for a superfluid *He film 100 A thick on an effective surface area of twice
the geometrival area of the cell.

and that of the 2D gas of surface quasiparticles Ty is given by
TO= ﬁzwsls/m;kskB (18-)

jM- see from Table I that the three-dimensional gas is always nondegenerate
(which means that Eq. (15) is always valid] and that the two-dimensional
g4s 1s nondegenerate at all but the lowest temperature. However, at 0.7 K
sh{:* caloulated areal density of the surface quasiparticles is higher than our
calculated areal density for *He on H,, and since the surface quasiparticles
are more weakly bound than on H,, one would expect the surface to be
mmr.zawxed with spins before this area] density was reached.

The @ha.rp drop in T, below the bulk liquefaction temperature is
as30ciated v}mh the appearance of a new relaxation mechanism., We suggest
that raiaxazmn is taking place in surface quasiparticle states and give our
m?mmmg below. On further cooling, T, drops more slowly as the number
of surface quasiparticles increases. We see from Eq. (16) that

Nig/ N, T2 eXP(“Ezs/kB T) (19)

sinie the thermal de i ; i i
S hermal :?ifnegrlsisxs;iw 7eilength 18 proportional to T7'/2, In Fig. 3
sommon eur of i & + Waere Ty, is the value of T, along the
We ohmam s F Ig \ oll_ovved by all samples after bylk liquefaction.
Tt dm;aw Egr ine at hx.gh te‘mperatures with a slope of —5.1 +0.3 K.
data are gt QIT\ .ll'YlC straight line at temperatures below ~1.2 K. These
e g&gp& y ffe@xe of tl_lc surface quasiparticle relaxation mechanism
e ; ion . . s
taa-dimensional quasiparticle gas at t;fe t;zlﬁi%—zl:scinizr;:clgs t‘lill:: :ll;e
: e
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Fig. 3. Temperature dependence of the value of T, along the common curve
that occurs after a saturated superfiuid film has built up on the H,-coated surface.
The Larmor frequency is 7.5 MHz. Here 1, =3.1x 10%* m™>, (¢) *He:*He =1:1;
(D) *He:*He=1:2; (®) *He:*He=1:4; (V) *He:*He=1:8; (@) *He:*He=
1:16. We obtain from the slope at the higher temperatures a value for the surface
quasiparticle binding energy of 5.1£0.3 K.

observed T, will be given by
Ti.=(Nsp/ N3,) Ty, (20)

where Ty, is the characteristic relaxation time in the surface quasiparticle
phase. Our measured value of 323 sec for T;, at 1.67 K corresponds to a
value of 4.8 msec for T, taking the value of N,/ N, from Table 1. This
assumes that the sticking time in the surface quasiparticle states is much
longer than the correlation time for local magnetic fields seen by the surface
quasiparticles and that T is caused by single-particle processes.

We suggest that Ty, levels off at low temperatures because interactions
between the *He surface quasiparticles become important and that the
surface becomes full. Assuming that T, is independent of temperature,
then we deduce from the plateau value of T,, (~50sec) that the areal
density of completion is 4.57x10'" m™ (smaller than that of monolayer
completion of *He on H, by just over a factor of ten). If this is indeed the
mechanism, then T, is smaller than the T,54 of the adsorbed phase by
about a factor of five. It is probable that (ABZ.) is the same order of -
magnitude in both cases (since it is probably caused by macroscopic mag-
netic impurities in the glass, in which case its magnitude would be changed
very little as spins are moved 100 A away from the H, surface); however,
the correlation times for local fields could be very different in the two cases.
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analyzing the composition of the *He sample gas using an Anavac-2 residual
gas analyzer, we discovered that it contained ~1% *He impurity. Therefore
we suggest that the latter cell contained a *He: *He ratio of ~100:1. Both
cells contained enough hydrogen to form ~17 geometrical layers of solid
H,. The lowest *He number density corresponds to ~70 full monolayers
on an effective surface area of twice the geometrical one.

At temperatures above ~2 K the data are very similar to those taken
with the pure *He-H, sealed cells from Paris (see paper 1 for details).
Relaxation times in both sets of data are the same order of magnitude
(~10°sec at 42K) and in all cases T, falls on cooling with a slope of
~—20K. We would expect the ratio N3p/N;aq, and thus T, [Eq. (2) or
(3)], to be independent of N and of the total number of “He atoms N,
in this region of temperature. The data here and in paper I suggest that this
is true. However, it is impossible to say with certainty, since both (ABL,.)
and the ratio of effective to geometrical surface area may be different in
the various cells. From the slope we deduce that 7, « 7, at high temperatures.

On cooling below 2 K, T, rises in both cells of Fig.4 as *“He atoms
exclude *He atoms from the region of the sample, near the H, coating,
where relaxation is taking place. Using Eq. (), we calculate that for the
cell filled with a pressure of 2 Torr of *He at room temperature, the “He
starts to condense at ~0.8 K, is half-condensed by ~0.7K, and by 0.6 K
93% is condensed. In this cell T, reaches a maximum value of ~3 x 10* sec
at ~0.8 K and then falls slowly on further cooling. This cell contains enough
“He to form a film ~40 A thick on an effective surface area of twice the
geometrical area of the cell.

In Fig. 5 we show T, data for this same cell (filling pressures 10 Torr
of *He, 2 Torr of “He, and 1.5 Torr of H,) taken at two different frequencies.
The 7.7-MHz data were taken at Sussex and the 45-kHz data were taken
in Paris, using an optical pumping technique to initially polarize the spins
in the low-frequency experiment. We see from these data that in the high-
temperature region T; is independent of frequency. This is consistent with
our results on the pure *He cells from Paris.” In this region the root mean
square local field at the surface, which is causing relaxation, is independent
of frequency and our data are consistent with a value of ~4x107* T for
(ABL'? using Eqgs.(3) and (4) and taking a value of 13 K for AW, and a
value of unity for both § and m¥/m,.’

The shape of the low-temperature data in Fig.5 is similar to data
obtained by the French group on a whole series of *He-*He-H, mixture
cells.'®*?* They observed T to rise on cooling below 1 K with a slope of
~7.4 K and once a superfluid film had built up, T, dropped slowly with
decreasing temperature with a slope of ~—0.5 K. In the weakly temperature-
dependent region T, was found to be independent of the *He content of
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Fig. 5. Values of T, measured in the same sealeﬁd cell %t fresuencies of (O)
#5kHz and (M) 7.7 MHz. Here n;=3.3x10% m™>, He:*He =5-1.

(we)

the cell; however, the temperature at which the slow drop started was higher
for cells containing larger amounts of “He. By varying the H, content of
the cells, they deduced that, once a superfluid film had built up, *He atoms
were excluded from the part of the *He flm of the order of two or three
helium layers from the helium-hydrogen interface, given that the effective
sutface area was twice the geometrical one.

With the above results in mind, we consider the low-temperature part
of the data in Fig.5. The T, rises quite rapidly on cooling from ~1.3 to
~08 K with a slope somewhere between 7 and 10 K. In this temperature
region & thin *He film builds up on the H, surface and it is probably only
0 or three lavers (one layer=3.6 A) thick by 0.8 K. The first layer is
probably all *He (this certainly would be the case on a glass surface'’) and
‘He atoms are probably being expelled from a second and third layer.

Using the values of d calculated from Eq. (8), one can calculate P,/ Py,
from Eq. 161, The partial pressure of *“He in the sample becomes 90% of
the saturated vapor pressure of *He around 0.73 K. Since the sample does

not have enough “He to form a bulk liquid drop, the film can never become
truly saturated. Once a film has formed

and T {which can be ¢
g5 of *He atoms at 2 pressure P,(T

As Py’ P, approaches unity, the chemjcal potential of the

*He becomes
independent of temperature and equal to —~ L,

In this region T, falls with
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decreasing temperature. It is not clear from our data whether the drop is
2xponential with temperature, If it is, then the slope is around 2 or 3 K.
T he 45-kHz slope is much smaller than this.

Substituting the appropriate numbers into Eq. (12), we obtain for the
potential of a *He quasiparticle in the superfluid film near a surface

Eq(z, T) =2.785+0.25V(z) = 1.25[ ua( T) + 7.17] (21)

If we postulate that relaxation is taking place in the bulk of the superfluid
film, near the helium-hydrogen interface, at a point where the potential
due to the wall is V(z) and that the characteristic relaxation time in that
region is independent of temperature, then we expect the observed T; to
be proportional to exp[—E;(z, T)/ kg T]. We plot this function in Fig. 6, for
different values of V{(z). The u,(T) is calculated from the ideal gas
expression [ (T)= T In(n,A3)] using a pressure of P,(T) obtained from
Eq. (6). The positive slope is ~8.5 K, which is consistent with our measured
slope, and the negative slope is given by putting u,(7T)+7.17=0 in Eq.
(21), i.e., the slope is —[2.785+0.25 V(z)], which is ~—2.5K for a value of
V(z)=-1K (appropriate for a distance of ~2 layers from the hydrogen
coating) and this is consistent with our 7.7-MHz data.

At temperatures between 0.8 and 1.5 K a thin helium film is formed
on the H, surface. The chemical potential of the “He in the film u, is a
function of temperature in this region. It becomes less negative on cooling

EXPL[-Eg5 (=, T> /kgTl

0.6 0.8 1.0 .2 1.4 1.6 1.8 2.0
INVERSE TEMPERATURE (K ')

Fig. 6. Plot of exp{—E;(z, T)/KyT] versus 1/T for different values of the
external adatom-substrate potential V{z): (--)-2K,(—)-1K,(- - -} -0.5 K.
See text for details.
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and approaches —L, as T~ 0. On cooling below 2 K, the chemical potentia
of the *He atoms in the film increases and this causes the *He quasiparticl:
binding energy in the film to decrease [Eq. (10)]. The *He quasiparticle
become less tightly bound on cooling. Therefore, as we cool, the numbe
of spins in the region where relaxation is taking place decreases as T
increases. Qur data are consistent with the idea that relaxation is taking
place two or three helium layers from the helium-hydrogen interface,

If relaxation was taking place in a film 10 A thick, our observed T
would correspond to a relaxation time in the film of ~7 sec at 7.7 MHz. I
is difficult to say much about the mechanism involved. It is clear that the
mechanisms at high and low temperatures are different, since there is a
frequency dependence of T, in the low-temperature region, but not at high
temperatures. The relaxation time is the same order of magnitude as that
observed in the adsorbed phase of "He on H, as described in I. In that
paper we suggested that in the *He/H, system relaxation is caused by
dipole-dipole coupling between *He spins adsorbed on the hydrogen-coated
syrface. The situation is less clear when a superfluid film of “He is present,
partly because of the uncertainty in the region of the sample where relaxation
t» taking place. However, we think relaxation could be due to diffusion of
spins in the local magnetic fields near the surface caused by macroscopic
magmzic impurities in the glass. We note that slopes of ~—5 K were not
observed with the cleaned sealed cells whose data are presented in this
mi%feczim} and we conclude that *He quasiparticle states at the free surface
iii:tnfhhilujf film are not a source of relaxation in these cells. This means
?}m !h‘é‘ v?;'; t{lzgflet'xc ﬁf.:k?s near_the hy(%rogen surfa.ce are much stronger
an tese JU A away. This is consistent with the data in ref. 24, from which
«w vonclude that relaxation is probably taking place two or three helium
liayers from the helium-hydrogen interface.

8 s o and 165 Tor o
on the H -coated walls o,),, enoll.‘gh He impurity atoms to form'~2 layers
o 2K due o the meef cooling below 1K, T; rises slowly with a slope

preterential adsorption of “He at low temperatures.

m{“‘:" w‘fi‘“} pﬂ&?ihi ' § i
FRER Y PRYES just a Slngle monolayer ofa helium mi
i A mixture on the surface
vﬁg ZH*"EE &emp{ta‘ureh-

5.3. Longitudinal Relaxation Times in a “Dirty*” Sealed Cell

InFig 7 we show T,

WOBET vatuum und usin
Sewmbed. and then filleq .

Sy 6”_6 clt4 room temperature with 567 Torr of *He

e wé 1 S;Jrr of He (includinga 1% *He impurity concentra-

, 87 Torr of H,. The diameter of the sample cell was
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and approaches —L, as T— 0. On cooling below 2 K, the chemical potential
of the “He atoms in the film increases and this causes the *He quasiparticle
binding energy in the film to decrease [Eq. (10)]. The *He quasiparticles
become less tightly bound on cooling. Therefore, as we cool, the number
of spins in the region where relaxation is taking place decreases as T,
increases. Our data are consistent with the idea that relaxation is taking
place two or three helium layers from the helium-hydrogen interface.

If relaxation was taking place in a film 10 A thick, our observed T,
would correspond to a relaxation time in the film of ~7 sec at 7.7 MHz. It
is difficult to say much about the mechanism involved. It is clear that the
mechanisms at high and low temperatures are different, since there is.a
frequency dependence of T, in the low-temperature region, but not at high
temperatures. The relaxation time is the same order of magnitude as that
observed in the adsorbed phase of *He on H, as described in L. In that
paper we suggested that in the *He/H, system relaxation is caused by
dipole-dipole coupling between *He spins adsorbed on the hydrogen-coated
surface. The situation is less clear when a superfluid film of “He is present,
partly because of the uncertainty in the region of the sample where relaxation
is taking place. However, we think relaxation could be due to diffusion of
spins in the local magnetic fields near the surface caused by macroscopic
magnetic impurities in the glass. We note that slopes of ~—5 K were not
observed with the cleaned sealed cells whose data are presented in this
subsection and we conclude that *He quasiparticle states at the free surface
of the helium film are not a source of relaxation in these cells. This means
that the local magnetic fields near the hydrogen surface are much stronger
than those 50 A away. This is consistent with the data in ref. 24, from which
we conclude that relaxation is probably taking place two or three helium
layers from the helium-hydrogen interface.

In the bulb filled with 30 Torr of nominally pure *He and 1.65 Torr of
H, (Fig. 4) there were only enough “He impurity atoms to form ~2 layers
on the H,-coated walls. On cooling below 1 K, T, rises slowly with a slope
of ~2K due to the preferential adsorption of “He at low temperatures.

There is possibly just a single monolayer of a helium mixture on the surface
at these temperatures.

5.3. Longitudinal Relaxation Times in a “Dirty” Sealed Cell

In Fig. 7 we show T, data taken using a sealed cell cleaned (by baking
under vacuum and using an rf discharge) in the manner previously
described,” and then filled at room temperature with 567 Torr of *He
(n,=1.9x10" m™), 61 Torr of *He (including a 1% “He impurity concentra-
tion in the *He), and 1.87 Torr of H,. The diameter of the sample cell was
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Fig. 7. Values of T, measured in u “dirty” sealed cell containing an He-*He-H,
mixture at frequencies of (B) 1.16 and (1) 7.66 MHz. Here ny=1.9X 0% m™?,

He:"He=9:1,

1.6 cm. The cell was used when making the signal-to-noise ratio measure-
ents at 1 MHz reported previously.’

This sample was prepared in an attempt to measure the 7; minimum
edicted for the intrinsic dipolar relaxation of the bulk gas. The attempt
as unsuccessful; nevertheless, the data in Fig. 7 have interesting features.

The relaxation times measured in this cell were much shorter than
pected. Since this cell was cleaned in the same manner as those that
oduced the T, values in Fig. 4, we might have expected T, of ~10%sec

4.2 K (at this temperature T, should be independent of the bulk He
imber density). However, the observed T\ values were more than an order
"magnitude shorter than this at 4.2 K. We expect that the oxygen impurities

the *He sample gas were responsible for the increased local magnetic
slds present at the surface of the cell. The sample gas was guaranteed to
wve less than 0.1% oxygen impurity. However, at these high *He filling
essures (50 times larger than that for the ny=3.3x10* m™ sample of
ig.4) a 0.1% O, concentration would be significant. Since this sample
yntained enough *He to form ~5000 monolayers on an effective surface
ea of twice the geometrical area of the cell, then a 0.1% O» impurity
yncentration would be enough to form approximately five layers of O, on
e surface of the cell. Any O, impurity would condense out on the walls
sfore the H, on cooling and then would be covered with solid H, at lower
mperatures, the hydrogen keeping the ‘He atoms ~10 A away from the
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oxygen. The magnetic field 10 A away from an oxygen molecule is ~1072 7
which is around an order of magnitude larger than the local fields causin
relaxation in the clean cells. Increasing the local field by an order ¢
magnitude would result in a two-orders-of-magnitude reduction in 7).

The frequency dependence of the T, data in Fig. 7 offers another clu
to the major source of the relaxation. The increase of T at low frequencie
(the opposite of a spectral density effect) suggests that the local fields nea
the surface are caused by paramagnetic impurities (possibly O,) on or nea
the glass surface, since the local fields increase with increasing frequency

The general shape of the data in Fig. 7 is the same as that for the oper
cell of Fig. 1. The sharp drop in T}, associated with the bulk ‘He liquefactior
and the buildup of a saturated superfluid film on the surface, is again
present, as is the slow drop on further cooling. Since T, becomes frequency-
independent at low temperatures, we suspect a source of relaxation different
from that which dominates at temperatures above that of bulk liquefaction.

The slope in a In T, versus 1/ T plot is ~~7 K at high temperatures,
which is comparable with that in Fig.1 for the same total bulk number
density. We do not have a good explanation of the slope. Mechanisms other
than the wall effect may be important. T, drops on warming above 6.5 K.
In this region H, desorbs from the walls, leaving the glass (or oxygen)
surface exposed. Spins can relax more effectively on the “bare” substrate,
where 3local magnetic fields are stronger than those at the hydrogen surface.
Also, “He atoms are more strongly bound to a Pyrex surface than to a
hydrogen surface.

Once a saturated superfiuid film has formed, longitudinal relaxation
coulfl well bt? taking place in the quasiparticle states at the free surface of
:;e ’;If'_;:th 18 ~3500 sec at IK_, as opposed'to 50 sec for the samples in

g- 1. The fact that n; is ~10 times as great in the sealed sample suggests

This is 'probab])'r a coincidence, since the relaxation time is related to the
magnetic cleantiness of the walls,

6. PROSPECTS FOR THE OBSERVATION OF
THE BULK GAS T, MINIMUM

ip{eraction between nuclear spins (
lisions ) and the T, values pProduced b
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tional to n;. Therefore, by working at much higher number densities than
ours (~10” m™) it is possible to observe intrinsic bulk relaxation. The
experimental results of Chapman and Richards®? are in good agreement
with the theoretical results of Shizgal** for the bulk dipolar relaxation times
(Tip). Shizgal predicts that n;T;; should go through a minimum of
~10"' secm™ at a temperature of ~0.8 K, which corresponds to a value
for Ty of ~10%sec for ny;=10"m™ and 10" sec for ny=10*m™". This
minimum has not been observed experimentally, since with the number
densities used previously the liquefaction temperature of the ‘He was
~1.5K, which was too high to observe the minimum.

In order to keep the *He in the gaseous state to ~0.8 K, one must use
bulk *He number densities ~10**m™. Use of low number densities to
measure bulk gas relaxation times was previously a problem for two reasons:
(1) poor spectrometer sensitivity prohibited the use of such small number
densities; and (2) wall effects were dominant at low number densities. We
are now able to get exceptional signal-to-noise ratios for low gas densities
by using a cooled GaAsFET amplifier in our NMR spectrometer.® Also, by
using a superfluid *“He wall coating, with possibly an H, precoating, it is
possible to produce long wall relaxation times at temperatures below 1 K,
if the glass cell is suitably cleaned.

Using a "He number density n, of 2x10* m™?, one would expect a
value for T, at the minimum to be ~5 x 10° sec. The longest wall relaxation
time (called here T, /) measured at 0.8 K was ~3 X 10" sec in a sample with
ny=3.3% 10" m™ (T, should be ~3 x 107 at these number densities). One
might hope that T,y scales linearly with n;, giving a value of ~2x 10° sec
for Tyw when ny=2x10* m™, Since relaxation rates add to give the total
rate, when more than one mechanism is contributing to the relaxation
(assuming rapid spin transfer between the relaxing regions), then one might
expect bulk relaxation to dominate with ny=2% 10> m™. The *He gas at
this number density will start to liquefy on cooling at ~0.7 K, and so will
remain in the gaseous state in the temperature region near the predicted
T, minimum.

The data from the cell produced in order to try to observe the T,
minimum are shown in Fig.7 and are discussed in Section 5.3. The cell
contained enough “He to form a saturated superfluid film around 1 K. The
short T, values we measured were due almost certainly to oxygen impurity
in the *He sample gas; therefore, it should be possible to purify the sample
gas using a getter or cold trap before filling the cell and thus achieve longer
T, than those of Fig. 7. The main question to be answered is, ““Is the wall
relaxation time measured at low temperatures proportional to the bulk *He
number density?”’ If this is so, then it should be possible to observe the
intrinsic bulk T, minimum by using a superfluid “He wall coating to suppress
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wall relaxation at low temperatures. However, if the superfluid film doe
not become saturated with *He spins at these number densities, then increas
ing ny will cause more spins to dissolve in the film, resulting in an observe«
T, that is independent of n;. More work is needed to determine the numbe
density dependence of the low-temperature values of T;.

We see from Fig. 5 that T, is an increasing function of frequency a
low temperatures. Hence it may be possible to decrease the wall contributior
to T, by working at frequencies higher than 10 MHz. The bulk dipolar T
is independent of frequency, since the time over which the nuclear dipola:
interaction is present during collisions is much shorter than an inverse
Larmor frequency. Measurements of T in the region of the minimurn
would give information about the He-He electronic interaction potential

7. CONCLUSIONS

We have studied the effect of “He on the longitudinal nuclear magnetic
relaxation times of *He gas at low temperatures using puised NMR. An
undercoating of solid molecular hydrogen was used in all experiments. We
used both open Pyrex cells (into which we could put shots of gas, enabling
a range of number densities to be studied during a run) and sealed Pyrex
cells (which were cleaned by heating to ~450°C under vacuum and using
an rf discharge in *He before sealing in the sample gas).

Relaxation of bulk spins was taking place near the H,-coated surface.
In all the cells the high-temperature behavior of T, was much the same as
that observed in the *He-H, cells.” Helium-4 became important below ~2 K,
where a superfluid film built up on the solid H, surface and *He atoms
were adsorbed on the wall in preference to *He. In the “dirty” cells that
contained enough *He to form a saturated film on the H, surface we saw
T, dr(?p on cooling as the film built up. Relaxation was probably taking
place in the *He quasiparticle states at the free surface of the saturated film.
The 'data.were Consistent with a binding energy of 5.1+0.3 K for a *He
qQuasiparticle in one of these surface states,

Using a c%eaned, sealed Pyrex cell containing enough *He to form a
ﬁlm'~50A thick, we saw T, rise on cooling below 2K and observed a
;n;a;lerr;;;mlg,t hc;i’ g;nn:;ii fe};aita tailotemperatu.re of 0.8 K and a frequency of
helium layors from 1 por n was tgkmg place probably 'two or t}}ree
o 12 rom the ' ehum-hydrsogen interface. This determines the time
bolon lch.aI:x;l]r;-szanzed. bgas of “He atoms _ca.n be k.ept at 'tem.pe.ratures
dioolar T Y be possible to f)bserve a minimum in the intrinsic bulk

polar Iy, which has been predicted theoretically, by using a “He wall

coating to suppress wall relaxation eff i
] ects which usual i
nuclear relaxation of the bylk gas. Y dominate the
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5.2. Longitudinal Relaxation Times in Sealed Pyrex Cells Containing
Mixtures of *He, “He, and H,

The results of paper I showed clearly that by cleaning the Pyrex cell
by baking to 470°C under vacuum (~107° Torr) and using an rf discharge
in *He gas and then sealing in the required mixture of gases, it was possible
to increase the T, observed at low temperatures by a factor of between two
and three orders of magnitude over values obtained with the open geometry.
In this subsection we present data taken on sealed Pyrex cells produced at
Sussex using a glass gas handling system built for the purpose.*

The Pyrex sample cells were spherical and had a radius of ~1 cm and
a wall thickness of ~1 mm. The T, was measured at Sussex, using pulsed
NMR at 7.7 MHz, and in Paris (data taken by M. Himbert and J. Dupont-
Roc) at a frequency of 45kHz, using an optical pumping technique to
polarize the spins in order to enhance the signal.

Figure 4 shows the results of T, measurements on two cells, one filled
at room temperature with 10.1 Torr of *He, 1.99 Torr of “He, and 1.51 Torr
of Ha, and the other filled with 30.1 Torr of *He and 1.65 Torr of H,. The
*He filling pressures correspond to *He number densities of 3.3 x 102 and
9.8 10 m™, respectively. The *He: *He ratio in the first cell was 5: 1, On

~ 1055— f E
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.E’ ) i ] * L] ]
0 104:‘ ) f * @;
0 : ' ]
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N~ 10 ? Ii .'i o 8 3
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Fig. 4. Values of T, measured at 7.7 MHz in sealed P ini
3He-‘l—l’e-}ﬂl: mixtures. (W) ny;=3.3x10% -3 BHC“‘yPr{ZX;;e.Hls' c(o';]t)amm_g
98x10” m™, *He:*He=100:1, o o =

* 7 av
We have beneﬁted. greatly from discussions with J. Brossel
from thz_: Laboraton_re de Spectroscopie Hertzienne de I'Eco
concerning the design and operation of this system.

. V. Lefevre-Seguin, and others
le Normale Superieure in Paris
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Fig. 2. Value of the minimum in 7; versus total bulk number density, n=
ny+n;. The frequency is 7.5 MHz. The dashed line shows the value of T,
obtained with pure *He on a hydrogen surface at a temperature at which a
complete *He monolayer has formed on the hydrogen surface versus total bulk
number density, n = n;. The lines are not coincident, due to the preferential
adsorption of *He over *He at low temperatures.

T, rises on cooling below 2 K as *He is excluded from the region of
strong local magnetic fields near the wall. An unsaturated superfluid “He
film (a film that exists with no bulk liquid present and is in equilibrium
with a partial pressure of “He that is less than the saturated vapor pressure)
starts to form on the solid H, surface. On cooling through the temperatures
indicated by the arrows in Fig. 1, the film builds up rapidly and a drop of
liquid forms in the bottom of the cell. Once a drop of bulk liquid has
formed, the thickness of the film at a given point in the cell is determined
by its height above the free surface of the liquid drop. The saturated film
is probably around 100-200 A thick at temperatures below that indicated
by the arrows. A rapid drop in the value of the observed T, is associated
with bulk liquefaction.

As liquefaction takes place, the total number density in the bulk gas
falls as it loses *“He. We have approximately

n=ny+ Py/kgT (14)

once a saturated film and a liquid drop have formed, where Py is the
saturated vapor pressure of *He and n;~3.1x10* m> throughout the
temperature range covered.

In the region of temperature where the *He film builds up there are
three regimes observable in Fig. 1. Since we observed no hysteresis (even
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nuclei are in the same spin state exhibits macroscopic quantum effects,
which are manifest in the transport properties of the gas and in the liquid-
vapor equilibrium pressures'}; (2) long free induction decay lifetimes T%
are needed if one is to use the *He nucleus as a detector of small angular
rotation rates in an NMR gyroscope; (3) nuclear relaxation in helium gas
is often dominated by processes occurring at or near the walls of the sample
cell and in this situation measurements of bulk gas relaxation times give
information about processes happening near the cell walls, making possible
the study of certain two-dimensional systems (*He adsorbed on a hydrogen
surface or *He quasiparticles in superfluid *He, for example); (4) if the
intrinsic bulk relaxation can be observed at low temperatures (this involves
using low bulk number densities and suppressing wall effects), one can
probe the He-He interaction potential by measuring T, in a temperature
region ~0.8 K, where the bulk dipolar relaxation time is predicted to go
through a minimum.**

We have studied processes responsible for longitudinal nuclear relaxa-
tion (7; processes) with a view to making T, as long as possible. As well
as being relevant for points 1, 3, and 4 above, this is also relevant for point
2, since an upper limit for T% is of the order of T,. We did not use highly
polarized samples in our experiments (a typical polarization being of the
order of the equilibrium polarization at ~0.1T and liquid helium tem-
peratures).

We have measured T, in samples of *He gas contained in Pyrex bulbs
as a function of temperature and bulk *He number density. Helium-3 number
densities between 3 x 10> and 6 x 10** spins m > and temperatures between
0.6 and 15 K were used.

In order to reduce the strength of the surface contributions to the
relaxation rate (in almost all instances in this work surface relaxation was
the dominant process), we tried surface cleaning techniques, which involved
the use of an rf discharge in *He gas, and also tried using cryogenic wall
coatings: namely, solid molecular hydrogen, which forms a coating below
~6.5K, and “He, which becomes adsorbed in preference to *He at tem-
peratures below ~2 K, since its larger mass results in a lower zero-point
energy (effectively, a smaller “‘quantum size™).

We used two types of spherical Pyrex cells in these experiments. An
open cell was used, which was connected to a Pyrex gas handling system
situated at the top of the cryostat via a Pyrex filling capillary. Using this
setup, we could study a range of number densities during a run. We also
studied sealed Pyrex cells containing various mixtures of *He, *He, and Ha,,
some produced in Paris,* and some produced at Sussex.

* Samp}es produced by V. Lefevre-Sequin and J. Brossel at the Laboratoire de Spectroscopie
Hentzienne de I'Ecole Normale Supérieure in Paris.




