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The nuclear relaxation rate has been measured in spin-polarized hydrogen. The rate
is so low that a gas composed of atoms initially in the bvo nuclear spin states spontane-
ously acquires a high nuclear polarization as one of the states recombines. The remain-
ing state is stable against recombination, but decays slowly by nuclear relaxation. Nu-
clear polarization greater than 99Vo has been achieved. The absorption energy and the
recombination rate of hydrogen have also been measured on liquid 4He.

PACS numbers: 34.90.+q, 33.25.Bn, 68.10.Jy

It is now mell established that atomic hydrogen
can be stabilized against molecular recombination
by polarizing the electron spin, ' and densities as
high as 10" cm ' have been achieved. ' The densi-
ty is limited by a weak recombination channel
created by hyperfine coupling due to the nuclear
spin. Thus the molecular recombination rate of
(electron) spin-polarized hydrogen is expected to
be sensitive to the nuclear polarization. We have
observed the effect of nuclear polarization on the
recombination rate, and have attained conditions
in which the nuclear polarization is over 99%. ln
such a situation the molecular recombination rate
is limited by the nuclear relaxation rate. At a
density of 10' cm, the relaxation time is ap-
proximately 13 h. We report here measurements
of the gas- and surface-phase nuclear relaxation
rates and the surface-phase molecular recombina-
tion rate, and compare our results with previous
observations and theories.

Our apparatus contains most of the important
features of the one we used previously to study
magnetic conf inement of spin-polarized hydrogen. '
Hydrogen from a liquid-nitrogen-cooled discharge
passes through a short tube to a liquid-helium-
cooled thermalizer, and then passes to a sample
chamber at a temperature of approximately 300
mK that is coated with a He film. The chamber
is in a high magnetic field which creates a "mag-
netic bottle" that selects the two lowest hyperfine
states and confines the spin-polarized atoms in a
potential well of about 7 K. We have inverted the
previous geometry, however, so that the atoms
flow downward into the top of the sample chamber,
as shown in Fig. 1. The bottom of the chamber
contains a pool of liquid helium. This arrangment
ensures that the helium film is saturated, and has
allowed us to see with great clarity the slow de-
cays associated with high nuclear polarization.

The pressure P of the gas in the cell is meas-
ured by a capacitive pressure transducer utiliz-

ing a gold-coated Kapton diaphragm. 3 The capaci-
tance is measured by a bridge circuit whose ref-
erence capacitor is an identical transducer lo-
cated close to the first but maintained at zero
pressure. The pressure transducer is calibrated
using the vapor pressure of 'He. The total densi-
ty of hydrogen atoms in the gas is given by n,
=P/hT, since we are far from the Bose-Einstein
transition. The temperature T of the cell is meas-
ured by carbon resistance thermometers which
are calibrated against a germanium resistance
thermometer. ' The temperatgre of the cell is
controlled to 0.1 mK. Small carbon bolometers'
are used to cause a rapid recombination of the
stored atomic hydrogen.

A fairly clear understanding of the recombina-
tion mechanism of spin-polarized hydrogen has
emerged from studies of recombination of H on
He films at zero magnetic field by Morrow et al.'
and measurements of the decay of spin-polarized
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FIG. 1. Sample chamber. The chamber is suspended
from a dilution refrigerator and is centered in a super-
conducting solenoid. Atomic hydrogen enters along
the tube from above.
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hydrogen by Mathey, Walraven, and Silvera. '
Spin-polarized hydrogen normally consists of two
hyperfine states, a "pure" state I- ~, —&) (in the
notation I m„rn~)), and a 'mixed" state cos8I- &,
z) —sin8I ~, —~) where tan28(&) =~/[h(y, +yA)&].
(a is the hyperfine constant and y, and yA are the
electron and proton gyromagnetic ratios, respec-
tively. ) In a 10-T field, sin8=2&&10 '. For re-
combination to occur at least one atom must be
in the mixed state. A third body, or a surface,
is required for the recombination reaction, and
studies of the temperature dependence of the re-
action rate show that the reaction occurs predom-
inantly on the surface." The surface density is
proportional to the volume density, however, and
the relaxation proceeds as if it were described by
a two-body gas collision process.

We must also consider the effect of nuclear re-
laxation. The rate T, ' is proportional to the to-
tal density n~+n and causes the population differ-
ence n~ -n„ to decay to zero. (n~ and n are the
pure- and mixed- state densities, respectively. )
The time evolution of the densities is governed by
the following equations'.

After a time that is long compared to (Kn, ) ',
most of the mixed state has disappeared and the
decay of n, becomes much slower since it is
limited by the rate at which the pure state is con-
verted to the mixed state:

nt= yont —2', .
In this limit the remaining gas has a high nuclear
polarization

A significant feature of Eq. (1) is the prediction
that the decay rate n, can have different values at
equal values of the density n„depending on the
past history of the sample. If G»K, n and n~
would remain in equilibrium and the decay rate
would be the same at equal values of the density,
independent of the history. By this feature alone
we can immediately infer that G «K in our experi-
ment, as the density decay curve, Fig. 2, illus-
trates.

We have analyzed numerous decay curves simi-
lar to the one shown in Fig. 2, with initial densi-
ties in the range of 10" cm ' to 2x10" cm ' 2nd
temperatures between 220 and 360 mK. The data

—G(nP +n„)(nA n), - (la)

+G(n, +n )(n, —n ). (lb)

2g, ——y n, —Kn, . (2)

V is the effective confinement volume and I'~ and
E are the fluxes of pure and mixed state into the
cell, respectively. We can assume that E~ =E
since the two states are created in equal numbers
at the source and the nuclear-spin relaxation
time is long compared to the transit time from
the source to the cell. yo is the rate of one-body
decay processes such as escape from the mag-
netic potential weQ. K represents the two-body
recombination process. ' (A term representing
three-body recombination in the gas phase has
been omitted since we find no evidence for such
a process at our densities. ) G(n~+n„) =T, ' is
the nuclear-spin relaxation rate which can have
contributions from transitions taking place in the
gas phase" or on the surface. '

To understand the major features of our obser-
vations, assume that K»G and that the cell can
be filled in a time that is short compared to
(Kn, ) '. Initially n~=n and the total density be-
gins to decay rapidly according to the equation
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FIG. 2. Trace of experimental decay curve taken at
300 mK and 11 T. The noise is less than the width of
the line. (a) The hydrogen source is turned on.
(b) The source is turned off and the density decays
rapidly as the mixed state recombines. (c) The sys-
tem is now left in the pure state. It decays slowly due
to nuclear relaxation to the mixed state. (d) The sam-
ple is destroyed by recombining the hydrogen on a
bolometer. (e) The system is reloaded to the same
density as (c). Note that the decay rate is much great-
er than at (c) due to the presence of the mixed state.
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reported here were all taken at a magnetic field
of 11 T. The curves were digitized and fit by
computer to solutions of Eq. (1). In all cases the
computer-generated curves fit the data to within
the noise. The signal-to-noise ratio of Fig. 2 is
typical.

Before discussing our findings on nulcear re-
laxation and polarization it is useful to compare
our measurements on the recombination rate
with previous work. The effective two-body rate
constant K is related to the intrinsic surface rate
constant K, by the expression'

K ~Kgb/V)&' exp(2Es/kT), (5)

where A and V are the area and volume of the
confinement region, A =(2nh '/MkT)'" is the
thermal de Broglie wavelength, and Es is the
binding energy of the atomic hydrogen on the
liquid- He surface. K, =—av „where the length a
is the analog for a two-dimensional system of a
collision cross section and v, = (32kT/3~M)'" is
the mean thermal velocity on the surface. '

A is
not expected to have a strong temperature depen-
dence. Assuming that A. is constant so that the
slope of ln(KT'") varies as 1/T, we find from the
data shown in Fig. 3 that Es =1.01(6) K. The er-
ror contains approximately equal contributions
from statistical uncertainty and uncertainty in

the temperature calibration. Our value for EJ,
lies midway between the value reported by Mat-
they, Wal ra'ven, and Silvera, ' 0.89(7) K, and
Morrow et al. ,' who obtained 1.15(5) K.

From Eq. (5) we can obtain a value for the in-
trinsic surface recombination rate constant E,.
Using our value of A/V =4.9 cm ', we find K,T '"
=4.5(3) &&10 "cm' s ' K '" at a field of 11 T.
This corresponds to a value of K,T "8' =5.4
x 10 ' cm s ' K '" T', which is smaller by a
factor of 5 than that obtained by Matthey, Walra-
ven, and Silvera. ' It is interesting to note that if
we scale the zero-field measurement of E, of
Morrow et al.' by the factor sin'9(B)/sin'9(0) =1.1
&&10 ' the result agrees with our value to within
25%. (In comparing different measurements of
surface recombination, it should be kept in mind
that the fitted numerical value of K, is quite sen-
sitive to the binding energy. )

Turning now to the influence of nuclear polariza-
tion on the decay, we find that the temperature
dependence of G (see Fig. 3) reveals that gas- and
surface-phase relaxations are both important.
The rate constant which appears in Eq. (1) is thus
a sum of two terms, G =G, +G,qq. G, is the gas-
phase rate constant which is porportional to T'".

. G f f is an effective rate constant related to the in-
trinsic surface rate constant G, by an expression
analagous to Eq. (5):

t yi I

G,if = G,(A/V)A' exp(2Es/kT) . (6)
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FIG. 3. Measurements of the recombination coeffi-
cient K and the nuclear relaxation coefficient G. Log-
arithmic plot of KT'i~ (circles, left axis) and linear
plot of GT ' (tri~~gles, right axis) vs 1/T. Meas-
urements frere made at a field of 11 T. The solid lines
are least-squares fits to the data. The dashed line in-
dicates the gas-phase contribution to the nuclear re-
laxation.

G, is expected to be dominantly proportional to T
in our range of temperatures. ' We have fit our
data for G using Eq. (6) and the value Es =1.01 K,
determined above. The results are plotted in
Fig. 3. We find that G,T '"=3.5(3) x10 "cm'
s ' K "' which is somewhat smaller than the the-
oretical predictions of Statt and Berlinsky' who
obtain 8.2~10 "cm' s ' K '", and Siggia and
Huckenstein who obtain 17&10 cm
The surface relaxation rate constant is G,T '
=1.7(4)xl0 "cm' s ' K '. (G„ like K„ is sen-
sitive to the assumed binding energy. ) Our obser-
vations are in disagreement with those of van
Yperen et a/. "who saw no evidence of slowing of
the recombination rate due to nuclear relaxation
effects.

In equilibrium after long times the nuclear po-
larization is given by Eq. (4). At 300 mK the po-
larization is calculated to be 98/o,' at 240 mK it
is 99.4'%%uo. These results are particularly striking
in view of the unconventional nature of the polari-
zation mechanism, a chemical reaction.

Our observation of the low nuclear relaxation
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rate of spin-polarized hydrogen points the way to
obtaining higher densities. By compressing a
sample of spin-polarized hydrogen in the pure
state it may be possible to observe the Bose-Ein-
stein condensation. For example, at 300 mK the
transition should occur at a density of 8&10"
cm '. Our results suggest that the lifetime of
spin-polarized hydrogen under these conditions
is about three seconds, long enough for useful ex-
periments.
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Two-photon transitions in the far-infrared spectral range have been observed for the

first time. The magnetophotoconductivity of n-GaAs measured by a pulsed high-power
CH3F molecular laser at ~ =496 pm exhibited two-photon transitions between 1s and 2s
shallow donor states and two-photon cyclotron resonance. The experimental results and

symmetry considerations indicate that the observed two-photon cyclotron resonance is
caused by impurities.

PACS numbers: 32.80.Kf, 72.40.+w, 76.40.+b, 78.20.Ls

I ow-energy electronic transitions in semicon-
ductors can be detected by far-infrared photocon-
ductivity with high sensitivity. Previous experi-
ments have been performed by low-power far-in-
frared sources involving one-photon cyclotron
resonance and one-photon transitions between im-
purity levels. In this paper we report on the
first observation of two-photon transitions in the
far-infrared spectral range. The experiments
were carried out on n-GaAs at liquid-helium tem-
perature employing a pulsed high-power CH, F

molecular laser at the wave number v = 20.2 cm '
(X =496 pm). Shallow donor states in n-GaAs to
a high accuracy obey the simple hydrogenic ef-
fective-mass theory with an effective Rydberg
constant R* of 46.1 cm '.' ' The wave number
20.2 cm ' corresponds to a photon energy of 2.5
meV= 0.44R* which is too small to cause one-
photon transitions between the 1s donor ground
state and excited states. The energy levels of
shallow donors and the cyclotron frequency in n-
GaAs can be tuned by moderate magnetic fields
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