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Low-velocity elastic scattering of Rb-Rb
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~Received 24 January 1997; revised manuscript received 14 April 1997!

With reference to recent progress in preparing slow and intense Rb beams~rubidium atomic funneland
low-velocity intense source of atoms from a magneto-optical trap! we have calculated total and differential
elastic scattering cross sections and scattering lengths for ground-state collisions of85Rb as well as87Rb. Our
results are based on the state of the artX1Sg

1 and a 3Su
1 potentials. Pronounced resonances in the total

scattering cross sections occur for collision velocities below 15 m/s. We propose scattering experiments with
slow Rb beams in order to check the currently known singlet and triplet potential-energy curves.
@S1050-2947~97!02508-0#

PACS number~s!: 34.50.2s, 34.20.Cf, 32.80.Pj
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The effective ground-state energy curves of homonuc
alkali-metal diatoms—usually determined byab initio
calculations—are necessary to understand ultracold c
sions and frequency shifts in atomic clocks following fro
such collisions@1#. Furthermore, a scattering length, the mo
important parameter for Bose-Einstein condensation~BEC!,
can be deduced from every ground-state potential curve.
comparatively simple atoms, like H and Li, the potentials
accurate enough to predict valid scattering lengths@2,3#. For
Na the uncertainties in the potentials are a bit greater, e
cially for the triplet state. In a previous work we have calc
lated cross sections and the triplet scattering length
Na-Na@4#. Regarding heavier alkali metals the uncertaint
further increase due to the more complex electronic str
ture.

To calculate scattering cross sections complete poten
energy curves, from the repulsive part up to a few hundre
of the interatomic distance, are needed. Neglecting hyper
interactions the diatoms of both rubidium isotopes,85Rb
~84.911 794 amu! and 87Rb ~86.909 187 amu!, can be de-
scribed by the same ground-state Coulomb potentials w
follows from the Born-Oppenheimer approximation.

Almost complete short-range potential curves for R2
~singlet and triplet! have been calculated by Krauss a
Stevens@5#. They present two sets of energy points, obtain
by ab initio calculations, which are suitable to determine t
potentials up to 10.6 Å. The repulsive part of the sing
potential has been extended by data from Ref.@6#. The long-
range part can be described by an analytic equation w
three dispersion coefficients. We choose the coefficients
culated by Marinescu, Sadeghpour, and Dalgarno@7#.

Due to the lack of other short-range potential curves,
more accurate dispersion coefficients, we can assume to
state-of-the-art potential curves for Rb2. From these poten
tials scattering cross sections~and scattering lengths! can be
deduced.

We found pronounced resonance structures in the t
cross sections, which can be regarded as detailed fingerp
of the interaction potentials. Low-velocity scattering expe
ments are the ideal way to directly check the validity of t
best availableab initio potentials.

With the recent development of a rubidium atomic funn
by Swansonet al. @8# it should be possible to perform sca
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tering experiments in the most interesting velocity ran
The funnel produces a flux of 1010 85Rb atoms/s with a tem-
perature of 500mK in all three dimensions, which is quite
near to the Doppler cooling limit. According to the autho
the mean velocity is stable to 2 cm/s and controllable in
range of 3–10 m/s. Another interesting setup has rece
been reported by Luet al. @9# where a slow atomic87Rb
beam has been extracted from a three-dimensional magn
optical trap. This technique is admittedly quite simpler
perform than a funnel, but the obtained mean velocity~14
m/s! and velocity width~FWHM52.7 m/s! demand further
cooling to get a suitable projectile beam.

In this paper we present total and differential scatter
cross sections in order to point out at which collision velo
ties one has to search for significant structures in a scatte
experiment.

The total scattering cross section~TCS! is determined by

s tot
1 5

4p

k2 (
evenl

~2l 11!sin2d l
S/T5

2p

4 E
0

p

u f S/T
1 ~u!u2du.

~1!

Due to the boson character of both Rb isotopes~the hyper-
fine coupling is assumed to be conserved during low-velo
collisions! only even partial waves contribute to the cro
sections. Alternatively the usual scattering amplitude

f S/T~u!5
1

k (
l 50

l max

~2l 11!~e2id l
S/T

21!Pl ~cosu!, ~2!

TABLE I. Energy points added to the Krauss-Stevens potenti

R ~Å! Singlet ~eV! Triplet ~eV! Source

2.501 1.190 679 Ref.@6#

2.801 0.431 934 Ref.@6#

3.121 24.333 77331023 Ref. @6#

12.001 21.157 22331023 21.157 22331023 Ref. @7#

13.001 26.864 97831024 26.864 97831024 Ref. @7#

14.001 24.258 46031024 24.258 46031024 Ref. @7#
2784 © 1997 The American Physical Society
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56 2785LOW-VELOCITY ELASTIC SCATTERING OF Rb-Rb
with k5A2mECM /\2 and the Legendre polynom
Pl (cosu) can be symmetrized. The differential scatteri
cross section~DCS! is then

ds1~u!5u f S/T~u!1 f S/T~p2u!u25u f S/T
1 u2. ~3!

For easier comparison with experimental results we h
transformed all DCSs to the laboratory frame. To obtain
singlet and triplet phase shiftsd l

S/T we solved Schro¨dinger’s
equation by the Numerow algorithm using a potential ran
of Rmax5250 Å.

The Rb potential data sets by Krauss and Stevens@5# have
been extended by a couple of energy points~Table I! and
connected by tensioned cubic splines~see Fig. 1!. The addi-
tional points at 12 Å, 13 Å, and 14 Å listed in Table I a
neccessary to get a continuous transition from the sh
range part to the long-range part of the potentials, i
V(R) and dV(R)/dR have to be continual at the junctio
point. We have joined the analytical long-range part

VS/T~R!52
C6

R6 2
C8

R8 2
C10

R10 ~4!

with the dispersion coefficients~in a.u.! C654.4263103,
C855.5063105, and C1057.6653107 to the cubic spline
curves atR513 Å. The difference between the singlet a
triplet potential is negligible forR.13 Å, so we do not need
an analytical expression for the exchange interaction in
~4!. Retardation effects@10# have been neglected since th
are much smaller than the discrepancy to alternative set
dispersion coefficients~see Table VI in Ref.@7#!.

Figure 2 shows TCSs for both isotopes and both e
tronic ground states. Due to the integer hyperfine quan
numbersF the atoms are bosons and only even partial wa
should contribute to the cross sections~solid lines!. Odd par-
tial waves are shown for completeness~dotted lines!. As it is

FIG. 1. Ground-state singlet and triplet energy curves of Rb-
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FIG. 2. Total scattering cross sections of Rb-Rb~identical col-
lision partners! in the ground state. The numbers indicate the dom
nant partial wave (l ) of the resonances.~3.571 a.u.51
Å 2510216 cm2).
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impossible to measure pure singlet scattering cross sect
we recommend to first look for pure triplet cross sections
this case projectile and target atoms have to be in the hy
fine statesuF53,mF53& for 85Rb and uF52,mF52& for
87Rb. Then measured TCSs can be directly compared w

FIG. 3. Differential scattering cross sections~laboratory frame!
of 85Rb-85Rb in the ground state for several longitudinal project
velocities. The target atoms are assumed to be at rest. Solid l
sharp projectile velocity, dashed lines: projectile velocity width
0.5 m/s~full width half maximum!.
ns,
n
r-

th

the solid lines in Figs. 2~b! and 2~d!. The peaks in Fig. 2 are
usually caused by single partial waves, so every peak~or
resonance! corresponds to a characteristic differential scatt
ing distribution because thel -dependent Legendre polyn
oms in Eq.~2! shape the DCSs.

To identify in an experiment the number of the domina
partial wave, the only reliable method consists in the m
surement of the differential scattering distribution. We ha

es:

FIG. 4. Differential scattering cross sections of87Rb-87Rb
~same conditions as in Fig. 3!.
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56 2787LOW-VELOCITY ELASTIC SCATTERING OF Rb-Rb
selected the four most significant TCS resonances of e
Rb isotope and calculated the corresponding DCSs, show
Figs. 3 and 4. The selection gives typical scattering distri
tions for the dominant partial wavesl 54, 6, 8, 10, 12, 14,
and 18. Five of the eight projectile velocities are direc
available by use of the mentioned rubidium funnel, assum
that the funnel also works with87Rb. A longitudinal velocity
width of FWHM50.5 m/s changes most of the DCSs ma
ginally as exhibited by the dashed lines.

We have also calculated thes-wave scattering lengths
a52 limk→0tand0

S/T/k, although it is not expected that th
usedab initio potentials are good enough for zero ener
limit calculations. The results are listed in Table II. In Re
@11# a photoassociation experiment has been exploited
limit the triplet scattering lengths to 85,aT,200 for 85Rb
and 99,aT,119 for 87Rb ~units of a0). Our value for the
triplet scattering length of85Rb is in agreement with thes
limits, whereas our value for87Rb is much smaller than th

TABLE II. Scattering lengths following from the used potenti
curves (1a050.529 177 Å55.29 177310211 m!.

Isotope State a ~a0) a ~Å!

85Rb Singlet 2171.4 290.7
85Rb Triplet 146.3 77.4
87Rb Singlet 126.4 66.9
87Rb Triplet 18.0 9.52
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lower limit. In Ref.@12# a scattering length ofuau546611 Å
has been found for87Rb in the uF51,mF521& ground
state, deduced from elastic scattering cross section mea
ments of magnetically trapped atoms. This measured valu
mixture of singlet and triplet scattering lengths, lies betwe
our calculated triplet and singlet values.

Since the scattering lengths deduced from the used po
tial curves roughly agree with other calculated and measu
values, it can be assumed that the accuracy of TCSs
DCSs computed at considerable higher collision energie
good enough for a valid prediction of cross-section re
nances. This assumption follows from the fact that the i
portance of the details of the potential curves decreases
increasing collision energy.

In our calculations perfect collimation of the projecti
beam and target atoms at rest are assumed. The latte
quirement should not be a practical problem, since Rb a
clouds have been cooled down to temperatures where B
occurs@13#. It may also be an interesting experiment to lo
for differences between scattering of slow atomic beams
‘‘normal’’ target atoms~which is the subject of this paper!
and Bose-Einstein condensated atoms.

In conclusion, we are convinced that scattering expe
ments with very slow atomic Rb beams—recently expe
mentally reached—will yield valuable new data concerni
the interaction of two Rb atoms.

This work has been supported by the Sonderforschun
bereich 216 of the Deutsche Forschungsgemeinschaft.
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