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We describe a method for loading paramagnetic atoms or molecules into a magnetic trap. A >He buffer gas
is employed to thermalize atoms or molecules to a temperature of approximately 240 mK, lower than the depth
of the trap. A model is described that indicates an initial loading density of approximately 10'* cm™3. Once
loading has taken place the buffer gas is removed by cryopumping. Evaporative cooling can then be applied to
further lower the temperature and increase the density of the trapped sample.

PACS number(s): 32.80.Pj, 33.80.Ps

Magnetic trapping and evaporative cooling are now estab-
lished tools in atomic physics. The first magnetic trapping of
neutral atoms took place in 1985 when laser cooling of a
thermal beam of sodium atoms was used to load an “anti-
Helmholtz” trap [1]. In the same year, evaporative cooling, a
method to further cool trapped atoms, was proposed by Hess
[2,3]. Soon thereafter, evaporative cooling was demonstrated
[4,5] and used to cool a gas of magnetically trapped atomic
hydrogen to a temperature of 100 uK at the simultaneously
attained density of 8 X 10" cm™3 [6]. Magnetic trapping and
evaporative cooling are at the forefront of the search for
Bose-Einstein condensation in atomic hydrogen, sodium, and
rubidium [7-12]. The development of ultrahigh precision
spectroscopy of the 15-2§ transition in H also utilizes these
techniques [13-15].

The technique of evaporative cooling has found utility for
a number of reasons: (1) a large decrease in temperature is
achieved while incurring a small decrease in the total number
of trapped atoms; (2) the density of the sample can be in-
creased while the sample is cooled; (3) it has general appli-
cability to any atomic species; and (4) effects due to radia-
tion are absent (for example, the single photon recoil limit
present in most laser-cooling schemes). In spite of this,
evaporative cooling of neutral species has been applied only
to atomic hydrogen and some alkali-metal atoms. Only high-
density ensembles of trapped species can be evaporatively
cooled, and, so far, this has been achieved only with the
alkali-metal atom and hydrogen.

To load a trap to a high density, an efficient cooling
mechanism is required. In the case of alkali-metal atoms,
laser cooling is used. Unfortunately, laser cooling favors at-
oms with simple level schemes and accessible excitation
wavelengths (in the visible or near-infrared regions). This is
particularly problematic for molecules. In the case of atomic
hydrogen, interatomic scattering is used in combination with
the (unique) low binding energy (1 K) that H has to a liquid
He surface. Unfortunately, all other species have too high a
surface binding energy (with any surface) for this latter tech-
nique to be employed; at the low temperatures necessary to
load the trap, atoms or molecules would simply stick to the
walls.
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We describe here a technique for loading into a magnetic
trap any paramagnetic atom or molecule with a magnetic
dipole moment of at least 1 Bohr magneton (ug) [16]. This
is accomplished at low temperature (=~ 240 mK) and at high
densities (~10'3 cm™3). Given these initial loading condi-
tions, it should be possible to evaporatively cool the trapped
sample to a temperature of 1 K or below while maintaining
or increasing its number density.

The confining potential of a magnetic trap is due to
the interaction of the atomic or molecular space-fixed mag-
netic dipole moment with an inhomogeneous static magnetic
field (in what follows the paramagnetic species will be ex-
emplified by a molecule in general and by molecular oxygen
in particular). A static magnetic trap can be formed by cre-
ating a magnetic-field minimum in free space (by, for ex-
ample, using an anti-Helmholtz coil configuration). Molecu-
lar states whose energy increases with increasing field
strength can be trapped. Molecules in states whose energy
decreases with field strength are repelled from the trap and
discarded.

We propose using a pulsed low-temperature radio-
frequency discharge as a source of molecules. The dis-
charge serves to desorb molecules from a frozen solid that
coats the discharge walls. Although it operates at around
0.3 K, it can dissociate molecules into atoms. This allows
for the possibility of bringing molecules or atoms out of a
precursor. The low-temperature discharge has been used to
produce atomic hydrogen from frozen molecular hydrogen:
atomic hydrogen fluxes of 10'2s™! have been achieved
at low temperatures [17-19]. The temperature of neutral
species leaving the discharge is expected to be 10° K or
less [20].

In order to load a molecule into the conservative field of a
magnetic trap it is necessary to remove energy from the
molecule while it is in the trap region. The requisite dissipa-
tion of translational energy can be achieved via collisions
with a cold buffer gas. In order to ensure that the molecules
thermalize (and are trapped) before colliding with the wall of
the container surrounding the trap (the “cell’’), the density of
the buffer gas must be high enough to make the mean free
path of the molecule smaller than the size of the cell (5 cm
in the proposed trap design described below). (Room-
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temperature buffer gases have been previously used to
load ion traps [21]. This was realizable with ions because
the electrostatic interaction allows very deep traps to be cre-
ated.)

We have developed a model (outlined below) for the
thermalization of hot O, molecules in a cold He buffer gas
and have found that under our proposed conditions the mol-
ecules will thermalize before touching the cell wall. The
vapor pressure of He at 240 mK provides a number density
of 5% 105 ¢cm™3 [22]. Calculation of the mean free path of
0, in >He requires knowledge of the elastic scattering
cross section. This has been measured for velocities corre-
sponding to temperatures between 10% and 10* K [23]. Under
the assumptions that the cross section remains at
its 10-K value of 150 A? for temperatures below 10° K and
that the molecules come from the source at 10° K, the O,
molecule will, on average, thermalize after traveling less
than 8 mm (56 collisions). It is expected that, in fact, the
scattering cross section will continue to increase below 10°
K before eventually leveling off [24], so 8 mm is an upper
bound.

The total number of molecules loaded into the trap is
determined by a balance between the flux of molecules from
the discharge and the loss of molecules due to readsorption
on the cell walls. The loss of molecules over the lip of the
trap is given by the rate at which molecules at the edge of the
trap collide with the physical walls (assuming that any mol-
ecule impinging on the wall is lost). The total loss rate is
given by nvA/4, where n is the density at the wall, v is the
average velocity of molecules, and A is the area of the sur-
face defined by the trap edge. The density at the edge of the
trap is given by n=nge” 7, where 5=|{ ) F kT, ng is
the density at the center of the trap, (u) is the space-fixed
magnetic moment of the molecule, .77, is the magnetic
field strength at the trap edge, T is the translational tempera-
ture of the gas, and k is the Boltzmann constant. The total
number, N, of trapped molecules, is related to n, by
N=nyV, where V is the “effective volume” of the trap. V is
determined by the temperature of the molecules and the ge-
ometry of the trapping fields. For one proposed trap design
(5 cm diameter and 4 T deep) the effective volume is calcu-
lated to be V="V, * with V=390 cm>. This expression is
sufficiently accurate for >5 [25]. Based on a flux of 10'2
s~ !, the expected molecular oxygen density just after initial
loading is calculated to be more than 10! cm™3. As will be
shown below, the initial loading density is probably limited
to less than this by other loss mechanisms. For species with
[{u)|=1ug, the number density is limited to about n,=6
X 10" ecm™3. The total number trapped in the latter case
would then be N= 110" at the initial loading temperature
of 240 mK.

The density in the trap may be limited (especially
for molecules with [(u)|=2up) by loss mechanisms such
as intermolecular dipolar relaxation, molecule to buffer-
gas dipolar relaxation, molecule to buffer-gas dimerization

[26], and collisional reorientation [27-29]. Intermolecular
dipolar relaxation occurs when during a collision the elec-
tronic magnetic moments of the molecules interact and one
of the molecules makes a transition to the untrapped high-
field-seeking state. The low-temperature rate constant for
atomic hydrogen has been calculated and measured to be
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1x10715 ecm® s7! [18,30-32]. At low collision velocities
the rate for other species (such as molecular oxygen) could
be sensitive to the exact shape of the intermolecular poten-
tial; this makes it difficult to draw accurate analogies with
other systems, such as atomic hydrogen. Assuming that the
dipolar relaxation rate is 100 times larger than for atomic
hydrogen, then the limit to the density would be 7x 10"
cm™3,

Due to the very small magnetic moment of He, the rate
of dipolar relaxation in collisions with the buffer gas should
be small. An estimate based on scaling by the ratio of the
magnetic moment of the helium atom to that of the hydrogen
atom indicates that the rate is negligible. The actual rate may
depend on the buffer-gas—molecule interaction potential and
thus it is prudent to assume that it could be much higher. If
the relaxation rate were 100 times higher than indicated by
our simple scaling, it would just start affecting the calculated
initial density of 710" cm™3.

Dimerization of the molecules with the helium atoms
could also put a limit on the initial density. However, in order
to form the dimer, a three-body collision is necessary. A
simple estimate of the rate of ternary collisions for molecular
oxygen using the hard-sphere cross sections at a loading tem-
perature of 240 mK shows it to be negligible; dimer produc-
tion sets on at densities 10* times higher than those available
during the loading process [26]. Based on the results of Refs.
[27-29], collisional realignment should also be negligible.

Majorana transitions are also present due to the zero field
at the exact center of the trap. We have estimated the lifetime
of the trapped sample to be more than 107 s at the initial
loading temperature. Once cooled to low temperatures, the
molecules can be easily moved into a trap with a nonzero
minimum, eliminating this slow loss.

Once a steady-state number of molecules in the trap is
reached, the buffer gas is withdrawn and the molecules are
stored within the trap. The buffer gas can be withdrawn
simply by lowering the temperature of the cell; cooling to
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FIG. 1. A possible experimental setup.
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TABLE I. Maximum magnetic dipole moments of selected
ground-state atoms arranged by term [45,46]. Here S, L, and J are
spin, orbital, and total electronic angular momentum quantum num-
bers, respectively, and g; is the Landé factor.

State 2S*!L, g Element
281 1.001 H, Li, Na, K, Cu, Rb, Ag, Cs, Au, Fr
“San 3.003 N, P, As, Sb, Bi
585 5.006 Mn, Re, Tc
78, 6.007 Mo, Cr
88 7.007 Eu

2Pip 0.333 B, Al, Ga, In, Tl
2Py, 2.001 F, Cl, Br, I, At
’p, 3.002 0, S, Se, Te, Po
Dy 1.669 Nb

2Dy 1.199 Sc, Y, La, Lu, Ac
3D, 4.002 Pt

°D, 5.303 Gd

D, 6.005 Fe, Os
4Fsp 0.598 V, Ta

3F, 1.332 Ti, Zr, Hf
2Fap 3.994 Tm

3F, 5.002 Ni

Fon 6.003 Co, Rh, Ir
SF 7.005 Ru

G, 3.782 Ce

SHs), 3.782 Pm

*Hy 6.983 Er

SHisp 9.938 Tb

51, 2.413 Nd

Top 3.290 Pr

s 8.964 Ho

31 9.933 Dy

80 mK reduces the vapor pressure below 107" Torr. At
this pressure the collision time of the trapped molecules
with the background gas will be greater than 107 s, resulting
in a negligible loss rate.

Once the buffer gas is removed the trapped molecules will
continue colliding with each other—they will thermalize.
Under these conditions evaporative cooling can be employed
to lower the temperature of the molecules even further. How
efficiently this can be done is determined by the ratio of the
elastic and dipolar relaxation cross sections [33,34]. Calcu-
lations of the ultra-low-temperature dipolar and elastic cross
sections are, in general, sensitive to the exact shape of the
intermolecular interaction potentials [35] and have not been
attempted for a species like molecular oxygen. It is, however,
expected (and has been experimentally verified for some al-
kali atoms) that, in general, the ratio of the elastic to the
dipolar cross section should increase with increasing size of
the trapped species. Atomic hydrogen (which has a very
small elastic cross section) has been evaporatively cooled to
100 «K and it should be possible to cool it to 1 uK [11].
Atomic sodium and atomic rubidium have been evapora-
tively cooled to 1 uK and 200 nK, respectively [36,7]. Thus,
the ultimate temperature reachable for other species (such as
molecular oxygen) is likely to be lower than 1 uK.
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A sketch of a possible experimental apparatus is shown in
Fig. 1. The trap magnet itself is of anti-Helmholtz configu-
ration and its coils are wound with standard Nb-Ti supercon-
ducting wire. The field at the physical wall can be made 4 T
using readily available technology. The magnet is immersed
in liquid helium and surrounds a “vacuum can’ that in turn
surrounds the low-temperature cell. The cell is connected to
the mixing chamber of a dilution refrigerator and thus its
temperature can be varied between about 20 and 500 mK.
The vacuum space between the vacuum can and the cell
ensures thermal isolation. Optical access (used to detect the
trapped sample using laser fluorescence or absorption) is pro-
vided by a set of windows.

During the loading phase of the experiment the tempera-
ture of the mixing chamber (and therefore of the cell) is
raised to 240 mK and the *He is free to flow over the entire
low-temperature volume. Molecules frozen on the cell walls
are liberated by the rf discharge. Once the molecules are
loaded, the mixing chamber is cooled and all of the 3He
resides in the reservoir. Due to the strong confinement of the
trap, the removal of the buffer gas results in an insignificant
loss of molecules.

The proposed technique would provide a new tool for
doing atomic and molecular spectroscopy and studying
molecular structure, especially ultra-high-resolution spec-
troscopy that requires cold (slow), trapped (long inter-
action time) samples. For example, it should be possible to
trap and cool YbF, a paramagnetic molecule proposed for use
in the search for an elementary electric dipole moment (a test
of time reversal symmetry) [37,38]. Using cold, trapped YbF
would greatly increase the sensitivity of such experiments.

There is also interest in collisional relaxation of molecules
at very low energies [39,40]. The production of ultracold
molecules would allow the study of collisions where the
translational energy is smaller than the other relevant energy
scales in the system. The creation of low-temperature
samples of atoms and molecules may also allow loading of
the far-off-resonance trap [41,42].

In the atomic domain, the technique could be applied to a
host of different paramagnetic atoms (from anywhere in the
Periodic Table). One prominent example is atomic deute-
rium. So far, serious attempts to trap it have failed [43].
Trapped atomic deuterium, however, could play a very
prominent role in high-precision testing of quantum electro-
dynamics [44].

We have surveyed the Periodic Table and have found
that more than half of all ground-state atoms should be trap-
pable by this technique, cf. Table I. Particularly interesting is
the fact that a significant number of atoms have maximum
magnetic moments much higher than 1 ug. This allows for
the possibility of loading a magnetic trap at temperatures
around 1 K, accessible by a simple pumped liquid helium
system.

In summary, we have described a proposed method for
loading paramagnetic atoms and molecules into a magnetic
trap. Once loaded into the trap it should be possible to
evaporatively cool the sample to 1 uK or less. This would
allow high-precision spectroscopy to be done on a new host
of atoms and molecules.
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