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Optical Excitation of Atomic Hydrogen Bound to the Surface of Liquid Helium
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We have optically detected hydrogen atoms adsorbed on the surface of liquid helium, a system
relevant for the study of Bose degeneracy in two dimensions. The atoms are excited by121.6 nm light
and detected both in fluorescence and in absorption. The excitation spectrum shows a resonance that
is much broader than that of a free atom, and shifted to lower frequencies. From the absorption signal
we determine that we have reached a surface density corresponding to one atom per square de Broglie
wavelength. We also use the hydrogen fluorescence to probe the thermal resistance between the free
surface and the bulk of the liquid helium. [S0031-9007(98)07592-9]

PACS numbers: 67.65.+z, 05.30.Jp, 34.50.Dy, 67.40.Pm
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Spin-polarized atomic hydrogen adsorbed on th
surface of liquid helium is a unique example of a
two-dimensional (2D) atomic gas. This 2D gas is excep
tionally stable which allows for the accumulation of large
surface densities. In addition, the atoms are so weak
bound to the helium surface that it is possible to mainta
an equilibrium between the adsorbed gas and the 3D g
of nonadsorbed H atoms. These properties make it
ready model system for investigating quantum degenera
behavior in two dimensions.

The goal of reaching the quantum degenerate regim
in the 2D Bose gas of adsorbed H has been the subj
of several studies (see, e.g., Refs. [1,2]). Recently, th
goal has been achieved [3]. Crucially, however, in thes
experiments the 2D Bose gas itself has only been observ
by indirect means. The surface density was inferred fro
recombination rates. The geometry required to approa
degeneracy involves compressing the gas onto a sm
effective surface in a strongly inhomogeneous magne
field, making magnetic resonance techniques (as us
in, e.g., Ref. [4]) unsuitable. As a consequence, dire
observation of the 2D gas is a nontrivial matter. In
this paper we present the first measurements in whi
we have direct access to the compressed surface
in such a geometry. For this purpose we use resona
optical spectroscopy of the adsorbed H atoms near t
1S-2P (Lyman-a) transition. The adsorbed atoms were
anticipated to give rise to a surface specific fluorescen
signal [5,6] but the precise frequency, line shape, an
width of the resonance were not known in advance.
this Letter we show that the fluorescence spectrum can
used to determine the surface density under the conditio
relevant for studies of 2D quantum degeneracy.

In our experiments we obtain a 2D degeneracy param
tern2L2 close to unity, wheren2 is the surface density and
L is the thermal de Broglie wavelength. This means th
we are at the edge of the quantum degenerate regime. T
ory predicts a Kosterlitz-Thouless-type phase transition
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superfluidity atn2L2 ø 4. The formation of a quasicon-
densate is predicted to occur close to this transition [5].

We use the adsorbed H atoms to probe the coupli
between the excitations of the He surface (ripplons) an
those of the bulk liquid (phonons) [7]. This coupling
determines the temperature of the surface in the prese
of recombination heating. The surface density depen
exponentially on temperature. As a consequence, t
thermal resistance between the ripplons (to which the
atoms couple strongly) and phonons turns out to be t
dominant constraint on achievable phase-space densit
We find good agreement between our observations a
theory describing ripplon-phonon coupling.

In our experiments we determine, in addition ton2, two
other relevant thermodynamic quantities: the temperatu
T , and the densityn3 of atoms in the 3D gas above the
surface. The 3D gas density fixes the chemical potenti
thus giving access to the equation of state of the 2
Bose gas. Following Ref. [5] this equation of state ca
be written in the following slightly simplified form:

n3L3 ­ s1 2 e2n2L2

d exp

µ
2Eb 1 s2 2 QdŨn2

kBT

∂
. (1)

Here L ; s2p h̄2ymkBT d1y2 with m the atomic mass,
EbykB ­ 1.01 K [8] is the binding energy of H on
4He, andŨykB ­ 5 3 10215 K cm2 [9] is the calculated
effective interaction vertex between adsorbed atoms. T
parameterQ is a measure of the quasicondensate densi
Q is zero in the absence of a quasicondensate a
becomes approximately 1 whenT ! 0. Hence, Eq. (1)
can be used as a telltale sign for a possible transition to
Bose condensed state.

Our cryogenic apparatus [10] is shown schematically
Fig. 1. The H is stabilized by a magnetic field of severa
tesla and a liquid helium film wetting all surfaces. The
apparatus consists of a small cold region called the ce
in which the atoms adsorb on a meniscus of bulk liqui
helium, and a warmer buffer volume, which acts as
© 1998 The American Physical Society
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FIG. 1. Schematic drawing of the cryogenic apparatus sho
ing sAd the He filled cell (T ­ 0.08 K, effective area4 mm2),
sBd the He meniscus with the high density H,sCd the mag-
netic potential barrier (pinch), D the buffer (T ­ 0.2 0.4 K,
effective volume30 cm3), sEd the path of the light beam. Plot-
ted alongside is the magnitude of the magnetic fieldB on the
axis of the system. The magnetic field is essentially vertic
everywhere.

source of doubly (electron and nuclear spin) polarized
for the cell. The cell is cooled to0.08 K , while the buffer
temperature can be regulated between0.15 and0.4 K .

A superconducting magnet and iron pole pieces crea
a magnetic field profile as shown in Fig. 1. This provide
a high field in the buffer, a strong field gradient in the
cell and a deep dip in the field in between the buffer an
the cell, which acts as a barrier for spin-down H atom
moving between the buffer and the cell.

A cryogenic dissociator in low field produces a flux o
1013 atoms per second into the buffer. These atoms a
in the high field seekinga sF ­ 0d andb sF ­ 1, mF ­
21d hyperfine states. Importantly, although the cell i
much smaller than the buffer, it determines the loss
atoms because it is at lower temperature. The two- a
three-body decay rates are dominated by recombinati
on the surface. Hence, it follows from Eq. (1) that in
the nondegenerate case they are proportional tosn2d2 ~

exps2EbykBT d andsn2d3 ~ exps3EbykBT d, respectively.
The main two-particle recombination processes fo

adsorbed atoms area 1 a ! H2 anda 1 b ! H2. The
first leads to the polarization of the gas to theb state
and the second leads just to loss of density. Th
processb 1 b ! H2 is forbidden. Three-body processes
become dominant over thea 1 b recombination only
after a substantial degree of nuclear polarization has be
achieved. Once the nuclear spin polarization is sufficien
we heat the buffer volume so that the flux of atoms t
the cell increases. The density in the cell is then bu
up by this forward flux, until it reaches a stationary stat
due to the backward flux (from the cell to the buffer) an
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the three-particle recombination processb 1 b 1 b !
H2 1 H of the adsorbed atoms in the cell. Because t
cell is much colder than the buffer, the backward flux
inhibited and the density in the cell becomes much high
than that in the buffer.

We use narrowband vacuum ultraviolet (VUV) light t
determine the densitiesn2 and n3 and the temperature
T in the cell, as well as the density of the gas in th
buffer. We produce this VUV radiation at 121.6 nm
wavelength by frequency tripling of a pulsed UV lase
source [11]. The VUV light traverses the cell an
buffer on the axis of the system. A room temperatu
photomultiplier tube (PMT) detects the transmitted ligh
We can also record light-induced fluorescence (LI
spectra by scanning the laser frequency. The scatte
light is frequency downconverted to visible wavelength
in the cell and guided to a second PMT by means of
optical fiber bundle.

As the magnetic field is parallel to the direction o
propagation of the light, onlys1 sDmJ ­ 1d and s2

sDmJ ­ 21d transitions can be excited. Moreover, a
the field is high (.6 T ) the spin-orbit coupling is weak,
and the1S1y2,21y2 ! 2P3y2,1y2 transition is strongly sup-
pressed and remains nonsaturated even when allowed l
are extremely optically thick. In Fig. 2 we show a spe
trum of this line. The different magnetic fields in the ce
and buffer split the line into two distinguishable compo
nents. The strongly inhomogeneous field in the cell giv
rise to a temperature dependent Zeeman broadening (on
red wing of the cell line) which we fit against calculate
spectra to determine the temperature of the 3D gas.

Our measurements of the spectrum of the adsorb
atoms, performed with s2 polarization, show an
ø300 GHz broad line, which can be seen both in LI
and in transmission and which is shiftedø300 GHz to

FIG. 2. 3D H transmission spectrum on the nearly forbi
den 1S1y2,21y2 ! 2P3y2,1y2 transition. Squares: experimenta
data; line: calculated spectrum forT ­ 0.122 K, n3 ­ 1.3 3
1015 cm23, polarization of the light93% s1. The strong fea-
ture on the left is the far wing of the allowed1S1y2,21y2 !
2P1y2,1y2 line.
4441
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the red of the alloweds2 bulk line. A similar feature is
observed withs1 light but it is obscured by a coincident
3D H line. The bottom panel in Fig. 3 shows the LIF
signal of thes2 surface line.

The observed line shift and broadening are very sm
compared to the detunings with respect to all other o
tical transitions in H and He. Therefore, in analog
with pressure broadening in a gas, we assume that
He-H interaction conserves the oscillator strength of th
Lyman-a transition to a good approximation. This as
sumption, together with the measurement of the optic
extinction spectrum of the surface atoms, enables us,
principle, to obtain an absolute calibration ofn2. How-
ever, parts of the line are masked by the much strong
3D H lines, or lie outside the scanning range of our ligh
source. Integrating the visible part of the 2D H optica
resonance therefore provides us with a lower bound ton2.
We can also establish an upper bound ton2 from the rate
of recombination as follows: In the case of perfect nu
clear spin polarization,n2 can be inferred from the known
rate of b 1 b 1 b recombination [12]. If the polariza-
tion is imperfect, the recombination is necessarily fast
for a givenn2, and the inferredn2 will be an upper bound.
We find this upper bound to be only25% higher than the
lower bound determined optically.

Equation (1) suggests that quantum degeneracy will
reached if the flux from the buffer into the cell is simply
increased at fixed cell temperature. This increasesn3, and
n2 will adjust accordingly. Unfortunately, this picture is
too simple because it neglects the temperature rise of
surface due to increased recombination. This temperat
rise in turn reducesn2. To interpret our measurements we

FIG. 3. LIF excitation spectrum of the adsorbed atoms
different concentrations of3He. Note that 100 ppm3He
corresponds to well-saturated coverage of the surface. T
dotted line is a Lorentzian fit to the bulk line. The narrow
peak at250 GHz is due to photoassociation of H atoms in
the bulk.
4442
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introduce three temperatures: the temperatureT3 of the 3D
gas, the temperatureT2 of the 2D gas, and the temperatur
THe of the bulk helium. Two of these three temperature
are directly accessible experimentally:T3 is determined
spectroscopically (from the Zeeman broadened line sha
andTHe is measured with a resistance thermometer insi
the liquid. In addition we are able to determineT2
from our spectroscopic measurements ofn2 andn3. The
temperature drop between the 3D H and the surfa
is small enough that solving Eq. (1) forT yields a
good estimate of the surface temperature. For larg
temperature drops,T2 can be inferred from the more
general equations in Ref. [5].

Figure 4 shows the three temperaturesT3, T2, andTHe
as functions of the recombination rate. This rate follow
directly from the decay of the total number of atoms in th
apparatus. It is clearly seen that the temperatures beco
different as the recombination rate increases. This can
understood quantitatively as follows.

In a three-body recombination event only a sma
fraction (less than 1.4% [2]) of the 4.5 eV binding energ
of H2 is deposited to the surface as heat; the rest is carr
away as molecular internal energy. Subsequently, t
excited molecule requiresø150 wall collisions to release
half its energy [12]. During its excited lifetime, the
molecule may return to the helium meniscus and depo
part of its energy there. Assuming diffuse scattering
molecules from the walls, we calculate that in our ce
the molecules deposit 3% of the recombination ener
on the surface of the meniscus. This gives rise to
temperature drop between the surface and bulk of t
liquid helium. The magnitude of the temperature dro
we find here confirms that the ripplons of the He surfa
are weakly coupled to the phonons in the superflu

FIG. 4. Temperatures of the 3D H (squares), the He surfa
(diamonds), and the He bulk (circles) as a function of th
recombination flux. The solid curve is the surface temperatu
predicted by ripplon-phonon coupling theory [13] and th
dashed curve is the predicted 3D gas temperature. The
temperatures may be offset by65 mK due to an uncertainty in
the calibration of the thermometer.
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[7]. Using the theoretical boundary resistance betwe
ripplons and phonons [13], we calculate the expect
temperature of the helium surface. The result, with n
adjustable parameters, is plotted in Fig. 4.

In addition to the surface being warmer than the bul
the 3D H gas is warmer than the surface. This is d
to direct heating of the H by collisions with excited H2.
The observed heating implies aneffectivecross section
of 0.007 Å2 for full (4.5 eV) energy release. Arvela
et al. [14] reported a similar value.

The heating of the surface limits the presently attai
able phase-space densities to the edge of the quan
degenerate regime. Our highest degeneracy paramete
n2L2 ­ 0.9s1d. To extend our experiments into the de
generate regime will require a cell with more opportunit
for the disposal of excited H2 away from the recombina-
tion region. It is necessary to make the meniscus sma
to reduce the recombination area, and to change the
ometry of the cell to reduce the probability for molecule
to return to the meniscus. Based on our measurement
the thermal impedance, we expect that we can make th
improvements while maintaining the ability to study th
2D gas optically.

Finally, we comment on the nature of the adsorbe
atom spectral line. As is seen in Fig. 3 the line shift an
linewidth change when we add3He atoms. Apparently,
the linewidth and line shift are proportional to the bindin
energy of the ground state H atoms, which is reduc
from 1.01 K on 4He to ø0.4 K on a surface saturated
with 3He [8]. The line shift isø15 times larger than this
binding energy. Qualitatively, this factor can be attribute
to the larger polarizability of the excited atom, leading t
stronger van der Waals attraction.

In Ref. [6], the possibility of the existence of long
lived bound states of the2P atom on the He surface was
examined theoretically. It was predicted that such a st
would give rise to a sharp (only radiatively broadene
line at a red detuning of 180 GHz from the bulk line
The line shift is qualitatively correct, but the observe
line is broader by a factor of more than 1000. Th
broadening cannot be dominated by nonradiative dec
(predissociation), as we find the fluorescent yield (FY)
be high, FY­ 0.5s1d.

Also, at the densities encountered, line broadening
H-H interactions is neither expected nor observed.
possible line-broadening mechanism, suggested for alk
atoms adsorbed on helium clusters, is the reconfigurat
of the helium surface after optical excitation [15]. How
ever, in this case, nonradiative decay seems inevitable.
view of the high FY we propose another mechanism, vi
that a He-Hp dimer is formed and is ejected from the sur
face (it can be formed in a state of ejection or it can b
initially bound and eject itself from the surface while de
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exciting vibrationally). As the polarization of the light is
in the plane of the surface, the dimer would be formed
theB2P state preferentially. This state decays radiative
in vacuum [16].

This work is part of a research program of the Stichtin
voor Fundamenteel Onderzoek der Materie (FOM), whi
is a subsidiary of the Nederlandse Organisatie vo
Wetenschappelijk Onderzoek (NWO). The research
M. W. R. is supported by the Royal Netherlands Academ
of Arts and Sciences (KNAW).

[1] A. I. Safonov, S. A. Vasilyev, I. S. Yasnikov, I. I. Lukashe-
vich, and S. Jaakkola, JETP Lett.61, 1032 (1995).

[2] A. Fukuda, M. Yamane, A. Matsubara, T. Arai, J. S
Korhonen, J. T. M. Walraven, and T. Mizusaki, Czech.
Phys.46, 541 (1996).

[3] A. I. Safonov, Phys. Rev. Lett. (to be published).
[4] M. W. Reynolds, I. Shinkoda, W. N. Hardy, A. J. Berlin-

sky, F. Bridges, and B. W. Statt, Phys. Rev. B31, 7503
(1985).

[5] B. V. Svistunov, T. W. Hijmans, G. V. Shlyapnikov, and
J. T. M. Walraven, Phys. Rev. B43, 13 412 (1991).

[6] M. W. Reynolds and J. T. M. Walraven, Physica (Amste
dam)194B-196B, 905 (1994). Note, theA, C2S1 curves
were based on incorrect potentials; theB2P curve, rele-
vant here, is not affected.

[7] D. O. Edwards and W. F. Saam, inProgress in Low
Temperature Physics,edited by D. F. Brewer (North-
Holland, Amsterdam, 1978), Vol. VII, p. 284; H. Badda
and D. O. Edwards, J. Low Temp. Phys.104, 295 (1996).

[8] I. F. Silvera and J. T. M. Walraven, inProgress in Low
Temperature Physics,edited by D. F. Brewer (Elsevier,
Amsterdam, 1986), Vol. 10, p. 139.

[9] D. O. Edwards and I. B. Mantz, J. Phys.41, C7–257
(1980).

[10] A. P. Mosk, P. W. H. Pinkse, M. W. Reynolds, T. W
Hijmans, and J. T. M. Walraven, J. Low Temp. Phys.110,
199 (1998). Note, the last term of Eq. (1) should rea
st2ys3d lnfsz̃1 1 r1s 1 a1tdysz̃2 1 r2s 1 a2tdg.

[11] O. J. Luiten, H. G. C. Werij, M. W. Reynolds, I. D. Setija
T. W. Hijmans, and J. T. M. Walraven, Appl. Phys. B59,
311 (1994).

[12] S. A. Vasilyev, E. Tjukanov, M. Mertig, A. Ya. Katunin,
and S. Jaakkola, Europhys. Lett.24, 223 (1993).

[13] M. W. Reynolds, I. D. Setija, and G. V. Shlyapnikov, Phys
Rev. B46, 575 (1992).

[14] P. Arvela, A. V. Frolov, S. Jaakkola, A. Ya. Katunin, I. I.
Lukashevich, M. Mertig, M. W. Reynolds, A. I. Safonov
E. Tjukanoff, T. Tommila, and S. A. Vasilyev (to be
published).

[15] F. Stienkemeier, J. Higgins, C. Callegari, S. I. Kanorsk
W. E. Ernst, and G. Scoles, Z. Phys. D38, 253 (1996).

[16] J. R. Peterson and Y. K. Bae, Phys. Rev. A34, 3517
(1986).
4443


