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Evaporative cooling of atomic chromium
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We report the magnetic trapping and evaporative cooling of bosonic and fermionic isotopes of atomic
chromium. Using a cryogenic helium buffer gas}46hromium atoms are trapped at an initial temperature of
~1 K. The chromium atoms are then cooled adiabatically and evaporatively to temperatures as-a®@ as
mK. Elastic and inelasti¢?Cr collisional cross sections are measured over this temperature range. Prospects for
simultaneously creating #Cr Bose-Einstein condensate ati€r Fermi degenerate gas will be discussed.
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Evaporative cooling of magnetically trapped neutral at-temperature of-1 K. While there are othem, stategwhere
oms is a powerful, well-established technique for producingm; is the projection of the total electron angular momentum
cold and dense atomic gasdd. Having achieved notoriety J along the field axisinitially present in the trap, they are
from its use in the production of Bose-Einstein condensategiore weakly confined by the trap and are quickly lost due to
[2], it has recently been extended to fermionic atoms andvaporation. Within 10 s, we pump out the helium buffer gas
successfully used to create degenerate atomic Fermi gase¥ cooling the cell to a temperature below 200 mK, liquefy-
[3]. ing the “He onto the cell walls. By that time, inelastic spin-

Degenerate atomic Fermi gases are predicted to exhibit @hanging collisions between the Cr atoms have reduced the
wide variety of interesting phenomena, including modifiednumber of trapped atoms te5x 10t
collisional propertie4], changes in their light scattering  In addition to the dominant chromium isotopéCr (a
properties, including linewidth narrowing], and Cooper- boson, with nuclear spih=0), we also trap>°Cr (boson,|
pairing and superfluid phenomen@]. All of these effects =0) and *3Cr (fermion, I =%) atoms, as shown in Fig. 1
require, or are enhanced by, high particle numbehich  [13,14. In the trap, we observe th&Cr only in the|m;=
produces a high Fermi enenggnd low temperature. We +3, m=+3) fully polarized “stretched state.” The other
hope to achieve these conditions by evaporatively coolindiyperfine states of’Cr are lost on a time scale faster than we
boson and fermion isotopes of chromium to create a coexisi@are able to observe<20 3. This rapid loss is likely due to
ing chromium Bose-Einstein condensdBEC) and Fermi  spin-exchange collisions, which are expected to dominate all
degenerate gas. other inelastic loss processes for atoms not in a fully polar-

In a previous paper, we described the successful trappinged statd 15,16|.
of Cr through buffer-gas loading, a laser-free method for The °°Cr:52Cr ratio in the trap igwithin our experimental
magnetically trapping large numbers of neutral atgi8].  erron equal to the ratio of the natural isotopic abundances
Here, we report the simultaneous trapping of boson and fei17]. Surprisingly, the>Cr:%°Cr ratio is also approximately
mion isotopes of chromium, their evaporative cooling, andequal to the ratio of the natural abundances. It is assumed
the measurement of Cr-Cr collisional cross sections impor- : : : : : , : , :
tant for achieving quantum degeneracy. 10 .

The experimental apparatus is similar in design to our I 520,
previous work[9]. The chromium atoms are still produced
by laser ablation, cooled by #He buffer gas inside by a
dilution-refrigerator-cooled cell, and trapped by a 2.2-tesla-
deep magnetic “anti-Helmholtz” quadrupole trap. The cop- =

% 0.6 i
per cell used in the previous experiment is replaced by a§
double-walled plastic cell with a superfluid liquid helium 3
jacket to provide thermal conductiviflO]. Based on a de- S04} s
o

sign from the MIT hydrogen BEC experimefi2,11], this
electrically insulating cell allows the magnetic trapping fields
to be changed rapidly without inducing eddy currents, pre- 02
venting undue heating.

The trapped atoms are probed by absorption spectroscop
on thea 'S;—z "P, 5 anq4transitions at~430 nm[12,13. ' : ' : L - ' : '
We determine the number and temperature of the trappet 04 02 0 02 04
atoms by fitting the observed Cr spectrum to the calculatea Frequency [GHz]
spectrum of a Boltzmann distribution of atoms inside the FiG. 1. Absorption spectrum of trapped Cr on tae’S,
trap. —z "P; transition. TheA=50, 52, and 53 isotopes can be clearly

Using buffer-gas loading, we initially trap 3m;=+3  resolved and appear in their approximate natural abundances. Trap
Cr atoms at a peak density approaching®in 2 and a  depth 0.7 K, number 2 10", temperature 100 mK.

53¢r (m=3/2) |
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FIG. 2. A spectrum of trappetfCr on thea ’S;—z 'P, tran- FIG. 3. The peak chromium density as a function of time in a

sition, fit to the simulated spectrum of a Boltzmann distribution of 5 2_k-deep trap. Fit to the expected functional form for loss due to
9% 10" atoms in the trap at 55 mK and peak density 5 cr.cr collisions.

%10 cm3. The dominant broadening mechanism is Zeeman

broadening due to the inhomogeneous magnetic field of our trap.

Frequency shift is plotted relative to the field-free line. The number ~ TO determine the rate of elastic collisions, we selectively

and temperature of the atoms and the frequency shift zero are theptically pump atoms out of the trap to perturb the trap popu-

only free parameters in this fit. lation from thermal equilibrium. We then observe the re-
equilibration of the atoms, as shown in Fig. 4. The elastic

that due to the high-energy nature of the ablation process, all
m; and m, states are initially produced in equal number.
Hence, we would naively expect the population of any indi-
vidual m, state to be reduced by a factor ofI(21). It is
possible that spin-exchange processes inside the trap me
play some role by preferentially enhancing the population of
the|m;=+3m,=+3) state at the expense of other levels.
Once trapped, the atoms are cooled by reducing the trap o
ping fields. Two cooling mechanisms are involved. First, the
reduction in confinement cools the atoms through adiabatic
expansion while keeping their phase-space density constan
Second, the loss of atoms over the trap edge cools the chrc2 g 15
mium through evaporative cooling, typically resulting in an %
increase in phase-space density. A typical spectrum of coole®®
chromium is shown in Fig. 2. 8
We observe that as we lower the trapping fields, theg.~ 0.10
phase-space density initially increases, but makes only mod
est gains. At lower temperaturés 10 mK), we find we are
unable to further increase the phase-space density throug
evaporative cooling. We attribute this loss to poor Cr-Cr col-  0.05
lisional cross sections. Elastic collisiofwhich thermalize
the distribution of atomsallow for evaporative cooling. In-
elastic spin-changing collisions cause trap loss and heating
The efficacy of evaporative cooling depends crucially on the 0
ratio of the elastic to inelastic collision ratgkb].
To measure the rate of inelastic collisions, we monitor the
decay of atoms in the trap and fit it to the expected functional
form for two-body loss i=—TI';,n?), as shown in Fig. 3.
The accuracy of the fit indicates that Cr-Cr collisions are the F|G. 4. Typical optical pumping data. The spectkeE were
dominant cause of atom loss. If there is trap loss due t@aken at 1-s intervals following the optical pumpitthe pumping
collisions with backgroundHe gas, it occurs on a time scale beam was tuned te-0.12 GH2. The inset displays the optical
longer than 200 s, indicating a negligible effect on evaporadensity at the pumping frequency as a function of time, fit to the
tive cooling in our experiment. expected functional form.
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10-10 T ~1 K [21]. With “He buffer gas, we find an elastic collision
cross section ofrg=1x10"*cn? at 600 mK. However,
because of uncertainties in the quantity “fe buffer gas,
+ #ﬁﬁk this number is only accurate to within an order of magnitude.
10-11L #Afﬁ* i With 3He buffer gas, we measure an elastic collision cross
section ofog=(1.8+0.6)x 10 4 cn? at 300 mK.
In conclusion, we magnetically trapped multiple chro-

mium isotopes in large number and evaporatively cooled
them. At low temperatures, evaporative cooling was limited

Collision Rate Coefficient [cm3 s1]

10-121- _+_ ++ﬁ— _ . . . . ..
_+_* by a large and increasing inelastic collision rate. The overall
+++ large scale of the trap loss could be due to either chromium’s
o Elastic_ + large magnetic moment or a strong spin-orbit coupling aris-
* Inelastic ing in the Cr-Cr molecular potential. The considerable in-
10-13 L crease in the inelastic collision rate coeffici¢also accom-
10 100 1000

panied by an increasing elastic collision cross segtion
observed as the chromium is cooled is likely due to the pres-

FIG. 5. 52Cr-52Cr collision rate coefficients plotted as a function €nce of a shape resonanf22,23. Over the temperature
of atom temperature. The error bars include both statistical errorange encountered in this work, chromium is not in the ul-
and estimates of our systematic error. It should be noted that thracold limit: many higher-order partial waves contribute to
magnetic fields encountered by the atoms scale as the temperatutRe scattering process. The presence of a shape resofmance
We were unable to measutiCr collision rates, but could determine “pseudobound state”in higher-order partial waves would
that the®>3Cr-°°Cr inelastic collision rate was less than or equal t0 a5 to an increase in the inelastic collision rate. Theory is
the **Cr-*2Cr rate. currently unable to conclusively identify the physical mecha-

nisms behind this inelastic collision rate; the Cr-Cr inter-
collision rate is determined from the equilibration rate and aatomic potential is not understood well enough, unlike that
simple model of the equilibration procelks]. of hydrogen and the alkali-metal atoms.

An independent method of determining the ratio of the If the observed scattering rates persist at lower tempera-
elastic to inelastic collision rates is used to confirm theseures, their ratio will be too small to support efficient evapo-
measurements. Because elastic and inelastic collisions preative cooling. However, if the large inelastic rate is due to a
vide competing cooling and heating mechanisms, their ratigyficiently narrow shape resonance, as discussed above, or
determines the. equilibrium Femperature of the atqm cloudgther “high-temperature” processes, the loss rate might de-
We measure this temperatuiieside the known trapping po- ¢rease at lower temperatures and allow continued evapora-
tentlabiand combine this rgsylt with a model O,f the trap ;e cooling. As accurate theoretical predictions are currently
dynamics to extraq the collision rat/d9,20. We f|n'd that . unavailable in this regime, further experimentation is neces-
the observed eq_unlbrlum temperatures are consistent W|t§ary to discover these ultracold cross sections.
the measured ratios of the collision rates to within the quote .
error bars. . Because one of our goals is to reaph quantu_m dggenergcy

with large numbers of atoms, if the ratio of elastic to inelastic

The measured collision rate coefficierftoth elastic and . ) .
inelastig are shown in Fig. 5 as a function of temperature. Atcoll|3|ons does indeed increase at sub-mK temperatures, we

the higher initial temperatures, the ratio of elastic to inelasti¢Vould like to reach those temperatures at high densittes
collision rates is large enough to permit the phase-space deRrovide the collisions for continued evaporative cooliagd
sity to be increased through evaporative cooling. However, af/ith large numbers of atoms remaining.
lower temperatures, the inelastic collision rate rapidly in- One method for getting through the 10 mK “problem re-
creases, making evaporative cooling inefficient. gion” may be to laser Doppler cool trappetCr on the
In addition to the crucial Cr-Cr scattering properties de-|’Ss.m;=3)—|"P,,m;=4) transition [24—26. With the
scribed above, we also measured Cr-He collisional prope@ppropriate experimental setup, it should be possible to laser
ties. By observing the exponential decay of atoms inside therecool the trapped Cr atoms on a reasonable time scale
trap with the cell walls at elevated temperatutesd hence without significant loss. If the ultracold collision cross sec-
large densities of helium within the cgllwe are also able to tions are greatly improved relative to the higher-temperature
measure inelastic H&Cr collisional cross sections for tem- values, it should be possible to create a chromium BEC and
peratures near 1 K. WitfHe buffer gas, we find an inelastic degenerate Fermi gas using further evaporative cooling.
collision rate constant df ,,=(2+1)x10 ¥ cm®*s 1. Due
to details of the method of measurement, we were less sen- We would like to thank Dima Egorov for experimental
sitive to “He-5%Cr inelastic collisions, and can only place an assistance and for assistance in the construction of our trap
upper limit of I';;<10 *® cm®s™ 1, magnet. We would like to thank A. Dalgarno, H. R. Sadegh-
We also determined the elastf®Cr-He cross section. pour, Paul S. Julienne, Carl J. Williams, and John L. Bohm
This was done by measuring the diffusion of Cr through thefor discussions concerning Cr-Cr collisions. This work was
helium buffer gas in the absence of the magnetic trajp at supported by the National Science Foundation.
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