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We study three-body recombination in the gas of spin-polarized atomic hydrogen adsorbed on the surface of
superfluid helium at temperatures from 45 to 130 mK. The two-dimensional gas is thermally compressed to
densities up to �4�1012 cm−2 using the “cold spot” method which makes the three-body process the
dominant decay channel in the system. We measure the loss rate and surface density of atoms directly and
independently and observe the former to be proportional to the third power of the latter. The result for the
surface three-body recombination rate constant at 4.6 T, Ls=2.0�7��10−25 cm4/s, significantly reduces
the discrepancy between the theory and earlier measurements where the surface density was inferred from the
adsorption isotherm. We also measured the three-body rate constant on a 0.1% 3He-4He film and found
Ls=1.3�4��10−24 cm4/s. This larger value is attributed to an increased delocalization of adsorbed hydrogen
atoms in the direction normal to the surface.
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I. INTRODUCTION

Three-body recombination is an efficient tool to probe
statistical correlations in quantum gases. It has been demon-
strated in experiments with 87Rb �1,2� and two-dimensional
�2D� spin-polarized atomic hydrogen �3� that appearance of a
condensate in a Bose gas is accompanied by the reduction of
the three-body recombination loss. On the other hand, three-
body recombination appeared to be the most serious obstacle
in achievement of high densities in the gas of spin-polarized
hydrogen �H↓�. Compression experiments of bulk H↓ have
shown that this process may lead to a strong overheating of
the sample cell surface or even to a thermal runaway �4–7�.
Thus it has thwarted the achievement of Bose-Einstein con-
densate �BEC� in bulk H↓ gas confined by material walls.
The values of the surface three-body recombination constant
obtained in several measurements �4,5,8� are quite consistent
with each other, but exceed the theoretical results of de Goey
et al. �9� by an order of magnitude.

Two methods of local compression have been utilized to
reach quantum degeneracy in two-dimensional H↓ gas. The
highest values of the quantum degeneracy parameter reached
by magnetic compression �3� were �=��2�9. Here � is
the surface density and � is the thermal de Broglie wave-
length. However, due to large field gradients, the magneti-
cally compressed surface gas could not be studied directly.
Thermal compression, known as the “cold spot” method,
uses the enhanced adsorption of the H↓ gas at a colder sur-
face. It does not require field gradients and allows a direct
detection of the surface atoms by means of magnetic reso-
nance. In our first experiments on the thermal compression
of 2D H↓ �10� we attained ��1.5. We also estimated that
the three-body recombination rate constant is at least an or-
der of magnitude smaller than the values obtained in earlier
indirect measurements �4,5,8�. The total recombination rate
due to three-body recombination was found to be so small
that we could not study it in detail. Thus it was not possible
to conclude whether it is at all a limitation to the achieve-
ment of higher � by the thermal compression techniques.

In the present work we eliminated most of the uncertain-
ties to make accurate and reliable measurement of the
surface three-body recombination rate constant. Electron-
spin resonance �11� was used for direct detection of
thermally compressed H↓ gas adsorbed on liquid helium.
Three-body recombination was made the dominant density
decay channel by increasing the size of the cold spot
and reducing the rates of undesired one-body and two-body
relaxation to a negligible level. We found the value
Ls=2.0�7��10−25 cm4/s for the recombination rate constant
at temperatures around 100 mK and revealed a weak tem-
perature dependence of Ls. For H↓ adsorbed on 3He-4He
mixture films we observed three-body recombination to be
much faster with Ls=1.3�4��10−24 cm4/s. Our results are in
fair agreement with the calculations of de Goey et al. �9�
bringing down the discrepancy between the theory and ex-
periment. Finally, we discuss the limitations set by three-
body recombination to the achievement of high quantum de-
generacy by the thermal compression method.

II. BACKGROUND

The loss rate R�t� of atoms due to their recombination into
molecules is related to the density n of the gas confined in a
volume V by �12�

1

V
R�t� �

1

V

dN

dt
= − Gn − Kn2 − Ln3. �1�

Here G, K, and L are the first-, second-, and third-order loss
rate constants, respectively, according to the number of at-
oms taking part in a single recombination or relaxation �with
subsequent recombination� event. Recombination may occur
in the bulk gas as well as on the sample cell walls, and the
rate constants in Eq. �1� are in general sums of the surface
and volume contributions. The loss rate due to the surface
processes can be also expressed through the bulk density
using the adsorption isotherm which in its classical limit
reads
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� = n� exp� Ea

kBTs
� �2�

with Ea being the adsorption energy and Ts the temperature
of the adsorbed gas. Thus the total rate constant of three-
body recombination may be expressed as

L = Lg + Ls
ef f , �3�

where the subscripts g and s correspond to the bulk and
surface gas contributions, respectively. The effective surface
recombination constant Ls

ef f is related to the intrinsic rate
constant Ls as

Ls
ef f = Ls

A

V
�3 exp� 3Ea

kBTs
� . �4�

The three-body recombination loss rate appears to be about
3.8 times larger than the rate of three-body recombination
events. According to calculations �9,13� the third atom taking
part in the process will be depolarized �with �0.9 probabil-
ity� and rapidly recombines in a subsequent collision with a
fourth atom. Taking into account different possibilities for
the final state of the third atom, each of the rate constants in
Eqs. �3� and �4� can be written as Lg,s=Lg,s

1/2+Lg,s
−1/2, where the

superscripts denote the spin projection of the third atom �9�.
In experiments it has not been possible to study these decay
channels separately. Therefore we prefer to use the term of
the total recombination loss rate constant Ls rather than the
event rate often denoted in literature as Kbbb.

In the three-body recombination mechanism described by
Kagan et al. �13�, the electronic dipole interactions in a col-
lision of three H↓ atoms induce a spin flip of one or two of
the participating atoms. A molecule can be formed at the
same time because of the presence of the third atom to sat-
isfy the conservation laws. Therefore there is no principal
difference for the process to occur in the bulk or on the
surfaces of the experimental cell. The first calculation of the
bulk rate constant Lg �13� agreed with the experiments
�4,5,7,8�. To estimate the surface rate constant it was pointed
out �14� that for low values of adsorption energy, Ea�1 K,
the delocalization of the adsorbed atoms in the direction per-
pendicular to the surface given by l=� / �2mEa�1/2 may be-
come larger than the characteristic radius r0 of the interaction
potential of the atoms ��0.35 nm for H↓ in three dimen-
sions�. In this case interatomic collisions may be treated as
three dimensional, and the rate constant of the surface re-
combination is related to the bulk one as �14,15� Ls�Lg / l2.
The value Ls�2�10−24 cm4/s estimated on the basis of
such a scaling approach agrees roughly with the measure-
ments �4,5,8�. However, more elaborate calculations �9,16�,
the former of which takes into account the actual profile of
the atomic wave function in the perpendicular direction, give
nearly an order of magnitude smaller values in the 5–10-T
range. Furthermore, the calculations predict a field depen-
dence that is in qualitative disagreement with experiments in
this range �opposite sign, for both bulk and surface pro-
cesses�. At very high magnetic fields �10–20 T�, the situa-
tion reverses and the calculations all predict the qualitative
field dependence measured by the experiment �7�. The cal-

culations from the two independent groups and the experi-
ment all converge in absolute value at the highest field mea-
sured to date �7�.

The bulk density n was typically the main and most easily
accessible quantity measured as a function of time during the
decay of a H↓ sample. The observed n�t� was fitted to the
rate equation �1� with the effective rate constants being free
parameters. Then, the intrinsic surface recombination rate
and Ea were obtained, respectively, as the intercept and the
slope of the plots of the logarithm of the effective rate vs
1/Ts �cf. Eq. �4��. However, such an approach may lead to
errors if there are undetected temperature inhomogeneities.

III. EXPERIMENT

The first estimate of the three-body recombination con-
stant based on independent measurements of the surface den-
sity and the recombination loss rate was reported in our pre-
vious work �10� where 2D H↓ gas was compressed thermally
on a cold spot �CS� of 0.15 cm diameter located in the center
of an �electron spin resonance� ESR resonator. The surface of
the CS is oriented perpendicular to the main polarizing field.
This sidesteps complications related with two-body dipolar
relaxation on the surface as it is known that the rate of this
process vanishes in such an orientation �17�. The CS was
actively cooled by the 3He-4He mixture of a dilution refrig-
erator to a constant temperature in the range 50–100 mK,
while the rest of the sample cell �SC� walls were kept at a
somewhat higher temperature. Being aware of three-body re-
combination on the CS, we made the latter to have a rela-
tively small area. It turned out, however, that the contribution
of the cold spot to the atom loss was hardly discernible from
the background of the one-body relaxation rate. Using spe-
cial techniques of rapidly activating or deactivating the ther-
mal compression we could detect a small increase of the
recombination heat appearing due to the high density on the
cold spot. We were able to estimate roughly that the three-
body recombination rate constant is at least an order of mag-
nitude smaller than was expected. Quantitative studies of the
recombination processes in the dense 2D H↓ gas were not
possible due to the too small size of the compression region.
Having the size of the cold spot smaller than the waist of the
mm-wave beam in the resonator leads to another difficulty
related with an inhomogeneous density profile near the spot
edge. This caused an inhomogeneous broadening of the ESR
lines which made it impossible to study the broadening due
to interactions in the 2D gas.

For the present work we redesigned the sample cell in-
cluding the ESR resonator and the cold spot �Fig. 1�. The
diameter of the cold spot was increased to 0.6 cm. At the
same time the thermal isolation of the cold spot from the cell
walls was improved by connecting them with a 20-	m My-
lar foil. The volume of the sample cell was increased to
40 cm3 thus eliminating the need for a buffer volume used
previously �10,18�. To reduce the rate of undesirable one-
body relaxation we covered most of the inner sample cell
walls with a 20-	m Mylar foil glued with Stycast 1266 ep-
oxy �19�. A further decrease of the relaxation rate was ob-
tained by coating the walls with a H2 layer. A hydraulic valve
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based on the fountain effect in superfluid 4He was installed
in the H↓ filling line between the sample cell and a cryogenic
dissociator.

In a typical measurement we first load the sample cell
with H↓ gas from the dissociator. After the sample accumu-
lation we turn off the dissociator, close the fountain valve at
the SC inlet, and cool the SC down to a desired temperature
in the range Tc=120–200 mK. The temperatures of the mix-
ing chamber of the dilution refrigerator, the cold spot cooling
mixture �Tm�, and the sample cell are actively stabilized dur-
ing the measurement of the decay. The thermal link between
the SC and mixing chamber is strong enough to remove re-
combination heat of the order 10 	W but yet allows a sen-
sitive measurement of this heat. The bulk gas in the SC and
the 2D gas on the cold spot are detected by ESR at 128 GHz
�11,18�. During the sample accumulation we can detect the
ESR lines of the hyperfine transitions a→d and b→c, but
rapidly after turning off the dissociator the first line disap-
pears due to preferential recombination of the “mixed” a
state which makes the sample doubly polarized in the
“pure” b state. A typical collection of experimental data ob-
tained during the decay of the H↓ sample includes a set of
ESR b→c-transition spectra of bulk and 2D atoms and the
feedback power of the SC temperature controller as a func-
tion of time. The bulk gas density n is extracted from the
integral of the corresponding ESR lines. To calculate surface
density � from the ESR spectra we use the shift 
B of the
surface line from the bulk one. It has been shown in our
previous work �10,18� that the shift depends linearly on the
surface density as 
B=1.0�1��10−12 cm2��. The recombi-
nation loss rate R�t� is calculated from the feedback power of
the SC temperature controller. By integrating R�t� we get an
independent method to measure the bulk density, also used
for its absolute calibration.

The 2D ESR line shapes observed in the present work
are narrow and symmetrical, with the width increasing lin-

early with the surface density from 0.1 to 0.15 G, up to
��3.3�1012 cm−2. At higher densities the lines broaden
rapidly to 0.5 G and become asymmetrical. Contrary to the
previous measurements �10� we did not observe any influ-
ence of the temperature difference between the SC and CS
on the line shapes of the surface atoms. The minimum ob-
served width of 0.1 G, interpreted as our instrumental line-
width, may be caused by the frequency instability of the
mm-wave source or a pickup current in the magnetic-field
sweep coil. The reasons for the changes of the line shape and
its broadening at ��3.3�1012 cm−2 are not clear at present.
A possible reason is that recombination overheating leads to
an inhomogeneity of the temperature and surface density on
the cold spot. In this work we use data for smaller surface
densities only where the lines do not exhibit inhomogeneous
broadening.

IV. RESULTS

A. Pure 4He surface

In Fig. 2 we present data obtained during several H↓ de-
cays at the sample cell temperature Tc=178 mK and various
cold spot temperatures. At a high cold spot temperature like
160 mK the decay is of first order, governed by b→a relax-
ation on the sample cell walls. The rate constant of this pro-
cess was minimized to Gs�8�10−2 s−1 by coating the cell
walls with a �30-nm-thick H2 film. When lowering the
sample cell temperature to about 100 mK the decay deviates
from the first-order character indicating that some higher-
order processes start to appear. The H↓ surface density on the
sample cell walls was not known, making the analysis of the
decays for low Tc difficult. Therefore we kept the SC tem-
perature relatively high, e.g., at Tc=178 mK, where we could
still achieve surface densities on the cold spot close to the
maximum possible in this setup. We run a series of decays
with different temperatures Tm of the 3He-4He liquid cooling
the cold spot. Decreasing the cold spot temperature increases
the recombination rate which is clearly visible from the rate
of change of the bulk density �Fig. 2�a�� as well as from the
total loss rate independently calculated from the recombina-
tion power �Fig. 2�b��. Due to recombination overheating the
temperature Ts of the 2D gas on the cold spot at high surface
densities differs from Tm. To find Ts we use the adsorption
isotherm �Eq. �2��, which method works very well since we
measure the surface and bulk densities independently �10�.

Raising the cold spot temperature to above 	150 mK
does not influence any more the decay rate in the sample
cell, which we then define as background cell contribution
Rc�n� �lowermost trace in Fig. 2�b��. To find the contribution
of the cold spot to the decay we subtract Rc�n� from the rates
measured at lower temperatures of the cold spot. In Fig. 3�a�
we plot this difference Rs as a function of the third power of
the surface density, �s

3. Unfortunately, due to the recombina-
tion overheating the temperature of the 2D gas does not re-
main constant, as can be seen from Fig. 3�b�. However, these
relatively small changes do not influence the recombination
loss rate significantly, since the points with different Ts fall
roughly on the same line in Fig. 3�a�. The linearity of the Rs
vs �s

3 plot proves that we are dealing with third-order recom-

FIG. 1. �Color online� Schematic drawing of the Fabry-Perot
ESR resonator with the cold spot. The graph shows a calculated
density profile for high surface densities, ��3.3�1012 cm−2, ob-
tained by optimizing the shim coil current for narrowest linewidth.
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bination described by the simple equation R=L3�s
3As. Then,

the rate constant is found from the slope of the line fitted to
the data of Fig. 3. For the area of the cold spot As we take its
geometrical area 0.32 cm2. The region where we can detect
2D H↓ is defined by the �0.3-cm-diameter waist of the mm-
wave beam in the resonator. Therefore we cannot detect at-
oms close to the edge of the cold spot. In our previous cell
�10� the beam waist was larger than the cold spot and by
numerical processing of the ESR spectra we were able to
restore the density profile near the spot edge. It turned out
that the density profile has a rather steep step at the edge, so
that three-body recombination outside the spot was estimated
to be negligibly small. The improved thermal insulation of
the cold spot region in the present setup, together with the
larger size of the spot, makes the step approximation of the
surface density even better and justifies the use of the geo-
metrical area in the determination of the absolute value of
the rate constant.

A small nonlinearity of the R��s
3� plot can be caused by

temperature changes in the surface gas during the decay. To
elucidate a possible temperature dependence we calculate the
rate constant Ls as the ratio Rs /�s

3As for each data point and
plot it as a function of Ts in Fig. 3.

Unfortunately, �s�Ts� decreases rapidly with increasing Ts

following the adsorption isotherm �2�. This limited the maxi-
mum temperature at which we could obtain useful data to
about 120 mK. To get some data for higher temperatures �the
130-mK point in Fig. 4�, we used the method of rapid
switching the thermal compression on/off as described in our
previous work �10�.

B. 3He-4He mixture films

It is known that the presence of even a small amount of
3He in liquid 4He strongly influences the adsorption energy
of H↓ �20�. We added 0.1 at. % of 3He into 4He and run
similar decays as with isotopically pure 4He. According to
the measurements of Safonov et al. �20� this concentration
will reduce the adsorption energy to �0.5 K. Because the
surface density scales as exp�Ea /Ts�, we expected that a de-
crease of temperature by a factor of �2 would lead to the
same values of surface densities and decay rates as for pure
4He. Indeed, the value of the one-body relaxation rate con-
stant at Tc=88 mK appeared to be about the same as with
pure 4He at Tc=178 mK. But the surface density at the cold
spot appeared to be significantly smaller even at the lowest
spot coolant temperature of 45 mK. We could not compress
the 2D H↓ samples to surface densities higher than 1012 cm−2

on the mixture film. Knowing both densities � and n, we

FIG. 2. Typical set of data obtained during decays of hydrogen
sample at cell temperature Tc=178 mK and various temperatures
Tm=160 mK ���, 101 mK ���, 95 mK ���, and 70 mK ��� of the
cold spot coolant mixture.

FIG. 3. �a� Recombination loss rate and �b� temperature of the
2D gas at the cold spot at cell temperature Tc=178 mK and differ-
ent temperatures of the cold spot Ts=101 mK ���, 95 mK ���, and
70 mK ���.
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calculated the ratio Ea /T and found that it does not remain
constant during the decay. This may be explained by changes
of the adsorption energy or the surface temperature. The
latter seems to be more feasible, since the heat transfer from
the adsorbed gas to helium is mediated by a poor thermal
contact between ripplons and phonons of the film �21� which
scales as T20/3 and is expected to be a most serious obstacle
of cooling the surface gas substantially below 100 mK. Low-
ering the film temperature by a factor of 2 leads to a decrease
in heat conductance by two orders of magnitude. Although
we failed in the compression of the surface gas to high
densities, the influence of the cold spot on the decay kinetics
was well visible �Fig. 5�. After the same data processing as
for pure 4He, we plot the contribution of the cold spot to
the recombination rate as a function of the third power of
surface density �Fig. 5�b��. Fitting a line to the data yields
the value Ls=1.3�4��10−24 cm4/s for the three-body rate
constant. Assuming that during the decay the adsorption en-
ergy remains constant at Ea=0.5 K we estimate that the sur-
face temperature on the cold spot is changing from
60 to 45 mK. This defines the error bar for the correspond-
ing point in Fig. 4.

C. Sources of error

One of the possible errors in the determination of Ls in
our experiments comes from the uncertainty in the H↓ sur-
face density profile over the cold spot region. As mentioned
above, at high surface densities, �=3.3–4�1012 cm−2, we
observed broadening of the ESR lines. From the previous
work �10� we know that inhomogeneous surface density can
cause density dependent broadening. To verify this, we ap-

plied an extra magnetic field with parabolic radial profile of
a miniature shim coil mounted to the sample cell �Fig. 1�. By
changing the strength and direction of the current we found
that the broadening can be partially explained by the density
profile with the surface density increasing towards the edge
of the cold spot. We consider the recombination overheating
of the surface gas as the main reason for such a density
profile. Excited H2 molecules, escaping from the 0.1-cm gap
between the cold spot and the flat mirror of the ESR
resonator �Fig. 1�, experience on the average a larger number
of collisions with the central regions of the spot than with
its edge. Our simulations of this process show that it
may lead to a heat flux to the surface which decreases para-
bolically towards the edge of the spot. By minimizing the
linewidth with the shim coil we can estimate the field
and hence the density profiles appearing in the central region
of the cold spot with ��0.15 cm. For the surface density
in the spot center �s�0�=3.3�1012 cm−2 we find that the
radial density distribution is represented by the function
�s�����3.3+7�2��1012 cm−2 �� in cm�, plotted in Fig. 1.
We extrapolate this density profile to the edge of the spot and
calculate the three-body recombination loss rate by integrat-
ing Ls�s���3 over the spot area. For the integrated rate we
obtain �35% larger value than the simple geometrical value
of Ls�s�0�3As. This may lead to overestimation of Ls by the

FIG. 4. Summary of data for the three-body recombination rate
constant Ls. Closed circles represent data obtained in this work at
various temperatures of the 2D gas using pure 4He, diamond stands
for 0.1% 3He-4He mixture film. Dashed lines are the extrapolations
of the results of Bell et al. �5� with certain assumed temperature
dependencies �see text for explanation�. �: Sprik et al. �4�; �:
Reynolds et al. �8�; �: Safonov et al. �3�. Solid line is calculation of
de Goey et al. at 4.6-T field.

FIG. 5. Experimental data obtained from the decays with 0.1%
mixture 3He-4He film at the sample cell temperature Tc=88 mK. �a�
Evolution of bulk density at Tm=85 mK ��� and Tm=45 mK ���,
and of surface density at Tm=45 mK ���. �b� Recombination rate
on the cold spot at Tm=45 mK as a function of the third power of
surface density. Solid line is a linear fit to the data with
Ls=1.3�4��10−24 cm4/s.
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same amount, and the error should be much smaller for the
lower density points where the effect of the density profile
vanishes.

Another error may arise from the inaccuracy of the
calibration of the surface density vs the shift 
B of the 2D
ESR line from the bulk line. The measurement of the shift is
straightforward with an accuracy better than the half width of
the lines ��80 mG�. In the considered density range this
leads to an error of at most 5%. For the calibration of the
surface density we compare the area under the surface
absorption line shape with that of the bulk line. A quantity
involved in the calibration procedure is the ratio of integrals
of the mm-wave H1 field over the volume of the bulk sample
and the area of the adsorbed gas. The presence of dielectric
materials like epoxy and liquid helium in the resonator com-
plicates the calculation of the ratio. We estimate the calcula-
tion to be accurate to within 10%, which leads to the same
error in the calibration of the shift 
B against �, used to
calculate surface density. Finally, we estimate that the
sources of error mentioned above may lead to an overall
30% error in the determination of the three-body rate
constant Ls.

V. DISCUSSION

To compare our results with those obtained in earlier H↓
measurements, we have to take into account the different
experimental conditions �magnetic field and temperature
range� in which the measurements have been carried out.
The results reported for the three-body surface recombina-
tion rate constant in Refs. �3–5,8� are summarized in Fig. 4.
Bell et al. �5� and Sprik et al. �4� report a small decrease
of the rate constant with increasing magnetic field B
which is, however, in disagreement with the theory of de
Goey et al. �9� who predict a growth of Ls�B� in the range of
the fields considered. The field dependence has been
observed to reverse, however, at higher magnetic fields �7�,
and only comes into full quantitative agreement with
calculations at 20 T, after yet a second reversal. The com-
parison of data and calculations taken at different fields in
the 5–10-T range therefore remains problematic. The
calculated result �9� for the temperature variation of Ls in the
present field B=4.6 T are plotted with a bold solid line in
Fig. 4. One can see that our data lie substantially below the
previous experiments, but still above the theoretical
value. The weak temperature dependence of Ls indicated by
our data may be explained by the increase of the ternary
collision rate at higher temperatures and agrees with the cal-
culations �9�. The much larger values of Ls obtained in the
previous measurements may be accounted for on the basis of
an underestimation of the value of the adsorption energy
used in the processing of the data. The surface recombination
rate constant was calculated from the effective bulk rate
using Eq. �4� with Ea extracted from the fit of Ls

ef f vs 1/T.
Bell et al. �5�, who made decay measurements down to
250 mK only, varied the value of Ea and included some
hypothetical temperature dependencies of L3 in their fits,
which we extrapolate in Fig. 4 to below 250 mK. The
uppermost of the dashed lines stands for Ea=0.99 K and Ls

=1.5�10−24� �T /0.5 K�1/2, the middle line for Ea=1.08 K
and Ls=1.0�10−24� �T /0.5 K�1/2, and the lower one for
Ea=1.15 K and Ls=7.0�10−25� �T /0.5 K�. Due to the
strong exponential factor in Eq. �3� such relatively small
changes of Ea lead to rather large differences in Ls. Sprik et
al. and Reynolds et al. extracted their results from the fits
with Ea fixed to 1.0 K. If we recalculate Ls from their data by
using the latest value Ea=1.14 K �20�, we get an order of
magnitude smaller values which agree well with our results.
In Fig. 4 we present also the value of Ls obtained in
our magnetic compression experiments �3�, where the value
Ea=1.01 K was used.

We found an eightfold increase of the three-body
recombination rate constant on the mixture 3He-4He films.
The most important difference of the mixture from the pure
4He film is that 3He may, like atomic hydrogen, occupy
the surface bound states. This influences the surface interac-
tion potential for hydrogen making it more diffusive and
results in a substantial decrease of the adsorption energy
�20�. A smaller value of the adsorption energy leads to a
larger size l of the atomic wave function in the direction z
perpendicular to the surface. According to de Goey et al. �9�
Ls is sensitive to the shape and width of the wave function in
the z direction. The authors �9� use the function of the shape
0=2l−3/2z exp�−z / l� with l=0.37 nm. Kagan et al. �14� used

a somewhat broader function, ̃0= �2/ l�1/2 exp�−z / l� with
l=0.53 nm, and got a factor of 2.4 larger value for Ls. Such
a dependence on the delocalization length l agrees with our
result for Ls on 3He-4He films with Ea=0.5 K for which l is
about 1.5 times larger than for pure 4He film. However, this
is in contradiction with the scaling approach described in
Refs. �14,15�, according to which the surface rate constant
should be related to the bulk one as Ls	Lg / l2. One should
bear in mind that the validity of the scaling approach is
justified by the inequality l�r0, which is not fulfilled for the
case of atomic hydrogen where we rather have l	r0. Know-
ing the correct dependence of Ls on Ea would be important
also from the viewpoint of reaching higher degeneracies in
2D H↓.

The maximum values of quantum degeneracy of ��1.5
that can be reached in thermal compression experiments
�present work and Ref. �10�� are limited by overheating of
the surface gas due to three-body recombination in the
compression region. The heat flux through the surface due to
this process increases rapidly with the surface density as
Qrec=Ls�

3fD, where D=3.7�10−19 J is the dissociation en-
ergy per atom and f �0.01 is the fraction of the recombina-
tion energy deposited into the film at the recombination site
�22�. This heat flux cannot exceed the maximum cooling
power of the surface Qcool=GrpTs

20/3 dictated by the thermal
contact Grp between ripplons and phonons of the film �21�. If
we neglect all other sources of heat to the surface, we obtain

�max =
2��2

mkb
� Grp

DLsf
�1/3

Ts
11/9. �5�

The influence of Ls, f , and Grp on �max is rather weak
as defined by the third-power dependence of the recombina-
tion rate on �. Evaluating �max from Eq. �5� we get
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�max�30 K−11/9�Ts
11/9. For Ts=0.1 K this gives �max

�1.8, in good agreement with the values achieved in the
experiments. According to Eq. �5� increasing the surface
temperature would help to get a higher degeneracy, but then
the surface density would decrease according to Eq. �2� and
one would need much higher bulk densities to retain the
same �. This problem may be solved with a more intense H↓
source or by compressing the bulk gas. On the other hand, an
increase in the bulk density is limited by the growth of the
heat flux to the cold spot due to thermal accommodation of
the bulk atoms. We estimate that at densities n
=1015–1016 cm−3 and surface temperatures Ts�150 mK one
may reach the quantum degeneracy ��2.5. Another way to
work at higher surface temperatures would be to increase

simultaneously the adsorption energy. This can be done by
utilizing thin unsaturated films of 4He �23�. In this case one
may also hope that the three-body recombination rate con-
stant will decrease because of the smaller delocalization
length l of the adsorbed atoms.
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