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Feshbach resonance cooling of trapped atom pairs
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Spectroscopic studies of few-body systems at ultracold temperatures provide valuable information that often
cannot be extracted in a hot environment. Considering a pair of atoms, we propose a cooling mechanism that
makes use of a scattering Feshbach resonance. Application of a series of time-dependent magnetic field ramps
results in either zero, one, or two atoms remaining trapped. If two atoms remain in the trap after the field ramps
are completed, then they have been cooled. Application of the proposed cooling mechanism to optical traps or
lattices is considered.
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A Feshbach resonan¢&—3] occurs for two atoms when E.(B)=[2n-2B8g(B) +| + 3/2hw, (1)
their collision energy becomes degenerate with a bound state
in a closed collision channel, producing brief transitions intoWhere ©=2mv. Here, the quantum defeg(B) depends
and out of this state. In recent years, these resonances hat&engly on the relative orbital angular momenturof the
been used extensively to control the interaction strength i@ While it depends only weakly on the radial oscillator
dilute atomic gasep4—8]. Here we make use of the charac- quantum numben. The dependence @ (B) on the energy

teristics of a Feshbach resonance to reduce the energy @ weak on the scale of an oscillator quantum, i.e.,
pairs of externally confined atoms. We show how this B

E,(B)/dEn||<1/ﬁa)
method can be used to cool pairs of atoms taken from a As will become clear later, the quantum defect for one
thermal distribution.

relative partial wavd for an atom pair, e.g., the wave,
The basis of this method lies in the observation that the-. "2 e ord wave, must rise by unity across the energy
quantum-mechanical energy levels of two atoms in a har

fange kgAT of interest, and across the accessible range
monic trap shift by an energy corresponding to approxi-

of the control parametedAB. In fact, this variation of

I | - . 7" Bg(B) by unity corresponds to the Feshbach resonance,
mately two trap quanta as a control parameter is sweptin ong i1 causes the scattering phase shift to rise yA
direction across the resonance. Throughout this article, WEimple closed-form expression exists g [10,11, which
refer to this control parameter as the magnetic fielased to simplifies at energies higher than a few trap quanta to
manipulate the atom-atom scattering lengtm the vicinity Be(B) ~arctafia(E,, B)iw/ 2L, Eqve] where a(E,,B) is
of a pole. In other contexts, t_he shift of thg energy levelshe energy- and field-dependent scattering length and
could be introduced by varying the detuning of an off-| '~ //(uw) with u=m/2 denotes the characteristic oscil-
resonant dressing laser, or by varying an electric fieldaior jength.
strength. The ideas presented here in terms of the control | this paper, we focus on agwave resonance, though
parameteB can be straightforwardly extended to those othefthis formalism can be readily extended to higher partial wave
contexts. In the following, we first develop the basic mecharesonances. When aawave Feshbach resonance occurs, the
nism of the Feshbach resonance cooling process. The feasimiting low-energy scattering phase shift is proportional to
bility and effectiveness of the proposed scheme are then ithe wave numbek=(2uE/#%)Y2 Omitting the subscript,

lustrated through an application to a realistic system of twahe E- and B-dependent scattering length is then given by
atoms in a trap. Finally, possible applications to optical traps

are discussed. AE. B) = ag+ eVA2(8uE,) P
The Schrddinger equation for two interacting identical ul 9 E,+ (B—BeJEl(B)’

massm atoms under spherical harmonic confinement with

trapping frequency decouples into two equations: one in- whereayq is the background scattering length. At the mag-
volving the three relative coordinates of the pair, and anothenetic field strengttB,s of the resonance a zero-energy bound
involving the three center-of-mags.m) coordinateg9,10]. state occurs. The resonance widithin energy is related to
We consider the Schrodinger equation in the relative coordithe width A in the control parameter byg=2ka,E.{B)A,
nate for two trapped atoms interacting through a central powhere E/., denotes the rate at which the resonance energy
tential and assume for the time being that the c.m. coordinatg,. varies with the control paramet¢t2]. Figure 1 illus-

is translationally cold. Accounting for an applied externaltrates the characteristiewave energy level&, appropriate
magnetic fieldB through aB-dependent quantum defect for the relative motion of two atoms in a spherical harmonic
Be(B), the energiek,,(B) associated with the relative mo- oscillator trap, as functions of the applied magnetic figld
tion of an atom pair are given HyL0] for a magnetic Feshbach resonancéRb(2,-2)+%Rb(2,
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— a condition at the origin, which is parametrized as
60
-1 d [ uy(r) “1a, B \(u()
ar = . (5)
£ 40 r\uy(r) /,=o B —1lay/\uy(r)/,—
E A quantum-defect-theory treatment, similar to that of Ref.
-.— [13], can then be applied. The scattering length predicted by
this model(when w— 0) is
- : 1 2 -1
0 | | Ll T~ a(E,B) = (- + |B‘ ) , (6
140 B, 150 B,160 170 a;  \2ue(B)/h? - 2uElh? - 1la,

which can be compared to the measured scattering length to
FIG. 1. (Color online Energy levelsE, for the relative coordi- ~determine the values of the parametags a,, and 8. The

nate of a harmonically trapped®Rb atom pair near theB, Pparameters also affect the magnetic-field dependence of the
~155.2 G Feshbach resonance, as a function of the magnetic fieRdiabatic energy states, and their adjustment is able to pro-
B. A rather large trapping frequency of 1 MHz is used in order to  vide satisfactory agreement with experimental data in the
clarify the field dependence of the energy levels. Cooling is perregions of interest to us. For example, f8Rb, we finda,
formed by ramping the magnetic fieRlslowly from B, to B, and  =-43%,, a,=1.4%,, and $8=0.001 1&51_ Simulations can
then quickly back td3;. A more realistic ramp would likely encom-  then be performed by specifying an initial state of the system
pass more level curve@.e., cover a larger field rangeThe state  gnd numerically solving the Schrédinger equation.
that undergoes a shift fd@=B, (which we will label asn=Q laten The simulations reveal the effect of the adiabatic and
is indicated by a dashed line. Ideal cooling is described diagrampgnadiabatic field ramps. Assume first that the atom pair is in
matically in the inse(same axes where population transfer from 4 pure state aB=B,. As expected, the adiabatic field ramp
point_a to pointb occurs during the slow field_ ramp and frdomto (B, to B, in Fig. 1) decreases the energy of the atom pair
¢ during the fast ramp. See the text for details. irrespective of the initial eigenstate chosen. A nonadiabatic
ramp (B, to B; in Fig. 1) causes a state &, that is not
degenerate with the resonance state to project onto a state at
B, with approximately the same energy as the initial state at

Feshbach resonance cooling entails ramping the magnedz TRt FEREC B N Al B S0E B T s
field through the region where the energy levels shift by 9 ’ P

~2hw. Figure 1 denotes the internal energy eigenvalues fogigomng girrOJe;iggneﬁgro tr;?néis&réargseo;;arfgé lgt thlshggs:, the
a pair of atoms as a function of magnetic fi@dFor a pair pair g 9y ot

of atoms inially in an eigenstate &=B, a sufficienty  "\E SOV DR RS BRSSO e
slow (adiabatig field ramp fromB; to B, will decrease the 9

internal energy of the pair by2%w if the energy level un- initial state, and show how cooling can be performed for an
dergoes a shift in that field rangsee inset of Fig. JL A fast ensemble of atom pairs. For an atom pair taken from a ther-

(nonadiabatigramp fromB, back toB, will ideally project mal distribution, the occupation probability of a level with

: : : energyE, in the relative motion is determined in terms of a
the atom pair onto an eigenstates,)) W'th the same energy Boltzmann factor bye™®/7/Z(7) with r=kgT, wherekg is
as |n(B,)), resulting in a net decrease in energy-efhw.

y -3 —Ei/T . .y .
Further field ramps can then be performed. Boltzmann’s constan®Z(7)=2X,e is the partition function

To model the effects of the magnetic field ramps, we hav ith the sum running over all states of the system, nd

developed a two-channel Feshbach resonance model, basgc? temper.ature of the source of the tV.VO atoms. Based on the
on the single-channel model described in Rég]. Both of résults of field ramps for pure states discussed above, we see

these models describe a two-atom Feshbach resonance foF u; ?‘grs)llcritrlr?n gggkc?g'?%Oiyglﬂ?géaggt;roﬁﬁl dtg t?/\zlo
harmonic trap, and utilize a zero-range potential to describ%?h. P 1

the interaction between the two atoms. The two-channe ings: () decrease by 72w the energy of the population in

model has the advantage of allowing for a ﬁeld-dependen?tates which undergo a full energy shift betwdirnandB,,

resonance state. In the two channels, ¢hveave radial solu- and(b) increase the energy of the population in the state that

tions for the relative coordinateof the atom pair satisfy the IS plegenerate with _the_resonar(ce., undergoing an energy
equations shift) at B, by moving it to the statéor state degenerate

2 g with the resonance aB;. We will denote this state from
22 _ which the heated population originatesrasQ.
<_ 2udr? T opeT )ul(r) =Ew(n), S Figure 2 illustrates the effect of a single cooling cycle on
a mixed state, using the same Feshbach resonance as shown

52 o2 - in Fig. 1. The upper curvéblack line represents an initial
(‘ 2,002 o HwT )Uz(f) =(E-g)uy(r), (4)  s-wave probability distribution for the states associated with
the relative coordinate of an atom pair in a harmonic trap

wheree is the energy shift of the second channel from thewith »=1 MHz and source temperatufe-1 mK. The lower
first channel. The zero-range potential imposes a boundarmgurve on the left side of the figure and the spike on the right

-2). In Fig. 1, the parameters adopted @&g.=155.2 G,
E/es=—3.5 MHz/G,T'3=10 G, anday,=-380a,, Wherea, is
the Bohr radius.
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0.1 5 that is, to states with— 1. This assumes that the range of the
. i field ramps is such that the heated fractior Q) ends up at
£008 an energy corresponding to negligible thermal populatisn
g 0.06 in Fig. 2), and that all population above a specified energy
g i can be removed. If we approximate the level energieB at
g 0.04 =B, by E,(B;) =2n#w, the probability to remove an atom
g pair during a cycle is
g 0.02 : g 2hoQl7

i Pem(Q,7) = (7)
0 ' Z(7)
0 Q 25 50 75 100 . . )
Pair s-wave state n The average energy decrease in a cooling cycle is due to the

energy of then=Q population removed from the trap, plus
FIG. 2. (Color onling lllustration of the effect of a single the energy loss for states> Q:
Feshbach resonance cooling cycle for an atom pair taken from a
thermal distribution withT=1 mK and trapped with frequency ~2hoQlr = g 2hon/
=1 MHz. The upper curvéblack line represents the initial thermal ~ AE(Q.7) = (2wQ +(Ecm)) Z0 + > 2hw e
population distribution, and the lower curve on the left side of the n=Qr1
figure combined with the spike on the right side of the fig(resl (8
line) represents the population distribution after application of one,, . _ . _ . .
slow and one fast magnetic ramp. The st&te(here Q=15) is Noting t_hat<EC-m>_3T (S'_nce<5t°‘>_i7;f0/r astrlzgle/atom Ina
indicated. Population initially in a state witn>Q is decreased in harmonic trap, and with 2., e ~e 77/ 2w,
energy by moving it to the next-lowest stagee the inset closebp ~ EQ- (8) becomes
However, population froom=Q and nearby states is increased in ~2hwQlT
energy by being moved to higher states witk 88. AE(Q,7) = 20
.

side of the figurered line represents the same probability - .
distribution after application of a slow and a fast magneticThe energy efficiencier, deflr_1ed as the amount of energy
removed per atom removed, is then given by

field ramp, for Q=15. Application of one cooling cycle
moves the population of the staf@ to states with much Eet(Q,7) = 2hwQ + 47. (10)
higher energy, hera= 88, evidenced by the spike in Fig. 2. . . o ) o
At the same time, the field ramps move the population ofoinceQ determines the efficiency of the cooling process, it is
each state witm>Q to the next-lowest state, which has referred to as the cooling parameter. Results from our nu-
~2%o less energy. Our numerical simulations indicate thafMerical model indicate that Eq10) provides a good esti-

the net result of these two processes is to increase the avdpate of the efficiency. . . .
age energy. The few cases where the pair gains a large The time scale for one cooling cycle is determined by the

amount of energy overcomes the many cases where the pE§p_eed of the adiabatic field ramp. This speed in turn is deter-
loses a small amount of energyctually, this behavior is mined by the strength of the coupling between the resonance
not unexpected; see Rdfl4].) However, since the atoms statg and the.trap states. Th(_a smallgr the coupllng. for an
that gain energy can be displaced to an arbitrarily high en@voided crossing, the slower is the field ramp required to

ergy statedetermined by the extremum of the field rary;  Maintain adiabaticity. The coupling between the resonance
in Fig. 1), it should be possible to remove them using meth-State and the trap states is related to the resonance width

(2hwQ +47). (9

ods identical to those used for evaporative cooling. parametei’g, which can be used in a Landau-Zener estimate
It i interesting to note that such a process is similar to £f the transition probability12],

conceptual “fractional” evaporative cooling experiment, 2 wlg

wherebyQ becomes the evaporative-cooling cutoff param- Py = exp(— dB/d |dE/dB|)' (12)

eter and, instead of all the population with>Q being re-
moved, only a fraction of this population is skimmed off and  Motivated by the possibility of experimentally trapping a
removed from the trap. This similarity can be seen in Fig. 2small, deterministic number of atonj45,16, we now ex-
Note, however, that Feshbach resonance cooling is distirplore the experimental feasibility of our cooling scheme. A
guished from evaporative cooling in that it is not fundamen-Feshbach resonance cooling experiment involves a sequence
tally statistical: the more that is known about the initial stateof cooling cycles. As discussed above, a single experiment
of an atom pair, the more effectively they can be cooled. Incould result in a heated atom pair, which in turn would be
fact, if the initial state of the pair is known precisely, a field- lost from the trap. To see the effect of multiple field ramps,
ramp sequence can be designed to move the atom pair to tis. (7) and (8) can be iterated. For a variety of cooling
ground state of the trap in principle 100% of the time. efficiency parameter®, Fig. 3 shows the probability for an

As with evaporative cooling, the requirement of atom re-atom pair to remain trapped vs. the average total kinetic en-
moval leads to considerations of efficiency. An estimate ofergy (the energy of both the relative and the c.m. degrees of
the efficiency can be made by assuming that the populatiofreedon) of the two atoms in oscillator units. Included in this
of the stateQ is removed from the trap, while the population calculation is the probability that the atom pair is in an
of all states withn>Q are moved to the next-lowest state, sswave state to begin with, because the field ramp has no
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reached 10% of the time by performing fewer than 2000

g T SR ] cooling cycles. For a range in magnetic field for the ramps of
g 08 Vel - AB=1 G, and using Eq11) with P,=0.1, we see that such
S T 1 a series of field ramps could take place in under 1 s. A
g 06— 1p —— \\;:\ - perturbative calculation accounting for the trap anharmonic-
¢  L08F A N ity indicates that rethermalization between the relative and
*c;’ 0.4 —8'2 E i ‘. — c.m. degrees of freedom should occur on a time scale com-
= toofF I ‘\‘\-\,‘- parable to a single ramp time for a crossed-beam dipole trap.
S o2l 01"';) '2";'"0'3";"';;“;'";;5“:"06 \ This will ensure that the relative-wave distribution will
&+ Nuber of cycles . rgthermah;e with _each ramp and that the coo!lng of the rela-

%0 L 50 L = . 4I0 . 2|o . 0 t|v9T coordinate will also cool the_ c.m. coordinateoth of

“E > /o which we have assumed up to this pgint

ot Feshbach resonance cooling could also be applied to atom

FIG. 3. Probability that a pair of atoms remains trapped vs theP@s in an optical lattice. In this case, field ramps could be
average total kinetic energy of the two atoms in oscillator unitsP€rformed on the lattice ensemble of atom pairs, with a cer-
(note thatksT=(E,,)/6 for two harmonically trapped atomghree  tain percentage of sites resulting in cooled pairs, while other
different cooling parameters are usedia®=5 (solid line), 97 sites will have either zero atoms or ofincooled atom. It
(dashed ling and 12 (dot-dashed ling It is assumed that rether- May also be possible to prepare the optical lattice by some
malization occurs between cooling cyclesee text, although this ~ other means to have a high probability of exactly double
scheme does not necessarily require it. Inset: probability to remai@ccupancy at each lattice sitsee, for example, Ref18]).
trapped vs the number of cooling cycles for the same three coolinfrrom such an initial state, a Feshbach resonance cooling
parameters. scheme could be used to efficiently cool atom pairs to low-
effect on other partial waves. We assume that rethermalizalylr:g tsrl?rﬁ)wrﬁgs,s;/ve have developed a two-body theory that
tion oceurs betwgen cooll|ng cyclles, which Couw.be.ensureﬁescribes how the energy of an atom pair can be reduced.
by, fqr example_, introducing a slight anharmo_mqty Into theThe resulting cooling scheme, which makes use of Feshbach
trapping potential(In the absence of anharmonicity, the rela- o5 nances; offers a viable means to manipulate small, deter-
tive and c.m. degrees of freedom would remain uncoupled. inistic numbers of trapped atorfig5, 16 with present-day

_ To be more specific, we consider a crossed-beam opticgl, ns10gy. Since it is not clear at present how efficiently
dipole trap[17] which offers a good blend of large trap fre- other cooling methods such as evaporation can be applied to

qggncy(for a Iargegwaye fraction, isotropy, r_;md anharmo- small atom samples, our proposal may prove quite useful.
nicity (for rethermalization between the relative and c.m. de‘Extension of our scheme to atom clouds is possible. This is,

grees of freedom Assuming the dipole trap has an averagen o ever beyond the scope of this paper
frequency ofv=10 kHz and contains two atoms taken from a ’ '

source with temperaturé=8 uK ((Ei,p/hw=100, we see
from Fig. 3, solid line, that a temperature of 0.L&
((Eiop/hw=2, both atoms in the ground stateould be
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