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We report an NMR study of solid H, formed by the recombination of doubly polarized atomic hydro-
gen at a temperature of ~0.3 K. The molecules are formed in a highly excited ortho state with
M, = —1, thermalize through collisions with the *He-coated walls of the containment chamber, and
form a solid. The solid is essentially pure ortho H, in the fcc phase, as expected. However, the nuclear
polarization is close to zero, in contrast to the value of — 1 if there was no relaxation, and +0.034 if the
spin temperature was in equilibrium with the surface of the cell. Possible mechanisms for depolarization
are discussed, though no plausible explanation for the loss has yet been found.

I. INTRODUCTION

The evolution of molecular hydrogen created by the
recombination of spin-polarized hydrogen confined inside
a cell coated by liquid helium has remained an enigma
ever since spin-polarized hydrogen was first produced.!
In the initial recombination event, two atoms form a mol-
ecule in a high-lying, weakly bound, vibrational state.
More than 99% of the recombination energy is converted
to internal energy of the molecule. At this stage, the pro-
tons are highly polarized. If the nuclear spins are
unaffected as the molecule cascades down through the
vibrational-rotational states to the ground state, the re-
sulting solid will also be highly polarized. Such a polar-
ized solid H, would be an attractive target for polarized
proton-scattering experiments at high energies.> If these
techniques were applicable to the other isotopes of hydro-
gen, polarized solid D, and T, might be used to enhance
the efficiency of fusion reactions.>*

In this paper, we report an NMR study of the evolu-
tion of the nuclear polarization following recombination.’
We stabilize a gas of electron- and proton-polarized (dou-
bly polarized) atomic hydrogen at low temperature (0.2 to
0.6 K) and high-magnetic field (6.7 T), and then trigger
the recombination by flipping the electron spins with a
microwave field. When atoms with opposite electron-
spin orientation and the same nuclear-spin orientation
recombine, nuclear-spin-polarized ortho molecules,
(I=1, J odd) are produced. We monitor the polarization
of the molecules using a pulsed-NMR spectrometer.

Our expectation was that the molecules would rapidly
lose their vibrational and rotational energy through wall
collisions, adsorb on the surface of superfluid helium,
enter the liquid, and finally form a solid. Since the
vibrational-rotational relaxation rate is large compared
with the nuclear-spin relaxation rate, we expected that
the nuclear-spin polarization would survive the deexcita-
tion process. The experimental results presented in Sec.
V indicate that this is not the case. Mechanisms for
vibrational-rotational relaxation and nuclear-spin relaxa-
tion are discussed in Sec. VI.
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II. BACKGROUND

Following the usual convention, the four hyperfine
states of atomic hydrogen in a magnetic field are labeled
a, b, ¢, d, in order of increasing energy. The state vectors
are

la)=cosf|—1,1)—sin6|1—1), (1)
b)=[—3—3), 2
ley=cosf|L,—L1)+sinf|—1,1) , (3)
ld)=14,%), 4)

where |m ,m;) denotes the projections of the electron
and the proton spins along the magnetic field. The mix-
ing angle 6 is given by

i __0.05061

tan(29): - )
(ve+7v,)B B

(5)

where ay is the hydrogen hyperfine constant (1420 MHz),
Y. and y, are the electron and the proton gyromagnetic
ratios (hertz/tesla), respectively, and B is the magnetic
field in tesla. At a field of 6.7 T, 6=3.8X107> and
(sinf)?>=1.4X 10>, Figure 1 shows that the energies of
a and b decrease monotonically with B. Atoms in these
states tend to be drawn into a region of increasing mag-
netic field and are referred to as “high-field seekers.”
Similarly, atoms in states ¢ and d are low-field seekers.
Electron polarization of atomic hydrogen occurs as the
atoms impinge on a region of high-magnetic field, usually
at the center of a superconducting magnet. Atoms in the
c and d states are excluded from the high-field region;
those in the a and b states enter, lose their excess energy
through wall collisions, and become trapped. Axial
confinement is provided by the magnetic-field gradient
and radial confinement is provided by the walls of the ex-
perimental cell.

The electron-polarized gas of a and b atoms is not
stable against recombination. The finite admixture of the
“wrong” direction of electron spin in the a state due to
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FIG. 1. The hyperfine structure of atomic hydrogen in mod-
est magnetic fields. The experiments were carried out at a field
of 6.7 T, where the b-c energy separation is 8.97 K (187 GHz)
and the a-b separation is 48 mK (995 MHz).

hyperfine mixing allows the reactions a+b-—ortho H,,
and a+a— para H,. These reactions require a third
body to satisfy conservation of energy and momentum.
The third body could be another hydrogen atom but at
the densities used in these experiments, the reaction takes
place while the atoms are absorbed on the walls of the
cell with the wall acting as the third body. Recombina-
tion is slowed but not eliminated by coating the walls of
the cell with superfluid helium to minimize the van der
Waals attraction between the atoms and the wall. The re-
sult of these reactions is to remove all of the a atoms
while leaving a finite fraction of the b atoms. This gas of
b atoms is nuclear as well as electron-spin polarized. It is
long lived since two b atoms cannot recombine into a
molecule.

There are two methods of obtaining polarized ortho H,
from the doubly polarized atomic gas. The first is simply
to wait. The doubly polarized gas is not absolutely
stable. Each atom experiences a fluctuating magnetic
field due to the electron moments of other passing hydro-
gen atoms. The fluctuating field causes the atom to relax
from the b state to the a state. The newly created a atom
quickly recombines with a b atom to produce an ortho
molecule with the z component of total nuclear spin given
by M;=—1. Thus, one way to obtain nuclear polarized
H, is to collect the decay products of doubly polarized
atomic hydrogen.

Polarized molecules can be obtained on a much faster
time scale by using microwave radiation to drive the
b—c transition. The ¢ atoms produced in this manner
recombine quickly on the surface with the existing b
atoms to produce ortho H, in the M; = —1 state. There
is a competing mechanism by which a ¢ atom can disap-
pear. It can undergo a spin-exchange collision,
c+a<«>d+b, with the subsequent production of a para H,
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as the d atom recombines with a b atom. Detailed bal-
ance applied to the spin-exchange process leads to a rela-
tion between the densities of the ¢ and d atoms:
ny/n,=n,/n,. Consequently, once atoms are driven to
the upper states by the microwaves, one expects that
ny <<n, and the production of para H, should be negligi-
ble. Both methods of producing polarized H,, nuclear re-
laxation, and microwave transition, were used in the ex-
periments reported here.

The excited molecule H} formed in the recombination
process,

H+H+M HI+M , (6)

will be in some vibration-rotation state (v,J). M is a third
body whose participation is required by the need to con-
serve energy and momentum. The characteristic energy
separation between vibration-rotation states near the dis-
sociation limit is about 60 K. If the molecule was formed
in a state above the dissociation limit, the energy deficit
would have to be made up by the initial kinetic energy
which can be no more than a few kelvin in these experi-
ments. When a molecule is formed in a state below the
dissociation limit, the excess energy is carried off by the
third body and the translational motion of the molecule.
The overlap integrals in the transition matrix elements
decrease rapidly as the final kinetic energy increases.
Quantum statistics require that ortho H, (I=1) must
have odd J and para H, (I =0) must have even J. These
general considerations suggest that at low temperatures,
recombination can result in only a small number of initial
molecular states. Theoretical studies of gas phase recom-
bination in which the third body is either a He atom® or a
H atom,’ indicate that at T <1 K the ortho channel is
dominated by the v =14, J =3 state and the para channel
is dominated by the v =14, J =2 state. We are not aware
of any theoretical study of recombination of H atoms
physisorbed on superfluid helium surfaces. A calcula-
tion® for recombination of physisorbed H atoms on a Xe
crystal surface at 4 and 10 K shows that the dominant
ortho channel is v =14, J=5. Based on these considera-
tions, the dominant ortho channel for recombination of
physisorbed H atoms on superfluid helium surfaces is ex-
pected to be the v =14, J =3 state.

Of the 50000 K binding energy of molecular hydrogen,
less than 1% is transferred to translational kinetic energy
during the formation of the weakly bound state. Where
and how the remainder of the binding energy is released
has important implications for the nuclear-spin polariza-
tion. Because the energy is stored predominantly as vi-
brational excitation, we shall refer to this process as vi-
brational relaxation.

Vibrational relaxation of molecules in the v =1 state
has been studied extensively. In the gas phase, the cross
section for relaxation v =1-—0 decreases with tempera-
ture from 250 to about 100 K, then remains temperature
independent to the lowest temperature studied so far, 40
K. This has been found experimentally’ for H} in H,,
and theoretically'® for Hf in He. The two studies are in
close agreement. The low-temperature cross section is
010=3X%107% cm?, a value that is so small compared to
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the geometrical cross section that the molecule can un-
dergo a huge number of collisions without changing its
vibrational state. The vibrational relaxation rate y is de-
scribed by

Y1,0= 01,000, » (7

where v, is the mean relative velocity and » is the atomic
density. Assuming the above value for the low-
temperature cross section, the relaxation time for a densi-
ty of n=10'® cm 3 at a temperature of 0.3 K would be
over 100 s.

In contrast to gas phase relaxation, molecules that are
adsorbed on the surface or submerged in the liquid can
relax rapidly. Studies by Delande and Gale!! of vibra-
tional relaxation in gaseous, liquid, and solid H, at tem-
peratures down to 14 K indicate that the vibrational re-
laxation time varies linearly with the interparticle spac-
ing. In liquid H, at 14 K, the relaxation time for the
v=1 state is 12 us. This suggest that molecules in the
v =1 state will relax on a similar time scale when they are
in close contact with liquid helium.

Laboratory observations of molecules in
vibrational states have been realized only recently
and little is known about the relaxation rates. The high-
vibrational states have relatively large geometrical cross
sections and transitions between them have relatively
small energy defects. It is reasonable to expect that the
relaxation rates for molecules in high-vibrational states
are much larger than those for the low-vibrational states
in a similar environment. Thus, the vibrational relaxa-
tion time for high-vibrational states is expected to be
shorter than 100 s when they are in the gas phase (assum-
ing a gas density of 10'® cm™3 and temperature of 1K)
and shorter than 107> s when they are in close contact
with liquid helium.

Kurten and Ristig!* have examined theoretically the
interaction of atomic and molecular hydrogen with liquid
helium. They report a value for the chemical potential u
for replacing a helium atom in the liquid with a hydrogen
molecule of u=—18 K. The fact that u is negative
means that H, will enter liquid helium. In contrast, the
chemical potential for atomic hydrogen in liquid helium
is positive and the atoms either remain in the gas phase
or are adsorbed on the surface. The interaction between
a helium atom and a hydrogen molecule, an important
factor in the chemical-potential calculation, is expected
to depend on the vibration-rotation state (v,J). Based on
the results of Kurten and Ristig, it is reasonable to expect
that vibrational relaxation of molecules in the lower ex-
cited states will occur in the liquid. Where the vibration-
al relaxation of highly excited molecules occurs remains
an open question.

In designing the experiment, we assumed that vibra-
tional relaxation would occur predominantly on the sur-
face or in the liquid. Vibrational relaxation is not expect-
ed to alter the nuclear spin. The nuclear spins are cou-
pled to the rotational motion of the molecule, but the
spin-rotation interaction is not expected to relax the nu-
clei in a strong applied field. Thus, it is plausible that the
molecules could relax to their ground vibrational-
rotational state without losing their nuclear polarization.

high-
12,13
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As the concentration of polarized ortho hydrogen in-
creases on or in the liquid He, the molecules will con-
dense to form a solid. The phase diagram for bulk solid
ortho hydrogen'® shows that the fcc phase is stable below
about 3 K. In this phase the spins relax with a time con-
stant T, given by'®

T1:AX4T~16(B+0.24)/T, (8)

where X is the ortho concentration, 4 =1.0(3) min and
B=0.4(1.8X—1.0) K. For pure ortho hydrogen at 0.3
K, one expects that 7, =21(8) min. Above 3 K, the
stable solid phase of ortho hydrogen is hcp. 7', in this
phase is of the order of milliseconds.!” It is also possible
that the conditions under which the H, molecules aggre-
gate!® lead to the formation of a nonequilibrium, low den-
sity, filamentary phase of solid hydrogen next to the wall.
The value of T'; in such a configuration would be difficult
to predict. Eventually, in the solid phase ortho hydrogen
I 1? 1) will convert to a para hydrogen (I =0) according
to

ax _
dt

where k=0.0190(5) h™".

Experiments described in the following sections indi-
cate that the nuclear polarization is destroyed in a time
comparable to or shorter than one second. This leaves
the molecules in a state with I =1, but (M, ) =0.

—kX?, 9)

III. APPARATUS AND TECHNIQUES

Hydrogen atoms are formed from a gas of molecular
hydrogen in a radio-frequency dissociator operated at 77
K. The unpolarized atoms pass through a tube lined with
molecular hydrogen at about 10 K, traverse a short tran-
sition region and pass down a superfluid helium-lined
vertical tube cooled by a dilution refrigerator. Electron
polarization occurs when the atoms at a temperature of
about 0.3 K encounter the 6.7 T field of a superconduct-
ing magnet. The flux of electron polarized atoms is about
8X10'* atoms s~ !. A detailed description of this part of
the apparatus has been given elsewhere. !’

A. Sample cell

Nuclear polarization of the gas occurs in the high-field
region as a-state atoms recombine. It is desirable to ex-
clude the para H, formed during this process from the re-
gion where the recombination of the doubly polarized gas
is studied. In order to accomplish this, the cell is divided
into two regions: a polarization chamber and an NMR
chamber.

The cell is illustrated in Figs. 2 and 3. At the center of
the cell is the NMR chamber, a cylindrical can of inside
diameter 1.8 cm and inside length 2.0 cm. The NMR coil
is wound on a sapphire cylinder which excludes atoms
from a region along the axis of the chamber. The accessi-
ble volume of the NMR chamber is 3.7 cm?® and it has a
surface area of 25.5 cm®>. The NMR chamber is posi-
tioned inside a concentric cylindrical polarization
chamber where the electron-polarized atoms acquire a
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FIG. 2. Schematic diagram of the experimental cell.

nuclear polarization. The two chambers are linked by a
liquid-helium valve. Electron-polarized atoms enter the
housing through a tube from above. The polarization
chamber consists of the space between the cylindrical
housing 3.10 cm in diameter and 3.81 cm long, and the
NMR chamber, plus the region of the filling tube which
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FIG. 3. Pictorial diagram of the experimental cell. In this
figure the NMR cavity has been rotated 90° about its axis to
show the inlet tube. The inlet tube normally points downward.

15 747

is located in the high field. The volume of the polariza-
tion chamber is 13.4 cm®. A pressure transducer at-
tached to the polarization chamber allows us to deter-
mine the gas density. The polarization of the atomic gas
is derived from the evolution of the density as the atomic
gas undergoes two-body decay.

The two chambers are connected by a 1 cm length of
0.11 cm diameter tube protruding from the bottom of the
NMR chamber. The chambers can be isolated from each
other by raising the level of liquid helium that is stored in
a bellows under the cell. A coil is wound around the
lower end of the bellows, in the high-gradient region of
the magnet. Applying current to this coil expands the
bellows and lowers the helium level in the cell. The time
for the atomic hydrogen gas to fill the NMR chamber by
molecular flow through the small tube is calculated to be
1.5s.

B. Electron-spin-resonance system

Figure 4 shows the microwave system. Microwaves
are generated by a Varian klystron, model VC-738, which
covers a frequency range from 182.9 to 188.3 GHz with
an output power greater than 10 mW. An attenuator al-
lows us to adjust the power level. Fundamental mode
waveguides made of coin silver are used at the two ends
of the transmission path where the waveguides must be
bent for proper fitting. The center region of the transmis-
sion path, where low-thermal conductivity is important,
consists of an over mode stainless steel waveguide with
0.25 mm thick walls which are silver coated (0.001 mm)
on the inside. Transitions between the two different sized
waveguides are made by copper horns. Thin Kapton
(0.012 mm) films between the fundamental waveguides
and the horns serve to keep the center section vacuum
tight. The center section is thermally anchored to the 4
K bath, the cold plate, the still, the base plate, and the
mixing chamber of the refrigerator. To reduce the
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FIG. 4. Schematic diagram of the ESR system.
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thermal radiation along the waveguide, a thin Mylar
(0.08 mm) sheet is placed inside the waveguide near the
vacuum can flange. With these arrangements, the power
attenuation from the klystron to the mixing chamber is
13 dB (measured at room temperature). At a tempera-
ture of 0.3 K, the maximum power reaching the mixing
chamber is 600 uW. This was determined by monitoring
the load placed on the dilution refrigerator by the mi-
crowave radiation.

As shown in Fig. 2, the waveguide is sealed from the
NMR chamber by a sapphire tube. This allows the mi-
crowaves to enter the cavity while preventing the escape
of hydrogen atoms or molecules. The NMR chamber
forms a nonresonant electron-spin-resonance (ESR) cavi-
ty. The resonance linewidth for the microwave transition
is about 2 MHz and is dominated by the inhomogeneity
of the magnetic field.

C. Nuclear-magnetic-resonance system

A block diagram of our pulsed-NMR spectrometer is
shown in Fig. 5. By changing a few components the spec-
trometer can be tuned from 250 MHz to 1.5 GHz. The
frequency stability is 10, determined by the stability of
the synthesizer. A word generator (programmable
switch) enables a pulse sequence to be established with 10
ns resolution, but the response time of the spectrometer is
limited to 5 us by the 300 KHz bandwidth of the low-
frequency amplifier. A digitizer with 8-bit resolution can
sample data at rates as high as 32 MHz. The noise level

I Computer |
I U

[ Digitizer l lsm,ig&,rl |Gen’2§ator|
ABCD
Amp8 /\ /\ Amp7
MX2 Mxi1
hase Sp2

hifter

FIG. 5. Block diagram of the NMR spectrometer.
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of the spectrometer is determined by the cooled amplifier
which has a noise temperature less than 30 K.

The nuclear-spin polarization of ortho hydrogen is
defined as

P,,=(NO N_)+(N,—Ny) , (10)
N

where N is the number of ortho molecules and N,, is the
number of molecules in the spin state M. The power ra-
diated from ortho hydrogen, after a 7 /2 pulse, decreases
in time according to

o a’]#oQMf .
signal — 4 % .9

s

2t
T,

P

) (11

where M, =y,hNPy is the nuclear magnetization,
;=21 X284 MHz is the proton precession frequency in
the 6.7 T field, 7 is the NMR cavity filling factor, ¥, is
the cell volume, and T, is the sample’s transverse relaxa-
tion time. The NMR cavity has a quality factor Q =300.
The receiving loop is nearly critically coupled, and the
transmission loop is slightly undercoupled. We calibrat-
ed the spectrometer with a normal molecular hydrogen
gas at 30 and 77 K, and found %7=0.1. Substituting the
known values into Eq. (11), we obtain
2t

2

Psignal = l()“‘Z(Z\II)N )ZCxp w. (12)

The spectrometer noise level, as mentioned earlier, is less
than 300 K. For a 300 kHz bandwidth, the noise power
is

Pooise <4kT, ;.8 =5.0X107 16 W . (13)

noise

The transverse relaxation time constant 7', is determined
by the field inhomogeneity. For the calibration gas,
T,=28.5 us; for the solid sample produced from the
recombination, 7,=3.5 us. The dead time, defined as
the time lag between the excitation pulse and the first
data point of the free-induction decay recorded, is typi-
cally less than 5 us. We, therefore, could expect to detect
a gas of 4X 10" fully polarized molecules and a solid of
10 fully polarized molecules.

Despite having taken great care to exclude impurities
from the NMR cavity, we found a background NMR sig-
nal equivalent to 2.3 X 10'7 polarized protons. Most of
this signal could be saturated. Typically, after scanning
the cavity with 16 uW of power near the cavity-center
frequency of 284 MHz for 20 s, the background signal is
saturated to a level of less than 5X 10" polarized pro-
tons. The background signal recovers from saturation
with a time constant of 30 h. The uncertainty associated
with each saturation effect was at the level of 5X 10'* po-
larized protons. This determines the limit of sensitivity
of the experiment.

IV. PROCEDURE

Experiments were carried out at temperatures from 0.1
to 0.6 K, using walls coated with either pure ‘He or a
3He-*He solution. Both nuclear relaxation and mi-
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crowave resonance were used to create the molecules.
The creation of molecules at 0.3 K by microwave reso-
nance, using “He as the surface coating, will be discussed
in detail; results obtained under other experimental con-
ditions will be mentioned briefly.

At the beginning of a run, the NMR chamber was
closed by the liquid-helium value. There was no atomic
hydrogen in the cell. The atomic source was turned on
and allowed to run until the density and polarization of
atoms in the cell reached a steady-state value. Typically,
after 40 min a partially polarized gas of density of
3.2X10'® atoms cm 3 had accumulated in the polariza-
tion chamber. The source was then turned off and the
atomic hydrogen gas was allowed to acquire nuclear po-
larization by selective recombination of the a and b states
for an additional 20 min. During this period the density
decreased to 1.6 X 10'® atoms cm ™2 and the nuclear po-
larization reached approximately 96%.

While the atoms were developing nuclear polarization
outside the NMR chamber, the residual protons within
the NMR chamber that cause the background signal
were driven into saturation. A cw signal was scanned
around the proton resonance frequency 284 MHz for
about 20 s. This was done twice. After the first satura-
tion, the signals due to the recovering protons were
recorded and stored for future use. The second satura-
tion was performed just before the atoms were admitted
into the NMR chamber.

After the gas had developed a high nuclear polariza-
tion and the background had been saturated, the liquid-
helium valve was opened. The gas density dropped to
1.3X 10! atoms cm ™3 due to expansion into the larger
volume. Five seconds later, molecular recombination was
initiated by driving the b—c transition with a 60 uW mi-
crowave signal at the transition frequency of 187 GHz.
After about 50 s all the atomic hydrogen in the cell, in
both the polarization chamber and the NMR chamber,
had recombined.

By design, the recombination took place only in the
NMR chamber. We determined that the molecules
remained in the NMR chamber after they recombined by
using the following technique. Recombination was in-
duced with the valve open and the subsequent NMR sig-
nal (proportional to the number of molecules in the NMR
chamber) was measured. In a separate run, starting with
the same atomic density, the valve was closed before
recombination was induced and the NMR signal was
again measured. The ratio of the two NMR signals was,
to within about 20%, the ratio of the total volume to the
NMR chamber volume. This result demonstrates that
the time required for the molecules to condense on the
walls of the NMR chamber was short compared to the
time for effusion from the chamber. Consequently, an
average molecule remained in the gas for a time less than
the effusion time, 1.5 s.

The time evolution of the nuclear magnetization of the
molecules was monitored by free-induction decay using a
tipping angle of less than 10°. Each measurement consist-
ed of a pattern of three decay signals, separated in fre-
quency by 100 KHz. Measurements commenced 5 s after
the microwave-induced recombination began and were
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repeated every 30 s for half an hour. The long-term
behavior of the magnetization was monitored by repeat-
ing the pattern every 30 min for 65 h.

V. OBSERVATIONS

A. Studies of the nuclear polarization

Because the background proton NMR signal was large,
the first data we present show the effect of saturating the
background. The free-induction decays shown in Figs.
6(a) and 6(b) were taken about 10 s after the background
was saturated for the first time. The thermal noise in the
spectrometer is small; most of the noise apparent in the
traces is the quantization noise of the 8-bit digitizer. The
signal is equivalent to that of 5X 10" polarized protons.
The decays shown in Figs. 6(c) and 6(d), were taken 25
min later, when the background signal had begun to re-
cover. The nuclear magnetization was obtained for each
free-induction decay by Fourier analysis of signal pairs
such as these. A plot of the nuclear magnetization as the
background recovers is shown in Fig. 7, trace a. An
analysis of such data over 80 h yielded a relaxation time
for the background protons of 7'; =30 h.

The buildup of molecular hydrogen in a freshly
prepared cell is shown in Fig. 8. The decays shown in
Figs. 8(a) and 8(b) were taken about 10 s after the second
saturation and 5 s after the recombination had been ini-
tiated. About 10'® molecules had been produced in the
NMR cavity by this time. Nevertheless, Figs. 8(a) and
8(b) are virtually identical to Figs. 6(a) and 6(b). This ob-
servation is consistent with zero nuclear polarization in
the newly formed molecules. Alternatively, if the initial
polarization can be described by a spin temperature, this
temperature is much higher than the ambient tempera-
ture of 0.3 K. As the molecules relax to the surface tem-
perature, one expects the NMR signal to gradually in-
crease. This was evident 25 min later as shown in Figs.
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FIG. 6. Free-induction decay signals from background pro-
tons in the “empty” cell. One unit of amplitude corresponds to
1.0(3)X 10"® fully polarized protons. The upper and lower
panels are 90° out of phase. Signals a and b were taken 10 s
after saturation; ¢ and d were taken 25 min later.
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FIG. 7. Free-induction decay signals following the first filling
of the cell with molecular hydrogen. Signals a and b were taken
10 s after saturation of the background and 5 s after the initia-
tion of recombination; ¢ and d were taken 25 min later. Nor-
malization is identical to that in Fig. 6.

8(c) and 8(d). The signals in Figs. 8(c) and 8(d) are
significantly larger than the corresponding background-
only signals of Figs. 6(c) and 6(d). The approach of the
nuclear magnetization toward thermal equilibrium for
the background plus the hydrogen molecules is shown in
Fig. 7, curve b.

While the nuclear magnetization in the NMR chamber
was relaxing toward thermal equilibrium, the helium-
level value was closed to separate the two chambers.
Atoms were again loaded into the polarization chamber
to prepare for a second filling of molecules. Prior to this
second filling, the proton background and the molecular
hydrogen already in the NMR chamber were driven into
saturation. The decays shown in Figs. 9(a) and 9(b), tak-
en 10 s after this saturation and 5 s into the second filling,
are visibly larger than the decays of Figs. 6(a) and 6(b).
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FIG. 8. Free-induction decay signals following the second
filling of the cell with molecular hydrogen. Signals a and b were
taken 10 s after saturation of the background and the first fill,
and 5 s after the initiation of recombination; ¢ and d were taken
25 min later. Normalization is identical to that in Fig. 6.

clear spins relax toward thermal equilibrium. Trace a, back-
ground only; trace b, background plus first fill; trace ¢, back-
ground plus two fills.

This is due to the insufficient saturation of the molecules
from the first fill. Subsequently, molecules from both fills
relax toward a thermal equilibrium polarization. Signals
recorded 25 min later are shown in Figs. 9(c) and 9(d).
The evolution of the nuclear magnetization for the back-
ground plus the two fills of molecules is shown in Fig. 7
curve c.

In this run, 1.1X10'7 molecules were added to the cell
during each fill. The nuclear magnetization for the mole-
cules alone can be found by subtracting curve a in Fig. 7
from curves b and c. Assuming that the number of ortho
molecules remains constant in the 30 min period (mole-
cules are lost due to ortho-para conversion, but the con-
version rate is slow), the time evolution of the nuclear
magnetization gives the time evolution of the nuclear-
spin polarization. The polarization data are shown in
Fig. 10 for both the initial fill (a) and the initial plus the
second fill (b); the curves are normalized by assuming
that the polarization approaches the thermal value of
3.4%.% The solid lines in Fig. 10 are fits of the data to
the expression,
P,(t)=P,(0)+[Pr—P,(0)]

1—exp , (14)

__t

T,
which describes the evolution of a nuclear-spin system
from an initial polarization P,(0) to its thermal equilibri-
um polarization Py with a relaxation time constant T'.
P,(0) and T, are free parameters in the fitting. The value
of P,(0) depends on the history of the sample. When
filling molecules into a pristine cell [Fig. 10(a)], the initial
polarization is 0.0(3)%. For the second fill [Fig. 10(b)],
the initial polarization is 0.7(3)%. The relaxation-time
constant obtained is 11(1) min in both cases.

We interpret the observations as follows. At the time
data in Fig. 10 were taken, the molecules were in the
solid phase. The near-zero initial polarization for the
first fill (when molecules were admitted into a clean cell)
indicates that the nuclear polarization had been lost be-
fore the solid was several seconds old. The slightly
higher initial polarization of the second fill appears to be
due to insufficient saturation of the molecules accumulat-
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FIG. 10. Relaxation of the nuclear polarization of solid H,
toward thermal equilibrium at 0.3 K. Trace a, background plus
first fill; trace b, background plus two fills.

ed during the first fill. The long relaxation time precludes
the solid being in the hcp phase. The measured relaxa-
tion time, 7, =11(1) min, agrees well with an empirical
formula [Eq. (8)] based on previous NMR measurements
on solid hydrogen in the fcc phase.!® Using T, =11 min
in Eq. (8) would lead to an ortho concentration of 90%,
but we believe that our measurement of the nuclear relax-
ation time for high concentrations and temperatures are
actually more accurate than those upon which Eq. (8) is
based.

A separate, more accurate determination of the ortho
concentration can be obtained from the ortho-para con-
version rate. Once the nuclear magnetization reaches its
thermal equilibrium value, the NMR signal amplitude is
proportional to the ortho molecule concentration X (z).
In Fig. 11, we show the NMR amplitude data over a
period of 65 h. The sample was loaded with five consecu-
tive fills, and the total number of molecules was about
5X10'. The sample loading period was about 200 min.
The t=0 point was set when the sample loading was
about half completed. The ortho concentration of solid
hydrogen is expected to decay due to ortho-para conver-
sion according to Eq. (9). The concentration is given by

X(1) _ 1
X(0) kxXO}x+1°’

where X (0) is the initial ortho concentration and k is the
conversion rate constant. Even in the absence of a pre-
cise knowledge of the constant of proportionality between
the measured signal and the concentration (which would
require an accurate value of the filling factor), Eq. (15) al-
lows an accurate determination of the product kX (0).
The known conversion rate,'> k =0.0190(5)/h was used
together with the measured product to establish that the

(15)
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FIG. 11. Ortho concentration during ortho to para conver-
sion in the fcc phase of solid H,. The solid curve represents Eq.
(15) with an initial concentration of 100% and the known con-
version rate constant (Ref. 16) k =0.0190 h !,

initial ortho concentration is 99(2)%. A fit of data of Eq.
(15) is shown in Fig. 10.

B. Search for initial polarization under other conditions

The observations described above indicate that the
atoms recombined into ortho molecules as expected.
Contrary to our expectations, however, the nuclear polar-
ization was lost within a few seconds. In an attempt to
understand how the polarization was lost, we studied
recombination using other procedures, concentrating on
the initial nuclear-spin polarization.

The recombination rate was varied by using both
higher and lower levels of microwave power to drive the
b—c transition. At the highest power used, 600 uW,
recombination is completed within a second. Conse-
quently, the recombination rate is about 107
molecules/s. At this high rate, the heat load on the refri-
gerator typically drives the cell temperatures above its
setting for a few seconds.

Spontaneous recombination following nuclear relaxa-
tion of the a state atoms was examined when no mi-
crowave signal was introduced. The cell temperature was
reduced to 0.1 K so that the b—a relaxation on the sur-
face (followed by b+a-—ortho H,) proceeded rapidly
enough to make accurate polarization measurements pos-
sible. Microwave-driven recombination was also carried
out at this lower temperature.

Experiments were carried out with a *He—*He solution
as the wall coating. With >He in the cell, recombination
is likely to be dominated by three-body recombination in
the bulk because of the reduced probability of adsorption
of the hydrogen atoms on the surface and the high-vapor
pressure of *He. At temperatures above 0.5 K, the heli-
um gas density is higher than the density of spin-
polarized hydrogen.

None of these procedures produced molecules with an
observable initial polarization. To check the unlikely
possibility that the polarization was lost by enhanced
spontaneous emission, a search was carried out for a
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spontaneous radiation signal, but none was detected.

Although we could not detect any initial polarization,
the studies with high-recombination rates can be used to
set a lower limit for the relaxation rate. If Sy is the sensi-
tivity of the NMR spectrometer in units of polarized pro-
tons, and R is the recombination rate, then a lower limit
to the relaxation rate is

T '=—. (16)

Substituting conservative values of Sy=10'" and
Ry=10"s"! we have T ! ~10 s~ !. Experiments were
also carried out with R as large as 10'7 s ™!, but in these
cases the rise of the liquid-helium temperature complicat-
ed the interpretation.

C. Summary of observations

The major features of the experimental observations
can be summarized as follows:

(i) On average, each molecule remains in the gas phase
no more than 1.5 s. Evidence: the effusion time from the
NMR chamber (valve open) is 1.5 s. Even with the valve
open, the recombined molecules remained in the NMR
chamber.

(ii) The solid phase is fcc. Evidence: the nuclear relax-
ation time in the solid was found to be 11 min, which is
consistent with the fcc phase but incompatible with the
hcp phase.

(iii) The molecules formed in the recombination are
essentially 100% ortho hydrogen, as expected theoretical-
ly. Evidence: the ortho-para conversion rate is consistent
with essentially 100% initial ortho conversion.

(iv) The nuclear polarization is lost before the solid is
formed. Evidence: if one assumes that the solid is formed
at the cell temperature, nuclear relaxation in the solid
phase would give an initial polarization consistent with
the temperature of the helium film. No such polarization
was measured.

(v) The average spin-relaxation rate which destroys the
nuclear polarization of the newly formed molecules is
greater than 10 s~!. Evidence: a slower rate would have
yielded an observable polarization, as described in the
discussion of Eq. (16).

VI. DISCUSSION

The disappearance of nuclear polarization in this ex-
periment is puzzling. We based our initial expectations
fundamentally on two assumptions: that spin polarization
in the gas would be maintained as the molecules cascaded
through their excited vibrational and rotational states to
the ground state, and that the polarization would contin-
ue to be maintained as the molecules aggregated to form
an fcc solid.

Although we cannot exclude the possibility of depolari-
zation during the formation of the solid, this seems un-
likely. If spin relaxation occurred at this point, the polar-
ization should have had .an equilibrium value of 3.4%,
consistent with the cell temperature of 0.3 K. The ab-
sence of this polarization implies that either the solid was
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formed at a much higher temperature than the surround-
ing liquid, which seems implausible, or that it had been
lost before aggregation.

Let us turn now to possible sources of depolarization in
the gas phase. One can immediately discount ‘“motional”
relaxation due to gas phase collisions. In this case it is
the fluctuations in the magnetic field at the nucleus
caused by the motion of other molecules, or possibly
atoms, that causes the nuclear-spin state to change.
Low-temperature nuclear relaxation'® in a spin-polarized
hydrogen gas at a density of 10'® atoms/cm ™2 occurs at a
rate of =~107% s”!. The dominant interaction in that
case is electron-proton. In the gas of ortho H,, the in-
teraction is proton-proton and is expected to proceed at a
rate that is substantially smaller. Such a process cannot
account for depolarization on the time scale observed
here, approximately 0.1 s.

We next consider the possibility of relaxation due to
the interactions within the H, molecule itself. Such a
molecule in a magnetic field B, can be described to good
approximation by the Hamiltonian,?!

H=o,I,,+1,,)Vw;J,+o (I, +1,)-J (17)
+o"[1,;-1,—3(I,-n)(Lyn)] ,

where I, and I, are the proton-spin angular momenta, J is
the rotational angular momentum, w; =¥ B, is the pro-
ton Larmor frequency, w; =Y ;B is the rotational Lar-
mor frequency, ' is the coupling strength of the nuclear
moments to the rotational magnetic field, ” is the cou-
pling strength between the nuclei, and n is the unit vector
connecting the two protons. In a field of 6.7 T,
w@;=2.88%X10® s7! and w,;=1.79X10° s~'. If the rota-
tion axis reorients so that m; changes with a correlation
time equal to the mean collision time 7., then the spin-
rotation and dipole-dipole interactions cause longitudinal
relaxation at a rate?!

Te

2J(J+1)a)'2+“3~(o”2
1+ (w;—w;)*r?

Ti'=
! 3 5

(18)

As will be demonstrated below, the collision time will
generally satisfy (w;—w;)7,>>1, so that Eq. (18) be-
comes

’

2]

3

roi= lZJ(J+1)
05—

(19)

To account for the observed relaxation, we must have
T!'>T(exp);!. (20)

T(exp); ! is the experimentally determined upper limit to
the relaxation rate, ~10 s~ !. We estimate an upper limit
to the relaxation rate T'; ! as follows. The coupling con-
stants o’ and " in Eq. (19) are accurately known in the
ground state, though not in the excited vibrational and
rotational states. On physical grounds, they are expected
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to decrease with increasing mean interatomic spacing,
and so we can use the ground-state values as an upper
limit. These are”? w'=7.16X10° s~!, w”=1.44X10°
s~!. Substituting these values into Eq. (19) shows that
the spin-rotational interaction dominates the dipole-

dipole interaction, and yields
T7'<1.5X1077J(J+1)r L. 1)

To estimate the collision time 7, we need to examine the
scenario of energy loss from the moment the molecule
recombines in the state (v =14, J=3), to its final transla-
tional thermalization in the state (v =0, J=1). In the in-
itial stage, when the vibrational number drops from 14 to
approximately 6 and roughly 40% of the recombination
energy is dissipated, the molecule loses energy extremely
rapidly because of the relatively small spacing of the vi-
brational and rotational states and the high asymmetry of
the molecule. Also, in this regime the spin-rotation in-
teraction is expected to be significantly smaller than in
the ground state. Consequently, this stage should play a
relatively small role in spin relaxation compared to the
second stage, when v decreases from six to zero.

Because the probability of energy transfer in an inelas-
tic collision generally increases as the energy gap de-
creases, the most probable path of deexcitation is a series
of rotational transitions to lower values of J followed by a
vibrational transition that kicks the molecule up to the
nearest rotational level of the next lower vibrational level.
The closest rotational transitions in ortho H, satisfy
AJ=2. The maximum value of J following a Av=—1
transition in ortho H, is J=7. (This rule holds for all of
the possible vibrational states.) The energy released in
these various steps are as follows. In the sequence of ro-
tational transitions J=7-—-5—3—1, the energies
released are typically 1800, 1300, and 700 K, respective-
ly.2? In the vibrational transition
(v,J=1)—(v—1,J=7), the energy varies from 1000 K
(for v=26) to 1500 K (for v=1). Considering the entire
collection of such transitions from the state (v =26,J =7)
to (v=0,J =1), the mean energy released is

AE=1100 K . (22)

While the molecule is in the liquid, 7, is so short that
the rotational motion is effectively quenched, a point to
which we shall return below. Consequently, we focus our
attention on the time the molecule spends in the gas. The
molecule’s kinetic energy will tend to thermalize through
gas and surface collisions. From time to time the mole-
cule will undergo an inelastic collision in which energy of
about 1100 K is released. To obtain an upper limit on
T{', Eq. (19), we shall assume that all of this energy ap-
pears as translational energy of the free molecule. From
Eq. (21), the mean speed of the molecule is 7=5X 10°
cm/s "L

Two processes give rise to collisions with the fast mole-
cules: wall collisions and collisions with the gas in the
cell. The mean distance between wall collisions 7, is
about 1 cm. At the initial densities in the cell, n =~10'®
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cm ™, the mean free path for gas collisions , is approxi-
mately 0.1 cm. However, because of the near sphericity
of the H, molecule, gas collisions are expected to be rela-
tively ineffective in changing M;. Consequently, the
cross section for rotational reorientation is expected to be
small compared to the kinetic cross section. In this case,
we can take 7, '=v/[,=5X10% s~ !. Substituting this in
Eq. (19) yields

T{1<7.5X10727(J+1)s7 1. (23)

As an upper limit on J we shall take its likely max-
imum value, J=7. The resultis 7; ! <4.2s7!. We have
determined that T; ! <0.4X T(exp); !. It is evident that
this result does not satisfy the criterion for relaxation
[Eq. (20)]. Since the estimate of the upper limit to T ! is
believed to be conservative, the disagreement is serious.
For instance, it is likely that the average kinetic energy of
the molecules is much lower than the average maximum
value, 1100 K. According to Eq. (18), this would de-
crease the relaxation rate. Consequently, for the spin-
rotation interaction to be responsible for nuclear relaxa-
tion, much of the energy of the molecule would have to
be stored in rotational energy, requiring much higher ro-
tational numbers than the energetically favorable limit of
J=7. That the molecules would retain rotational energy
of over 10* K while cooling translationally, seems im-
plausible.

As an upper limit on the possible relaxation rate due to
the spin-rotational interaction, we can evaluate Eq. (18)
with |, —w;|r,=1. The result is T;'=120J(J+1)
s~ 1. This maximum occurs when T, =6.6X 10710671 4
condition that could only occur when rotation is essen-
tially quenched within a liquid. However, as described in
Sec. II, the vibrational relaxational times for H, in liquid
H, at 14 K is 12 us. For energy relaxation on such a
time scale, it is evident that the spin-rotation interaction
is not strong enough to cause nuclear relaxation.

Finally, there is the possibility that the nuclear relaxa-
tion is induced by the impurities that gives rise to the
background polarization in the cell. This is implausible
on several grounds. Because of its resonance characteris-
tics, the background appears to be due to protons rather
than a foreign species such as 3He, or some unknown
molecule that could give rise to cross relaxation. Since
the only substance with a significant vapor pressure at the
temperature of the cell is H, the background protons are
either on the surface or embedded in it. Even allowing
for a tight coupling between the hydrogen molecules and
the background impurities, the polarization should not be
lost at a rate greater than T'; ! for the background. The
most likely interaction, dipole-dipole coupling, is feeble;
in any case it would preserve the total nuclear polariza-
tion in the cell, which is the quantity measured. The
spin-lattice-relaxation rate for the hydrogen molecules in-
teracting with the impurities should be no larger than the
spin-lattice rate for the impurities themselves, which is
extremely small. In summary, although the background
signal is experimentally undesirable, we have not been
able to find a mechanism by which it can be linked to the
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loss of nuclear polarization of the ortho hydrogen mole-
cules.

The experimental evidence for nuclear relaxation dur-
ing the recombination of spin-polarized hydrogen ap-
pears to be strong. The mechanism, however, remains an
enigma.
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