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21. Jéhanno, C., Boclet, D., Bonté, Ph., Castellarin, A. & Rocchia, R. Identification of two populations of
extraterrestrial particles in a Jurassic hardground of the Southern Alps. Proc. Lunar Planet. Sci. Conf.
18, 623–630 (1988).
22. Marttila, E. Mikrometeorlitteja Satakunnan kiekkakivessä. (Micrometeorites in the Satakunta
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could be anticipated. Also, ultracold molecules could aid the
search for electric dipole moments of elementary particles7. But
although laser cooling (in the case of alkali metals1,8,9) and
cryogenic surface thermalization (in the case of hydrogen10,11)
are currently used to cool some atoms sufficiently to permit their
loading into magnetic traps, such techniques are not applicable to
molecules, because of the latter’s complex internal energy-level
structure. (Indeed, most atoms have resisted trapping by these
techniques.) We have reported a more general loading technique12
based on elastic collisions with a cold buffer gas, and have used it
to trap atomic chromium and europium13,14. Here we apply this
technique to magnetically trap a molecular species—calcium
monohydride (CaH). We use Zeeman spectroscopy to determine
the number of trapped molecules and their temperature, and set
upper bounds on the cross-sectional areas of collisional relaxation
processes. The technique should be applicable to many paramagnetic molecules and atoms.
Evaporative cooling has proved to be a powerful technique for
producing ultracold atoms9,15,16. To employ evaporative cooling,
atoms are first loaded into a magnetic trap. Although laser cooling is
commonly used to load Li, Na, Rb and Cs, extension of this method
to molecules is precluded by their complex internal level structure.
(A technique to use multiline Raman cell radiation to optically cool
alkali-metal dimers has been proposed, but not yet implemented17.)
Hydrogen has also been trapped but is the only atoms that can be
loaded by surface thermalization, as its very low binding energy to
liquid helium (1 K) is unique. A molecule would be strongly
adsorbed by such a cold surface. A different approach to produce
cold molecules for trapping is photoassociation of laser-cooled
alkali-metal atoms18,19. This technique has recently been
demonstrated20, producing Cs2 molecules at a translational temperature of 300 mK. This is sufficiently cold that it should be possible
to trap these molecules with far-off-resonance optical trapping
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Figure 1 Cutaway diagram of the experimental apparatus. The copper cell is
anchored to the mixing chamber of a dilution refrigerator. The magnet is
immersed in liquid helium. A vacuum space isolates the relatively warm (4 K)
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directions) and generate a spherical quadrupole magnetic trap up to 3 T deep.

Recent advances1–5 in the magnetic trapping and evaporative
cooling of atoms to nanokelvin temperatures have opened important areas of research, such as Bose–Einstein condensation and
ultracold atomic collisions. Similarly, the ability to trap and cool
molecules should facilitate the study of ultracold molecular
physics and collisions6; improvements in molecular spectroscopy
148

arranged in the anti-Helmholtz configuration (currents travel in opposite
For the 1 mB magnetic moment of the ground state of CaH, this results in a trap
depth of 2 K. Detection and ablation lasers enter through three borosilicate
windows (not shown) at 300 K, 77 K and 4 K before passing through the fused
silica window at the bottom of the cell. Fluorescence from the trapped molecules
(induced by the detection laser) is collected outside the 300 K window by a
photomultiplier tube.
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techniques21–24. We are aware of work where internally excited,
translationally cold Cs2 molecules have been produced and trapped
in this manner25.
In an attempt to broaden the range of atoms that can be trapped,
and to trap molecules, we developed a general trap loading
technique12 that relies only on elastic collisions with a cold buffer
gas of helium. A cryogenically cooled buffer gas thermalizes atoms
or molecules to temperatures less than the depth of the trap.
We chose to trap CaH because it is a paramagnetic molecule that
has been previously studied and analysed at zero field. CaH has a
magnetic moment of 1 Bohr magneton (1 mB) in the ground state.
Also, its relatively simple structural and spectroscopic properties aid
in detection. Finally, it was straightforward to produce CaH via laser
ablation, a process particularly well suited to our cryogenic environment.
The principles of buffer-gas loading and the specifics of our
apparatus are given elsewhere12,13. Briefly, our trap is a magnetic
potential with a magnetic-field minimum in free space. This field
minimum attracts molecules in the low-field-seeking state (that is,
those with their magnetic moments orientated anti-parallel to the
magnetic field), and repels strong-field-seeking molecules. Our
magnetic trap is a spherical quadrupole field (see Fig. 1). Although
particles in such a trap are subject to non-adiabatic spin flip
(Majorana) losses near the trap centre, our trap parameters are
such that these losses are negligible during our observation time26,27.
CaH is produced, thermalized, and trapped within a copper cell
inside the bore of the magnet. The cell is maintained at cryogenic
temperatures (typically 300 mK) by a dilution refrigerator. The cell
is filled with 3He gas (typically at densities of 2 3 1016 cm 2 3 ). CaH
is created via laser ablation of a solid sample of CaH2 near the edge
of the trap potential. A fused-silica window on the bottom of the cell
permits optical access for the ablation beam, as well as a probe laser
beam used to detect the molecules. Typically, a 10 mJ laser pulse
(5 ns long) at 532 nm is used to ablate solid CaH2 and produce
molecular CaH. The CaH molecules diffuse through the helium gas,
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and elastic collisions between the CaH and the helium gas thermalize the translational temperature of the molecules to that of the
helium. The cold molecules in the weak-field-seeking states are
confined by the magnetic fields and trapped. However, because
these trapped molecules are thermally distributed, they evaporate
over the edge of the trap at a rate dependent on the ratio of the trap
depth to the translational temperature of the molecules.
The CaH molecules are detected by laser fluorescence spectroscopy. They are excited on the jB2 S; n9 ¼ 0Þ ← jX2 S; n0 ¼ 0i transition at 634 nm (refs 28, 29). The fluorescence emitted on the
jB2 S; n9 ¼ 0Þ → jX2 S; n0 ¼ 0i transition at 690 nm is detected with
a photomultiplier tube (here n is the vibrational quantum number of
the CaH state and 9(0) designates the excited (ground) state). Colour
filters are used to block the scattered probe radiation (634 nm) and pass
the frequency-shifted fluorescence (690 nm). The Franck–Condon
factor for the n9 ¼ 0 → n0 ¼ 1 decay has been calculated30 to be
0.028. In order to determine the absolute number of molecules, we
calibrate our fluorescence spectroscopy with absorption spectroscopy31. We found that under certain conditions 1010 ground-state
CaH molecules could be produced in a single ablation pulse.
The ground-state molecules are detected on the jN9 ¼ 1;
J9 ¼ 3=2; n9 ¼ 0i ← jN0 ¼ 0; J0 ¼ 1=2; n0 ¼ 0i transition (N, J, and
MJ are the rotational, angular momentum, and projection of
angular momentum quantum numbers, respectively). In a magnetic
field, this transition is observed to split into multiple features. The
detection and analysis presented here was performed on the two
slightly broadened features which undergo opposite frequency
shifts in a magnetic field. The measured shifts of these features are
linear in field and indicate a small difference (0.02 mB) in the
magnetic moments of the ground and excited states. A theoretical
analysis (B.F. et al., manuscript in preparation) indicates that the
feature shifted towards higher frequencies is the transition from the
jN0 ¼ 0; J0 ¼ 1=2; M0J ¼ 1=2i low-field-seeking state to the jN9 ¼ 1;
J9 ¼ 3=2; M9J ¼ 3=2i excited state, and the feature that shifts
towards lower frequencies is the transition from the jN0 ¼ 0;
J0 ¼ 1=2; M0J ¼ 2 1=2i high-field-seeking state to the jN9 ¼ 1;
J9 ¼ 3=2; M9J ¼ 2 3=2i excited state. The magnetic splitting
observed is largely due to a perturbation of the excited state
by a nearby A2 P; n ¼ 1 state, which is 13 cm−1 above the
jN9 ¼ 1; J9 ¼ 3=2i state28,29.
Figure 2 displays spectra of these features taken at various times
after the ablation pulse. The magnetic trap depth is 3 T, and the cell
temperature is 275 6 10 mK before the ablation pulse. Knowledge
of the frequency shift as a function of field (in addition to the field
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Figure 3 Fit of CaH spectrum to a thermal distribution of trapped atoms. Data

spectra. Times quoted are relative to the ablation pulse. These spectra reveal that

were taken with a 3 T trap depth and a cell temperature of 300 mK before ablation,

high-field-seekers (at negative frequency shifts) quickly leave the trap. The

and were taken from 200 ms to 300 ms after the ablation pulse. This fit determined

trapped low-field-seekers (positive frequency shifts) are confined and com-

the number and temperature of trapped CaH molecules to be N ¼ 1 3 108 and

pressed towards the centre of the trap.

T ¼ 400 mK.
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distribution, selection rules, and probe beam geometry) allows the
determination, from the data, of the distribution of the low-field
and high-field seeking states of CaH in the magnetic field. Because
the shift is linear in field (over the range of fields in our trap), the
magnitude of the frequency shift of the observed transition of a CaH
molecule is simply proportional to the field it is in. Analysis of our
data confirms that the transitions originating from the low-fieldseeking state and the high-field-seeking state are shifted to lower
frequencies (the left-hand side of our spectra) and higher frequencies (the right-hand side), respectively.
As can be seen in Fig. 2, the spectrum is initially nearly symmetric,
indicating that at short times after the production of CaH, the
distribution of the high-field-seekers is the same as that of the lowfield-seekers. At these short times, there are peaks at high spectral
shift, indicating a greater number of molecules in high field than in
low field. This is due to a greater volume of high-field regions within
the cell. After the ablation pulse, the high-field-seeking CaH molecules (the left-hand spectral feature) rapidly leave the trap. This
decay is exponential with the same time constant as that of CaH
produced with the magnetic trap off (under otherwise similar
conditions). We believe this to be the timescale on which the CaH
diffuses to the walls, where it sticks.
In sharp contrast to the high-field-seeking distribution, the lowfield-seeking distribution changes shape dramatically, and exists for
a longer time. The movement of the right-hand-side spectral feature
towards lower shifts indicates that the low-field-seeking CaH molecules are moving in towards lower field. The CaH molecules move
from their initial spatial distribution to a thermal, trapped distribution, increasing their density by over an order of magnitude. This
occurs on the same diffusion timescale as discussed above, as the
CaH moves through the helium to reach its equilibrium distribution.
By fitting the observed spectrum to simulated spectra of thermal
distributions of trapped molecules, we determine the number and
temperature of trapped CaH. Figure 3 shows a spectrum of trapped
CaH along with a fit to a simulated spectrum of a thermal
distribution of trapped CaH. From this fit, we determine there are
1 3 108 CaH molecules trapped at a temperature of 400 6 50 mK.
The trapped molecules are at a density of 8 3 107 cm 2 3 and are lost
from the trap with an exponential decay constant of 0.5 s. They can
be observed for longer than 2 s. Comparable production conditions
without the magnetic trap produced 3 3 108 CaH molecules at
densities of only 4 3 106 cm 2 3 ; about 30% of the molecules produced
are trapped with a density compression factor of 20. (Quoted numbers
and densities are accurate to within a factor of two.)
In addition to the trapping and study of CaH molecules in the
ground vibrational state (jn ¼ 0i), we were also able to detect
jn ¼ 1i molecules at zero field. These vibrationally excited molecules (at an energy of 103 cm−1 higher than the ground state) are
out of thermal equilibrium with the translational degrees of freedom. From these data, were able to determine the vibrational
relaxation cross-section between CaH and He as jV , 10 2 18 cm 2 2
at 0.3–1 K. This cross-section is sufficiently low that it should be
possible to magnetically trap these molecules via buffer-gas loading.
However, production efficiency of the jn ¼ 1i state was significantly
less (typically by a factor of 10–100) than for the jn ¼ 0i state. Due
to this low signal, we did not attempt to observe trapping of
vibrationally excited molecules.
Vital to the success of buffer gas loading is a small cross-section
for ‘spin-flip’ collisions between the buffer gas (helium) and the
molecules to be trapped. A low-field-seeking molecule is in a higher
energy state than a high-field-seeking molecule. It has the possibility
of relaxing to the high-field-seeking state during a collision. In order
for buffer gas loading to work efficiently, this spin relaxation cross
section (js) must be much smaller than the elastic cross-section (je).
The condition je q js allows kinetic thermalization to take place
before spin relaxation. From the measured lifetimes of trapped
CaH, we have determined the CaH–He spin relaxation cross150

section to be js , 10 2 18 cm2 . From the data on diffusive loss (to
the walls) of CaH molecules at zero field, the CaH–He elastic crosssection is je ) 10 2 14 cm2 , resulting in a ratio je =js , 104 . As
thermalization takes place in ,100 collisions, the condition of
small js is well satisfied.
Removal of the buffer gas after trapping should lead to evaporative
cooling. The cryopumping procedure we used13,14 with Cr and Eu
takes ,10 s, which is longer than we can currently observe trapped
CaH. Improvements in the experiment such as a deeper trap, more
efficient CaH production, or higher detection sensitivity would lead
to longer observation times, allowing time to pump out the helium.
Alternatively, more rapid pumping methods could be developed.
Because our technique relies only on elastic collisions with the
buffer gas and on the magnetic state of the species, it should be
applicable to many paramagnetic atoms and molecules. Implementation of evaporative cooling could lead to the production of large
numbers of ultracold molecules. Immediate applications of this
work include high-resolution spectroscopy and studies of cold
collisions. Future opportunities may include production of quantum degenerate molecular gases and improved searches for permaM
nent electric dipole moments of elementary particles.
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