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Resonant Magnetic Field Control of Elastic Scattering in Cold85Rb
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A magnetic field-dependent Feshbach resonance has been observed in the elastic scattering colli
rate between atoms in theF  2, M  22 state of 85Rb. Changing the magnetic field by several
Gauss caused the collision rate to vary by a factor of 104, and the sign of the scattering length could
be reversed. The resonance peak is at 155.2(4) G and its width is 11.6(5) G. From these results
extract much improved values for the three quantities that characterize the interaction potential: T
van der Waals coefficientC6, the singlet scattering lengthaS , and the triplet scattering lengthaT .
[S0031-9007(98)07904-6]

PACS numbers: 34.50.–s, 03.75.Fi, 32.80.Pj, 34.20.Cf
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Very-low-temperature collision phenomena can b
quite sensitive to applied electromagnetic fields. Sever
groups have altered inelastic collision rates in optic
traps by applying laser fields [1]. There have also bee
numerous proposals [2–6] for using laser and static ele
tric or magnetic fields to influence thes-wave scattering
length (a), and equivalently, the elastic collision cross
sections (s  8pa2) between cold atoms. Particularly
notable is the prediction by Verhaar and co-worker
[2] that as a function of magnetic field there should b
Feshbach resonances in collisions between cold (,mK)
alkali atoms. These resonances were predicted to ca
dramatic changes in the cross section and to even all
the sign of the scattering length to be changed. Su
resonances are very interesting collision physics, b
they also offer a means to manipulate Bose-Einste
condensates (BEC), the properties of which are primari
determined by the scattering length. Some time ago w
searched for such resonances in133Cs and87Rb, without
success [7,8]. This was not surprising because there w
enormous uncertainty as to the positions and widths of t
predicted resonances. However, recent photoassociat
spectroscopy has greatly improved the knowledge of t
alkali interatomic interaction potentials, allowing thes
resonance parameters to be predicted with much le
uncertainty [9]. As we show below, the fact that the
widths and positions of these resonances are so sensi
to the interatomic potentials makes their measuremen
good way to determine these potentials.

The improved predictions for the resonance position
facilitated their observation. In the past few month
Feshbach resonances have been observed in both23Na
[10] and85Rb [11]. In the sodium work, two magnetic
field-dependent processes were observed: (1) A chan
in the expansion rate of BEC due to a change
the scattering length, and (2) an enormous, and as
unexplained, increase in the loss rate. This loss ra
precluded the study of collisions in the interesting fiel
regime near the center of the resonance where t
scattering length changes sign. In the rubidium wor
0031-9007y98y81(23)y5109(4)$15.00
e
al

al
n
c-

s
e

use
ow
ch
ut
in
ly
e

as
he
ion
he
e
ss

tive
t a

s
s

ge
in
yet
te

d
he
k

[11] the resonance was detected as a magnetic fi
dependence of the photoassociation spectra. The resu
resonance width was measured to be far larger t
originally predicted by theory [2].

Here we report the study of a Feshbach resonance in
elastic collision cross section between atoms in theF 
2, M  22 state of85Rb. By changing the dc magneti
field we are able to change the collision rate by 4 ord
of magnitude and explore regions of positive, negati
and essentially zero scattering length. We determine
width and position of the resonance about a factor
10 more precisely than in Ref. [11], and from these d
we improve the accuracy of the Rb interaction potent
substantially. In contrast to Ref. [10], we do not obser
two or three body loss at resonance because we wor
much lower densities (109 atomsycm3).

We measured the collision rates using the technique
“cross-dimensional mixing,” as in our earlier work [7
In this technique, a nonisotropic distribution of energy
created in a magnetically trapped cloud of atoms, and
time for the cloud to reequilibrate by elastic collision
is measured. The apparatus used is identical to
used in our previous work on BEC in87Rb [12]. It
is a double magneto-optic trap (MOT) system in whi
multiple samples of atoms are trapped in a relatively hig
pressure chamber and then transferred to a second MO
a low-pressure chamber. The second MOT is then tur
off and a “baseball coil” magnetic trap is turned on arou
them. The atoms are then cooled by forced evaporatio

After the atoms are evaporatively cooled to the desi
temperature, the energy in the radial direction (a
correspondingly the square of the width of the trapp
cloud) is reduced to about 0.6 that of the axial directio
This is done by decreasing the frequency of the rf “knif
used for the evaporative cooling more rapidly than t
cloud can equilibrate [13]. The bias magnetic field is th
adiabatically ramped to the selected value, and the cl
is allowed to equilibrate for a fixed time. The shape
the cloud is then measured by absorptive imaging. T
is repeated for different equilibration times, and the asp
© 1998 The American Physical Society 5109
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ratios of the cloud vs time are fit to an exponential
determine the equilibration time constantteq. Although
the energy dependence of the cross section can l
to small deviations from exponential equilibration, th
relative changes inteq with B are large enough to
dominate any error in curve fitting. As discussed
Ref. [14], teq is proportional to the inverse of the elasti
collision rate [15]. From the measured trap oscillatio
frequencies and the measured shape and optical de
we determine the temperatureT and average densityknl
of the cloud. The magnetic field value at the cent
of the cloud is determined to60.1 G by finding the
rf frequency that resonantly drives spin flip transition
for the atoms at that position and using the Breit-Ra
equation. The spread in the magnetic field across
cloud scales asT1y2 and is 0.6 G FWHM for a 0.5mK
cloud.

The measured equilibration times depend onB and
T and vary from 0.15 s to nearly 2000 s. To dis
play data taken at several values of both density a
temperature, we convert it to the normalized equilibr
tion rate,Gnorm  1yknylteq. Figure 1 displays the data
versus mean magnetic field.Gnorm has units of cross
section and in fact is proportional to an empirical ave
age over the field- and energy-dependent elastic scat
ing cross sectionssB, Ed. To calculate this average is
problematic because the magnetic field and energy
coupled—a detailed Monte Carlo simulation of partic
trajectories [16] is probably required. However, in th
low-temperature limit the spread in magnetic field acro
the cloud is small so the maximum and minimum va
ues ofGnorm will occur at the same magnetic field as th
peak and zero ofssB, E  0d. For a rough qualitative
comparison, in Fig. 1 we have also plotted the theore
cally predicted values ofssB, Ed for two temperatures.
These predictions are calculated using the atomic pot
tials determined from the observed maximum and min
mum values of the relaxation rate, as discussed belo
Both the cross section curves and the equilibration d
show the same qualitative features. For temperatures
low a few mK, there is a slightly asymmetric peak nea
155 G, and the width and height of this peak are stro
functions of temperature. At 167 G there is a profoun
drop in the rate. This dip is quite asymmetric, but th
shape is relatively insensitive toT , and at the bottom (field
valueBmin) the rate is essentially zero. The field value o
the peak (Bpeak) is customarily defined to be the positio
of the Feshbach resonance, and the resonance widtD

is the distance betweenBpeak and Bmin [11]. The scat-
tering length is positive for field values betweenBpeak
and Bmin and is negative for field values belowBpeak
or aboveBmin. This dependence of the sign is expecte
from previous theory. The observation thatBpeak is at
a lower field thanBmin provides experimental confirma
tion that the scattering length is negative away from t
resonance.
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FIG. 1. (a) The data points show the measured equilib
tion rate divided by average density and velocity (Gnorm 
1yknylteq) vs magnetic fieldB. Data are shown for five dif-
ferent temperatures: 0.3mK ( ), 0.5 mK (d), 1.0 mK ( ),
3.5 mK (,), and 9.0mK ( ). The lines are calculations for
the thermally averaged elastic cross sections (not equilibration
rates) and hence are not expected to fit the data points.
solid line corresponds to 0.5mK and the dot-dashed line to
9.0 mK. (b),(c) Expanded views of the regions of maximum
and minimum cross section.

Because the functional form of the normalized equi
bration rate is not known, the desired quantitiesBpeak and
Bmin cannot be found by a detailed fit to all of the dat
We determine them by fitting a simple smooth curve
only the few highest (or lowest) points at each temperatu
below 5mK, and assigning correspondingly conservativ
error bars that more than span the values determin
for all temperatures [17]. We findBpeak  155.2s4d G
and Bmin  166.8s3d G, giving a resonance widthD 
11.6s5d G. The values forBpeak and D are reasonably
consistent with the less precise values of 164(7) G a
8.4(3.7) G measured in Ref. [11]. In our experimen
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the accuracy of the peak position is much higher p
marily because of better field calibration. The better acc
racy in the width is largely because the photoassociati
measurement is a somewhat less direct way to observe
resonance, and so substantial and somewhat uncertain
rections are required to go from observed signal widths
the actual resonance width.

We can now use these measured quantities to determ
the singlet and triplet Born-Oppenheimer potentials. T
accuracy of predicted cold collision observables hing
on the quality of these potentials used in the radi
Schrödinger equation for the nuclear motion. Becau
the scattering is purelys wave at these temperatures
accurate determination of these potentials in turn reli
primarily on three parameters, the long range van d
Waals coefficientC6 and the zero-energy singlet and
triplet phases. The phases are usually tabulated in te
of singlet aS and tripletaT scattering lengths calculated
with hyperfine terms omitted from the radial equation.

The old “nominal” values of the scattering lengths an
C6 (optimized to achieve agreement with previous me
surements) predicted the position of this Feshbach re
nance reasonably well, but, as in Ref. [11] the predict
width was much smaller than observed. This width r
flects the coupling of bound and continuum channels a
is primarily controlled by the difference between the sin
glet and triplet scattering lengths. It is inconvenient
tabulate results as a function of singlet and triplet scatt
ing lengths for85Rb, because both are very close to ly
ing on top of a divergent pole. Accordingly, we presen
the results of our analysis in terms of a bound sta
phase (fractional bound state number)nD as in Ref. [11].
We define the corresponding singletnDS or triplet nDT
bound state phase in terms of the scattering length throu
the relation [18]:nD  s1ypd cot21sayaref 2 1d, where
aref  Gs5y4dyf

p
8 Gs3y4dg s2mC6yh̄2d1y4 [19] and m is

the reduced mass of the atomic pair. The bound st
phase is related to the short range quantum defectmsr

presented in Ref. [20] bynD > msr 2 1y4. The quan-
tum defect method developed in Ref. [20] was used
generate the theory curves in Fig. 1.

We have adjusted the singlet and triplet Rb-Rb potent
curves at small distances until the theoretical calculati
agrees simultaneously with the present measurements
Bpeak andD, to within the experimental uncertainties. Fo
a givenC6, this severely constrains the values of bothnDS
and nDT (see Fig. 2). However, the position and widt
are not sufficient to totally constrain all three paramete
C6, nDS, and nDT . In order to obtain values for all of
the parameters, we also require that our triplet potenti
predict theg-wave shape resonance in an energy ran
consistent with the measured value given in Ref. [21].

The results of this analysis are presented in Fig.
This illustrates that accurate measurements of Feshb
resonances are an extremely precise method for de
mining threshold properties of the interatomic potentia
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FIG. 2. Comparison of the allowednDS, nDT parameter space
based on this work and previous measurements for a cons
value ofC6. The rectangle is the allowed range from Ref. [24
The large diamond is the range from Ref. [11]. The sm
filled diamond is the range from this work. Note that th
rectangle and large diamond constraints were established u
a different value ofC6 from the one used in this work (4550
instead of 4700 a.u.). As is discussed in the text, the posit
of the constrained regions depends linearly uponC6, which
is indicated by the small connected diamonds on either s
of the small filled diamond. These diamonds show the eff
of 50 a.u. uncertainty inC6. The arrows indicate sensitivity
to changes in resonance width and position in this parame
space.

Our measurement has allowed us to reduce the co
bined C6, nDS, and nDT parameter space by roughly
factor of 80. As discussed in Ref. [11], the positio
of the resonance depends mostly onC6 and the sum
nDS 1 nDT . The width depends mostly on the differenc
nDS 2 nDT . As Fig. 2 shows, the allowednDS, nDT
parameter region is an extremely correlated function
C6. In particular, we find that the area of the allowe
parameter region is independent of bothC6 andC8. The
uncertainty in these dispersion coefficients simply shi
the position of the “diamond.” Accordingly, we ca
represent the allowed parameter region in the followi
manner: nDS 1 nDT  20.0442 1 2.14s1024d sC6 2

C̄6d 2 4s1028d sC8 2 C̄8d 6 0.001 and nDS 2 nDT 
0.0652 2 6.6s1025d sC6 2 C̄6d 6 0.003, where C̄6 
4700 and C̄8  550 600 [22]. Converting the bound
state phases into scattering lengths, we find agreem
with previous work [23–25]. We find for the nomi
nal dispersion coefficients (in a.u.)aT s 85Rbd  2369 6

16, aSs85Rbd  24001600
350 , aT s87Rbd  106 6 4,

aSs87Rbd  90 6 1. Our value forC6, 4700(50) a.u., is
slightly higher (and with smaller uncertainty) than a prev
ous analysis based solely on theg-wave shape resonanc
[21]. We have confirmed that several scattering obse
ables predicted by the new Born-Oppenheimer potent
are consistent with previous measurements. Specifica
the new potentials predict a broadd-wave shape reso-
nance [26] in87Rb, the scattering length ratioa2,1ya1,21
[27], and the thermally averagedj2, 2l 1 j1, 21l inelastic
rate constant [28] that are consistent with previo
measurements. We also find 10 of the 12 measu
d-wave bound states [24] within the2s error bars. The
new potentials also permit us to predict additional85Rb
5111
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Feshbach resonances [6] atBpeak  226.0 6 4.0 G with
a width of ,0.01 G, and atBpeak  535.5 6 4.0 G with
a width of2.2 6 0.2 G.

We have shown that precise measurements of the Fe
bach resonance in the elastic scattering cross section p
vide unprecedented knowledge of the Born-Oppenheim
potentials that control Rb-Rb scattering processes at s
mK temperatures. We have also used this resonance
enhance evaporative cooling of85 Rb in a low density
magnetic trap and change the scattering length from ne
tive to positive. These capabilities should allow nove
studies of BEC in the future.

We acknowledge valuable conversations with Da
Heinzen, Boudwijn Verhaar, and John Bohn, as well a
the assistance of Richard Ghrist and Eric Burt in the ear
stages of the work. NSF, ONR, and NIST supporte
this work.

*Quantum Physics Division, National Institute of Standard
and Technology, Gaithersburg, MD 20899.

[1] V. Sanchez-Villicana, S. D. Gensemer, and P. L. Goul
Phys. Rev. A54, R3730 (1996), and references therein.

[2] E. Tiesinga et al., Phys. Rev. A 46, R1167 (1992);
E. Tiesinga, B. J. Verhaar, and H. Stoof, Phys. Rev.
47, 4114 (1993).

[3] M. Marinescu and L. You, Phys. Rev. Lett.81, 4596
(1998).

[4] P. O. Fedichevet al., Phys. Rev. Lett.77, 2913 (1996).
[5] J. L. Bohn and P. S. Julienne, Phys. Rev. A56, 1486

(1997).
[6] A. J. Moerdijk et al., Phys. Rev. A51, 4852 (1995); J. M.

Vogelset al., Phys. Rev. A56, R1067 (1997).
[7] C. R. Monroeet al., Phys. Rev. Lett.70, 414 (1993).
[8] N. R. Newbury, C. J. Myatt, and C. E. Wieman, Phys. Rev

A 51, R2680 (1995).
[9] For a recent review on this subject, see, for instanc
5112
sh-
ro-
er

ub-
to

ga-
l

n
s
ly
d

s

d,

A

.

e,

P. S. Julienne, J. Res. Natl. Inst. Stand. Technol.101, 487
(1996).

[10] S. Inouyeet al., Nature (London)392, 151 (1998).
[11] Ph. Courteilleet al., Phys. Rev. Lett.81, 69 (1998).
[12] C. J. Myattet al., Opt. Lett.21, 290 (1996).
[13] In our weak trap, the magnetic field lines are approx

mately parallel across the atomic cloud. Cutting fast
than the cloud can equilibrate will remove energy from
single dimension.

[14] C. R. Monroe, Ph.D. thesis, University of Colorado, 199
[15] The proportionality constant is about 2.6 when th

elastic cross section is temperature independent, which
decidedly not the case here.

[16] D. Gury-Odelinet al., Opt. Express2, 323 (1998).
[17] The three values ofBpeak determined for the 0.5, 1, and

0.75 mK data (the latter not shown in Fig. 1 to avoid
cluttering it excessively) can be determined to be abo
the same precision and agree to within 0.4 G. The val
of Bmin is primarily based on the 3mK data.

[18] F. H. Mies et al., J. Res. Natl. Inst. Stand. Technol.101,
521 (1996).

[19] G. F. Gribakin and V. V. Flambaum, Phys. Rev. A48, 546
(1993).

[20] J. P. Burke, Jr., C. H. Greene, and J. L. Bohn, Phys. R
Lett. 81, 3355 (1998). The scattering length is given i
terms of the quantum defect bya  2C2 tanspmsr dyf1 1

G s0d tanspmsr dg, whereC2  0.957 217s2mC6yh̄2d1y4 and
G s0d  21.002 60.

[21] H. M. J. M. Boestenet al., Phys. Rev. Lett.77, 5194
(1996).

[22] M. Marinescu, H. R. Sadeghpour, and A. Dalgarno, Phy
Rev. A 49, 982 (1994). The uncertainties in the coeffi
cients are given as64%.

[23] J. P. Burke, Jr.et al., Phys. Rev. Lett.80, 2097 (1998).
[24] C. C. Tsaiet al., Phys. Rev. Lett.79, 1245 (1997).
[25] P. S. Julienneet al., Phys. Rev. Lett.78, 1880 (1997); J. P.

Burke, Jr.et al., Phys. Rev. A55, R2511 (1997).
[26] H. M. J. M. Boestenet al., Phys. Rev. A55, 636 (1997).
[27] M. R. Matthewset al., Phys. Rev. Lett.81, 243 (1998).
[28] C. J. Myattet al., Phys. Rev. Lett.78, 586 (1997).


