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High-resolution magnetic-resonance studies are reported for an atomic hydrogen gas
confined in a closed glass bulb with superfluid- He-coated walls in zero magnetic field
and for 1. 0&T &1. 3K. H atoms at low density, 10' n&H&5 x10 Iom, in the equilibrium
helium vapor, are found to recombine into molecules in times or order 10 s. Hesults
are presented for the rate constant for recombination, the diffusion constant and pressure
shift for H in He, and for I'~ due to H-H spin exchange.

I'ACS numbers: 67.40.-w, 34.20.-b

In the past few years there has been consider-
able theoretical interest' in the possibility of
stabilizing a high-density atomic hydrogen gas
in a large magnetic field at temperatures low
enough for Bose-Einstein condensation to occur.
By contrast, experimental results on atomic H

at low temperatures" have been rather meager
because, at least in these early experiments,
the hydrogen gas was extremely unstable and
quickly reacted at the walls of the sample cham-
ber to form molecules. Quite recently, Silvera
and Walraven' have demonstrated that the com-
bined effects of 4He-superfluid-coated walls,
magnetic field compression, and compression by
a 4He vapor diffusion pump are sufficient to sta-
bilize a relatively high-density atomic H gas
(n~ & 1.8x 10' /cm') at T = 0.27 K for times
greater than 500 s.

Although the Amsterdam group' has certainly
made a crucial step toward the ultimate goal of
stabilizing a high-density sample of spin-polar-
ized hydrogen, their method is not well suited
to studying certain properties of this very fas-
cinating low-temperature system for two rea-
sons. First, since they employ an open geome-
try, it is difficult to determine the ultimate fate
of the atoms, i.e. , whether they leak out of the
sample region or recombine to form molecules.
Second, since their bolometric detection tech-
nique actually destroys the hydrogen sample,
they are limited in their ability to investigate
the quasiequilibrium properties of the metastable
gas.

Our approach has been to work with H atoms

in a closed glass bulb with superfluid-'He-coated
walls. We study the atoms in zero field by high-
resolution magnetic resonance which is an ex-
tremely sensitive and versatile nondestructive
probe. The atoms are produced by a pulsed rf
discharge inside the sample cell. Initial H-atom
densities of (2-5)x 10"cm ', as determined by
an absolute calibration of the spectrometer sen-
sitivity, are obtained consistently with a single
rf pulse. The disappearance of these atoms due
to recombination into H, molecules can easily
be followed for times of up to an hour.

We have demonstrated that the principal mecha-
nism for recombination under these conditions
is the three-body reaction H+ H+ 'He- H, + He,
and we have determined the rate constant for
this reaction. Using spin-echo techniques, we
have also determined the diffusion constant for
H in He at 1 K which allows us to make an im-
proved estimate of the depth of the attractive
well in the H-He potential. We find that the lon-
gitudinal relaxation time T, is completely de-
termined by H-H spin-exchange scattering, and
we have measured the spin exchange cross-sec-
tion at 1 K. We have also measured the pressure
shift for H atoms in He gas and find that it is
smaller than, and of opposite sign to, the room-
temperature shift.

The experimental apparatus consists of a cryo-
stat and 1420 MHz pulsed spectrometer which
will be described elsewhere. ' The sample con-
tainer is a sealed glass bulb of 1.6 cm inner
diameter and 6.5 cm length which was filled at
room temperature with half an atmosphere each
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of H, and He gas. When the bulb is cooled to
liquid- He temperature, the H, forms a solid
layer on the wall, and, below the ~ point, a
superfluid He film coats the entire inside sur-
face of the bulb.

One end of the sample bulb fits inside the 1420-
MHz resonator, and the other end sits in an rf
coil to which high voltage pulses at 40 MHz can
be applied. This starts a discharge in the He
vapor which quickly evaporates a small amount
of the solid H, from the wall. H, then dissoci-
ates in the discharge to form H atoms. After
the pulse, the undissociated H, ref reezes on the
wall; the superfluid 4He film recondenses above
it; and -(2-5)x10" cm ' H atoms are left trap-
ped in the bulb above the He film. After the
system equilibrates, the pressure of 4He gas in
the bulb is determined by the temperature of the
outer liquid-4He bath. For 1.0&T &1.3 K, the
He vapor density is 10"&z„, & 10"cm '.

The H-atom density is surprisingly long lived
but nevertheless clearly decays because of re-
combination. Recombination is a second-order
rate process which also requires a third body
in order to conserve energy and momentum. In
this case the third body is certainly a 'He atom.
The rate constant is defined by k = —(dnH/dt )/
nH'nH, which leads to nH(t) = n„(0)&/(t + ~) where
1/T = kn H, n „(0). Recombination data, plotted
as 1/nH(t) vs t for three different 4He densities,
a.re shown in Fig. 1. These data show that 1/
nH(t) is linear in t and that the slope d(1/nH)//dt
is proportional to nH, . Eight data sets (three
of which are shown in Fig. 1) taken on two sepa-
rate cool downs were used to obtain a recombina-
tion rate constant k = (0.28+ 0..03)x 10 "cm' s '.
The uncertainty represents a discrepancy be-
tween results for the two runs rather than scatter
in the results for a given run. We note that some
of the data (e.g. , the x 's in Fig. 1) show curva-
ture which suggests the presence of a very weak
source of H atoms. Such a source could result
from atoms, which were trapped, diffusing out
of a solid H, "snow". Thus we also suspect that
the small irreproducibility from run to run may
result from the irreproducibility of this trapped
atom source. Our result for 0 at 1 K is sub-
stantially smaller than the room temperature
and 77 K values' of 1.4 and 2.4x 10 "cm' s '.

It is instructive to consider the implications of
this result for experiments at still lower tempera-
tures where the density of 4He is negligible. In
this case the recombination rate will be deter-
mined by three-body hydrogen collisions, and
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FIG. 1. Inverse hydrogen-atom density nH vs time
for three different He-gas densities nHe. For the pro-
cess H+H+He H2+He, the slopes should be propor-
tional to nH~ and to the rate constant &.

the decay time will be given by 1/~ = k'nH'(0)
where k' is the rate constant for H+ H+ H-H,
+ H. If we simply set k' equal to the value of 0
at T = 1 K, we can estimate the density of H atoms
which will decay in a time v = 10' s. The result
is n„= Gx 10'4/cm' for zero magnetic field.
There can be little doubt that the application of a
large magnetic field at low temperature will lead
to an enhancement of this stabilized density of
H atoms. For two H atoms to recombine they
must interact in the singlet state. At high fields
and low temperature, the probability of singlet
state interaction is controlled by hyperfine mixing
in the lowest hyperfine state. The resulting de-
cay rate will scale like (a/p, H)' where the hyper-
fine constant a has the value a/p, = 500 G. The
stabilized density of H atoms, as defined above,
then increases linearly with p, H/a, and thus at
100 ko one might expect at least a factor of 200
increase in this density to nH= 10"/cm' which
is tantalizingly close to the density at which Bose-
Einstein condensation might occur at dilution
ref rigerator temperatures.

We have also measured the diffusion constant
of H in 'He by the spin-echo technique, " suita-
bly modified to take into account the quadratic
field dependence of the low-field hyperfine reso-
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nance frequency. The diffusion constant D can
be written as D = (Sp/32)v/Qnz, , where v is the
thermally averaged relative speed of a H-He
pair and Q is the thermally averaged diffusion
cross section. In Fig. 2 we have plotted the
quantity Smv/32D = QnH, , which should be pro-
portional to nH, if Q is temperature independent
over the temperature range of the data (0.98 &T
& 1.24 K). The slope of the best-fit straight line
in Fig. 2 corresponds to a diffusion cross section
Q = 20+ 1 A'. In light of this result it seems
clear that the strong dependence of T, on nH, ,
observed in our earlier work' at 4.2 K, cannot
be attributed to an anomalously large diffusion
cross section.

The value of Q at 1 K can be combined with
the atomic scattering data of Toennies, Welz, and
Wolf" to obtain an improved estimate of the H-He
potential. This analysis, which will be reported
elsewhere, gives a well depth of 0.6 meV (- 7 K)
which is somewhat deeper than that of Ref. 11.
The potential of Toennies, Welz, and Wolf, with
a well depth of 0.46 meV (5.3 K), implies that

Q = 25 A' at 1 K. An accurate knowledge of the
H-He potential is important for calculations of
the binding energy of H on the surface of liquid
helium. ""

Longitudinal relaxation times were measured
as a function of H-atom density for 1.5&& 10"
&n„&2.1&& 10"cm '. The results are shown in
Fig. 3. To a good approximation 1/T, is linear

in nH as expected for relaxation due to spin ex-
change. If we write 1/T, in terms of the spin-
exchange cross section o, „as 1/7', = o, „n„v,
where v is the thermally averaged relative veloc-
ity of two H atoms, we obtain o„=0.61+ 0.03 A'
at 1.1 K which is very close to the value 0.55 A'
calculated by Berlinsky and Shizgal. ' Thus our
measurements support the assertion of Ref. 14
that v, „goes to a low-temperature limit of order
1 A'. It does not become negligibly small at low
temperatures as was suggested by Crampton et al. '

Our measurements of the hyperfine "pressure"
shift due to H-~He collisions, shown in Fig. 4,
provide further information about the H-He inter-
action. The slope of the straight line through
the data is —11.83~ 10 " Hz cm '. The zero
density limit is 1420405 760.1 Hz, which is
about 0.8 Hz above the free-atom value" for our
residual field of 53 mG. The discrepancy may
be due to an error in the calibration of our coun-
ter. The pressure shift which we observe is
about 16 times smaller than, and of opposite
sign to, that of the same density of ~He gas at
room temperature. " The sign of the shift re-
flects the fact that at these low temperatures the
atoms sample mainly the attractive part of the
interatomic potential. "

At lower temperatures, where the density of
He atoms in the gas becomes negligible, the
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FIG. 2. Hydrogen diffusion data plotted vs helium-gas
density nH~. The vertical axis 3xv/32D is equal to QnH~,
where Q is the thermally averaged diffusion cross-
section.

FIG. 3. j./T~ vs H-atom density nH. The slope is
equal to vo.«, where o,„ is the cross section for spin
exchange and v is the average relative velocity of two
H atoms.
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hyperfine shift will be dominated by wall colli-
sions and will take on the form v exp(&/k&) where
4 is the binding energy of an H atom on the liquid
He film and v will be negative (for the same
reason that the pressure shift is negative at low
temperatur e), weakly temperature dependent,
and probably of order a few millihertz. The
temperature dependence of the wall shift will
thus provide a direct measure of 6 and v . The
fact that the magnitude of the total frequency
shift (wall plus bulk) passes through a minimum
at low temperature could be usefully exploited
in the design of a high stability atomic hydrogen
frequency standard.

Experiments now underway in our laboratory
will extend the present measurements on hydro-
gen to dilution refrigerator temperatures. Simi-
lar studies of atomic deuterium are also in pro-

FIG. 4. Hyperfine resonance frequency f minus fo
=1420405000 Hz plotted vs helium-gas density nH~.
The slope is —11.83x10 Hz cm . The hyperfine fre-
quency is extremely well defined because of the slow de-
cay of the free-induction signal, which has a time con-
stant as long as 2 sec at the low H densities.
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