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Spin-diffusion coefFicient in gaseous helium between 1 and 0.5 K
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We report on measurements of the nuclear-spin diffusion coefficient in gaseous helium below 1 K.
Both D33 (self-diffusion in 'He) and D34 (diffusion of 'He in He) are obtained from T2 measure-
ments in applied magnetic gradients. We operate at low densities, where transport properties are
governed by two-body collisions. Predictions from various helium-helium potentials have been
computed and are compared with the experimental results. A rough agreement is obtained, al-

though theoretical values for D33 seem somewhat too small ~ Relative variations with temperature
are well described by theory between 4.2 and 0.5 K (within 10%).

I. INTRODUCTION

Transport properties of polarized He gas have recent-
ly been investigated in detail both from theoretical' and
experimental points of view because, as a consequence of
the Pauli principle, the introduction of a nuclear polar-
ization modifies drastically the low-temperature transport
phenomena. More traditionally, transport coefficients are
used as sensitive tests for proposed He-He pair potentials.
The transport theory for gases is well established, ' and
precise computations of the transport coefficients for
various potentials are feasible.

Considerable efforts have been made to produce accu-
rate pair potential for helium atoms. Ab initio calcula-
tions are mostly relevant to the repulsive part or the
long-range part of the interaction potential. To bridge
the gap between these two regions, sophisticated model
potentials have been constructed by adjustment to the
thermodynamical and the transport properties of the
helium gas, or have been extracted from scattering
data. Most recent ab initio computations are now also
starting to be competitive in the intermediate region.

On the experimental side, although low-energy or low-
temperature data have been recognized as highly discrim-
inating for proposed potentials, especially for the well re-
gion, ' very little information is available. The lowest en-
ergy in scattering experiments is higher than 1.5 K (Ref.
8) and the transport data used by Aziz et al. ' have been
taken above 1.3 K. Only the second virial coefficient was
recently measured down to 0.63 K."

We report here on a measurement by NMR techniques
of the, He spin-diffusion coefficient in pure He and in
He- He gas mixtures, in the temperature range from 1 to

0.5 K. Comparison is made with theoretical predictions
based on different potentials: the standard Lennard-
Jones (LJ) potential, and composite potentials built with
a Hartree-Fock repulsive part empirically joined to a
dispersive long-distance attraction, proposed by Aziz and
co-workers ' and Feltgen et al. denoted as HFDHE2
(Ref. 6), HFD-B(HE) (Ref. 7), and HFIMD (Ref. 8). De-
tailed information on these potentials is given in Appen-
dix A.

Previously, the spin-diffusion coefficient D34 was mea-

sured by Bendt' down to 1.74 K and at higher tempera-
ture by others. ' ' The self-diffusion coefficient D 33 was
measured down to 1 K by Luszczynski et aI. ' and also
by Barbe' at 4.2 K. More recently, Nacher and co-
workers obtained both D33 and D34 from 4 to 1.3 K as a
by-product of their spin-wave experiments. ' '

II. EXPERIMENTAL METHODS

We consider here densities n of the order of 10' cm
The de Broglie wavelength A, is of the order of (10
A /& T ) for He, so that the condition n A, « 1 is
fulfilled. The Boltzmann statistics can be used to de-
scribe the gas. Furthermore, if we note a to be a typical
range for the He-He potential at low energy (a few
angstroms), the inequality na «1 is fulfilled and thus
binary collisions dominate the transport properties. We
consider also weak spin-polarization, so that identical
spin-rotation effects are negligible. ' In that limit, a He-
He mixture behaves like a three-component classical

mixture ' ' with densities n 3+, n 3, and n 4. In presence
of He, the spin-up and spin-down He gases diffuse
through each other with a diffusion coefficient D given by

n3 n4+
D nD33 nD34

where n3=n3 +n3 and n =n3+n4 are particle densi-+

ties and where

~(1,1)

nD 3"jk T1J B

The collision integral 0, ,
""depends on the pair potential

and on the temperature T [p," is the reduced mass in a
two-body collision between i and j (i,j = 3 or 4)).

Measurements of D ' for various He- He mixtures
yield (nD33) ' and (nD34) ' through Eq. (1).

The He- He mixture is contained in spherical Pyrex
cells, 3 cm in diameter. The gas densities, ranging from
10' to 10' cm, are accurately measured during the
filling procedure. Cells are sealed at room temperature,
then cooled down to 0.5 K by a He refrigerator, to
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T2
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p m
T2

(3)

where I /Tz is independent of the applied gradient. The
induced relaxation rate I is related to the spin-diffusion
coefficient by the following formula:

I =4.57X10 (yVB, )
R

(4)

which the cell is thermalized by a superAuid helium bath.
Temperature is monitored by a Ge resistor, calibrated
versus He vapor pressure. The estimated accuracy is of
the order of 20 mK. Nuclear orientation is obtained by
optical pumping, performed directly at low tempera-
ture. Part of the He gas is condensed on the Pyrex
walls of the cell and acts as a coating to prevent strong
wall relaxation of He nuclear spins. This technique
gives a polarization of the order of 3%. A static magnet-
ic field Bo (1.4X 10 T, Larmor frequency of the order
of 45 kHz) keeps the polarization along the z direction.

The spin-diffusion coefficient D is deduced from mea-
surements of the relaxation time T2 (transverse magneti-
zation relaxation time) in controlled field gradients.
More precisely, linear gradients are applied by a set of
Helmholtz coils connected in opposition. The amplitude
5B, of the total field variation over the cell is low enough
so that motional averaging can take place during the spin
diffusion time r~ ( y 5B,rn && 1 ). Under these condi-
tions, the applied gradients result in an additional relaxa-
tion rate I

Al
I

C3

4

2

n~ /no

FIG. 1. Linear variation of the spin-diffusion coe%cient D
at 0.57 K with the 'He density n 3, according to ( 1). n o is
defined by (5). The 'He- He mixture gas in the different samples
contains the same He density, n 4 . The slope of the solid line,
which is a linear least-squares fit to the points, gives ( nD33 )

The value at n3 =0 gives the contribution of He.

III. ABSOLUTE VALUE OF n D 33 AT 0.57 K

The values of 1/D are measured as described above for
a set of identical cells filled at 300 K with a He density
increasing from n p to 3n p, n p being a reference value cor-
responding to a 1 Torr at 300 K, i.e.,

np =3.22&( 10' cm (5)

The amount of He added in these samples at 300 K
corresponds to a density higher than 2np. Accordingly,
the He gas is under saturated-vapor conditions at
T =0.57 K, and the gaseous He density is taken as
n 4 (0 57 K) =0..07no (where the superscript SVP denotes
the quantity at saturated vapor pressure). The He atoms
remain almost entirely in the gaseous phase, only 1% or
2% being adsorbed on the He film or dissolved in it.
This small amount is evaluated assuming a binding ener-
gy of 5 K for He on the surface of He, and 2.8 K inside
the film.

The results are presented in Fig. 1, where the solid line
is the best linear fit to the experimental points. Its slope
gives n„(nD33) ' and the value for n3 =0 gives

where R is the cell radius and y the gyromagnetic ratio of
He.

Experimentally, Tz is measured at fixed temperature
by monitoring the decay of the transverse polarization
after a m. /2 pulse for various values of VB, . A parabola
is adjusted by a least-squares fit to the values of I /T2
versus

~ VB, ~, and D is deduced with the help of (4).

n4 (nD34) ', according to (1). In this way we obtain
for (nD33 )

' at 0.57 K

[nD»(0. 57 K)] '=(0.92+0. 17)X 10 's cms . (6)

It must be stressed that the calibration of the various
parameters entering formula (4) is not so easy. The un-
certainty comes mainly from the gradient calibration and
the determination of the inner radius R of the cell, which
appears as R in formula (4). R has been measured in

various ways: weighting the cell filled with distilled wa-
ter, measuring the Pyrex thickness with an optical ap-
paratus, and cutting the cell for direct length determina-
tion. All techniques gave consistent results. The rms
dispersion on R is about 2.5%, and this value includes de-
viation of the cell from perfect sphericity.

The field gradient is created by a pair of coils connect-
ed in opposition. The calibration versus the dc current in
the coils, which is the experimentally monitored parame-
ter, has been made in s&'tu by inversing the current in one
coil and by measuring the induced shift of the spin Lar-
mor frequency. The final precision for the calibration, in-
volving a few geometrical parameters and including a
possible distortion of the gradient field by supraconduct-
ing or weakly magnetic materials of the setup, reaches
4% . Other contributions to the experimental error are of
less importance. For instance, adsorption of He on the
He film results in a modification of the diffusion of the
He atoms through the cell. However, at 0.56 K, the pro-

portion of He adsorbed is of the order of 0.5%, and this
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gives only a slight modification of D, which has been
taken into account.

IV. RELATIVE VARIATION OF (nD33 )

FROM 0.56 K TO HIGHER TEMPERATURES

The preceding discussion suggests that the variation of
the diffusion coefficient with the temperature can be ob-
tained with a smaller uncertainty than its absolute value.
If the same cell is used at different temperatures, in the
same position with respect to the coils producing the
linear gradient, the relative variations of the induced re-
laxation rate I ( T) are exactly equal to those of D

(T) [D(T)]
(To) [D(T )]

(7)

Absolute calibration of the gradient is no longer neces-
sary, neither is precise knowledge of the cell shape. Two
parabolic fits of I versus the current intensity in the
gradient coils, achieved for data taken at T and To, give
directly the experimental values of (7). We measured in
this way the ratio of the values of D ' between 0.56 and
4.2 K, and also between 0.56 and 300 K.

The dependence of D '( T) on T comes from the varia-
tion of (nD33)

' and (nD34) ' with the temperature, and
also from the change of the vapor composition due to the
partial liquefaction of He at 0.56 K. For these particu-
lar experiments we used cells filled with a He density
equal to 1.97no, and a He density equal to 0.98no.

A. Variation of D ' from 0.56 to 4.2 K

1.96[nD33(0. 56 K)] '+0.05[nD34(0. 56 K)]
1.97[nD33(4. 2 K)] '+0.98[nD34(4 2K)].

(8)

In this case, the cell contained also a given amount of
molecular hydrogen to provide a wall coating at 4.2 K, a
temperature at which He is not condensed on the walls.
Hence both He and He are in the vapor phase. At 0.56
K (1.80 K 1), the He density is the saturated-vapor den-
sity, which is 0.05no. Hence the quantity measured ex-
perimentally is

[D(0.56 K)]
[D(4.2 K)]

(1.96 instead of 1.97) is due to the absorption of He on
and in He.

Comparison of the experimental value obtained for (8)
with the same quantity computed from various potentials
is made in Table I. The "error bar" on the theoretical
predictions accounts for the uncertainty on the filling
densities, for the temperature uncertainty at 0.56 K
which affects the He saturated vapor density, and also
for the slight modification of the diffusion in the cell due
to the small fraction of adsorbed helium atoms.

We noticed that, for all the theoretical potentials used,
the quantity

[nD»(0. 56 K)] =3.42+0. 14 .
[BD33(4.2 K)]

(9)

This value is used hereafter to calibrate values of
[nD»(T)] ' with respect to its value at T=4.2 K. It
can also be used to obtain [nD»(0. 56 K)] ' from the
values of the same quantity at 4.2 K already published.
Taking for instance the result reported by Barbe, '

[nD33(4. 2 K)] '=(0.293+0.019)X 10 ' cm s,
one gets

[nD»(0. 56 K)] '=(1.00+0. 11)X 10 ' cm s . (10)

B. Variation of D ' from 0.56 to 300 K

The cell used in this particular experiment did not con-
tain hydrogen, because it makes optical pumping impos-
sible at room temperature. The measurement gave

[D(0.56 K)]
[D(300 K)]

1.96[nD33(0 56 K)] '+.0.05[nD34(0. 56 K)]
1.97[nD33(300 K)] '+0.98[nD34(300 K)]

q ( T)= [nD34( T) ] '/[nD33 ( T) ]

is nearly potential independent, starting from the classi-
cal value ( —,')' =1.069 at high temperature, and increas-
ing quasilinearly with 1/T in the temperature range
4.2 —0.5 K (see Appendix B). One can take advantage of
this feature to express the right-hand side of (8) as a func-
tion of [nD33(T)] '. Using the values of q(T) for
T =4.2 K and T =0.56 K given in Appendix B, one gets

The difference in He densities between 0.56 and 4.2 K =37.2+2. 5 .

TABLE I. Relative variation of [nD ( T)] ' with temperature. Comparison between experiment and
theoretical predictions computed from different potentials: LJ (Ref. 5), HFDHE2 (Ref. 6), HFD-B(HE)
(Ref. 7), and HFIMD (Ref. 8) (see Appendix A). The "error bar" on the computed values accounts for
the uncertainty on the composition of the gaseous phase.

Experiment LJ
Numerical predictions

HFDHE2 HFD-B(HE) HFIMD

[nD(0. 56 K)]
[nD(4. 2 K)]

Uncertainty

2.27

+0.07

2.04 2.20

+0.04

2.28 2.16
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TABLE II. Comparison between experimental determinations of (nD33) at 0.57 K and values computed from various potentials:
LJ (Ref. 5), HFDHE2 (Ref. 6), HFD-B(HE) (Ref. 7), and HFIMD (Ref. 8) (see Appendix A). Units are 10 ' cm s. Columns a, b, and
c contain the values reported, respectively, in Secs. III, IV A, and IV 8. The column headings for the numerical values refer to the
potentials defined in Appendix A.

0.92+0. 17 0.99+0.11 1.17+0.17

Experimental values
b c Average

1.03+0.08

LJ

0.96 1.10 1.14

Numerical values
HFDHE2 HFD-B(HE) HFIMD

1.07

Since (nD33) ' and (nD34) ' at 300 K have been mea-
sured by various authors, ' ' the result (11) can be used
to get another value of (nD33) ' at 0.56 K. Taking the
result quoted by Barbe et al. ,

[nD34(300 K)] '=( —,
')' [nD33(300 K)]

= (2.30+0.12)X 10 cm s, (12)
1 A

T D(T)
(14)

due to field inhomogeneities over the cell. Apart from a
small contribution of the wall relaxation which can easily
be taken into account, 1/Tz represents the contributions
of higher-order gradients. They all scale as diffusion
times, i.e., as D

[nD»(0. 56 K)] '=(1.19+0.17)X10 ' cms . (13)

V. COMPARISON BETWEEN EXPERIMENTAL
AND THEORETICAL VALUES FOR [nD33(0.57 K)]

The three independent experimental results obtained
by the methods described, respectively, in Secs. III, IV A,
and IV B are compared in Table II with theoretical values
computed from different potentials. For that purpose the
results (10) and (13), taken at 0.56 K, have been corrected
by a small amount ( —1.3%) to be comparable to values
at 0.57 K. A weighted mean value of those three results
is also ncluded. The theoretical values for [nD33(0. 57
K)] ' appear to be about 10% higher than the experi-
mental averaged result. They are at the upper limit of
the error bar. A discrepancy cannot be claimed
definitely, but it would be extremely desirable to reduce
experimental errors on the measurements in order to
confirm (or deny) this disagreement. It is interesting to
point out that a discrepancy of the same order of magni-
tude exists for the experimental results around 1.5 K re-
ported in Ref. 19. At 4.2 K, the situation is similar. The
value quoted above' (0.293+0.019) is smaller than those
computed either with the LJ potential (0.317X 10
cm s) or with the other potentials ( =0.335 in units of
10 ' cm s).

VI. VARIATIONS OF (nD33 )
WITH THE TEMPERATURE

Even when the linear gradients of the magnetic field
are canceled, the relaxation of the transverse magnetiza-
tion represented by the term I/Tz in (3) is still mainly

we can reexpress the numerator of the right-hand side of
(10) as

[nD33(0. 56 K)] '[1.96+0.05q(0. 56 K)]

Taking from Appendix B the value q(0.56 K) = 1.76, and
the above-quoted values for the diffusion coefficients at
300 K, we get from (11)

The coefficient A depends on the geometrical parame-
ters of the cell and on the map of the inhomogeneities of
the magnetic field. Provided that A is temperature in-
dependent (it is a reasonable assumption over the temper-
ature range 0.5 —1 K, and we verified that neither the op-
timal currents in the linear-gradient compensation coils
nor the Larmor frequency depends on the temperature),
the variations of 1!T2 reflect directly those of D '. We
used this property to study the variation of D ' with the
temperature. The value of A can be determined by cali-
bration at 0.56 K on the value of D ' obtained either in
Sec. III, or that obtained in Sec. IVA as a function of
[nD33(4. 2 K)] '. We choose this last alternative because
of our large uncertainty on the absolute value of
[nD33(0.57 K)] '. Also the theoretical predictions for
[nD33 (4.2 K)] ' are the same for all the potentials con-
sidered (except for LJ, which is off by a few percent),
whereas they diverge at low temperature. Hence the ra-
tio [nD33(T)] '/[nD33(4. 2 K)] ' is a good parameter to
test the temperature dependence of the diffusion
coefficient. Performing this measurement for a set of
different cells with increasing gaseous densities of He
and the different cells with increasing gaseous densities of
He and the same amount of He gives

[nD33(T)] '/[nD»(4. 2 K)] ' according to formula (1).
The results are reported in Fig. 2. Theoretical values

for the ratio [nD33(T)] '/[nD33(4. 2 K)] ' have also
been reported for the different available potentials. The
observed variation with temperature is quite similar to
the computed ones in the range 1 —0.5 K. The experi-
mental error does not allow us to discriminate among the
potentials, which give a very similar temperature depen-
dence for [nD33(T)] '. Although extending the explored
temperature range would have been desirable, our study
was limited to the (0.5 —1)-K temperature range. Indeed,
0.5 K was the lowest temperature available with our ap-
paratus. But one also expects at lower temperature a
contribution to T2 from the He condensed on the walls
of the cell. Above 1 K, the He coating on the wall be-
comes too thin, and the contribution to T2 of the wall re-
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FIG. 2. Relative variations of [nD33(T)] '. The values for
T =4.2 K are taken as a reference for the experimental points
as well as for the theoretical curves computed from various po-
tentials: LJ (Ref. 5), HFDHE2 (Ref. 6), HFD-8 (Ref. 7), and
HFIMD (Ref. 8) (see Appendix A).

laxation cannot be neglected. So at both ends of the tem-
perature range, T2 measurements would not account only
for the diffusion of gaseous He.

VII. MEASUREMENT OF ( nD34 )

I i i 3 ) l ) ) 3 ) j

1.5 2.O
1/T (K }

FIG. 3. Relative variations of [nD3~(T)] '. Calibration is
made on [nD33(4 2K)] '. for the experimental points as well as
for the theoretical curves. The empty squares refer to values
obtained by studying, at fixed temperature, the variation of D
with n3 according to formula (1). The solid circles refer to
direct measurements under SVP conditions for n4. Numerical
predictions have been computed from various potentials: LJ
(Ref. 5), HFDHE2 (Ref. 6), HFD-B (Ref. 7), and HFIMD (Ref.
8) (see Appendix A).

As discussed in the preceding sections, the variation of
D ' with n3 gives, according to (1), n4(nD3~) ' as the
value for n 3

=0 of the best linear fit to the experimental
points (Fig. 1). Knowing the density of He, one can ob-
tain [nD3&(T)] ' in this way. A few of such measured
values have been plotted in Fig. 3 (empty squares). Nev-
ertheless, the precision of these measurements is not very
high, especially for the low-temperature points where
there is in the gaseous phase much more He than He.
Also, around the dew point, the value to be used for n 4
somewhat depends on the condensation model con-
sidered.

For that reason we measured I (T) for a single cell
containing only a low He density and a large quantity of
He, so that it is under saturated-vapor conditions in the

whole temperature range. n 3 has been chosen equal to
0.14n o, and except at the lowest temperature, the He
contribution to D ' is small. We measured I (T) over
the entire temperature range, and using (7), we calibrated
I in terms of the diffusion coefficient at 0.56 K. At that
temperature, D ' is equal to

[nD33(0. 56 K)] '[n +3nz 4 q(0. 56 K)],
where n 3 =0.14no and n 4 =0.05no. He plays then a
dominant role, and it is appropriate to approximate
q(0.56 K) by its theoretical value taken in Appendix B.
One expresses finally D ' at 0.56 K in terms of [nD33(4.2
K ) ] ' using formula (9). Experimental points for
[nD33(T)] '/[nD (4332K)] ' obta.ined in this way are

plotted in Fig. 3. An important part of the correspond-
ing error bars comes from the uncertainty on the temper-
ature, which results in a substantial uncertainty on the
He density n 4 ~ The theoretical curves are well inside

those error bars. The available potentials describe
correctly the temperature dependence of [nD3~(T)] ', as
for [nD33(T)]

VIII. CONCLUSIONS

First measurements of the diffusion coefficients in He
gas and the He- He mixture below 1 K have been report-
ed. The absolute values are in rough agreement with the
predictions that we have computed from currently used
helium-helium potentials. However, as is already the
case of higher temperatures, the computed values of the
inverse diffusion coefficient seem somewhat too large.

The relative temperature dependence of these
coefficients between 4.2 and 0.5 K is rather sensitive to
small variations in the low-energy part of the potential.
Experimental results fit well with theoretical predictions,
but are not sufficiently precise to make a clear discrimina-
tion among the various models of the pair potential.
However, as it appears in Table I, the crude Lennard-
jones potential seems rather outclassed. More accurate
measurements and lower temperature studies would be
valuable.
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APPENDIX A: VARIOUS APPROXI
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f„(r)=P (v, ar)+(aar) exp( —1.4ar),
with

1P(v, ar) = "e 'I, 'dr,
1 (v) o

v=1.05n *+1.24,
a =1.61(n*)

m =1.7n* —1.11,
ar =a&x [1+exp( —a2x)], x =r jrD, rD =QCsIC6,

A final least-squares fit gives, from He and He experi-
mental results, B =36.4 eV and a2 =1.458. Typical vari-
ations in the well range of these potentials are shown in
Fig. 4.

APPENDIX B: THE RATIO (nD34) '/(nD33 )

Figure 5 shows explicitly the temperature dependence
of the ratio

and

n for n evenn*= '

n —1.378 for n odd .

[nD34( T)]
q(T)=

[nD33(T)]
(Bl)

The values of the parameters come from data inversion
and ab initio considerations:

A =222. 6 eV, G = —3.807 A ', C = —0. 12955 A

b =4.64 A ', a) =8.5 .
0

The values of dispersion coefficients C„are (in eV A ")

C6 = 0.871 1 C8 = 2.346 C&o = 8.478

C& ]
= 1 ~ 096& C&~ = 42 97& C)3 = 10.41

C&4 = —291 4, Ci5 97 2~ C]6 = 2067

C)7 1090 C&8 = 288 10

Two features should be pointed out. First, for all poten-
tials considered, the numerical values are almost identical
down to 0.4 K. Except for the LJ potential, which gives
points l%%uo or 2%%uo lower, all curves are within the thick-
ness of the line. Second, the variation is almost linear in
this temperature range, so that q ( T) can be approximat-
ed by

q ( T) = 1.045+0.395/T, (B2)

with a precision better than 2% between 4.2 and 0.57 K.
Formula (B2) is only an empirical numerical approxima-
tion; the theoretical variation, which involves the ratio of
collision integrals, is not so simple.
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