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critical velocity' for the process. Above a char-
acteristic value of v (or, equivalently, of &), n,
may therefore be expected to decrease rapidly,
leading to a correspondingly rapid decrease in v

towards the value found in pure 'He, as observed
(Fig. 2).

We conclude that vortex nucleation in pure 'He
below 0.6 K can be well described in terms of a
generalized Landau argument. Further work will
be needed to establish whether or not the phenom-
enon can in fact be treated on the same basis in
the cases of higher temperatures and of 'He-'He
solutions. We hope that our present results will
provide an impetus towards the development of a
microscopic theory of the breakdown of superflu-
idity through vortex nucleation in liquid 'He.
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Atomic hydrogen has been stabilized at temperatures of 270+20 mK and in magnetic
fields up to 7 T. It is believed to be gaseous. A sample displayed no measurable de-
crease in density after 532 sec. Covering of exposed surfaces with a film of He is es-
sential.

Atomic hydrogen (H) with one proton and one
electron is the simplest atomic system provided
by nature. Just as helium and its isotopes display
fascinating properties at low temperature and
high density, atomic hydrogen and its isotopes
are expected to exhibit spectacular phenomena.
Until now it has not been possible to study con
densed atomic hydrogen experimentally, as under
normal circumstances it is highly unstable with
respect to recombination to H, which has a bind-
ing energy e~/h 8 = 52 000 K in the singlet spin
state, 'Zg'. However, in the spin-polarized
state, 'Z g', a pair of atoms have no bound state.
We refer to a dense gas of atoms with electron
spins polarized, so that all pairs interact within

the 'Z, ' potential, as polarized hydrogen (H&).
We have created a gas of H in a cell at T =270+20
mK and in magnetic fields up to 7 T. Using spec-
ially developed detectors we have established
that after loading the cell, the density did not
change to within experimental error for periods
up to 532 sec, the longest period investigated.
Without our special conditions, we calculate that
the sample would have a decay-time constant of
-80 p,sec, due to surface recombination if kinetic
effusion of the gas to the surface is rate limiting.
The lifetime of this sample was increased by at
least a factor 7 &10' in thig sense. We shall refer
to samples with increased lifetimes of +10' as
stabilized. In most cases we observed stabilized
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samples for times of order 10—60 sec before
destroying them. The highest density of a stabil-
ized sample was n) 1.8 &10"atoms/cm'.

The first published discussion of some of the
exciting phenomena expected for stable H& is due
to Hecht, ' who, in 1959, suggested that super-
fluidity should exist in this boson gas. His article
was evidently overlooked by researchers who be-
came actively interested in H& in the 1970's, in-
cluding ourselves. Etters and colleagues' and
Stwalley and Nosanow' reconsidered the proper-
ties of the hydrogen isotopes. The stability of H&

was first considered by Jones et al. ,
' who found

that it would be unstable at very high densities.
Stwalley' suggested that H& would be stable in a
magnetic field B for ratios B/T ~10' T/K. How-
ever, Berlinsky et al. ' showed that his reasoning
was incomplete and that even at T= 0, for a given
magnetic field there is a critical density above
which the H& gas will become spontaneously un-
stable.

Our research program to create and stabilize
H began in 1972 and was directed at stabilizing H

by polarizing an atomic beam and depositing it
on a cold inert surface in a weak magnetic field,
with the eventual objective of studying Bose-Ein-
stein condensation in a quasi-two-dimensional
system. The results were discouraging as the
atoms rapidly depolarized on the surface and re-
combined. On the basis of the stability condi-
tions found in Ref. 6 we decided to redirect our
efforts to stabilization of H& as a three-dimen-
sional gas in high magnetic fields at low tempera-
tures.

Our design aims were based on an applied mag-
netic field B= 10 T and a temperature T =300 mK.
We recently developed a high-flux source of He-
temperature atomic hydrogen' required for the
ultimate goal of loading a cold cell to densities
of 10"-10"atoms/cm'. Our earlier experience
with rapid recombination of H on surfaces sug-
gested that any stabilization attempt using cur-
rently a,vailable fields would be doomed because
of condensation of the H on the surface followed
by recombination. We conceived of the idea of
coating all surfaces with a (superfluid) helium
film, believing that of all known materials this
would have the weakest adsorption potential for
H. This turns out to be vital for stabilization.

There are three important considerations for
the selection of the operating temperature. First
of all, as discussed in the accompanying Letter, "
compression of a gas of H from a field-free
region to a region of magnetic field B is propor-
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FIG. 1. Low-temperature part of stabilization appa-
ratus. See text for an explanation.

tional to exp(pB/AT) (p is the magnetic moment
of the H atom), which favors lowest possible tem-
peratures. The region T-0 is also favored to
minimize recombination due to spin-flip mecha-
nisms"' and to minimize the density of thermal-
ly populated spin-flipped states, which depends
on exp( —2I B/kT). However, as a third point,
the low operating temperatures may be limited by
condensation of H& on the liquid-helium-covered
surfaces, where critical densities may be ex-
ceeded. Recent calculations"'" suggest that a
surface state exists with a binding energy possi-
bly greater than 0.6 K.

The heart of our low-temperature apparatus is
shown in Fig. 1. The copper hydrogen stabiliza-
tion cell (HSC) is in the center of a superconduc-
ting solenoid (maximum field, B = 11 T). This is
connected by thin-walled German silver (GS) tub-
ing to a helium vapor compressor (HEVAC). This
is actually a miniature vapor diffusion pump
which uses a reservoir of superfluid helium as
its pumping fluid. Both the HSC and the HEVAC
are cooled by sorption-pumped 'He refrigerators.
During operation the HSC runs at T = 270 mK and
has an estimated residual background helium
vapor density of -5xlo' atom/cm'. The HEVAC
which operates at T = 480 mK is connected by GS
tubing to a copper H accomodator pinned to 4He

temperatures. A Teflon-lined GS tubing continues
out of the vacuum to a room-temperature hydro-
gen discharge. The hydrogen atoms are fed in
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from the bottom of the cryostat to minimize the
distance and thus the recombination of H during
transportation to the HSC; the atoms are cooled
to liquid-helium temperature by the accomodator
as described elsewhere' and are still unpolarized
at this point. The electron spin-down atoms are
drawn into the HSC by the field gradient, whereas
the spin-up states are retarded and either relax
to spin down or recombine. The system is pre-
pared as follows. All surfaces above the Teflon
lining are coated with molecular H, . The 'He
refrigerators are activated and 4He gas is con-
densed in the HEVAC and HSC.

We shall briefly describe the operation of the
HEVAC. A superfluid helium film is driven from
the reservoir of the HEVAC, up, then down the
GS tube towards the accommodator. As the film
flows down it comes into increasingly warmer
regions, vaporizes and fluxes back to recondense
at the HEVAC. Without this fluxing gas the den, -
sity of 'He gas in the region of the HEVAC would
be —10''/cm' and the collisional mean free path
(A) for H-He would be about 2 cm." The back-
fluxing gas is much denser (we estimate A. -0.36
mm for H-He collisions) so that hydrogen atoms
will be directed into the HSC by momentum trans-
fer from the four times more massive helium
atoms. The HEVAC not only guides the atoms
into the HSC, but also retards their leakage out
when the discharge is turned off. As discussed
in the accompanying Letter, the cell should emp-
ty when the density of H in zero field is zero. We
estimate that the emptying time constant is in-
creased by a factor 79 by the HEVAC.

The presence of H in the HSC is detected with
special bolometers. The principle is to build up
a density of H in the cell and then trigger its re-
combination by selectively making the bolometers
active recombination surfaces. The concomitant
heating due to the recombination energy is easily
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F|G. 2. Current-voltage characteristics of a hydrogen
bololneter detector.
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detected and provides a measurement of the H

density. The bolometers were made by cutting
2 x1 &0.2-mm' chips from Speer resistors. They
are connected to the top plate of the HSC by fine
copper wires which serve not only as current-
voltage (I V) le-ads but also as the path which al-
lows the 4He film to cover their surfaces. In
Fig. 2 we show the I- V curves. When 'He is intro-
duced into the HSC the I- V curves develop a peak.
The 4He on the bolometer surface is evaporated
as a result of Ohmic heating. Fresh 'He will
flow along the wire leads to replenish the film;
however, this flow is limited by the wire circum-
ference. " The peak in the I- Vcurve represents
the point where the H, -covered surface is first
exposed. This surface is an active source for re-
combining H." When H is present while tracing
an I- V curve, arrival at the desorption peak will
trigger recombination. This destroys the H gas
with a time constant ~ = 4 V/vA, where V is the
volume of the HSC, V is the average velocity,
and A is the total area of the bolometer; we as-
sume a probability of 1 for recombination when

a particle strikes the surface. For our system
at T = 270 mK, T = 8 msec. Thus we see a sharp
downward-going spike on the I- V curve and a re-
turn to a level determined by the steady-state re-
combination on the bolometer of H flowing into
the HSC. The I-V curve has hysteresis because
of the extra heating after desorption. From ear-
lier work" it is known that the recombining atoms
deposit only a small portion of the recombination
energy on the bolometer surface, since the H,
molecules are desorbed upon recombination. The
second bolometer, operated below its desorption
peak, will absorb part of this energy from the
"hot" molecules. The rest will be absorbed in
the copper walls of the HSC (or blown out of the
filling tube) and is detected with a thermometer.
By calibrating the heating of the HSC with an elec-
trical heater, a lower bound for the number of
recombinations, or the H density, can be deter-

minedd.

Proof of stabilization was obtained as follows.
With the magnetic field and discharge on, we
measured the recombination spike height as a
function of cell loading time. As the loading
period was increased the size of the spike in-
creased, indicating that larger densities of H

were being built up. We then loaded the cell for
a period of time t~(-30 sec), turned off the dis-
char ge, and waited a time, t„before tr igger ing.
Starting with t, =1 sec we continually doubled the
wait time, finding no measurable attenuation in
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the size of the spikes. Periods longer than 532
sec were not measured as we chose to use our
limited experimental measuring time to investi-
gate other aspects of the system. This provides
proof of long-term stability of H. This was per-
formed @faith a field of 7 T at T =270+ 20 mK. Al-
though no detailed systematic studies have been
performed we found that the recombination spike
height decreased with both decreasing fields and
increasing temperature for a constant filling rate,
as is to be expected. The largest density we ob-
served wa, s at 8 T (270 mK) with a very conserva-
tive lower bound of 1.8 &&10'~ atom jcm'. No ef-
fort has been made as yet to determine a maxi-
mum achievable density.

We have also measured the time dependence of
the density in zero field, where the gas is cer-
tainly H (not H&) and should not be stable. The
results are shown in Fig. 3. The decay does not
appear to be controlled by volume recombination,
probably because the density is low. If we rough-
ly fit by an exponential decay, as would be ex-
pected for thermal effusion, we find a time con-
stant of 1.5 sec, as compared to a calculated 19
ms without the HEVAC. This implies a compres-
sion factor of 79 for the HEVAC.

Indications that H exists in the gas phase are
the following. On the basis of the theoretical
estimate for the binding energy of H on a He sur-
face, at the employed temperatures we expect
that in thermodynamic equilibrium a considerable
fraction will be gaseous. Second, the H totally
recombines in about 80 msec as measured by
the full width at the base of the bolometer spike.
Since this can be several time constants long,
the recombination rate is of the expected order
as determined by gaseous effusion to the bolome-
ter surface. Third, if the bolometer signals
were due only to H on its surface, then, assum-
ing a coverage of maximal 10"/cm', the signal
would correspond to 2 X10" recombinations, in-
consistent with observations; a second triggering
without reloading the cell did not result in a re-
combination spike as would be expected as a re-
sult of surface diffusion which would recover the
bolometers. Finally, we performed experiments
in which we sequentially triggered the two bolome-
ters within 100 msec. Only the first triggered
bolometer displayed a recombination spike, which
would not be the case if the H resided mainly on
the surface. Although no one argument here
provides a hard proof of the state of H, altogether
the evidence points to gaseous H. We hope to be
able to increase the density by some orders of
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magnitude to study the interesting properties of
this almost ideal Bose gas. Already at present
densities there are important implications for
increased stability of the hydrogen maser. "
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The density distribution of low-temperature spin-polarized atomic hydrogen in a
realistic magnetic field profile is calculated for densities below and above the critical
value for Bose-Einstein condensation. The distribution is an identifying characteristic.
Magnetic compression and instability due to thermal leakage of the atoms is treated.

Atomic hydrogen (H) which has been shown in
the accompanying Letter' to exist in a long-time
stable state provides us with a new Bose Quid.
Since in general it is necessary to prepare this
gas by injecting atoms into a magnetic field, a
treatment of the effect of magnetic field gradients
is required. In this Letter we calculate the den-
sity distribution for spin-polarized H (Hk) in a
realistic magnetic field profile. Results are ob-
tained below and above n„ the critical density for
Bose-Einstein (BE) condensation; the effects of
interactions in the high-density BE condensed
state are shown to be non-negligible. The den-
sity profile is a characteristic identifying feature
of the gas. This calculation immediately pro-
vides the local static magnetization, which is
related to the density by a proportionality con-
stant: the Bohr magneton. The important con-
cept of a magnetic compression is introduced.
Finally, we consider the instability of a magneti-
cally confined gas in an open-ended container,
due to thermal leakage. Comparisons are made
with experiment where possible.

At low temperatures H4 is considered to be an
extremely weakly interacting Bose gas. ' To illus-
trate this point we have plotted in Fig. 1 the p-V

curves for H4 at T =0 K as calculated by Etters,
Danilowicz, and Palmer' and for an ideal Bose
gas at T=0.1 and 0.3 K. As the 0-K curve can
be looked upon as a measure of the interactions
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