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We report observation of Bose-Einstein condensation (BEC) of a trapped, dilute gas of atomic
hydrogen. The condensate and normal gas are studied by two-photon spectroscopyl §f2the
transition. Interactions among the atoms produce a shift of the resonance frequency proportional to
density. The condensate is clearly distinguished by its large frequency shift. The peak condensate
density is4.8 = 1.1 X 10" cm™3, corresponding to a condensate populatiori @f atoms. The BEC
transition occurs at abodt = 50 uK andn = 1.8 X 10 cm™3. [S0031-9007(98)07617-0]

PACS numbers: 03.75.Fi, 05.30.Jp, 32.80.Pj, 67.65.+z

The search for Bose-Einstein condensation (BEC) in dievaporation proved to be inefficient. As explained by
lute atomic gases began in earnest in 1978 [1], precipiSurkov et al. [12], when the temperature is reduced and
tated by the suggestion of Stwalley and Nosanow [2] thathe atoms settle into the harmonic region of the trap,
spin-polarized atomic hydrogen should be an ideal canthe axial and radial motional degrees of freedom become
didate for the study of such extreme quantum behavioruncoupled. For efficient evaporation, the escape time for
Dilute gases of spin-polarized H were first stabilized byenergetic atoms must be short compared to the collision
Silvera and Walraven [3]. Subsequent attempts to achievéime. However, the escape time for atoms with high radial
BEC were thwarted by recombination on the walls of theenergy becomes very long when the motion uncouples,
confinement cell [4]. In order to create the colder samplesnd thus escape is blocked for this large class of energetic
necessary for further progress toward BEC, our group sugatoms. By itself this would only slow evaporation, but in
gested [5] and demonstrated [6] wall-free confinement anthe presence of losses due to dipolar relaxation [5,6] phase
evaporative cooling. Evaporative cooling made it pos-space compression ceases.
sible to cool alkali metal atoms below the laser cooling To overcome this problem, we turned to a different
limit and to achieve BEC in dilute gases of Rb [7], Na ejection technique, based on spin resonance [13], first
[8], and Li [9]. In this paper we report the achievementdemonstrated for the alkali metal atoms [14]. An rf
of BEC in H and a study of the gas by high resolutionfield causes transitions to an untrapped magnetic sub-
spectroscopy. level wherever the trapping magnetic field satisfies the

Hydrogen condensates share many characteristics witlesonance condition. Atoms with high energy in any
condensates of alkali metal atoms, but there are severdegree of freedom are thus able to escape, ensuring
notable differences. Owing to hydrogen’s simplicity, high evaporation efficiency. As the rf frequency is de-
properties such as interatomic potentials and spin relaxareased, the energy threshold for ejection from the trap
tion rates are well understood theoretically. Compareds lowered. To implement rf evaporation in the cryo-
to those of other atoms, thewave scattering lengthy,  genic environment, we developed a nonmetallic trap-
and three-body loss rate are anomalously low. As a resufiing cell which allows us to apply rf magnetic fields
the condensate density is high, even for small condensateith strength up to2 X 10~7 T and frequency up to
fractions, and the elastic collision rate is low, which46 MHz. Typically, we switch to rf evaporation at a trap
retards evaporative cooling. Because of hydrogen’s smatlepth of 1.1 mK, corresponding to a sample temperature
mass, the BEC transition occurs at higher temperaturesf 120 uK.
than previously observed. The cryogenic trap loading We measure the temperature and density distribution
technique used for H allows orders of magnitude moreof the gas by two-photon spectroscopy of th&-2S
atoms to be trapped, providing condensates that are mudtansition [15]. Two-photon excitation in a standing wave
larger than yet achieved in other systems. Finally, higHeads to two types of absorption: Doppler-sensitive, due
resolution two-photon spectroscopy provides a new tooto absorption of copropagating photons, and Doppler-
for studying condensates. free, due to absorption of counterpropagating photons.

The starting point for the observations reported herdn the first case the spectrum exhibits a recoil shift of
is described in the accompanying Letter [10]: a gas ofik>/27m = 6.7 MHz and Doppler broadening that can
atomic hydrogen, confined in a cylindrically symmetric be used to measure the absolute temperature. In the
magnetic trap, and cooled td620 K by evaporation second case, Doppler-free excitation results in a narrow,
over a magnetic field saddlepoint at one end of thentense line. These features are shown in the composite
trap [11]. Below abouti20 uK this method of forcing spectrum (Fig. 1).
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change in the trajectory; it begins fall with temperature,

T indicating the onset of BEC. For a sample in equilibrium
5000 counts/s below the transition temperature, the maximum density
of the normal fraction is pinned at the critical density
ne(T) = 2.61227mksT)*?/h3; excess population is in

the Bose condensate. Although it is not clear that our
samples are in thermal equilibrium, this portion of the

trajectory approximates the BEC phase transition line.

100 - H+ The solid line in Fig. 2 indicates the critical density,
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+++++ is set by a competition between cooling due to evaporation
++ (1] /“’W‘\D\q\‘ and heating due to dipolar spin relaxation. Dipolar
0 "I —— § —_— relaxation preferentially removes low energy atoms from
- 0 2 4 6 8 10 12 regions of highest density at the bottom of the trap. The
laser detuning [MHz]  condensate has a high density, and thus high loss rate.
FIG. 1. CompositelS-2S two-photon spectrum of trapped 1he value ofz is expected to change from about 9 at
hydrogen. (Note change in frequency scale near the originigher temperatures in the absence of a condensate to
O: Spectrum of sample without a condensa@; spectrum  about 5 in the presence of a condensate at the lowest trap

emphasizing features due to a condensate. The intensgepths. The valug = 6 was measured spectroscopically
narrow peak arises from absorption of counterpropagatln%tatrap deptle, = 280 K [17]
t - .

photons by the normal gas, and exhibits no first-order Dopple . . :
broadening. The wide, low feature on the right is from Figure 3 is an enlarged view of the Dopplgr-free

absorption of copropagating photons. The solid line is thespectrum of a Bose-condensed sample. The high nar-
recoil-shifted, Doppler-broadened, Gaussian line shape of theow feature is due to excitation of the normal gas. The
normal gas corresponding = 40 uK. The high density in condensate portion of the spectrum extends to at least

the condensate shifts a portion of the Doppler-free line to the

red. The condensate’s narrow momentum distribution gives_o'9 MHz. To extract the condensate density we assume

rise to a similar feature near the center of the Doppler-sensitivéhat the linear relation between frequency shift and den-
line. Zero detuning is taken for unperturbed atoms excitedsity for a normal gas found in Ref. [10] remains valid

Doppler-free. ~All frequencies are referenced to 8 nm  at high densities. For excitation out of a Bose-Einstein
excitation radiation. condensate, one might expect that the disappearance of
exchange effects would reduce the frequency shift to one

When the sample is cooled belo$® K, additional half of that for a normal gas at the same density. How-
features appear in the spectrum, indicating the onset afver, this reduction may not occur if the system condenses
BEC. The Doppler-free spectrum exhibits a new feature
with a large redshift. As described in the accompanying __ 2
Letter [10], the1S-2S transition frequency is redshifted
by an amount proportional to the density. Thus, this .S,
new feature indicates the formation of a region of high o414 |
density, as expected for a condensate. Another new g [
feature also appears in the Doppler-sensitive spectrum, = -
which probes the sample’s momentum distribution; the
narrow momentum distribution of the condensate appears
as an additional feature in the middle of the wide, recoil-
shifted Doppler profile of the thermal cloud [16]. This
feature, whose intrinsic width should be given by the
position-momentum uncertainty relation, is broadened in
these experiments by the high condensate density. As
expected, it appears qualitatively similar to the Doppler-
free spectrum of the condensate.

The onset of BEC is further confirmed by the trajectoryrig. 2. Density of noncondensed fraction of the gas as the
of the normal gas as it is cooled through phase space (s@@p depth is reduced along the cooling path. The density
Fig. 2). The maximum density of the normal gas, is measured by the optical resonance shift [10], and the trap
is determined by measuring the shift of the Doppler-freglepth is set by the rf frequency. The lines (dashed, solid,
spectrum of the normal gas [10]. As the trap depth, dot-dashed) indicate the BEC phase transition line, assuming

. Lo a sample temperature oﬁtb, Lth, 1th) the trap depth. The
is reduced from 1.1 mK t600 pK, the density increases gcaiter of the data reflects the reproducibility of the laser probe

because the cooled atoms settle into the lowest energ¥chnique and is dominated by the alignment of the laser beam
regions of the trap. At a depth &f00 wK there is a to the sample.

density of norma

7102 2 3 4 5 7 10°
trap depth, €, [uK]
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120 T T T T T y Compared to alkali metal atoms, the maximum achiev-
able equilibrium condensate fraction for hydrogen is
100 } x 1/40 & | expected to be small [20]. Hydrogen’s smallvave scat-

tering length dramatically reduces the elastic collision rate
in the thermal cloud, and thus the evaporative cooling rate.

on - -

g 50 P The high density in a condensate can drastically increase
2 60 i the heating due to dipolar relaxation; the resulting heating-
— } cooling balance limits the condensate fraction.

% 40 A The condensate fractiory; = N./(N,, + N.), is ob-

the condensate and normal gas after accounting for the
partial (~10%) illumination of the normal gas by the laser
; . beam. A condensate fractigh= Sf‘z‘% is obtained, with
_1' 0 —(|)8 —(|)6 _64 _(')2 0 the dominant uncertainty coming from the relative size
’ ’ ’ ' ’ of the laser beam and thermal cloud. Alternatively, the
laser detuning [MHz] condensate fraction may be estimated by comparing the

FIG. 3. Doppler-free spectrum of the condensate (broad fea(_:ondensate population,, to the calculated normal gas

ture) and the normal gas (narrow feature). The dashed line iBOPUlation,N,, which is simply the Bose occupation func-
proportional to the number of condensate atoms at a densitiion weighted by the density of states, integrated over the

proportional to the detuning, for an equilibrium density distri- trapped states. The trap parameterand 8 cancel in the
bution with peak density, = 4.8 X 10 em™* in a parabolic  yatio v, /N,, and the remaining parametef, n,,, ande,
trap. are measured. We use the Doppler-broadened spectrum to
] ] ) ) measure the temperature4st = 5 uK. Since this ther-
into a group of low-lying states [18], in which case the na| energy scale is much larger than the peak mean field
frequency shift is the same as for a normal gas [19]energy, perturbations to the density distribution of the nor-
Using this conservative assumption, for two-photon excinal gas due to the condensate may be neglected. The
tation, A’ill%as = 2Av2430m = xn, Wherey = —38 = raquiting fraction isf = 67$%. Both methods for deter-
0.8 X 107'° MHz cn?®.  We delrslve a peak condensate mining f assume thermal equilibrium, which may not be
density ofn, = 4.8 = 1.1 X 10> cm™. The spectrum e case because the mean collision time is comparable to
depends on the distribution of densities in the condensat@se axial oscillation period.
and thus the magnitude squared of the condensate wavengte that if we had assumed that the frequency shift in
function. _ _the condensate is only half as large as for a normal gas
~ The peak condensate density extracted from Fig. 3 the same density, as one would expect for a condensate
is the largest in this series of experiments, but sevi, 5 single quantum state, the density extracted from the
eral other spectra gave comparable results. From thigyectrum would be twice as large. This would imply that
peak density we compute the mean field energy, thg; — ¢ x 10° and yield an unreasonably high condensate
total number of condensate atoms, and the condensaig,ction of 25%.
fraction. We model our trap by the loffe-Pritchard po-  \ye have followed the time evolution of individual
tential V(p,z) = (@p)? + (Bz2 + 6)> — 0. The pa- condensates by recording series of spectra in rapid suc-
rameterse and B are calculated from the magnetic coil cession. As expected, when the condensate decays the
geometry. Because of the sensitivity of the axial bias, spectrum narrows, indicating a reduction in density, and
to stray fields, we measure it using an rf ejection techpecomes less intense, indicating a reduction in condensate
nique; for these experiments/kz = 35 + 2 uK. For  ponylation. The lifetime is observed to be abfig. The
small displacements the radial oscillation frequen_cy icondensate decays rapidly by dipolar relaxation, but is
w, = a/\/mf = 2m X 3.90 = 0.11 kHz, and the axial simultaneously replenished by the normal gas. The laser
frequency isw, = y2B/m = 27 X 10.2 Hz. The peak probe artificially shortens the lifetime by evaporating He
mean field energy:,U/kp = n,h*a/mmks = 1.9 uK  from optical surfaces; the streaming He knocks atoms out
is much greater than the harmonic oscillator level spacof the trap.
ing, iw, /kg = 190 nK . We find that the presence of the condensate signifi-
As the simplest model of the interacting gas, we assumeantly distorts the Doppler-free spectrum of the normal
the Thomas-Fermi density profile for the condensategas, even though the condensate volume is only about
n(p,z) = n, — V(p,z)/U. The number of atoms in 10~3 of the volume of the thermal cloud. Figure 4 shows
the condensate is found by integrating the density ovegpectra taken above and below the onset of BEC. The

i /}’ ’ %?\i } } tained by comparing the integrated area of the spectra of
/ AN

)

o S
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the volume 5% the condensate. The result N5 =  spectra for samples without condensates show the shift
1672 U3/%n) /15w,§wzm3/2 =1.1 +0.6X10°. This and line shape due to the inhomogeneous density. The
condensate i$5 um in diameter and mm in length. lines are roughly symmetric, and are consistent with
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