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Observation of Quasicondensate in Two-Dimensional Atomic Hydrogen
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We have performed magnetic compression experiments with the two-dimensional gas of hydrogen
atoms on liquid “He at T = 120-200 mK. For 2D phase-space densities higher than 3, the
probability of three-body dipole recombination is observed to decrease gradually by an order of
magnitude in comparison to its low-density valkig,, = 8.4(3.5) X 1072 cnm*s™!'. This is attributed
to local coherence developing in a 2D quasicondensate. We have also determined the value
U/k = 5.1(5) X 10~ Kcm? for the mean-field energy of the gas. [S0031-9007(98)07787-4]

PACS numbers: 03.75.Fi, 05.30.Jp, 67.65.+z, 68.35.Rh

In addition to the occupation of a single quantum stateinteractions are three dimensional [2]. It may be shown
a Bose-Einstein condensate (BEC) is characterized bj2] that £ = a,/! and consequently a QC in hydrogen on
long-range order or, equivalently, global coherence. ThéHe may be observed atA> = [/2a, = 3.5.
concept of quasicondensate (QC) has been introduced [1] It is not easy to achieve a high degree of quantum
for the lesser known situation where a boson system is cadegeneracy, i.e., higlr at low T, in atomic hydrogen
herent only locally. Having similar particle interactions, that is metastable with respect to recombination into
BEC and QC would be hardly distinguishable by virtue ofmolecules [7]. The sample quickly decays and the huge
properties related to inelastic [2,3] or elastic [4] collisions.energy released) = 4.5 eV/H,, causes an essential rise
However, the difference is transparent in spatially uniformin 7. Recombination may be suppressed by polarizing
two-dimensional (2D) system where a BEC cannot exiselectron spins in a strong magnetic fiell at low
at finite temperatur@ but a QC can. temperature. However, the ground hyperfine statis

In fact, a QC may appear due to interactions whichmixed containing a slight fraction of the opposite spin
suppress density fluctuations and therefore allow the 2Drientation () [7], and such atoms are prone to recombine
system to be described by a single wave function. Al-with each other or with atoms in the “pure” state
though the phase of the function fluctuates spatially and’he latter cannot recombine viab collisions. This
thus thwarts a long-range order [1], the phase coherengaeferential depletion of the: population leads to the
persists within a finite lengti. = exp(cA?) [2]. Here, formation of a more stable, predominantystate sample.
A = /27 h%/mkT is the de Broglie wavelengths is the A QC in 2D H| may be detected by comparing the
2D gas density, ana is the particle mass. Far — 0the rates of two different processes. One of them is a three-
“local BEC” regions of sizel. tend to extend throughout body (¢bb) dipole recombination [6], the dominating and
the sample and the QC turns into a “true” condensate. unavoidable channel of the sample decay at high densities.

The appearance of a QC is to be expected when the inn a fully condensed sample its probability would be
teraction energy becomes comparable with the kinetic ersuppressed by a factor of 3! [8]. The other is a two-body
ergy,ocU ~ kT. Here,U = 47w h*¢/m is the mean-field (ab) exchange recombination which involvedistinct
parameter for elastic interactions afids a dimensionless atoms and is therefore not affected by the formation of
interaction strength. It is known that @& = 0 the ratio a QC. We induce exchange recombination by rf pulses
of densities of above-condensate and condensate particléipping nuclear spins and thus converting a small fraction
is o/'/oyg = & [5]. Therefore a QC may manifest itself of b atoms to the: state [9]. The resulting recombination
preferably in weakly interacting (low) systems. is seen in the atom loss rate as peaks on the background

This Letter reports on the first experimental evidence foiof the dipole contribution. Each peak decays while the
a guasicondensate in 2D atomic hydrogen gas, where waduceda atoms recombine with atoms. The relaxation
have observed a significant reduction in three-body recontime of a peak is the lifetimer of the flipped atoms
bination probability [2,6]. Hydrogen atoms on liquitie ~ and serves as the measure of tlierecombination rate.
surface occupy a single bound state with low adsorptiorror an ideal Boltzmann gas a log-log plot of théb
energy,E,/k = 1.0 K [7]. The H adatoms are localized rate vs theab rate would be a straight line with the
quite far, 8 A, from the liquid and their out-of-plane de- slope3/2.
localization length] = i/2E,m = 5 A, is large com- To overcome problems with excessive heating and fast
pared with, e.g., the 3D scattering length = 0.72 A.  loss of the H sample due to recombination, we used the idea
Thus adsorbed hydrogen may be also regarded as quasilocal compression [10]. An annular ring of dense 2D
2D in the sense that it obeys 2D statistics while particlgs collected onthéd R = 20(1) um wide, 0.3 cm diameter
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upper rim of a 1 cm long FeCo (Permendur) field intensifierOne then hasin,/dt = Gyn, — K& nany, for a atoms
tube (Fig. 1). This provides a heat transfer path of morevhose steady-state density is smaif} = Gi/KS <«
than an order of magnitude shorter than in our previous,. Now we observeG; = 3.6 X 1073-7 X 1074 s7!
experiment [9]. In the*He level position indicated in from purely exponential decayén,/dt = —2Gn, at
Fig. 1 the rim face (ared, = 2 X 1073 cn?) is covered T, = 120-200 mK.
with a saturatedHe film and theH| atoms experience The inverse lifetime of the induced atoms f, —
almost a constant field enhancemé®® = 2 T over the ' < n}') measured with a closed compressor is linear in
radial distanceAR. In this way a nearly rectangular density,7, ! = K&'n, + 4yG,. The slope of this line is
1.5 K deep and20 um wide potential well is formed. the effective rate constarks, while the intercept gives
When more helium is pushed into the cell, the gap betweeq = Kgff/KSf,f = 4.4(2.6) for the ratio of probabilities of
the Cu rings is suddenly filled by liquid, and compression,q andab recombinations. Assumink,, =« +/7/B2, the
is ?tﬁprfed- - (Fig. 2) is detected via temperature dependence
e loss rate off| atoms (Fig. 2) is detected via its .

energy yield using a carbon bolometer [9,11,12] placed K&y = Kap(Ao/V)A* €XP2E,/KT0), (1)
in the buffer volume ¥ = 4.5 cn®). The bolometer vyields E,/k = 1.01(3) K and K., = 1.8(8) X
response is calibrated against a temperature controller and=°+/7 cn*K~'/2s™! (in By, = 4.57 T), in agree-
a 128 GHz (ambient fiel®, = 4.57 T) ESR spectrometer ment with data given elsewhere [7,9,12].
[9,12]. The use of the bolometer is based on the The average field enhancement is determined in the
observations [11,13,14] that only of order 1% &f same way ask, but with an open compressor [9].
is released locally at the recombination site. In theTo do so, a homogeneous temperature must be ensured
present experiment the mean free path is so long thady keepingn, low enough. Thenr™! = Sffnb(l +
excited hydrogen molecules undergo hundreds of wallf /A), where the effective area of the magnetic ring is
collisions before relaxing to the ground state [11]. ThusA®f = A,(1 + AB/By) > exp2upAB/kTy). A numeri-
the molecules distribute their energy evenly over thecal fit gives AB = 2.00(2) T in agreement withAB =
whole cell surface including the bolometer. The free1.98(6) T measured with & X 3 um Hall probe a8 um
surface of the liquid*He bath in the cell is small and above the middle of the intensifier pole face. We actually
the rest of the inner cell surface (ardg = 22 cn?) is  estimate that in the course of experiments the face will be
wetted by &He film. The large recombination heat flux, coated with a couple-of-microns-thick, Hayer.
up to 1 uW/cn?, through a Kapitza resistance causes There are three hydrogen subsystems in the cell with
a temperature differencE; — Ty = 10 mK between the different temperatures and chemical potentials: dilute 3D
film and the cell body. On the other hand, the temperaturgas in the buffer{s, u ), dense but still classical 3D gas in
of the bulk liquid does not exceefh) by more than 1 mK. the well (73, u3), and possibly degenerate 2D gas adsorbed

To analyze the experimental data on the recombinationn the helium surfaceTg, u,). When the intensifier is
rates, one has to know accurately the adsorption energypen, most recombination events take place at the magnetic
E,, magnetic field enhancemeA at the intensifier rim, ring and, at high densities (high loss rates), heat the
the intrinsic rate constant of exchange recombinakign,  adsorbed| considerably abov&;. The molecules leave
and the effective rate constaat; of first-order nuclear a part of their excitation energy in the 3D gas in the well
relaxation. and heat it abové).

Without magnetic compression and rf pulses, the de-
cay of the buffer volume density: is controlled by
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FIG. 1. Sample cell with tubular field intensifier (left) and

design of the compression region (right). ESR and NMRFIG. 2. Evolution of the loss rate of atoms detected by a
cavities, thermal sensors, and the liquid level control systenbolometer. Various contributions are indicated. The arrow
are not shown. points to the opening of the intensifier.
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The chemical potential of the buffer gas js;, = We emphasize thal.x and L; are direct experimental
kT¢ In(nv)\}) while for the 3D gas in the well we have quantities characterizing the processes at the compression
wi, = kT3In(n,A3) — upAB. Here v denotes the hy- surface, which should react differently to the appearance
perfine state: or b. The loss rate is much smaller than 0f @ QC. It is also notable that Eq. (4) does not contain
the rate of particle exchange between the well and théhe strong exponent etp/kT>) which would lead to an
buffer and may therefore be neglected when considerin@fder of magnitude uncertainty even for a small variation
a stationary density distribution. Thus equating atomidn 72. _ .
fluxes in opposite directions gives; explu,/kTy) = In order to find Kupp, Kipp, and U, we fit the ex-

T2 exp(pes/kT3) and T3 explws /kTs) = T3 explpwa/kT). perimental data foqu and L3 (Fig. 3) to Egs. (4)
The latter relation implies that the sticking probability of @1d (5) as parametric functions af, with ¢ =0
an H atom on*He is 0.37/K [7]. Finally, we obtain (10 QC). Only data below the kink (138 points out
s /KTy = pa/KTs + In(TS’/TJf), where the logarith- of 217) we_rtze5 u;(id._lThe fit £80|Id line) gygﬁbbb =2
mic term is<1 and may be omitted becau%e = T, = 7'254) X 19 cn's 124U{§4 _,15'1(5) X 10 Ecrg

T, and the relative temperature difference is small. and Kapp = 0(1) X 10" et s (compare with [ ])'.

Noting that A2 < 1 and that, in the absence of a Extrapol_atlon of the fit to higher rates beyond the_kmk
(quasi)condensate, the interaction of distinct particles (results in a marked discrepancy with the experiment

e . . . which is not eliminated by varyin&,,,, Kpp», and U
andb) is twice as weak as that of identical particlésapd o : ;4
b), given the same interaction potential, we may write forW'th'.n their error bars. When we fall of the_data, 'the
quality of the fit becomes poor (dashed line, Fig. 3).

the chemical potential of the 2D gas (compare with [15]).In fact, the dependence df., on K.y, and U is t00
w2 = kTyIn(o,A3) + Uoy — E, (2a) smooth to explain the abrupt change of the slope of the
experimental data seen in Fig. 3.
pap = kT2 In[1 = expl=e, )] + 2 = 0)Uo, — E, \r/JVe extract the surface d?ansityb from Eq. (4) and
(2D)  then determinek;;, from Eq. (5). For that purpose we
where E = uzAB + E,. By analogy with the three- combine Egs. (2a) and (3) with the expressionzgrand
body correlator [8]4 is the square of the quasicondensateobtain
fraction. It grows from zero to it§ = 0 value [2] (1 — — _ .
£)? =07 s?arting atoA2 = 3 (see below). [Tawe first kT2 = (U E)/In(A_r/\f{(ab(_Tb/v)_’ ©)
terms of Egs. (2a) and (2b) are accurate only when ther&here the three-body recombination involviagatoms
is no QC. When there is, these kinetic terms are smafind the temperature dependence of the logarithm are
compared to the interaction term and the correspondinfgegdlected. Equations (6) and (4) are solved numerically
correction tou,, is insignificant. with respect tar, andT,. As expectedT, grows almost
In a general case (open compressor, arbitrary densityinearly with the loss rate of atoms (Fig. 4). This supports
and therefore nonuniform temperature in the cell), thedur analysis and confirms that the value/a® is correct.

lifetime of NMR-induceda atoms satisfies the equation ~ The results for the three-body dipole recombination rate
constani,,;, are presented in Fig. 3 as functions of the 2D

= 7-]?‘ + A‘;‘Ta (Kapap + Kapp2), (3)  degeneracy parameter up to the largest valug = 8.9(6)
A n,
where 7y = 7o(Ty # T,) stands for the contribution of S S S
the buffer volume walls. The rate constakif,, refers  _ 10.00 - =
to the recombination o atoms with twob atoms which ; ] A
might be important at higlr, . S 1004 e 4
By separating the contribution of the compression ring, & 2
7' =17 —7;!, we define a reduced exchange rate & i
Lex = Vny/7, . Using equations forw, and u3 and & 0.10 = . & E
Egs. (2), we may express it in the form % ] » ]
A, ) ) o 0.01 - « E
Lex = A—%(Kabﬁb + Kapp o) [1 — exp(—op A)]F, _§_ i 1 ]
4 et e e
where F = exd(l — 0)Uo,/kT,]. At low densi- Elh teald L101013 4 10
ties, L = A K0, Which immediately gives the xchange rate), Lo, S
surface density. We define the dipole rate Bs= FIG. 3. Dipole ;) vs exchangel(.,) rates forT, = 150 and
—Vdny/dt — 2Gn;, and undoubtedly 162 mK. The solid line is the fit of the data below the kink to
Egs. (4) and (5) witth = 0. The dashed line is the same fit of
Ly = A,Kbbbai . (5) all data. The dotted line represents an ideal Boltzmann gas.
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the collision probability decreases accordingly. However,

The value of the mean-field parame#ris important
for our data analysis. The above-mentioned first exper-

¥ o delocalization alone cannot explain the observed reduction

& 220 B° an in K,pp, because it grows smoothly with density. Besides,
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e © °° imental result forU in 2D hydrogen agrees with theory
160 R * [2]. Even for a 50% largel/, i.e., far outside the error
‘ " ‘ ‘ ‘ — bar, the decline oK, for ab)\% > 3 persists, although it

0 1 5 3 4 5 becomes twice as small. At the same timeé@m% < 3,

Kby increases with growing degeneracy which is physi-
cally unreasonable.
FIG. 4. Temperature of the 2D gas f@h = 150 (@), 162 The relation of the observed phenomenon to 2D super-
(©), 174 (A), and 190 ) mK. The data for an earlier figity is not yet clear. Further theoretical and experi-
intensifier [9] (J) are reduced to the present compression area, . . . .
mental studies are needed to clarify the physical meaning
of the quasicondensate. Therefore experiments with di-
rect optical observation of 2D atomic hydrogen [18] seem

promising.

Total loss rate, 102 at/s

obtained here aff, = 202(2) mK and o, = 5.9(4) X

1083 cm™2. At low densities, K,,, remains constant -
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at the highest degeneracy it is suppressed by a factor
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Fig. 3, this is caused by a QC developing in the degenerate
2D H| gas. We emphasize that the degeneracy at which
the decline inK,;, begins agrees with the above estimate
o A? ~ 1/2a for the appearance of a QC.

The suppression oK, is about twice as large as ) , )
the expected 3! and does not show saturation. Thislt]l V:N- Popov, Functional Integrals in Quantum Field
mav be qualitatively explained by the spreading of the Theory and Statlstlcal Physic¢Reidel, Dordrecht., 1983).
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