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Thermal compression of two-dimensional atomic hydrogen gas
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We describe experiments where two-dimensioi2a)) atomic hydrogen gas is compressed thermally at a
small “cold spot” on the surface of superfluid helium and detected directly with electron-spin resonance. We
reach surface densities up to<8.0' cm 2 at temperatures=100 mK corresponding to the maximum 2D
phase-space density1.5. By independent measurements of the surface density and its decay rate we make a
direct determination of the three-body recombination rate constant and get the upper begund
=2x10 2 cmf/s which is an order of magnitude smaller than previously reported experimental results.
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When adsorbed on the surface of superfluid helium spinments of the cold spot method to reach and detect the
polarized atomic hydrogen (H is an ideal realization of a Kosterlitz-Thouless transition. By independent measure-
two-dimensional(2D) boson gas[1]. Helium provides a ments of the recombination rate and the surface density we
translationally invariant substrate and its surface-normal poobtain a directly determined value, actually an upper bound,
tential supports only one bound state for hydrogen with thedf the three-body surface recombination rate constagpt
binding energyE,=1.14(1) K [2]. Even for such a weak =2X 102 cmfY/s. This is 4-10 times smaller than the ear-
interaction, lowering the surface temperatlitevell below 1 lier values measured indirect],9-11.

K leads to a large adsorbate densityAt high H| coverages Our experimental setup is shown in Fig. 1. The sample

three-body recombination is expected to be the dominart€!l has been described elsewhgd¢ The low-temperature
art of the electron-spin resonan@SR spectrometer, op-

density decay mechanism setting the main obstacle to thig ating now as a millimeter-wave bridge, has been modified

achievement of the quantum degeneracy regime, where the. . o
: ; S0 that we may use three times smaller excitation powers and
thermal de Broglie wavelength is larger than the average

nteratomi . D te 20 Kb tod thus avoid ESR instability effec{8] in a wider temperatures
interatomic spacing. Degenerate 20} kb expected to ex- range. Gradient coils were built to reduce the field inhomo-

hibit collective phenomena such as the Kosterlitz-Thoulesgenaity of the main magnet so that the width of the bulk line
superfluidity transition and the formation of a quasiconden+g yecreased te<0.1 G. It has been found that even very
sate.

Two methods of local compression of adsorbef trave (@ (b)
been employed to overcome limitations caused by recombi- ¢, gsgr
nation and its heat. Magnetic compression has been succes spectrometer
fully used to achieve quantum degenerd@4]. In this
method the recombination heat is removed from the com- H in 1,
pressed H by ripplons of the helium surface and the cooling 1
efficiency depends on the length of the heat transfer path. By Mixing
decreasing the size of the compressed region tg.20we

g P 9 P Chamber
were able to achieve A?~9 [3]. However, the small size of
the sample together with large magnetic-field gradients did ['—'

:
r

not allow one to implement direct diagnostics of adsorbed
H| . In the thermal compression meth¢8,6] cooling a
small part of the sample cell wall well below the temperature
of the rest of the wall leads to an exponential increase of

[l
BV

on such a “cold spot.” In this method the recombination heat (© Hy2
is transferred from the ripplons to the phonons of hel{Uh — —
and then to the substrate beneath the spot. Therefore a larg w
spot is preferable as long as the total recombination rate or ‘
the spot becomes a limitation. The larger sample size and th
homogeneity of the magnetic field make thermal compres- SC ,,,,
sion better suited for direct studies of adsorbed. H |
In the present work we use sensitive electron-spin reso- cs —,Coolant z 4 0 1 2
out Distance from the CS center (mm)

nance[8] to diagnose 2D W gas thermally compressed to
oA?~1.5 and discuss the limitations and possible improve- FIG. 1. (a) Scheme of the cell. SC, sample cell; CS, cold spot;
BV, buffer volume; HP, helium purifieb) Fabry-Perot resonator
with the cold spot in the center of its flat mirrgc) Microwave field
*Electronic address: servas@utu.fi profile on the cold spot.
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small (<1 ppb) 3He impurity in our isotopically purified Field sweep (G)
“He condensed into the cell may significantly influence the
adsorption of the 2D hydrogdi2]. Therefore we built ain

situ helium film purifier, a reservoir with the large surface
area of 2x10° cn? located in zero field(Fig. 1). Being
cooled down to the lowest temperatures attained here the
purifier adsorbs the remainder dHe atoms from the cell.
The miniature Ru@thermometers used to measure the tem-
peratures of the cell, the buffer volume, and tfide/*He
coolant of the cold spot were calibrated to an accuracy better
than 1 mK with a®He melting curve thermometer.

In a typical experiment we fill the cell and the buffer with
atomic hydrogen from a low-temperature dissociator to a
densityn~10'° cm™ 3. After switching off the discharge we
stabilize the buffer tol,=350 mK, the optimum tempera-
ture for getting the longest lifetime for the hydrogen sample,
and cool the cell to a desired temperatiige=60—170 mK.

The temperatures of the mixing chamber of the dilution re-
frigerator and the’He-*He stream cooling the cold spatf.

Fig. 1 are stabilized in the randgg = 30—-150 mK. Thermal
compression can be rapidly<® s) turned on and off by —
changing the coolant temperature. Decays of oyisimples ¢ (107 cm™)
were governed by im_purity relaxation from “pure” hyperfine FIG. 2. Evolution of() H| ESR spectrum antb) surface den-
St‘fiteb to more rea_ct|ve stata [12]. To dec_rease the relax- sity profile during the decay of a Hsample. The traces were re-
ation rate the cell is made of nonm_agnetlc mater(alfa-  .orded at intervals of 500 s &, =45 mK andT,=112 mK. The
pure copper, epoxy,_Kapton folland its _waIIs are coated at yashed line marks the edge of the cold spot.

low temperatures with a 10-50 nm thick solid kyer by

running the dissociator for several days. The 0.2 cm diameter

tube connecting the buffer and the cell is wide enough to s(h)Nj H2(r)f(h—Ac(r))e(r)rdr, (1)
render the exchange of atoms between the two volumes

faster than the decay rates. This ensures a dynamic density

equilibrium between the volumes. Decays of lamples whereH(r) is the microwave field profile on the flat mirror.
were monitored at fixed temperatures of the cell region. ReThe intrinsic line shapé;(h) of the adsorbed atoms is very
combination rates in the buffer and cell are measured calorinarrow[8] and can be replaced by&function. We used Eq.
metrically from the feedback powers of the respective tem{1) to extract density profiles-(r) from the observed line
perature controllers. We find that at the present temperatureghapes using a numerical fitting routine. Examples of the
the loss rate of atoms in the buffer is negligible compared tsurface density profiles recovered for a few ESR spectra is
that in the cell. Integrating the latter we extract the bulkpresented in Fig. (). Even for the largest temperature dif-
densities as functions of time in both volumes. ference between the cell and spot the surface density is ho-

The evolution of the ESR spectrum during the decay of anogeneous within 10% on the cold spot. The relatively slow
H, sample is shown in Fig. 2. The resonance line originatinglecrease otr outside the spotr(>0.75 cm) gives rise to a
from the adsorbed atoms is shifted from the bulk line due tdroad maximum between the bulk and main surface signals.
the nonzero average dipolar field in this 2D sys{&mn3]. To Numerous decays have been measured at various cell and
find the surface density we integrate the surface and bulkpot temperatures. Plots of the maximum surface density as a
absorption ESR lines. The bulk integral is calibrated calori-function of the bulk density for a fixed T,=154 mK and
metrically against the absolute value of the bulk density, avarious coolant temperaturd§ are presented in Fig.(8.
method which does not rely on the adsorption isotherm andror low bulk densities the surface density increases linearly
yields the absolute value of surface density with an accuracwith n, as it should do according to the classical adsorption
of 10%. With this method we checked the relation betweerisotherm. Effective temperature of the 2D gas[Fig. 3(b)]
the internal dipolar field and the surface density and founds extracted from ther andn values using the quantum ad-
AHy=Ao, where A=1.05(10)x 10 *?> Gcn?. This direct  sorption isothern{5,14] and takingE,=1.14(1) K[2]. At
and more accurate measurement agrees well with the preuviigh temperatures’, =100 mK and small difference3,
ous experimental and calculated res(isl 3. —T.=<10 mK, T turns out be equal td, within 1 mK, the

The ESR line shape of adsorbed atof(k) as a function error bar of our thermometry. This coincidence is regarded as
of magnetic field sweep is broadened due to the inhomo- a confirmation of the above-mentioned adsorption energy
geneity of the temperaturg(r) and, consequently, density value.

o(r) of the 2D gas in the spot region. It is given by the The observed leveling af with increasingn (upper plots
relation in Fig. 3 points to an overheating of the 2D|Hjas which
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2 a 4 M 6 wherel 3, is the three-body recombination rate constant, the
Bulk density (10" cm?) integration is taken over the cold spot surface area, and

R(n,T;,T,) is the loss rate outside the spot. We tried to

FIG. 3. (@) Maximum surface density on the cold spot fit  detect the spot contribution by comparing recombination
=154 mK and variousT, . (b) Effective surface temperaturds  powers measured in the decays with high and low surface
calculated using adsorption isotherm. densities on the cold spot using different coolant tempera-

begins the earlier the lower is the coolant temperature. Thé!rés and keeping conditions in the rest of the cell un-
surface temperaturég extracted from the low-density parts changed. No difference was found indicating that the spot
of the curves start to exceed the coolant temperature, tHePntribution is very small compared to that of the rest of the
difference increasing with increasink,— T, . This may be Walls. To get better resolution, limited by slow drifts of the
explained by heating of the spot by a heat flux from thetemperature controller signal, we used the possibility to turn
much warmer cell walls. Another possible reason for thethe spot cooling rapidly ofor off) during the same decay. A
saturation of the surface density could be a 2D hydrodysmall, but clearly visible change of the temperature control-
namic flow of H| on the spot out of the high-density region. ler signal followed the corresponding change of the surface
If the flow becomes fast enough, the balance between thdensity, as demonstrated in Fig. 4. Using the observed and
adsorption and desorption rates will be disturbed. Interactiomvell reproducible change of the recombination powe®
of H| with surface quasiparticles such as ripplons dhtt  =DdN/dt, with D being the recombination energy per
impurities should impede the flow. To distinguish betweenatom, we extract the rate constahg,<2x 10 2% cnm/s.
the roles of the overheating and the 2D flow we addee  This value is an upper limit because of the approximation of
into the cell varying the *He surface density up to the nearly steplike density profile on the cold spot. Some of
10" cm~2. This did not help to get any higher density for the loss rate on the cold spot could be due to the one-body
the adsorbed H. On the other hand, the maximum ap-  relaxation, also leading to an overestimatelgf. This di-
peared to be very sensitive to the rate of one-body impurityectly measured. 5, value is based on independent determi-
relaxation in the cell and buffer. Therefore we conclude thahations of the recombination rate and surface density. It
the recombination overheating is more important than the 2xgrees well with the calculations of de Goetyal. [15], but
flow and limits the highest achieved densities. Thevalues  is an order of magnitude lower than thg, values reported
extracted from the adsorption isothe(fig. 3) can be con- in several previous work®—-11].
sidered as good upper limits to the real surface temperatures. In all previous measurements of surface recombination

In our experiments the decay ofHs determined mainly was inferred into the rate equations through the adsorption
by one-body relaxation on the cell and buffer walls andisotherm. Instead of Eq2) a rate equation for the bulk den-
three-body recombination on the cold spot. Because the de®ity,
sity profile over the spot at high is nearly steplikegFig. 2)
we can separate the spot contribution and write, for the total dn &)

—=—-G%n—L¢&nd,
atom loss rate, dt 1 8b
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was used. HereGj=Gj(A/V)A expE./T9 and L5, increasing the bulk density above~2x10*cm 2 was
=L3p(A/V) A3exp(E,/TY are effective rate constants with found to excessively increase the recombination rate on the
A/V being the area-to-volume ratio of the cell. The effectivecell walls thus overheating the 2D|Hon the cold spot. On
constants were extracted from the fits of the measu(@}ll  the other hand, when the cell walls were warmer than 150
curves and the adsorption energy and the intrinsic constantgk we could not cool the spot sufficiently due to a heat flux
G, andLg, were obtained from the Arrhenius plots of the through the spot substrate and thermal accommodation of the
effective constants. There are however two fundamentahtoms from the bulk. When designing the cell, three-body
drawbacks in this approach. Firét, and the intrinsic rate recombination on the spot was thought to be faster than what
constants are correlated parameters, and even a small UNCgrs rmed out to be and this was the reason to limit the spot
tainty in E, can seriously affect the accuracy of the intrinsic gj,¢ ' However, one-body surface relaxation outside the spot
constants. A'He content as small as 0.1 ppm can be a reasof) 54 gpserved to give the dominant contribution to the decay
for some of the published values Bf, being ~10% lower of the sample and appeared to be the main limitation in the

than the latest valuE,=1.14(1) K obtained for isotopically ; : ;
N . . . present experiments. We succeeded in decreasing the rate of
purified “*He [2] and confirmed also in this work. AT one-body relaxation t@;~7x10°2s * at T,~100 mK,

.%100 mg_thii error dgcreafses thgt fgcto; eﬁ?(ﬂ;) ar;;lj smallest ever reported in Hexperimentg4,9-11. Yet in
INCreases. s, by an order of magnitude. Another problem ¢, .o experiments one should find a way to reduceGhe

?risﬁs fromhthzgncerte}ljﬂpy dfskdueﬂ:o thef recotmbinati(:n even further, e.g., by covering the cell walls with a diamag-
eating ot the gas. This makes the surface temperature g insulating material14]. Another modification to get

function o_f t|mee|n the (iecay_s and does not allow us to use?1igher surface densities and to make the study of surface
Eq. (3) with Gy and Ly, being constant. In the present \ocompination more quantitative would be to make the cold

method we do not rely on the adsorption isotherm, but thgt |arger and thermally better insulated from the cell. On
error inL 3, is determined only by the absolute inaccuracy ofine pasis of the upper limit fok;, obtained in the present

o and is at most 30%. _ ~ work we estimate that such modifications would result in an
The appearance of a superfluid 20 ld@n the cold spotis jncrease of the degeneracy parametér>=3, where the

expected to manifest itself as an abrupt change of the densityree_hody recombination probability starts to decrease due
profile and ESR line shape. In this work superfluidity was; quantum correlation effecf8].

not yet observed. The highest surface density

~5x 10" cm 2 was achieved aTs~100 mK correspond- We thank I.I. Lukashevich and A.A. Kharitonov for col-
ing to the quantum degeneracy degree of about 1.5. Lowelaboration. This work was supported by the Academy of Fin-
ing the temperature of the sample cell below 110 mK orland, Wihuri Foundation, and INTAS.
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