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Optical cooling of atomic hydrogen in a magnetic trap
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We describe the prospects for optical cooling of magnetically trapped atomic hydrogen. We analyze the perfor-

mance of an optical system currently under development in our laboratory and present calculations for the optical

cooling rate. We conclude that by using optical techniques hydrogen can be cooled to below 10 mK while the

density is simultaneously boosted to approximately 1014 cm- 3. The same system can be used for thermometry down

to temperatures well into the microkelvin regime.

1. INTRODUCTION

At first the hydrogen atom (H) seems to be a textbook
candidate for optical cooling experiments. Under suitable
conditions H can be spin polarized, thus virtually eliminat-
ing recombination to the molecular state. Unlike any other
atomic or molecular system, atomic H remains gaseous down
to 0 K, which makes the system an ideal testing ground for

the investigation of fundamental quantum properties. One
of the most dramatic manifestations of these quantum ef-
fects would undoubtedly be the observation of Bose-Ein-
stein condensation (BEC) in H. Despite many efforts, no

one has yet succeeded in reaching the conditions necessary
for the occurrence of BEC, a combination of high density
and low temperature, but along the way many important
results concerning the condensed-matter aspects of H gas
have been obtained. In practice, recombination to the mo-
lecular state both in the gas phase and on surrounding sur-
faces puts a practial limit on the maximum achievable densi-
ties, n < 5 X 1018 cm- 3. For a summary of a variety of

experimental results, the reader is referred to some recent
review papers. 1 2

From a spectroscopic point of view H clearly stands out as

the most simple and well-understood system. It remains
one of the most valuable systems for the study of fundamen-
tal quantum-physical problems, thus it is no surprise that
both atomic and condensed-matter physicists are eager to
apply optical cooling techniques to this unique system.3' 4

However, this is not easily done owing to the awkward wave-
length (121.6 nm) of the 1S-2P Lyman-a (Ly-a) transition.
To date no optical cooling of H has been performed. In this
paper we describe and analyze the way in which we are trying

to approach this problem. The method is specifically tai-
lored to suit our interest in the condensed-matter aspects of
atomic H. It is applicable to relatively high densities of
atoms (up to 1014 cm- 3) that are precooled to temperatures
below 0.4 K and confined in a magnetic trap. Different
schemes, with other applications in mind, have been pro-

posed by other authors. 3 In addition to optical cooling, we

plan to use optical techniques for thermometry and detec-
tion of the atoms under conditions in which other methods
lack sensitivity.

2. OPTICAL SETUP

The chief obstacle facing potential optical coolers of H is the
necessity of using pulsed schemes to generate VUV Ly-a
radiation of sufficient intensity. In order to reach tempera-
tures close to the Doppler limit (2.4 mK for H), the band-
width of the light has to be comparable with the natural
linewidth of the transition (100 MHz). According to the
Fourier theorem this requires relatively long pulses. In or-
der to achieve the smallest bandwidth, we opted for a system
based on pulsed amplification of narrow-band cw radiation.
In Fig. 1 we show a schematic of this system. The cw part
consists of an Ar+-pumped (Coherent Innova 200-15) single-
mode ring dye laser (Coherent 699-21) operating at a wave-
length of 730 nm. This light is amplified in three stages in a
pulsed dye amplifier (Lambda Physik 2003) pumped by an
excimer laser (Lambda Physik LPX 210i) and is then fre-
quency doubled in a KDP crystal. The ensuing 365-nm
light is amplified once more by the remaining part of the
excimer beam. The pump laser produces pulses of 400-mJ
energy and 25-nsec duration at a maximal repetition rate of
100 Hz. After three stages we obtained 730-nm pulses of 10-
15 mJ and a near-transform-limited bandwidth of 30 MHz.
After the second-harmonic generation (SHG) and the final
amplification stage the pulse energy is 15-20 mJ, and the
bandwidth 40 to 60 MHz. A similar system operating at a
different frequency and without the amplification stage af-
ter the SHG crystal was used by Chu et al. 5 The 365-nm
pulses will be used to produce Ly-a radiation by third-har-
monic generation (THG) in a mixture of Ar and Kr. 6 This
tripling cell is currently under construction. The UV inten-
sity is sufficient to ensure a conversion efficiency of 10-6 to
10-5, or 109 to 1010 Ly-a photons per pulse. The bandwidth
in the VUV will be approximately 100-150 MHz, and a single
Ly-a beam will be used for the cooling. Figure 2 shows a
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Fig. 1. Schematic of the optical setup.
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Fig. 2. Tripling cell and VUV monochromator. L, fused-silica
lens; L2 and L3, MgF2 lenses; WI and W3 ; fused-silica windows; W2 ,
MgF2 window. The beam width is expanded to unrealistic propor-
tions for visual purposes.

schematic of the THG cell and the monochromator used to
separate the VUV light from the large UV background. The
fundamental and third-harmonic beams ensue from the
THG cell as concentric cones. By exploiting the different
refractive indices of MgF2 for 365 and 121.6 nm, a MgF2 lens
that is placed off axis may be used to focus the Ly-a beam
onto a small aperture while the fundamental beam is de-
flected away onto a beam dump. A similar monochromator
was used by VonDrasek et al.

7

The scheme described above yields an exceptionally small
bandwidth but is unsuited for the usual optical-molasses8 or
beam-stopping9"l0 experiments owing to the relatively low
repetition rate of the excimer laser: the atoms would simply
escape in the time span between two pulses. This problem
is eliminated when the atoms are confined in a magnetic
trap. Magnetic confinement of spin-up-polarized hydrogen
(Ht) was proposed by Hess" and first demonstrated by Hess
et al. at MIT.'2 Shortly thereafter a different trapping
scheme was successfully applied by van Roijen et al.13 Re-
search related to the experiments that we propose here,
optical cooling of magnetically trapped Na atoms, was car-
ried out by Bagnato et al.'4 Since the analysis of the optical
cooling of Ht depends in a crucial way on the geometry of the
confinement field, we next briefly describe the trap used by
van Roijen et al. We plan to use essentially the same trap
for the optical experiments described in this paper.

3. MAGNETIC TRAP

In order to achieve wall-free confinement of H, the magni-
tude of the magnetic field needs to show a minimum in free
space. In the experiment of van Roijen et al. this was estab-
lished with a combination of dipole and quadrupole mag-
nets. The layout of the magnetic field profile is shown in
Fig. 3. The axial field has a quadratic minimum B = a(z -
zo)2 + f3. The transverse contribution due to the quadrupole
coils increases linearly with distance from the axis at a slope
y. Van Roijen et al. used a = 0.1 T/cm2 , , = 0.05 T, and =
2.2 T/cm.13 The finite value fl of the field at the trap mini-
mum not only serves to suppress Majorana (spin-flip) transi-
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tions, which lead to loss of atoms from the trap, but will also

spectrally separate different fine-structure components of
the 1S-2P transition, which is essential for optical cooling
experiments. For the latter reason we shall use a slightly
higher value for ,B (0.1 T) in the calculations below. In the

optical experiments a single Ly-a beam will enter the trap-
ping region along the z direction. The H atoms are pro-
duced in a dissociator of the type pioneered by Hardy et
al.,' 5 which operates at 600 mK and is located in a field of 4.5
T. The low-field-seeking Ht atoms are driven toward the
field minimum by the field gradient and subsequently ther-
malize with the surrounding walls. Paradoxically, the colli-
sions with the wall play an important role in establishing
wall-free confinement. A single particle that enters a hypo-
thetical trap without surrounding walls will never be con-
fined, as it has no way of dissipating the kinetic energy it
picks up as it accelerates toward the field minimum: the
atom will career out of the trap. Although it is ultimately
the atom-atom collisions that redistribute the energy among
the particles and are thus responsible for establishing ther-
mal equilibrium, the mean free path for these collisions is
often larger than the dimensions of the trap. In this case the
walls prevent the atoms from escaping and thus enable the
attainment of high densities. In light of the above remarks,
the term wall-free confinement should be interpreted some-
what loosely as referring to sufficient suppression of the
density near the cell boundaries to eliminate surface-cata-
lyzed recombination and relaxation processes. Another im-
portant feature of this confinement scheme is that the ther-
mal equilibration time of the gas with the wall is substantial-
ly longer than the time needed for the gas to establish
internal thermal equilibrium. After internal equilibration
the spatial density distribution n(r) of the gas in the trap will
be a Boltzmann distribution n(r) = no expl-/AB[B(r) - B(0)]/
kBTI. It is useful to define effective volumes of the sample
by integrating m-particle distribution functions over the
trap' 3:

Vine f[n(r)/no]mdr. (1)

In particular,

nof N/Vie, (2)

where no is the density at the center of the trap. The effec-
tive volumes Vme and the relation between no and N depend
on the geometry of the trap and have to be calculated nu-
merically. For our trap we obtain approximately V2eT-5/2 =
6.4 cm3 K-5/2 and VleT-5/ 2 = 34 cm3 K-5/2.
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Fig. 3. Profile of the magnetic field. Solid curve, the field at the
cell boundary; dotted curve, the field along the axis.

The role of atom-wall collisions constitutes an important
difference between the trapping experiments performed in
Amsterdam 3 and at MIT. 2,'6 In the Amsterdam experi-
ment the magnetic-field minimum was completely sur-
rounded by walls, one of which served as the magnetic barri-
er at the loading side of the trap. By this last remark we
mean that the magnetic potential barrier on this side of the
trap is so high (4.5 T) that the atoms, once thermalized, have
insufficient energy to climb the hill. Hence no low-field-
seeking particles could escape. In contrast, the MIT trap
contained a comparatively shallow magnetic barrier on one
side of the sample cell over which particles could escape.
The maximum attainable density during loading is deter-
mined by the balance of the flux of particles entering the
trap and the two loss mechanisms, namely, relaxation to
high-field-seeking atoms (Hi) and low-field-seeking atoms
(Ht) escaping from the trap. The suppression of the latter
mechanism in the Amsterdam experiment resulted in densi-
ties (no = 3 X 1014 cm- 3) considerably higher than the values
obtained at MIT (no = 5 X 1012 cm- 3). On the other hand,
the temperature in the Amsterdam experiment was limited
by that of the apparatus (80 mK), while at MIT tempera-
tures below 3 mK have been reached. This is because the
particles escaping the trap over the barrier have a much
higher than average energy, causing the remaining gas to
cool to well below the wall temperature, an effect called
evaporative cooling.

Owing to the absence of surface-catalyzed recombination
the Ht gas in a trap can be cooled to extremely low tempera-
tures, but unfortunately the limited intrinsic stability of Ht
prevents the density from becoming larger than approxi-
mately 10'5 cm-3. At higher density the gas rapidly decays
to high-field-seeking states through magnetic dipolar spin
relaxation. 7"18 For the observation of many-body quantum
effects such as BEC it is therefore imperative to combine low
temperatures with the maximum density that can practical-
ly be attained. In this light the evaporative cooling tech-
nique seems disadvantageous when compared with optical
cooling, since with the former technique atoms are intrinsi-
cally lost during the cooling process, while the optical meth-
od is in principle nondestructive. This drawback of evapo-
rative cooling is, however, less serious than one would sus-
pect: as was argued theoreticallyll 9 and demonstrated
experimentally,'6 the self-compression of the gas toward the
center of the trap on cooling is sufficient to more than com-
pensate for the loss of atoms. Therefore, in principle, it is
possible to reach densities of more that 1014 cm-3 with evap-
oration if one takes care not to increase the effective volume
of the trap during the cooling. We have chosen to incorpo-
rate optical techniques for three reasons. First, since the
number of atoms remains constant, the effect of self-com-
pression on cooling is much greater than with evaporative
methods, which allows one to start the cooling with samples
of lower density (5 X 10ll cm- 3 ). This is important because
the trap will necessarily be open, as in the MIT case, so one
can gain optical access from one side and observe transmit-
ted light at the other. Second, the introduction of optical
techniques is indispensible for detecting H atoms at low
temperatures, as other methods lack sensitivity. In Section
6 below we discuss these detection methods as well as a way
to determine the temperature of the gas optically. The
third rationale for attempting optical cooling of trapped H is
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the physics of the cooling process itself, which differs in
some respects from previously performed experiments. We
first analyze the specific problems encountered when opti-
cally cooling trapped H and present some numerical calcula-
tions pertaining to the cooling process.

4. OPTICAL COOLING OF TRAPPED H

One may wonder if, even when a suitable optical transition is
present, the use of a single pulsed beam of moderate repeti-
tion rate frustrates the cooling process. This is not the case,
despite the fact that the light pressure is exerted on the gas
only from one side and intermittently. There are three
criteria to be fulfilled: (1) the interatomic collision rate
must be sufficiently high to ensure that the gas establishes
internal thermal equilibrium on a time scale short compared
with the cooling rate, (2) the tuning of the source must be
such that energy is extracted from the gas, and (3) the cool-
ing must proceed sufficiently rapidly to overcome the minor
heat leak to the walls. We should note that condition (1) is
not stringent; even if the atoms do not collide at all, energy
can still be extracted from the system since the orbit time of
the particles in the trap (typically of the order of millisec-
onds) is short compared with the cooling rate. As the parti-
cles swing back and forth in the trap they still absorb light
predominantly when they move toward the source if the
detuning is negative. If we were to relax condition (1), the
analysis would become complicated partly because of the
batitad I
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where Dr = (8kBT/17rA)1/2 is the average relative atomic speed
(with ,t the reduced mass of the scattering pair), a = 87ra2 is
the scattering cross section for a pair of identical atoms with
s-wave scattering length a = 0.72 A, and v = V2e/V, 0.19 is
a constant determined by the geometry of our trapping field.
The solid curve in Fig. 4 represents r,, versus the tempera-
ture for a fixed number N = 5 X 1010 atoms in the trap. This
equilibrium rate increases at lower temperatures because
the density increases as the gas becomes more confined near
the center of the trap.

In contrast to r,, the gas-wall thermalization time ru, de-
pends on the density of atoms near the walls, a quantity that
becomes exponentially small at low temperatures. To with-
in a factor of order unity -,w is given by20

Tw -
1

= 1 exp(-Etr/kBT). (4)

Here tr/kB = 0.92 K represents the trap depth, where kB is
Boltzmann's constant. Even at 100 mK, ,r is four orders of
magnitude longer than -r,. An additional criterion of practi-
cal importance is that the cooling has to proceed faster than
the loss rate of atoms due to dipolar relaxation. For a given
density of atoms in the center of our trap, the characteristic
time for dipolar relaxation is given by' 3

Tr 1 =_-/N = YddGddnO (5)

epenUence 01 tne resonance requency in the trap where Gdd is the dipolar rate constant evaluated at the center
ause the gas may be optically dense. These prob- of the trap, and dd is a factor that contains the effects of the
1 be easily dealt with if thermal equilibrium is as- inhomogeneous magnetic field through the field dependence
As long as condition (1) is consistent with condi- of the rate. Below 100 mK the product -YddGdd is for our trap
and (3), it is in no way restrictive, as one can always approximately equal to 2.5 X 10-15 cm 3/sec. As is the case
he Ly-a power to lower the cooling rate. The inter- for r,, the temperature dependence of Tr scales with that of
malization time r, due to elastic collisions is given no. In addition to dipolar relaxation there is spin-exchange

relaxation. The latter process does not affect pairs of atoms
in the doubly polarized (electron- and nuclear-spin) hyper-
fine state. This state is denoted by d in Fig. 5. The c state

-- \ 1 contains some admixture of spin-down polarization, and at-
oms in this state are therefore susceptible to spin-exchange
relaxation. Since the latter process is much faster, the c
state is rapidly depleted, leaving a gas that is almost com-
pletely doubly polarized.13 As long as the optical cooling

...- - - - --- - -* ..- . - rate I/T is larger than Tr'- and T-', the gas of d atoms can
T. be cooled with negligible loss of particles. In Fig. 4 we show

a curve (the dotted curve) for this cooling rate at a photon
flux of 5 X 101 sec'1 (5 X 109 photons/pulse, 100-Hz repeti-
tion rate) calculated using a model presented below.

We now consider the effect of the tuning of the source
frequency. This is not entirely trivial owing to two compli-
cating effects: the inhomogeneity of the magnetic field and
the consequent dependence of the resonance frequency of an
atom on its location in the trap, and the fact that the density

*- N of the gas is so high that it is no longer an optically thin
N medium. A detailed evaluation of these effects requires

It I I | I I I numerical calculations that we present below. We limit
0 20 40 60 80 100 ourselves first to a general discussion of the problem.

T(mK) In Fig. 5 we show the energy levels of the n = 2 state of the
rarious relevant time constants calculated for 5 X 1010 H atom as well as those in the ground state. As mentioned
,, the internal equilibration time of the gas; NI/N, the above, only the d state is appreciably occupied. The allowed
stic decay time due to dipolar relaxation; T/T, the cooling transitions from the d state to the 2P manifolds are denoted
ling a photon flux of 5 X 1011 sec'-. by arrows in Fig. 5 (the hyperfine splitting of the excited
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Fig. 5. Hyperfine-level diagram for the ground state and first excited state of H. (a) An overview; (b) and (c) exploded views of the 2P3/2 and

the 2P,12, 2S1/2 manifolds, respectively. The arrows denote the allowed optical transitions from the doubly polarized d levels of the ground-
state manifold.

levels is too small to be resolved on this scale). For optical
cooling it is essential that the excited state can only decay
back to the original d state, otherwise the spin of the atom
would be flipped after a few absorption-emission cycles and
the atom would be expelled from the trap. The only transi-
tion that forms a closed cycle with the d state is the one to
the 2P 3 /2 mF = 2 level, denoted al in Fig. 5. The al transition
has the additional advantage of having a positive gyromag-
netic ratio. This implies that no atoms have a lower reso-
nance frequency than those located at the position of the
field minimum and that the inhomogeneous broadening
manifests itself mainly on the blue side of the line while the
Doppler broadening is noticeable chiefly on the red flank.
In Fig. 6(a) we show the absorption spectrum of hydrogen
gas with a density of 10" cm'-3 at the center of the trap
calculated for two different temperatures. The difference
in linewidth, which is due to a larger spatial extension of the
sample at the higher temperature, is evident. In Fig. 6(b)
the part of the spectrum near the al line is shown in more
detail for T = 0.1 K. For comparison, a hypothetical spec-
trum that contains only inhomogeneous but no Doppler
broadening is also shown. The difference between these two
curves (the hatched area) is clearly most pronounced on the
low-frequency side of the absorption line for the al transi-
tion. It is in this frequency region that the laser should be
tuned to obtain the most efficient optical cooling. We

should mention that the al transition has a+ polarization
and o2 and a3 have a- polarization to the extent that the
hyperfine interaction may be neglected in the excited state.
We do not make use of this fact in our cooling scheme and in
fact use unpolarized light. The only relevant parameter is
the spectral separation between the al line and the closest
other transition (7r). This is entirely determined by the
value of the field at the trap minimum. For /3 = 0.1 T the
probability of exciting the 7r transition when tuned for opti-
mal cooling on the al line is less than 1%. This does not seem
small, but for our purpose it is sufficient since only approxi-
mately 80 photons/atom are needed to cool down to the
lowest attainable temperature. This high cooling efficiency
is due to the large momentum of the Ly-a photon and the
small mass of the H atom. Although some atoms may ab-
sorb more than 80 photons, thermal equilibrium implies that
all atoms are cooled equally efficiently and hence the num-
ber of particles decreases by no more than a factor of 2
during the cooling process. By slightly increasing the value
a of the field at the minimum, this already small loss mecha-
nism can be almost completely suppressed.

Rather than calculating the optical cooling rate in terms of
a semiclassical Langevin equation, as is often done to de-
scribe the cooling of neutral atomic beams,2 ' we compute the
average frequency difference of the incoming and scattered
light in a similar way as is done by Wineland and Itano.2 2
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is the mass of the atom, and D21 is the dipole matrix ele-
ments between the ground (1) and exited (2) states in the
rest frame of the atom. The subscript s refers to scattered
light. We first consider optically thin samples, assuming
uniform illumination. The average difference in frequency
of a photon before and after scattering can be calculated
from Eq. (6) by integrating over the solid angle 2, averaging
over the thermal velocity distribution and over the distribu-
tion P(wo) of values 0 associated with the inhomogeneous
magnetic field, and dividing by the total-absorption cross
section o-:

40

(W. - OJL) =

32 33 34 35 36
FREQUENCY (GHZ)

Fig. 6. (a) Calculated absorption spectrum of H in a magnetic trap
at T = 100 mK (dotted curve) and T = 1 mK (solid curve). The
calculation was performed assuming a density no of 1011 cm-3 at the
center of the trap and a beam diameter of 1 mm. The spectrum at T
= 1 mK is enlarged by a factor of 10 for comparison. (b) Expanded
view of the spectrum at 100 mK near the al line. The difference
between the bare (solid curve) and Doppler-broadened (dotted
curve) spectrum is denoted by the shaded area.

This quantity is proportional to the cooling rate as long as
the gas remains in internal thermal equilibrium. The maxi-
mum cooling efficiency is obtained when the transition is
driven at the brink of saturation,2 ' i.e., for a saturation
parameter s /2 co1

2
/[(. - kL . v)2 + /4r2] 1. Here , is the

Rabi frequency, r is the natural linewidth, kL is the wave
vector of the incoming light, v is the velocity of the atom, and
A -WL - wis the detuning. The angular frequency of the
laser and the transition in the rest frame of the atom are
denoted L and o, respectively. For a detuning of 200 MHz
and 10-nsec pulses of 5 X 109 photons/pulse, the condition s
= 1 corresponds to a beam radius of 0.2 mm, which is of the
same order as the typical sample radius in the temperature
range where optical cooling can be used. We therefore con-
clude that it is realistic to assume that the cooling can be
performed under nearly optimal conditions, i.e., with s close
to or slightly less than 1.

For s < 1, the differential elastic scattering cross section of
a single atom is defined by

d'o(WL, 8 ) C
dgdw,=

[(L - wo - kL v - (hk2 /2m)]2 + r2
4

X (Ws - WL + v. (kL - kS) + h(kL - k,) 2/2m), (6)

where C= e4
W4/167r 2eo2 h2c4 , E denotes a polarization vector, m

J dwodvK(oo, vZ)(vZkL + hkL 2
/m)

J dwodvK(o, v)

where

K(wo, v,) =
exp[-(mv, 2 /2kTA]

[WL - - kL - (hk2 /2m)]2 + 1 r2
4

so)

(7ib)
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Fig. 7. Calculation of cooling in a trap. (a) Frequency shift of
scattered photons calculated from Eqs. (7) for 6 = 100 (solid curve)
and 250 MHz (dashed curve). The circles represent the results of a
computer simulation for 5 X 1010 atoms using a beam diameter of 1
mm, a bandwidth of 100 MHz, and 6 = 0 without multiple scattering
() and with multiple scattering (0). (b) The same line convention
as in (a) but with the field dependence of the transition frequency
neglected.
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Here v is the component of the velocity parallel to the
direction of the incoming light beam. To obtain qualitative
insight we may replace the trap by a paraboloid. In that
case we obtain P(wo) = (o - com)l/2 exp[-h(co - c.'m)/2kBT]

for the al transition, where Wom is the value of coo at the center
of the trap. The result of Eqs. (7) using this distribution
function is plotted versus temperature for two values of 6

(WO - WL) in Fig. 7(a). For comparison we show results for

the case where the field dependence of co is neglected, i.e.,

when P(co) = 6(co - am), for the corresponding value of the
detuning 6 = -A/2r [Fig. 7(b)]. Positive values of (Wa - 'CL)

correspond to cooling, and negative ones correspond to heat-
ing. The curves for a fixed ca reflect the fact that at low

temperatures the cooling is more effective for a small red

shift. Theory predicts2 l22 the cooling limit Tmin to be ap-
proximately hr/2kB (2.4 mK for H) for A = - r/2 (6 = 50

MHz). Solving Eqs. (7) for P(wo) = b(wo-am) actually gives

slightly higher values for the optimal detuning and the base
temperature (6 100 MHz and Tmin = 2.8 mK). This slight

discrepancy is related to the fact that the assumption that
the recoil energy Erec is much smaller than hr is not strictly
valid for H (Erec/kB = 0.6 mK and hr2kB = 2.4 mK). At high

temperature a larger detuning is more efficient. As can be

seen by comparing Figs. 7(a) and 7(b), at higher tempera-

tures the frequency shift of the scattered photons is larger in
the case where the field dependence of coo is taken into

account. This is because of the self-chirping property of the
trap: at higher temperature the atoms will on average be
farther away from the trap center and hence in a higher field.
Consequently the incoming light will appear further red
shifted. This does not necessarily mean, however, that the
cooling proceeds more efficiently in a trap than in the case of

a homogeneous field; it should be remembered that the
quantity calculated in Eqs. (7) refers only to those photons
that are actually absorbed. To obtain the cooling power, (wa
- AL) has to be multiplied by the photon flux and the total
absorption. For a fixed number of particles N, the total
absorption is clearly smaller in the trap case precisely be-

cause the average detuning is larger. The reason for calcu-
lating (ca - cL) rather than the cooling power itself is that
the former quantity is independent of the number of parti-
cles for optically thin samples.

In a realistic experiment the density will be so high that
the above assumption of optical transparency will no longer

be correct. This has two effects: first, the source will ap-
pear to be further red shifted as the light is typically ab-
sorbed before it reaches the trap center and hence is ab-
sorbed by atoms in higher fields; second, the possibility of

multiple scattering occurs. To investigate these effects we
have performed a computer simulation in which photons are

selected one by one from a Gaussian beam profile 1 mm wide

and a Gaussian frequency distribution with a width of 100
MHz. For each scattering event the quantity wa - WL is
calculated and later averaged. The simulation was per-
formed with 5 X 10's atoms that were assumed to be ther-
mally distributed in the trap. The number of atoms only
enters the calculation through the local density, which in
turn is related to the scattering probability at a given point.
As argued above, the gas becomes more localized in the

center of the our trap as it cools. Consequently the density
increases from 6.7 X 10ll cm- 3 at 80 mK to 1.3 X 1014 cm- 3 at

7 mK. The usefulness of optical cooling in such a trap
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Fig. 8. Sample radius (HWHM) and the ratio of the peak intensi-

ties of the ir, and al transitions versus temperature.

geometry lies as much in this large increase in density as in
the reduction of the temperature itself. The circles in Fig.
7(a) represent the result of this simulation. As in the ap-
proximate calculation for optically thin samples, the average
frequency of the incoming photons was chosen to be exactly
resonant for the center of the trap. The cooling limit is
found to be approximately 7.5 mK. The open circles include
the effect of multiple scattering; the filled circles result when
each photon is discarded after the one scattering event. At
higher temperatures the cooling efficiency is slightly im-
proved owing to the multiple scattering, and only close to the
minimum temperature does a heating effect occur. The
simulation revealed that in the entire temperature range the
absorption is greater than 50%, even at temperatures below
10 mK, where the typical radial extent of the sample (Fig. 8)
is much less than the diameter of the Ly-a beam (1 mm),
reflecting the fact even in the outer layers of the gas the
density is sufficient to absorb most of the light. In Section 7
we show how the large optical density may be put to use for
cooling below the optical limit Tmin. By comparing the open
and filled circles in Fig. 7(a), one can see that the effect of the.
multiple scattering turns out to be surprisingly small in spite
of the fact that most of the incident light is absorbed. The
reason lies in the specific geometry of the trap. The radial
field gradients are much larger than the axial ones. Hence
the sample acquires a pencil shape. As a consequence the
opacity for radially scattered light is fairly small and most
photons scatter only once. This was confirmed in the simu-
lation, which showed that nearly all photons are scattered by
the sample but only approximately 1.2-1.4 times. In con-
trastto the optically thin case, (cas - CaL) is now related to the
cooling rate T in a straightforward manner:

h( - L)P = m(T)kBNT. (8)

Here P is the flux of incoming photons and m(T) is a factor
that depends on the geometry of the trap. For a paraboloid
trap m(T) = 3, and for our trap we can approximate m(T) by
4 for temperatures above 20 mK and by 3 for temperatures
below 10 mK. Combining the results of the simulation with
Eq. (8), we calculate that 5 X 1010 atoms can be cooled from
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80 mK to less than 10 mK in approximately 10 sec. One
should bear in mind that during the cooling the density
increases by almost 3 orders of magnitude, thereby offer-
ing a convenient starting point for further attempts to reach
BEC.

5. TRAPPING DEUTERIUM

Attempts to stabilize spin-down-polarized (DI) or trap spin-
up-polarized (Dt) deuterium in sizable concentrations have
until now proved annoyingly difficult. In this Section we
briefly discuss some of the problems in the context of mag-
netic traps. The main difficulty in trapping D is the fact
that the binding energy ea of D on a surface of liquid He is
approximately 2.5 times larger than for H. The conse-
quence is that the surface coverage, which is proportional to
exp(2EaE/kB7, is enhanced by a large factor when compared
with that of H. This in turn speeds up the surface recombi-
nation by a large factor. Silvera and Walraven2 3 obtained
densities of 104 cm'-3 of DI, which is four orders of magni-
tude less than what has been obtained with H. 24 25 The
most extensive experiments with DI were done by Reynolds
et al.26 So far our attempts to confine measurable quanti-
ties of Dt in our trap have failed owing to this rapid surface
recombination. Presumably a trap of approximately three
times the depth of the present one would be required to
make the confinement of D gas at wall temperature work,
which would be a technical tour de force. However, an
interesting alternative is to confine the gas at a temperature
considerably below that of the walls. The same exponential
suppression that determines Tw [Eq. (4)] will reduce the
surface recombination, allowing a substantial density to be
present in the trap. For our trap a reduction of the tempera-
ture to approximately 20 mK would suffice to eliminate
effectively the recombination effects. As was argued in Sec-
tion 4 above, optical cooling offers the possibility of cooling
to such temperatures starting with a gas of low density.
Furthermore, as calculated by Koelman et al.,27 the dipolar
decay rate of Dt is comparable with that of Ht at tempera-
tures of approximately 10 mK. Unfortunately, the ratio of
the number of elastic collisions to the number of inelastic
collisions (y) is given by27 -y (B/kBT)1/ 2, which is only
slightly larger than unity for B 0.1 T and T = 10 mK.
Efficient evaporative cooling is possible only for large values
of y. However, as -y increases with decreasing temperature,
the possibility of cooling to temperatures in the microkelvin
region might prove feasible, perhaps at the expense of some
initial loss of atoms.

6. DETECTION AND THERMOMETRY

Apart from the possibilities for optical cooling, the extreme
sensitivity of detection is one of our motivations for intro-
ducing optical techniques. In our initial experiments we
will measure absorption using a solar-blind phototube and
an ionization chamber. The Ly-a beam will enter the cryo-
stat from below, and the absorption will be measured at the
top where the beam exits. In a later stage we plan to incor-
porate bolometric fluorescence measurements. The maxi-
mal time-averaged power of the VUV beam is of the order of
a few microwatts. A large fraction of this light will be scat-
tered by the sample; this fraction should be easily detectable
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thermally. Another application of the VUV light is thermom-
etry. As is evident from Fig. 6(a), the Doppler and inhomo-
geneous broadening of the absorption profile form a measure
for the temperature of the sample. At less than 10 mK,
however, this method becomes of limited use as the spectral
linewidth of the spectrum approaches the natural linewidth.
However, at these temperatures another thermometry
scheme becomes feasible. It is based on the fact that the r
transitions are prohibited when the magnetic field is parallel
to the direction of the incoming light. The latter condition
exists on the longitudinal axis of the trap. As the tempera-
ture decreases the pencil-shaped sample becomes more lo-
calized near this axis and the r transitions become progres-
sively weaker. This can be clearly seen by comparing the
ratio of the l and r, transitions in Fig. 6(a). Although
optical cooling is limited to temperatures above 7.5 mK, our
ultimate goal is to cool the gas down to the microkelvin
region. The suppression of the r intensity is well suited to
perform thermometry in this temperature range. In Fig. 8
we show the calculated ratio of the peak intensities of al and
7r, for our trap as well as the radius of the sample defined by
the HWHM of its radial density distribution.

7. CONCLUSIONS AND FUTURE PROSPECTS

We have argued that optical cooling of trapped H to tem-
peratures of approximately 7.5 mK should be possible. In
addition, optical techniques offer powerful nondestructive
methods for detection and thermometry. However, even at
densities of 104 cm-3 the observation of quantum degener-
ate behavior requires a further reduction of the temperature
by almost two orders of magnitude. Some form of evapora-
tive cooling seems necessary to achieve this. In principle
this evaporation can be induced by a cold finger (ideally
absorbing all impinging atoms) put in the fringes of the
density distribution to remove the energetic atoms preferen-
tially. In practice this can be achieved by spatially resolved
optical or microwave pumping of the atoms to a high-field-
seeking hyperfine state. The advantage of such resonance
methods is obvious: there is no need to insert a cold object
physically into the sample space, and the cumbersome field-
ramping procedures as employed in the experiments at MIT
are eliminated. Microwave evaporation requires substan-
tial modifications to the trap geometry for which we have not
yet provided. Optical evaporation, however, may be readily
achieved, provided that the density is sufficiently high. At
n = 1014 cm- 3 the resonant absorption length for Ly-a is 4
Am, which is several orders of magnitude smaller than the
length of the sample. This implies that the light is almost
completely absorbed by the outer layers of the gas. Using a
density of 104 cm-3 we calculated that, by tuning the light to
be resonant with the o-2 transition, which decays preferen-
tially to high-field-seeking states, atoms are removed that
reside in a field corresponding to seven (at 10 inK) to five (at
100 K) times kBT. This allows reasonable efficient evapo-
rative cooling to occur.
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