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Atomic deuterium adsorbed on the surface of liquid helium
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~Received 7 December 2000; revised manuscript received 21 February 2001; published 29 June 2001!

We investigate deuterium atoms adsorbed on the surface of liquid helium in equilibrium with a vapor of
atoms of the same species. These atoms are studied by a sensitive optical method based on spectroscopy at a
wavelength of 122 nm, exciting the 1S-2P transition. We present a direct measurement of the adsorption energy
of deuterium atoms on helium and show evidence for the existence of resonantly enhanced recombination of
atoms residing on the surface to molecules.
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Triggered by the first observation of Bose-Einstein co
densation~BEC! in atomic gases@1–4#, there has been a
growing interest in the investigation of quantum degener
behavior of fermionic atoms. Attention has focused mai
on magnetically trapped gases of the fermionic isotopes6Li
and 40K. The latter isotope was the first atomic Fermi gas
be cooled to below the Fermi temperature@5#.

An a priori candidate for the comparison between Bo
and Fermi gases is the simplest atom of all: hydrogen~H!
with its fermionic isotope deuterium~D!. The appeal of these
atomic gases lies both in the possibility of cryogenic preco
ing, which enables much larger samples to be cooled t
with laser-cooling techniques, and in the existence of a n
ral two-dimensional quantum gas on the surface of liq
helium. The H quantum gas has been extensively inve
gated and quantum degenerate behavior~BEC! has been re-
ported both in three dimensions@6# and in the two-
dimensional ~2d! adsorbed gas@7#. The first optical
observation of H atoms in the adsorbed phase was repo
in 1998 @8#. In that experiment Lyman-a spectroscopy at a
wavelength of 122 nm was used to excite the 1S-2P transi-
tion in a surface-specific way. In this paper we will u
Lyman-a spectroscopy to investigate a three-dimensio
gas of atomic deuterium in contact with D atoms adsorb
on the surface of liquid helium. Deuterium atoms are ea
distinguished from the hydrogen atoms that are alw
present as impurities because of the large isotope shif
about 630 GHz.

In contrast to H, very few experiments with spin
polarized D have been reported in the literature, mainly
cause spin-polarized D has been found to be significa
less stable than spin-polarized H and experiments are m
harder@9–14#. The key reason for the low stability of D i
the high adsorption energyEa on the helium surface tha
reduces the overall lifetime because loss processes~molecule
formation! occur primarily on the surface. Knowledge o
both this binding energy as well as the rate constant gov
ing the formation of molecules are essential ingredients
any experiment aiming at 2d quantum degeneracy. To d
1050-2947/2001/64~2!/022901~7!/$20.00 64 0229
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the values of both these quantities are not beyond con
versy. It has been suggested@14# that the recombination rate
on the surface in finite magnetic field may be dominated
a resonant process similar to what was predicted for fre
atoms@15#. This assumption has never been properly tes

The aim of this paper is threefold: first, to provide a dire
measurement of the absorption energy of a deuterium a
onto liquid helium, second to determine the rate constant
recombination~molecule formation! of atoms residing on the
surface as a function of magnetic field, and finally to attem
to approach the regime of Fermi degeneracy in the adsor
of D atoms as closely as possible. To be more precise, in
paper we present optical measurements of both the sur
gas and the vapor above the surface to extract quantities
as adsorption energy and surface recombination.

The adsorption energy for H on the surface of liquid h
lium Ea /kB51.0 K @11# is well established. For D the val
ues reported in literature vary betweenEa /kB52.6(4) K
@9#, measured in 8 T, andEa /kB53.97(7) K in zero field
@14#. The discrepancy between these values is significa
larger than the accuracy of the measurements. A poss
explanation was put forward in Ref.@14#: It is suggested tha
the presence of one or more Feshbach scattering resona
may influence the measurement ofEa when performed in
high magnetic field. In fact, measurements reported in R
@9# and @14# rely on the assumption that the ‘‘cross length
l DD governing the formation of molecules on the surface
independent of magnetic field and temperature. As we w
explain below, this assumption may be wrong if Feshba
resonances are present. The measurements ofl DD reported in
the literature show large variations. For example Hayden
Hardy @13# find l DD,30 Å whereas in Ref.@10# a value of
l DD.300 Å was obtained.

It should be noted that an additional complication is t
small but finite probability for D atoms to solvate into th
liquid helium. With H atoms this solvation probability i
negligibly small. For D the chemical potentialms for solva-
tion into the liquid corresponds to about 14 K~see Ref.@13#!,
which is much smaller than for an H atom. Moreover, mo
©2001 The American Physical Society01-1
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A. P. MOSK, M. W. REYNOLDS, AND T. W. HIJMANS PHYSICAL REVIEW A64 022901
experiments with D atoms to date have been carried ou
relatively high temperatures, in the range 0.7 K to more th
1 K. In the present paper the relevant temperatures are b
0.35 K. As the solvation scales roughly as exp(2ms/kBT) we
can neglect this effect at our temperatures.

All measurements ofEa presented in literature for D at
oms are based on a determination of the decay of the ato
gas due to recombination of adsorbed atoms. A direct m
surement ofEa has not been performed to date. Such a dir
measurement relies on the following simple relation, va
when a three-dimensional gas is in equilibrium with an a
sorbed two-dimensional phase in the nondegenerate~Boltz-
mann! limit,

n25n3L expS Ea

kBTD , ~1!

where n2 and n3 are the surface and bulk density, respe
tively, and L5(2p\2/mkBT)1/2 is the thermal de Broglie
wavelength. To obtainEa using this equation one needs
have experimental access ton2 andn3 simultaneously. Using
optical spectroscopy we were able to measuren3 and to ob-
tain a fluorescence signal proportional ton2 from the ad-
sorbed atoms.

I. EXPERIMENTAL METHODS

We first describe the experimental setup used for the
periments with H and D adsorbed on He. The heart of t
setup is shown in Fig. 1. The apparatus is described in g
detail in Ref.@16#. A volume ~called the buffer! of approxi-
mately 30 cm3 is filled with D atoms, electron-spin polar
ized into their high-field seeking states. These are states
electron-spin projectionms521/2. From the inset in Fig. 2
it can be seen that there are three such hyperfine state
fact all three high-field seeking states will be equally pop

FIG. 1. Drawing of the experimental apparatus. The level of
helium ~indicated by wavy lines! and field profile are shown in the
left panel. The cell is placed in a 7 T bias field. The magnetic pin
and compressor are cobalt-iron pole pieces producing a pronou
dip ~the magnetic barrier! and a local maximum~at the helium
surface! in the magnetic field.
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lated. The fields are so high~several T, even outside the fiel
range given in the figure! that the electronic and nuclea
spins are effectively decoupled. The hyperfine splittings
the excited states are too small to be resolved. Hence, we
without loss of generality suppress the nuclear quant
numbers and consider only spin and orbital angular mom
tum.

The atoms are produced in a cryogenic discharge in
lium vapor operated at a temperature of about 0.8 K. T
discharge cell contains solid D2 on the walls. These mol-
ecules are dissociated while the helium discharge is runn
The produced monoatomic gas flows towards the buffer v
ume with a flux of typically 101221013 s21. We perform
experiments while the discharge is running, with the fillin
flux compensating the recombination losses. With the d
charge switched off the D gas decays in a few seconds du
the formation of D2 molecules.

Below the buffer volume there is a second volume cal
the cell. The buffer is kept at a higher temperature than
cell to reduce absorption of D on its walls. The atoms ads
primarily on the surface of a layer of bulk helium, located
the bottom of the cell. The temperature of the liquid heliu
is about 0.3 K. The buffer temperature is typically betwe

e

h
ed

FIG. 2. Level diagram of the 1S ground state and 2P excited
state manifold of D. The measurements are performed in fields
tween 4 and 8 T. The levels are shown only for relatively low fie
in order to keep the hyperfine levels~conventionally labeleda
throughz for the ground state! and the fine structure~for the 2P
state! visible. The hyperfine splitting of the excited states is mu
smaller than their natural width. The field values used in the exp
ment are much larger than the the hyperfine field of the ground-s
manifold. Upon optical excitation the nuclear spin is decoupled a
so to say ‘‘just goes along for the ride.’’ As a consequence,
hyperfine composition of the adsorbed atoms is irrelevant for
spectroscopy. For light propagating along the direction of the
plied magnetic field, only two transitions remain allowed in hig
magnetic field, ones1 and ones2 . These transitions are indicate
with thick arrows.
1-2
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0.4 and 0.45 K. A strong field gradient~1.6 T/cm! in the cell
pushes the atoms towards the helium surface, a princ
known as magnetic compression. The cell is separated f
the buffer by a magnetic barrier~a local field minimum! that
limits the flux of atoms from the buffer to the cell. The ce
and buffer are mounted inside the bore of a superconduc
solenoid that produces a magnetic bias field of betwee
and 7 T. The magnetic compression and the barrier betw
buffer and cell are created with cobalt-iron pole pieces~see
Fig. 1!. We control the fluxfb→c from the buffer to the cell
by varying the temperatureTb of the buffer volume. The flux
is approximately given by

fb→c'
1

4
nbv̄bAbexp@2mB~Bb2Bmin!/kBTb#, ~2!

where v̄b is the average thermal velocity of atoms in t
buffer andmB is the Bohr magneton.Bb and Bmin are the
magnetic fields in the center of the buffer and at the magn
barrier, respectively.Ab is effective area of the aperture sep
rating the buffer from the cell, which includes the Clausi
factor of the tube taking into account the strong magne
field inhomogeneity in the barrier region. From a Mon
Carlo calculation we obtainedAb51.57 mm2. The net flux
from buffer to cell isfb →c2fc→b where the back fluxfc→b
is given by the same expression Eq.~2! but with nb replaced
by the cell densityn3 , Bb replaced by the fieldBc at the
bottom of the cell, andTb replaced by the cell temperatur
Tc . The velocityv̄c is evaluated at the cell temperatureTc in
this case.

A few words of clarification are needed about the me
ing of the cell densityn3. As in Eq.~1! we use the subscrip
3 ~from three dimensional! for the cell density to distinguish
it from the two-dimensional density of atoms adsorbed
the surface. However, in contrast to the buffer where the fi
is nearly constant, the cell has a field gradient and a c
comitant varying density. We will understandn3 to mean the
density just above the surface. The density decreases
height above the surface due to the strong field gradi
analogous to a barometric height distribution. We now int
duce a field and temperature-dependent effective volu
Ve5*Vexp$mB@B(x)2B(0)#/kBT%d3x. Here the integral is
over the volumeV of the cell andB(0) is the field at the
bottom of the cell~i.e., at the helium surface!. Ve is defined
such thatn3Ve equals the number of atoms in the cell.

The atoms in the buffer, the cell, and the adsorbed ph
can all be observed independently using Lyman-a spectros-
copy. The light source we used to produce tunable nar
band 122 nm light is described elsewhere@8,17#. As can be
seen in Fig. 1 the light beam passes through the appar
from the bottom to the top. We measure both the absorp
of the light as well as the light-induced fluorescence~LIF! as
a function of the incident light frequency. The atoms in t
buffer are distinguished from those in the cell because t
reside in a different magnetic field and the resonance li
experience different Zeeman shifts. The LIF of adsorbed
oms can be distinguished from that of those in the va
because the resonance lines are shifted by several hun
02290
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GHz relative to those of bulk atoms due to the interactio
with the liquid helium. Particularly the LIF of the absorbe
atoms will be discussed below in more detail.

II. EXPERIMENTAL RESULTS

In this section we discuss the experimental results
spectroscopy of D atoms using Lyman-a spectroscopy. The
technique allows us to infer the three crucial parameters
the problem:nb , n3, andn2. The temperaturesTb andTc are
measured directly with resistance thermometers.

In earlier studies with H atoms@8# it was found that the
LIF of the surface atoms takes the form of a broad feat
shifted about 300 GHz to the red of the spectral line of fr
atoms in the bulk gas. In the deuterium case the broade
of the surface line is even larger than for H. We have
indication that the fluorescence is broadenend to more th
THz. We could not detect a frequency dependence over
100-GHz lock range of our laser system and the fluoresce
was visible when D atoms were present at all frequenc
between the H spectrum and a blue detuning of 100 G
with respect to the D lines. We infer the surface density o
atoms by fixing the frequency of the light to a value close
where the peak of the surface LIF of the D atoms is e
pected, about 400 GHz to the red of the free-atom resona
We detect a LIF signal that we assume to be directly prop
tional to the densityn2 of adsorbed atoms, since we expe
temperature or density dependence of the LIF line shap
be negligible in comparison to the 1-THz width. This
based on the observation that for hydrogen atoms adso
on either pure4He or on4He covered with a~sub!monolayer
of 3He, no dependence on temperature was observed. M
over it was found that the difference in linewidth of the LI
of H on the 3He covered surface was narrower by a factor
about 2.5 as compared to pure4He substrates. We found tha
this linewidth scales linearly with absorbtion energy, whi
for H decreases from 1.0 K to 0.4 K when a layer of3He is
added. If we assume that the scaling continues to hold
least approximately when changing from hydrogen to deu
rium, we can infer a linewidth that should be well over th
1 THz. This is indeed too broad to resolve with our appa
tus. We have attempted to study D on a3He covered surface
but found that no usable spectra could be taken in our
due to excessive helium dripping~see caption of Fig. 3!,
most likely enhanced by the reduced surface tension.

The densityn3 of nonadsorbed D atoms can be measu
from the LIF as well as from absorption spectroscopy
frequencies close to the free-atom resonance. This is sh
in Fig. 3. The fit to the LIF signal of the bulk atoms is bas
on a single-scattering model, which is a good approximat
at the relatively low densities involved. The small bump
the right wing of the calculated LIF spectrum is due to ato
in the buffer. These atoms are not seen in the experim
probably because the efficiency of our fluorescence dete
breaks down at the very small angles at which these at
are seen. However the LIF is dominated in any case by
cell atoms that are quite well described by the simple mo
we used. The model takes into account the Zeeman and D
1-3
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pler effects. The Doppler effect gives rise to a symme
broadening, which is the same for each atom but its effec
generally not dominant. The Zeeman effect is usually lar
and gives rise to an asymmetric inhomogeneous broaden
This is due to the fact the the high-field seeking atoms po
late preferentially the region of highest field. The distributi
of atoms over different field regions manifests itself as a
on one side of the line as can be seen in Fig. 3. In fact, fo
linear field gradient, this tail reflects the height distributi
of atoms above the surface. The height distribution in t
depends on the temperature of the gas in the cell. The s
of the LIF curve is additionally influenced by the solid ang
to the detector. Basically the height distribution is weight
by the light-collection efficiency that decreases with heig
above the surface. As a consequence the tail is more
nounced in the absorption spectrum than in LIF.

The fluorescence detector can be calibrated in an abso
way by comparing the fluorescence peaks with fits to
transmission spectrum, which are essentially exact. From
fit we obtain an absolute value forn3 whereasn2 is deter-
mined up to a constant factor. We have performed these m
surements over a range of temperatures, so that we can
Eq. ~1! to directly obtainEa /kB53.1(2) K. The result is

FIG. 3. LIF and absorption spectra for D atoms for the transit
between the levels 1S1/2 ms521/2 and 2P3/2 mj523/2, taken
with s2 polarized light. This transition was chosen because it for
a closed cycle and its transition-matrix element is field independ
The full symbols are data of the transmission through the cell
the buffer. The solid line is a fit to the spectrum. The broad sa
rated feature in the absorption spectrum is due to the buffer at
and the weaker satellite to the right is due to absorption by
atoms in the cell. The open symbols are the fluorescence due to
atoms in the cell. The signal of the surface atoms is not visible
this plot. The noise in the absorption spectrum results from fall
He droplets due to the fountain effect caused by the tempera
gradient between buffer and cell. The parameters correspondin
the fits are:nb'631011 cm23, n3'931011 cm23. The tempera-
tures areTb50.44 K, Tc50.26 K. The small discrepancy betwee
the LIF and the fit is explained in the text. The detuning is measu
relative to the centroid of the Lyman-a spectrum for H atoms in
zero field. This is the average of the transition frequencies to
J53/2 andJ51/2 manifolds weighted by their multiplicities~also
see Fig. 2!.
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given in Fig. 4. The range of temperatures is limited fro
above by thermal instabilities~fountain effect! of the helium
in our apparatus, causing excess noise on the transmis
and fluorescence detectors. At the lowest temperatures~for
1/T*4.5 K21), there is no thermal equilibrium between th
~quickly recombining! adsorbed atoms and the bulk gas, a
therefore Eq.~1! is not rigorously valid. We have discarde
this temperature region from the fit. In Fig. 4; we also plott
n2 ~in fact we plot the fluorescence signal!. It can be clearly
seen that the temperature dependence is quite different
that of the ration2 /n3, which indicates that the fluorescenc
is not a spurious artifact due to bulk atoms.

We can also use Eq.~1! to determine the maximally ob
tained phase-space densityn2L2, a measure of how far we
are from Fermi degeneracy. Although the measurement on2
is not absolutely calibrated, the multiplicative factor follow
directly from Eq.~1!. We find that at the lowest temperatu
Tc50.19 K the phase-space density is'1022. In 2d this
implies TF /T'1022 whereTF is the Fermi temperature.

The value ofEa /kB53.1(2) K obtained from the fit in
Fig. 4 is consistent with the 2.6~4! K measured by Silvera
and Walraven@9# but lower than the value 3.97~7! K reported
by Arai et al. @14#. In the latter paper it is suggested that t
difference may be explained by the fact that their experim
is performed in zero field whereas Silvera and Walraven
a field of 8 T. The way in whichEa is measured in both thes
experiments is by determining the decay rate of the gas
sufficiently low temperature this decay takes place alm
exclusively by formation of molecules from adsorbed ato
on the surface. Consequently the natural way to describe
population dynamics would be in terms of an inelastic cro
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FIG. 4. Measured surface density in arbitrary units~left scale!
and ratio of cell density and surface density multiplied byAT in the
cell. The data are taken in essentially constant magnetic field
about 6 T. It is permissible to neglect the small variation~about 0.1
T! of the effective magnetic field due to a slightly different dist
bution of the atoms in the field gradient at different ends of
temperature scale.n2 varies only weakly in the temperature rang
shown, the buffer density decreases rapidly with decreasing t
perature. The solid points are used in the fit. The open squ
correspond to the temperature range where the 2d and 3d sys
become thermally decoupled due to fast surface recombination.
fit gives a direct measurement of the binding energy of 3.1 K.
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length l DD governing the collisions between two adsorb
atoms that lead to the formation of a D2 molecule. The rate
of the process is proportional ton2 and to the effective sur
face areaA2 on which the binary collisions take place. Th
surface is defined analogous toVe as A2
5*surfaceexp$2mB@B(x)2B(0)#/kBT%d2x, where the integral
runs over the surface of the cell. The factor 2 appears in
exponent because two atoms are involved in the formatio
molecules. BothVe andA2 depend on temperature. Our r
combination measurements are performed atTc50.3 K. At
this temperature we have for our cell:Ve50.015 cm3 and
A250.14 cm2.

The surface density is normally difficult to measure a
as a consequence in the literature the decay is usually
scribed in terms of aneffectivebulk-recombination rate con
stantK. If we assume that the gas has no nuclear polariza
~equal population of all high-field seeking hyperfine stat!
we may write@12,14#

Ṅ52VeKn3
2 , ~3!

whereṄ is the decay of the 3d gas in the cell. The effecti
two-body decay rate constantK is given by

K5 l DDv̄
A2

Ve
L2expS 2Ea

kBTD . ~4!

Herev̄ is the average thermal velocity of adsorbed atom
Equations.~3! and ~4! are based on the physical picture th
atoms spend part of their time on the surface and tha
equilibrium, the fraction of particles on the surface is det
mined by Eq.~1!. In the exponent a factor 2Ea appears be-
cause molecules are formed in pair collisions, hence the
cess depends onn2

2. By measuringṄ andn3 as a function of
T one, in principle, obtains values forEa and K. If one as-
sumes thatl DD is independent ofB and T one obtains the
following relation, given in Ref.@14#, between theK in zero
field and finite fields larger than the hyperfine field~i.e., forB
larger than a few tens of mT!:

K~0!5
3

8
K~B!/«D

2 , ~5!

where«D5aD /(A2mBB) with aD /h5218 MHz, the hyper-
fine frequency.

The way just described for determiningEa is plagued by
the uncertainty as to whetherl DD is in fact independent ofB
and T. Therefore we have independently measuredEa and
l DD . We have measured the field dependence ofK in the
following manner: The discharge is kept running produc
an approximately constant flux of D atoms. Some of
atoms recombine in the buffer volume but most escape o
the barrier to the cell. The buffer density is measured
fitting the absorption spectrum of the buffer atoms. From t
we calculate the escape fluxfb→c from buffer to cell accord-
ing Eq. ~2!. From the fluorescence spectrum of the cell
calculaten3 that gives usfc→b , which is generally much
smaller thanfb→c . In steady state the quantityṄ in Eq. ~3!
is equal to the net flux into the cellfb→c2fc→b . From this,
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with Eq. ~3! we obtain the rate constantK. The result is
plotted in Fig. 5 as a function ofB.

Since the result may be thought to depend exponenti
on thermometry errors, we took the spectra of H that occ
as an impurity in our deuterium simultaneously. Since the
does not recombine quickly, it can be used to check the
ance of the fluxes: for H the flux into the cell must equal t
return flux. We found the ratio of the density of H atoms
the buffer and the cell to be within the 30% accuracy of t
measurement. This indicates that possible thermometry
rors ~due to, e.g., spurious thermometer magnetoresista!
cannot contribute more than a factor'2 error to the mea-
sured field dependence while the data cover several orde
magnitude over the measured field range.

The conclusion from Fig. 4 thatK, or more preciselyl DD ,
depends strongly onB suggests that there may also be
pronounced temperature dependence ofl DD at constant mag-
netic field. This can be checked and the result is alre
partly contained in Fig. 3. Let us assume for the moment t
the net flux from buffer to cell is kept constant. In that ca
this flux is balanced by recombination on the cell surface a
this implies that ifl DD is independent ofT the surface density
n2 should also be almost independent ofT. Clearly we see
from the upper curve in Fig. 3 thatn2 is not constant but a
decreasing function of temperature. This tentatively sugg
a temperature-dependentl DD . To see this more quantitativel
we rewrite Eqs.~3! and~4! with the help of Eq.~1! to obtain

Ṅ52A2l DDv̄n2
2. ~6!

We now make the assumption that the net flux from
buffer to the cell is equal to the flux of atoms from th
dissociator to the buffer. This means that the atoms rec
bine almost exclusively in the cell rather than on the walls
the buffer. This assumption is reasonable whenever
buffer is significantly colder than the cell and was check

FIG. 5. Rate constant for two-body recombination~full sym-
bols! at Tb50.43 K andTc50.30 K, compared to results from
Refs.@9# ~triangle! and@12# ~open circles!. The error margin on the
result from Ref.@9# is the result of the extrapolation to our temper
ture. The solid circle and the dotted line are the measuremen
Ref. @14# at zero field and the extrapolation to finite fields, respe
tively. The solid curves are resonance curves taken from Ref.@15#,
scaled to appropriate strength and shifted to 3 and 5 T, respecti
1-5
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for cell temperatures below about 0.3 K. Further numeri
calculation ofA2 givesA2;T. Hence we haveṄ5 constant
and from Eq.~6! we find l DDv̄;(Tn2

2)21. From the fit ton2

in Fig. 3 taken atB56.2 T, we find roughly an exponentia
dependence of the right-hand side in this equation. We t
find l DDv̄;exp(22Eact/kBT). Here we introduced an the ac
tivation energy Eact/kB50.7(3) K. If one erroneously
would interpret this activation energy as part of the adso
tion energy, one finds an apparent adsorption energy:Ea*
53.1(2)20.7(3)'2.4(3) K in a field of 6.2 T.

III. DISCUSSION

In Fig. 5 we compare our data to values obtained by ot
groups. The dotted line in the figure is an extrapolation
finite magnetic field of the zero-field measurement of A
et al. @14#. We have scaled their zero-field measuremen
correspond to our temperature~the solid dot in Fig. 5!. To
extrapolate their measurement to finite fields we used
~5!. All data compiled in Fig. 5 have been rescaled to cor
spond to our value ofA2 /Ve59 cm21. It is clear that our
data lie well above the curve of Araiet al.Moreover, there is
a much stronger dependence on magnetic field. This ca
be due a spurious effect of electron-spin relaxation as for
field range and temperature; this lies many orders of ma
tude below our measured range ofK values. It was suggeste
in Ref. @14#, on the basis of an analogy with the situation f
free D atoms@15#, thatK may be enhanced in finite field du
to Feshbach resonances. Such a resonance occurs whe
energy of a highly excited state of the singlet molecule
incides with the energy of a triplet pair of deuterium atoms
the high-field seeking state; the two channels are t
coupled by the hyperfine interaction. Near such a resona
we may writeK as

K res5
A2

Ve

L4

t
expS 2Ea22mBB1ED

kBT D . ~7!

Here ED denotes the dissociation energy of a singlet m
ecule into a pair of adsorbed atoms. Expression~7! is valid
for fields higher thanED/2mB . The reaction timet charac-
terizes a two-step process: the formation of the exc
singlet-state molecule followed by its decay to lower-lyi
levels.

For free D atoms two Feshbach resonances, 2 T apar
which the rovibrational levels (v,J)5(21,0) and (21,1) of
D2 are involved, were predicted@15# in field range relevant
for this experiment. This suggests that we compare our d
with curves corresponding to Eq.~7!. Two such curves are
plotted in Fig. 5 at the somewhat arbitrarily chosen fie
values of 3 and 5 T~with the vertical scale adjusted to matc
the data best!. Above a single resonance, the rate will va
proportional to exp(2gmBB/kBT). The data vary slightly
more smoothly withB. It is to be expected that the free-ato
resonances are broadened in the presence of a helium
strate. One might expect a smearing of the same orde
magnitude asEa , which would correspond to a width o
more than 4 T, enough to wash out any structure in the re
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nance spectrum. Another possibility is that motion of t
singlet molecule coming off the surface engenders a cont
ous spectrum of resonances for surface recombination
any rate the strong observed field dependence supports
idea of resonance recombination.

Three other data points are included in Fig. 5. The m
surement at 8 T taken from Ref.@9#, extrapolated toT
50.3 K using their measured temperature dependence
corrected for our value ofA2 /Ve , is consistent with the ex-
trapolation of our data to higher field. The error results fro
the uncertainty in the value forEa quoted in Ref.@9#, which
is reflected in the extrapolation to lower temperature. In f
our data indicate that the influence of the resonance ha
extends to a field of 8 T, which explains why the value f
Ea /kB52.6(4) K found in Ref. @9# coincides with ours
within the margin of error. The data points at 4.07 T a
taken from Ref.@12#. We have extrapolated the measur
ments taken at their lowest temperature of 0.65 K down
our cell temperature using two different values: 3.0 and
K, respectively, for the effective adsorption energy~assum-
ing K;T21/2exp@2Ea /kBT# for the extrapolation!. Both data
points obtained in this way from Ref.@12# lie below ours.
The reason for this discrepancy is unclear.

In comparing the results of various groups, including t
present work, we consistently find marked differences in o
or more of the relevant quantities that remain unexplain
Our work does not resolve all inconsistencies and in f
raises new questions. One of the difficulties is that all m
surement are performed in either different ranges of m
netic fields and/or temperatures. In addition the underly
assumptions, both in the present work and in the cited lite
ture, are difficult to check and there may be hidden proble
with the analysis. One difference is the temperature: our te
perature is at least twice as low as in the other measurem
Comparing different measurements requires scaling to
same temperature~or magnetic field!. It is not obvious if
models used for this scaling always hold. Puzzling is the f
that the binding energy we obtain differs so much from t
very accurate value presented for zero field in Ref.@14#. We
have no doubt as to the accuracy of those measurements
the difference between our data is beyond the combi
statistical-error margin. We have no obvious explanation
this discrepancy. We can speculate. First, we note that a
the temperature differs by more than a factor of 2. In R
@14# it is implicitly assumed that the true binding energy
obtained because the influence of possible resonances is
ited to finite-field values and their measurement is done
sentially in zero field. Although this argument should ho
for the case for free D atoms it is possibly no longer true
adsorbed D atoms. In fact our data in Fig. 4 suggest a m
smoother dependence on magnetic field than the underl
picture based on two sharp Feshbach resonances. Su
broadened resonant structure may well extend down to z
field and consequently a temperature dependence ofl DD can
be present even for vanishing fields, which may account
the apparent discrepancy.

In summary, from our work we conclude that the reco
bination cross length of D atoms on the surface depe
strongly on the magnetic field, which indicates that a re
1-6
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nant recombination process is at work. This also leads to
exponential temperature dependence of the cross len
which was also measured. Such a temperature depend
biased previous measurements of the binding energy of D
liquid He, which explicitly require this temperature depe
dence to be small. We have performed a direct measurem
of the binding energy, which does not rely on recombinat
processes. In higher field the recombination rate rapidly
comes smaller. Our results indicate that at fields above
resonant region~roughly B.8 T) the recombination cros
lengths may become sufficiently rather small to make
sorbed D nearly as stable as adsorbed H. Hence one m
an
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hope that the interesting configuration of a degenerate, t
dimensional Fermi gas on the surface of a Bose liquid
attainable in this way.
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