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A Bose-Einstein Condensate of
Metastable Atoms

A. Robert, O. Sirjean, A. Browaeys,* ). Poupard,} S. Nowak,}
D. Boiron, C. I. Westbrook, A. Aspect§

We report the realization of a Bose-Einstein condensate of metastable atoms
(helium in the lowest triplet state). The excitation energy of each atom with
respect to the ground state is 20 electron volts, but inelastic processes that
would destroy the sample are suppressed strongly enough in a spin-polarized
sample to allow condensation. Our detection scheme takes advantage of the
metastability to achieve detection of individual atoms as well as of the decay
products of inelastic processes. This detection opens the way toward new
studies in mesoscopic quantum statistical physics, as well as in atomic quantum

optics.

Bose-Einstein condensation (BEC) of heli-
um in its ground electronic state has been
known for decades and is responsible for
many extraordinary properties of liquid he-
lium. The more recently observed BEC of
weakly interacting atomic gases exhibits a
rich variety of phenomena at the interface
between condensed matter and statistical
physics on the one hand and atomic, mo-
lecular, and quantum optical physics on the
other (I). The phenomenon has thus far
been observed in four different atomic spe-
cies: H, Li, Na, and Rb (2-5). We now
report the observation of BEC in a fifth
species: metastable triplet He (He*). This
result is important in itself because not all
atoms lend themselves to condensation
with present technology and, as was dem-
onstrated in the case of Cs (6), sometimes
only in attempting to form a BEC can one
obtain accurate enough information to con-
clude whether it is possible or not. In the
case of He*, it was in fact predicted that
elastic collision rates were sufficiently
large and inelastic collision rates were suf-
ficiently low to permit BEC (7), and this
prediction has stimulated experimental ef-
forts in several labs (8—10). Our work ver-
ifies these predictions, and helium is now
the only atom that exhibits BEC in two
phases with vastly different densities, cor-
responding to different electronic states.
A BEC of He* is remarkable in that the
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constituent atoms contain a large internal en-
ergy: the 2 3S, state is 20 eV above the
electronic ground state, and this energy is
huge compared to the thermal energy of our
sample (1071° eV per atom at 1 pK). Only a
complete decoupling of the internal and ex-
ternal degrees of freedom prevents conver-
sion of the internal electronic atomic energy
into ionization and kinetic energy that would
lead to an immediate destruction of the con-
densate. An unpolarized sample of metasta-
ble helium at such a large density (about 103
cm~3?) would be destroyed in less than a
millisecond (1 /-13). The reason this does not
happen is the complete spin polarization of a
magnetically trapped gas. When all spins are
aligned along the same direction, Penning
ionizing collisions that could release the in-
ternal potential energy are suppressed by spin
conservation (/4). Theoretical studies (7, 15,
16) that take into account spin relaxation
predict a suppression factor as large as 10°
7).

The large energy content of each atom
opens the ultimate possibility of detecting
individual atoms with nanosecond time res-
olution, an extremely challenging task
when using optical detection. When the
atoms hit a detector such as a microchannel
plate (MCP) with a velocity of 1 m/s as in
our experiment, the time resolution trans-
lates into nanometer position resolution.
With such sensitive detection, it will be-
come possible to study mesoscopic statisti-
cal physics, with a number of particles
ranging from 10° or larger to a few, thereby
allowing the study of finite number effects
in an unusual range (/8). Individual atom
detection will also allow one to perform
new quantum atom optics experiments. For
instance, the celebrated experiments of spa-
tial interference between two independent
condensates (/9) could be done with a
time- and position-resolved detector, so
that the emergence of a relative phase be-
tween the two condensates, as predicted in

several theoretical papers (20), could be
followed in real time.

Our experiment begins with a magneto-
optical trap of He* (21). After optical molas-
ses cooling, optical pumping, and magnetic
compression, the magnetic trap contains
about 2 X 108 atoms at 1 mK. Metastable
helium in the 2 3S, state has a (purely elec-
tronic) spin of 1, and only the m = +1
magnetic sublevel can be trapped. The m =
—1 sublevel is antitrapped, and m = 0 is
insensitive to the magnetic field. The mag-
netic trap is of a “cloverleaf” design (22)
with B’ = 85 G/cm, B" = 20 G/cm?, and a
bias field B, = 0.3 G at the end of the
compression. The corresponding axial and
radial oscillation frequencies in the harmonic
trapping potential are about 50 and 1300 Hz,
respectively. The atomic cloud is elongated
along the coils’ axial direction (Fig. 1), and
its lifetime is 50 to 60 s.

After the compression stage, thermaliza-
tion is rapid enough for evaporative cooling
(21), and we begin a radio frequency (RF)
evaporation ramp at a frequency of 135 MHz.
The ramp lasts about 60 s and goes down to
a value around 1 MHz, which is about 150
kHz above the minimum of the trapping po-
tential. After the ramp, the trap holds the
remaining atoms for 100 ms or more. We
then turn off the currents producing the mag-
netic trap, and atoms falling under the influ-
ence of gravity are detected by a MCP placed
5 cm below the trap center. We show in Fig.
2 the signal from the MCP as a function of
time after the atoms’ release and for various
values for the final frequency of the ramp.
The time-of-flight (TOF) spectra show the
arrival time distribution for a cloud of atoms
falling on the detector. The mean arrival time
corresponds to the time it takes for the atoms,
initially nearly at rest, to fall 5 cm.

Because the width of the distribution is
small compared to the mean arrival time, all
of the atoms hit the detector with nearly the
same final velocity of 1 m/s. The TOF spectra
are then proportional to the spatial distribu-
tion along the vertical x direction, integrated
over y and z.

Figure 2 thus shows the behavior charac-
teristic of most other BEC experiments using
atoms in a harmonic trapping potential: At a
high final ramp frequency (that is, above the
condensation temperature), the spatial distri-
bution is well approximated by a Maxwell-
Boltzmann distribution, whereas when the
ramp goes low enough and reduces the tem-
perature sufficiently, the distribution exhibits
a narrow peak on top of a broad one. The
fraction of atoms in the narrow peak increas-
es as the final ramp frequency is lowered, and
we interpret this peak as a BEC. The signal
disappears altogether when the ramp is al-
lowed to go even lower and to completely
empty the trap.
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The spectra shown in Fig. 2 correspond to
approximately 5 X 10° atoms falling on the
MCP. They correspond to freely falling
atoms released from the trap immediately
after the currents in the coils are turned off.
Stray magnetic field gradients are present
during the atoms’ fall, and therefore we
conclude that these atoms are in the field-
insensitive m = 0 state. We have confirmed
this interpretation by deliberately applying
a field gradient of 0.1 to 1 G/cm along the
vertical direction during the 100-ms fall
time. We observed no change in the arrival
time nor in the height of the observed peak
in the presence of these gradients. We thus
interpret the spectra as a sample of the cold,
trapped cloud in m = +1 (including both
the condensed and the uncondensed frac-
tions) that was rapidly transferred to the
m = 0 state during the switch-off of the
current. We know from previous in situ
magnetic field measurements that when the
current is switched off, eddy currents in the
vacuum chamber cause the bias magnetic
field at the position of the atoms, originally
0.3 G, to reverse and attain values above
100 G. This reversal takes place in about
100 s, after which time the magnetic field
decays with a time constant of about 1 ms.
We presume that during this fast reversal,
most of the atomic spins adiabatically fol-
low the magnetic field, but a small fraction
ends up in the m = 0 state. Such a nonadia-
batic transition must take place while the
field is close to zero; that is, in a time short
compared to the 100-ps reversal time (23).

This scenario is supported by two addi-
tional observations. First, when applying
the vertical gradient mentioned above, we
observed a second peak in the TOF spec-
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Fig. 1. Schematic diagram of the apparatus (not
to scale). The coils that form the magnetic trap
are outside the vacuum in reentrant flanges.
The microchannel plate is 5 cm below the
center of the trap. The incoming He" beam
propagates along the y axis (horizontally). The
three pairs of magneto-optical trap laser beams
(not shown) propagate along the z axis and at
45° to the x and y axes.

Magnetic
field coils
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trum. This peak arrived earlier by an
amount consistent with the acceleration
caused by the applied gradient and there-
fore corresponded to atoms in one of the
field-sensitive states. This peak had an area
as much as seven times greater than that of
the m = 0 peak, indicating that many more
atoms were in the trap than were observed
in the TOF spectrum. In a second experi-
ment, we used an RF knife ramping through
the trap at 1 kHz/ms to couple the atoms out
of the condensate rather than turning off the
magnetic field. In this way, we also ob-
served as many as seven times more atoms
as in the curves in Fig. 2.

We can confirm the idea that many more
atoms are trapped than are observed in Fig.
2 by an independent analysis leading to the
number N, of atoms in the thermal cloud
below the critical temperature. By fitting
the wings of the TOF spectra, we are able
to determine the temperature 7T of the
trapped atomic cloud and, using the Bose
distribution, to infer N,. As discussed in
(/8) and experimentally demonstrated in
(22, 24, 25), this number should be given
by: N, = 1.202 (kT/h®)?, where k is Boltz-
mann’s constant, f is Planck’s constant
divided by 27, and & denotes the geometric
mean of the trap oscillation frequencies.
This relation gives an absolute thermody-
namic measurement of the number of at-
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Fig. 2. TOF spectra for different final frequen-
cies of the RF ramp (values are shown at the
left of each curve). The solid lines show Gauss-
ian fits to the wings. This series of spectra
shows the BEC transition as the RF ramp lowers
the temperature further and further. The tem-
perature at the transition is 0.7 pK. Each spec-
trum is a single-shot acquisition containing
about 5 X 10% atoms, although the actual
number in the condensate is higher by a factor
of about 8.

oms. It is greater by a factor /= 8 * 4 than
the value from the MCP. The uncertainty
given for f is the standard deviation of 28
measurements. Taking this correction into
account, the largest condensate we have
observed contained about 10° atoms.

We have also examined the behavior of
the condensate for different atom numbers.
Figure 3 shows the results of a series of runs
for which the number of atoms in the con-
densate was varied. We plot the width corre-
sponding to the Thomas-Fermi radius of the
condensate after expansion, as a function of
the number N, of atoms in the condensed
fraction. We obtained good fits to an inverted
parabola squared for numbers of detected
atoms as low as 400. The size w, of the
condensate in the direction /, in the Thomas-
Fermi approximation, and for a scattering
length a is given by

> 'S
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w, = 0;4/— (15—
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where o, = V{fi/mw;} is the size of the
ground state harmonic oscillator wavefunc-
tion along the ith direction, and & denotes
the geometric mean of the three sizes. To
obtain the size of the condensate in the trap
from the measured size after the expansion
of duration (1) = 100 ms, we use the anal-
ysis of (26) according to which, for a sud-
den switch-off of the trapping potential, the
spatial distribution of the condensate along
an initially tightly confined direction i is
simply dilated by a factor w, during expan-
sion. Thus, the condensate size should vary
as the 1/5 power of the number of atoms, as
is confirmed by a fit to a log-log plot (slope
0.19) and Fig. 3.

Knowing the size as a function of the
number of atoms in the condensate allows

o
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Fig. 3. Observed width of the condensate peak
after expansion, as a function of the number of
atoms in the peak to the 1/5 power. The width
is derived from the TOF spectrum and is given
in milliseconds. After correcting the number of
atoms for the fraction we do not observe (see
text), the slope of the straight line gives an
estimate of the scattering length of 20 = 10
nm.
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us also to get an estimate of the scattering
length a. We used the data in Fig. 3, and
correcting the number of atoms by the cor-
rection factor f we obtained a = 20 = 10
nm. This result is consistent with our elas-
tic rate constant measurements at 1 mK
(21). The validity of the above analysis
relies on two important assumptions. First,
the release of the atoms from the trapping
potential must be rapid as compared to the
inverse of the angular frequency w,. If this
were not the case, the expansion would not
be as fast as expected, and this discrepancy
would lead to an underestimate of the size
of the condensate and therefore of a. Ac-
cording to the discussion of the rapid trans-
fer to m = 0 above, it is reasonable to
believe that the condition is fulfilled in our
case, but its violation can lead to large
errors. The second assumption is that the
interaction energy between the atoms in the
various m sublevels is described by a single
scattering length a (27, 28) and that they all
expand freely (29).

We have also observed the ions pro-
duced by the trapped condensate by nega-
tively biasing a grid above the MCP (Fig.
4). These ions are due to Penning ionization
of residual gases, two-body Penning colli-
sions within the condensate, or possibly to
other, more complicated processes. We ob-
served a factor of 4 to 5 more ions from the
condensate than from a thermal cloud at 1
pK, and we attribute this increase to the
larger density in the condensate. The life-
time of the condensate, estimated by ob-
serving the decay of the ion rate, is on the
order of a few seconds. This is true both
with and without an RF knife to evacuate
hot atoms (22, 30), although the lifetime is
slightly longer with the knife present. The
density of the condensate, deduced from its
vertical size measurement and its known
aspect ratio, is on the order of 10'3 cm™3,
so from the lifetime we can place an upper
limit of 10713 ¢m® s~! on the relaxation-
induced Penning ionization rate constant.

The observation of BEC in He*, togeth

Fig. 4. lons detected by the MCP
during the magnetic trap phase.
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er with our MCP detector, offers many new
possibilities for the investigation of BECs.
The ion detection described in the previous
paragraph allows continuous nondestruc-
tive monitoring of the trapped condensate.
Our ability to count individual He* atoms
falling out of the trap can be combined with
several outcoupling schemes releasing the
atoms in the field-insensitive m = 0 state:
A laser-induced Raman transition (3/) can
provide an even faster and more flexible
scheme than the fast reversal of the mag-
netic field presented here; on the other
hand, like an RF outcoupler, it can also
produce a quasi—continuous-wave atom la-
ser (32, 33), and the RF experiment pre-
sented above is a crude version of it. Fast
dumping of atoms, with numbers ranging
from over 105 to a few, can offer new
opportunities for studies in statistical phys-
ics with low numbers of particles, such as
investigations of corrections far from the
thermodynamical limit (/8). Slow outcou-
pling combined with space- and time-re-
solved detection of individual atoms should
allow one to perform accurate comparisons
of correlation functions (30) for a thermal
beam of ultracold atoms (34) and for an
atom laser, realizing the quantum atom op-
tics counterpart of one of the fundamental
experiments of quantum optics. Experi-
ments that are still unrealized in quantum
photon optics may also become possible
with a system such as that reported here.
It has already been shown that the laser
and vacuum apparatus necessary to manip-
ulate “He is readily adapted to the fermi-
onic isotope *He (12). Thus we expect that
it will soon be possible to study a degener-
ate gas of fermions using sympathetic cool-
ing (35-37). Finally, the upper-lying levels
of triplet metastable helium are radiatively
coupled to the electronic 1 'S, ground state,
so that a laser excitation of the condensate
toward one of these levels would create a
population inversion with the ground state.
This excitation could lead to superradiance,
and even lasing beyond 20 eV. It might also

The vertical dashed line at t = 0 02t
corresponds to the end of the RF
ramp. The thin line corresponds =
to a final RF frequency of 1.2 G o0.15 |
MHz (Fig. 2) [that is, a thermal g _
cloud (T = 1 uK)], whereas for & TBhEecr:mal cloud (~1uK)
0.97 MHz (thick line) the cloudis § 0.1 }
almost a pure BEC. The lifetime 5
is smaller in the latter case, indi- &
cating a higher loss rate for a & 0.05
BEC. a !
|
or I . . .
-5 0 5 10 15
Time (s)
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yield a dilute degenerate sample of ground-
state helium, giving yet a third phase of
quantum degenerate helium.
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HIFa Targeted for
VHL-Mediated Destruction by
Proline Hydroxylation:
Implications for O, Sensing
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HIF (hypoxia-inducible factor) is a transcription factor that plays a pivotal role
in cellular adaptation to changes in oxygen availability. In the presence of
oxygen, HIF is targeted for destruction by an E3 ubiquitin ligase containing the
von Hippel-Lindau tumor suppressor protein (pVHL). We found that human
pVHL binds to a short HIF-derived peptide when a conserved proline residue at
the core of this peptide is hydroxylated. Because proline hydroxylation requires
molecular oxygen and Fe?*, this protein modification may play a key role in

mammalian oxygen sensing.

How cells sense changes in ambient oxygen
is a central question in biology. In mamma-
lian cells, lack of oxygen, or hypoxia, leads to
the stabilization of a sequence-specific DNA
binding transcription factor called HIF,
which transcriptionally activates a variety of
genes linked to processes such as angiogen-
esis and glucose metabolism (/-4). HIF
binds to DNA as a heterodimer consisting of
an a subunit and a 8 subunit.

Von Hippel-Lindau (VHL) disease is a
hereditary cancer syndrome characterized by
the development of highly vascular tumors
that overproduce hypoxia-inducible mRNAs
such as vascular endothelial growth factor
(VEGF) (5). The product of the VHL tumor
suppressor gene, pVHL, is a component of a
multiprotein complex that bears structural
and functional similarity to SCF (Skpl/
Cdc53 or Cullin/F-box) ubiquitin ligases (6—
11). In the presence of oxygen, pVHL, in
association with elongin B and elongin C,
binds directly to HIFa subunits and targets
them for polyubiquitination and destruction
(7-10). Cells lacking functional pVHL can-
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not degrade HIF and thus overproduce
mRNAs encoded by HIF target genes (/2).
Here, we investigate the mechanism by which
hypoxia prevents the destruction of HIF.

VHL interacts with a modified form of
HIF. We first followed up on earlier obser-
vations that cobalt chloride or iron chelators
such as desferrioxamine (i) stabilize HIF and
lead to transcriptional activation of its target
genes (/—4), (ii) inhibit the binding of pVHL
to HIF (/2), and (iii) inhibit HIF polyubiq-
uitination by pVHL in vitro (7). To study this
further, we treated pVHL-defective renal car-
cinoma cells with increasing amounts of co-
balt chloride or desferrioxamine. As shown
earlier, the untreated cells contained high lev-
els of HIF-2a, which bound directly to recom-
binant pVHL—-elongin B-elongin C (VBC)
(7, 12, 13) (Fig. 1A). In contrast, VBC did not
recognize HIF-2a isolated from cells treated
with cobalt chloride or desferrioxamine.

A recent study indicated that hypoxia, in
contrast to cobalt chloride and desferrioxamine,
inhibits HIF polyubiquitination but not the
physical association of pVHL and HIF (/2).
This suggests that physiological regulation of
HIF by hypoxia is mechanistically distinct from
the pharmacological effects of cobalt chloride
and desferrioxamine. Exposure of cell extracts
to oxygen in this earlier study, however, might
have allowed for reformation of pVHL-HIF
complexes after lysis. To explore these obser-
vations further, we grew mouse cells (ts20)
with a temperature-sensitive mutation in the E1
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ubiquitin-activating enzyme (/4) at the nonper-
missive temperature under hypoxic or nor-
moxic conditions so that HIF would accumulate
in the presence or absence of oxygen (/J5).
Although comparable levels of HIF accumulat-
ed in these two settings, VBC only recognized
the HIF from normoxic cells (Fig. 1B). Thus,
the interaction of pVHL with HIF appears to be
governed by a posttranslational modification of
HIF that is oxygen- and iron-dependent.

pVHL binds to a region of HIF-la called
the oxygen-dependent degradation domain
(ODD) (7). We had observed that pVHL bound
to HIF produced in rabbit reticulocyte lysate but
did not bind to HIF produced in wheat germ
extracts or in Escherichia coli (16). Further-
more, wheat germ— or E. coli-derived HIF
acquired pVHL binding activity after preincu-
bation with human, rabbit, or Xenopus cell ex-
tracts at 37°C (/6). For example, glutathione
S-transferase (GST)—-ODD fusion proteins pro-
duced in E. coli were not recognized by VBC
unless preincubated with a rabbit reticulocyte
lysate (Fig. 1C). VBC did not recognize GST-
ODD fusion proteins incubated with a heat-
inactivated reticulocyte lysate (Fig. 1D). These
results indicate that pVHL recognizes a modi-
fied form of HIF and that this modification is
carried out by a factor present in a variety of
vertebrate cell extracts.

To determine the nature of this modifica-
tion, we first narrowed the region of HIF that
binds to pVHL. Gal4-HIF fusion proteins con-
taining HIF residues 555 to 575 bound specif-
ically to immobilized GST-VBC complexes
(Fig. 2, A and E) (/3, 17). Likewise, a biotin-
ylated peptide corresponding to HIF residues
556 to 575 [henceforth HIF(556-575)] bound to
pVHL after preincubation with reticulocyte ly-
sate (Fig. 2B) (/8). As noted by others, this
region of HIF contains a highly conserved col-
linear sequence, Met-Leu-Ala-Pro-Tyr-lle-Pro-
Met (Fig. 2E), which, when mutated to cight
consecutive alanines, leads to HIF stabilization
(19). An alanine scan of this region showed that
Leu®®? and Pro®** were essential for specific
binding to pVHL (Fig. 2B). In contrast, muta-
tion of the one potential phosphoacceptor in this
peptide, Tyr>®°, did not affect pVHL binding,
consistent with an earlier study in which a
Tyr*®> — Phe mutation did not affect HIF
stability (20). Moreover, phosphatase treatment
did not affect the binding of pVHL to GST-
ODD in these assays (16).

Mutation of either Leu®? or Pro°** to Ala
in the context of full-length HIF-law or a
Gal4-ODD fusion protein abrogated pVHL
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