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Résumé.2014 Il est possible de produire de l’hélium trois liquide polarisé par liquefaction d’un gaz
prealablement orienté par pompage optique. Nous avons de cette façon obtenu des polarisations
nucléaires de plus de 40 % dans un liquide à ~ 400 mK et pression presque nulle. Le temps de
relaxation nucléaire est de quelques minutes, comparable au temps de relaxation en volume dans
le liquide. Les signaux de RMN que donne le liquide sont fortement déplacés en fréquence, ce qui
fournit une façon précise et commode de mesurer la polarisation nucléaire, et également de suivre le
mouvement de liquide qui coule le long des parois de la cellule.

Abstract.2014 Spin polarized liquid helium three can be obtained by liquefaction of a gas polarized by
laser optical pumping. We show that this method can lead to nuclear polarizations exceeding 40 %
in a liquid at about 400 mK and almost zero pressure. The relaxation time of the orientation is a few
minutes, comparable to the relaxation time of weakly polarized bulk liquid. The NMR signals given
by the liquid are strongly shifted in frequency ; this provides a precise and convenient way to measure
the polarization and to follow the motion of the liquid inside the experimental cell.
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1. Introduction.

Optical pumping in gaseous helium three (1],
when a laser is used as a pumping source, can
provide nuclear polarizations exceeding 60 % [2].
The method can be used to observe various phys-
ical effects including modifications of the im-
portance of the role played by particle indistin-
guishability in the transport properties of the
gas. In this way, heat conduction changes intro-
duced by quantum statistics have recently been
observed [3]. Moreover, a strong nuclear polar-
ization can also affect equilibrium properties of

the system, for example liquid gas transition di-
agrams [4,5]. Studying this class of effects re-
quires the obtention of a strongly polarized he-
lium three liquid, with a well controlled, homoge-
neous, nuclear polarization at the interface. The
aim of the present article is to show that this
is possible by fast liquefaction of an optically
pumped helium gas.

Similar experiments have already been per-
formed by Mc Adams and Walters [6] at a time
when no laser was available for this purpose. In
addition to laser optical pumping, we have made
a systematic use of "cryogenic coatings" : solid

hydrogen [7] or liquid helium four [8] is deposited
on the walls in order to reduce the nuclear re-
laxation at low temperatures. These two im-

provements probably explain why we have ob-
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tained nuclear polarizations which are two orders
of magnitude larger than in [6]. Another differ-
ence is that our experimental set up includes a
helium three refrigerator which gives access to
lower temperatures.

Other methods are available to obtain

highly polarized liquid helium three. The

"Castaing-Nozieres" fast melting technique has
been used by several groups [9-14] to produce
samples of polarized liquid and study their prop-
erties. We briefly discuss at the end of this letter
how the two methods compare. Another way of

obtaining polarized helium three liquid is the use
of surface effects on small fluorocarbon particles,
as shown in references [15-17], but this method
has not yet provided high nuclear polarizations.

2. Experimental set up.

Figure 1 shows the experimental set up,
where the sample of helium three under study
is confined inside a long vertical glass container
made of three cells connected by a long (- 80
cm) tube [18] : cell A, at room temperature, cell
B at- 4K and cell C which is inside the helium

three cryostat and can be cooled down to about
400 mK. The whole system is surrounded by a
set of 5 big coils (not shown in the figure) which
create a homogeneous vertical magnetic field of
approximately 13 Gauss. This value is not crit-
ical, since optical pumping does not require any
magnetic field to operate, but it is convenient
to have a "holding magnetic field" in order to

avoid too much sensitivity of the nuclear spins
to any stray magnetic field created by the envi-
ronment. What is more critical is the homogene-
ity of the magnetic field : the random thermal

motion of atoms in field gradients introduces a
relaxation process [19,20] which may destroy the
nuclear polarization if too fast. The 5 magnetic
coils were designed to provide a relative homo-
geneity better than 10-4 over - 1 meter along
their axis. In addition, the cryostat was exclu-
sively made of materials carefully chosen for am-
agnetism, mostly pyrex glass or-only at distances
more than 20 cm from the lower cell- stainless

steel. A more detailed description of the experi-
ment and its characteristics can be found in ref-

erences [21] and [22].

The nuclear polarization is initially created
in cell A by optical pumping [1]. The light source
is a LNA laser which delivers about 300 mW of

Fig.l.- Sketch of the experimental set-up. The con-
tainer of the helium three sample is made of three
different cells, connected by a long tube : the upper
cell A at room temperature, where the nuclear po-
larization is obtained by laser optical pumping ; the
intermediate cell B at = 4K which acts as a polarized
gas reservoir ; the lowest cell C which is immersed in
the cryogenic helium three bath at variable tempera-
ture and surrounded by the NMR pick-up coils.

cw power at the helium wavelength [23]. The
transfer of nuclear polarization to the lowest cell
(cell C) is ensured by diffusion of the atoms along
the long connecting tube [18]. The role of cell B,
which is inserted about 15 cm above cell C, is
to store polarized helium three gas at about 4
Kelvin. The whole container (i.e. the three cells
connected by the tube) was made of pyrex glass
and carefully evacuated and cleaned before fill-

ing with a mixture of helium three (pressure = 3
torr) and hydrogen (- 1.5 torr). When cells B
and C are cooled down to a few Kelvin, a coat-
ing of a few layers of solid hydrogen forms on the
cold inner walls of the container ; this gives long
relaxation times (of the order of 1 hour above 1
or 2 Kelvin), instead of the very short relaxation
times that would be obtained on cold bare pyrex
walls [7]. When the temperature gradient along
the tube is well controlled [18], an efficient trans-
fer of polarization (sometimes almost complete)
is obtained.

The magnetization of cell C is monitored

by NMR techniques. Resonant RF pulses (at
42 kHz) are applied to the induction coils ; they
create a small transverse nuclear polarization
which, during its precession, is the source of a
FID signal collected in a pair of tuned pick up
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coils. The corresponding voltage is analysed by a
lock-in amplifier and stored by a microcomputer,
which can perform Fourier transform .

3. Experimental procedure.

The preparation of polarized liquid helium
three is done in two steps. First, about 3 cm3
of cryogenic liquid helium three is accumulated
around the lower cell at about 1.5 Kelvin. Most
atoms inside the container then sit in bulb B at
- 4 Kelvin. After about one hour of laser optical
pumping in the upper cell, an equilibrium its al-
most reached and the nuclear polarization in cell
B is 80 or 90 % of that in cell A. Typically the po-
larization is 55 % in cell A and 45 to 50 % in cell
B. The second step is done by pumping rapidly
on the helium three cryogenic bath, so that the
temperature of cell C decreases to about 400 mK
in less than one minute : under these conditions,
the liquefaction temperature of the helium gas
in the container is reached and more than 2/3 of
the gas condense on the coldest part of the walls

(i.e. near the surface of the pumped helium three
cryogenic bath). This process forms on the wall
a film of liquid helium three of total volume ap-
proximately half a cubic millimeter; it probably
condenses on an area of the order of one square
centimeter, and has a thickness of the order of
twenty to thirty microns. The polarized sample
then flows along the walls down to the lowest part
of cell C. Small, almost non destructive, tilting
NMR pulses allow one to monitor the polariza-
tion of the sample during all these processes. Af-
ter nuclear relaxation has destroyed the nuclear
polarization of the sample, the temperature of
the helium three cryogenic bath is raised to 1.5
Kelvin and a new experiment can be done.

4. Results.

Before liquefaction the observed spectrum of
the FID signal consists in a single narrow peak at
the Larmor frequency in the applied field. Fig-
ure 2 shows the spectrum after liquefaction : the
central peak, at the same frequency as before liq-
uefaction, is due to the atoms remaining in the
gas phase. The two shifted peaks correspond to
the polarized liquid formed on the walls of cell
C. The origin of the shifts is nothing but the
strong demagnetizing field created by the liquid
itself. In most NMR experiments with liquid he-
lium three, such shifts are too small to be ob-

served but, here, with our highly polarized sam-
ples, they are very large, as in very recent experi-
ments on highly polarized solid helium three [24].
An order of magnitude of the size of the shifts can
be estimated by noticing that a spherical sam-
ple of liquid helium three with a 50 % nuclear
polarization creates in its close neighbourhood
a field of approximately 1 Gauss, corresponding
to a frequency shift of 3 kHz. In addition to

high polarization, there is another reason why
the NMR shifts are especially easy to observe in
this experiment: in general, for samples with any
shape, the demagnetizing field has strong spatial
variations over the sample, so that the observed
spectrum consists in a broadened line rather than
in narrow shifted lines. This is not the case here,
because our liquid samples are thin helium films
with a quasi two dimensional shape. Under these
circumstances, the local field experienced by an
atom inside the film is influenced only by the
other atoms that are situated at a distance not
much larger than the film thickness ; moreover, it
depends only on the orientation of the wall with
respect to the external static magnetic field Bo.
Similar situations were observed recently in ex-
periments on spin polarized hydrogen [25]. One
can show [25,21] that, if 8 is the angle between
Bo and the normal to the wall, the frequency
shift is given by :

where pn is the magnetic moment of a helium
three nucleus, ’1 the gyromagnetic ratio, and M
a dimensionless number (20131M1) which
characterizes the polarization of the sample (M
has the same sign as the angular momentum and
therefore the sign opposite to that of the mag-
netic moment). If M is positive, for a vertical
wall (0 = ?r/2) the shift is approximately + 36 Hz
per percent (of Af) ; for a horizontal wall (0 = 0),
- 72 Hz per percent.

This explains why two additional NMR
peaks occur in figure 2 : one is positively shifted
and corresponds to the helium three liquid that is
condensed on the vertical walls of the cell, which
turns out to be the coldest point in this particu-
lar experiment. After a few seconds, because the
liquid flows towards the bottom of the cell where
the wall is horizontal, the weight of this line de-
creases in favour of a second NMR line which

appears with twice the opposite shift. Simulta-

neously, the two shifts decrease in time because



4

they are proportional to Mwhich relaxes towards
zero. After about one or two minutes, the effects
of the nuclear relaxation begin to take over and
the weights as well as the shifts of both NMR
peaks decay to zero.

Fig.2.- Fourier transform of a FID signal. The cen-
tral line corresponds to the atoms in the gas phase,
the upshifted line to atoms in a liquid film deposited
on vertical walls, the downshifted line to atoms in the
puddle of liquid which has flowed to the horizontal
bottom of the cell.

Measuring the shifts as a function of time is
an easy and accurate way to measure the nuclear

polarization of the liquid film, as well as its re-
laxation time : this method eliminates the need

for any other calibration than frequency calibra-
tion ; it can readily be applied for example to the
sample of liquid on vertical walls, although the
number of atoms is constantly varying in time.

The experiment of figure 2 was done with
a spherical lowest cell C, and the polarized liq-
uid was condensed on the walls of the connect-

ing tube, about one centimeter above the top of
sphere C. With this geometry, we were not able
to obtain more than 20 % for the polarization of
the liquid sample. Another geometry was tried,
with no sphere C but only a conical ending of the
tube ; then the NMR spectrum shows a narrow,
well defined, line arising from the film formed on
the vertical walls of the tube, and a broad struc-
ture due to the liquid which has flowed down to
the conical bottom of the container. This broad

structure instead of a narrow line could be ex-

pected for a sample which is no longer a thin film
but rather three dimensional. The initial polar-
ization of the liquid could be obtained from the
shift of the narrow line : polarizations beyond
40 % were consistently obtained, and a maxi-

mum polarization of 44 % was measured several
times.

Figure 3 shows a plot of the shift as a func-
tion of time. in semi-logarithmic scale. The time
decay of the polarization does not depart signifi-
cantly from an exponential ; this shows that the
longitudinal relaxation probability is not a rapid
function of M at this temperature, where the de-
generacy of the liquid is only weak. The corre-
sponding lifetime is N 4 min, comparable to lon-
gitudinal relaxation time in bulk liquid [26,27].

Fig.3.- Time evolution of the frequency shift in the
vertical liquid film, shown with semilog scale ; the
shift is directly proportional to the nuclear polar-
ization (1 kHz corresponds to M N 30 % ). Its al-
most exponential decay indicates that, for this non-
degenerate liquid sample, the longitudinal relaxation
rate does not depend strongly on the nuclear polar-
ization.

5. Conclusion.

In conclusion, optical pumping can indeed
be used as a tool for the study of the prop-
erties of liquid spin polarized helium three, in
conditions where relaxation times are not signif-
icantly shorter than in bulk liquid. The observed
NMR shifts provide a direct way for measuring
the sample polarization and for observing its mo-
tion along the wall covered by solid hydrogen.
The fact that the lines are narrow indicates that
the shape of the sample is close to a thin film,
in other words that liquid helium three wets the
solid hydrogen coating in our experimental con-
ditions. Measurements of the viscosity of the
flowing film could probably be done rather di-
rectly from the information obtained on the mo-
tion of the film. No M dependence of the longi-
tudinal relaxation has been observed so far.

In its present form, the experiment can be
improved in several ways. Particularly attractive
would be its extension to lower temperatures ;
this would require the use of a dilution refrigera-
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tor but at the same time open up the possibility
of creating degenerate spin polarized liquid and
of studying its equilibrium or transpoft physical
properties. Since the intrinsic relaxation rate of
bulk liquid helium three decreases when the tem-
perature decreases (at least for weakly polarized
samples), one may hope to observe longer life-
times for the nuclear polarization. The present
method is complementary of the "Castaing-No-
zi6res" fast melting method [9], which provides
spin polarized liquid helium three with nuclear
polarizations comparable to ours, but at a higher
pressure. In comparison, our technique provides
much smaller samples (fraction of a cubic mil-
limeter), because of intrinsic limitations which
have their source in the intensity of the pump-
ing laser and the nuclear relaxation [4] ; on the
other hand, optical pumping samples have prob-
ably a homogeneous nuclear polarization, which
is not always the case in the fast melting method ;

moreover, liquefying spin polarized gas might be
a more appropriate method than fusing solid if
one is interested in the study of the liquid-gas
equilibrium curves. Another interesting exten-
sion of this experiment would be to condense the
polarized gas into superfluid liquid helium four ;
this would lead to experiments on polarized di-
lute solutions of helium three in helium four by a
different method than polarization in high mag-
netic fields [28,29].

The authors express their gratitude to J.
Brossel whose help during the experiment played
an essential role. They also wish to thank M.
Chapellier and B. Hebral for very useful advice
for the design of the cryostat. This work was
done in the Laboratoire de Spectroscopie Hertzi-
enne de 1’ENS, which is laboratoire associe au
CNRS, n° 18.
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