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abstract;

Systems of three interacting particles are notorious for their complex physical
behaviour. A landmark theoretical result in few-body quantum physics is
Efimov’s prediction of a universal set of (infinite number of ) bound trimer states
appearing for three identical bosons with a resonant two-body interaction.
Counterintuitively, these states even exist in the absence of a corresponding two-
body bound state. Since the formulation of Efimov’s problem in the context of
nuclear physics 35 years ago, it has attracted great interest in many areas of
physics. However, the observation of Efimov quantum states has remained an
elusive goal. Here we report the observation of an Efimov resonance in an
ultracold gas of caesium atoms. The resonance occurs in the range of large
negative two-body scattering lengths, arising from the coupling of three free
atoms to an Efimov trimer. Experimentally, we observe its signature as a giant
three-body recombination loss when the strength of the two-body interaction
(scattering length ‘a’) is varied. We also detect a minimum in the recombination
loss for positive scattering lengths, indicating destructive interference of decay
pathways. Our results confirm central theoretical predictions of Efimov physics
and represent a starting point with which to explore the universal properties of
resonantly interacting few-body systems. While Feshbach resonances have
provided the key to control quantum-mechanical interactions on the two-body
level, Efimov resonances connect ultracold matter to the world of few-body
quantum phenomena.
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Introduction:

Evidence for Efimov quantum states in an ultracold
gas

Efimov States
[1] V. Efimov, PLB33,563(1970), t1[2,16]
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‘Universality’

“properties of the many-body system that are determined

(only) by the scattering length are called universal” === FE N
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Efimov States
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Figure 1| Efimov's scenario. Appearance of an infinite series of weakly
bound Efimov trimer states for resonant two-body interaction. The binding
energy is plotted as a function of the inverse two-body scattering length 1/a.
The shaded region indicates the scattering continuum for three atoms

(@ < 0) and for an atom and a dimer (a > 0). The arrow marks the
intersection of the first Efimov trimer with the three-atom threshold. To
illustrate the series of Efimov states, we have artificially reduced the
universal scaling factor from 22.7 to 2. For comparison, the dashed line
indicates a tightly bound non-Efimov trimer™, which does not interact with
the scattering continuum.
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Feshbach Resonance ——
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mE¥E~4 1w a2%&)Kl{EHT DN TES, FIGURE1 Scattering length as a function of magnetic field for the state

F =3, mr = 3. There is a relatively broad Feshbach resonance at 48.0 G due
to coupling to a d-wave molecular state. The arrows indicate several very
narrow resonances at 11.0, 14.4, 15.0, 19.9 and 53.5 G, which result from
coupling to g-wave molecular states. The data are taken from [13]
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Experiment: Trap
T. Kraemer et al., Appl.Phys.B79, 1013(2004)
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Zeeman slowed atomic beam  3x10° atoms/6sec
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=200s at 1210  mbar
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rampup dB/dy 7-33 G/cm in 40ms
Compression laser 10-30 MHz
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FIG. 1. (a) Vibrationally excited atoms are cooled quickly by
degenerate Raman transitions (double-sided arrows) and fast o™

degenerate Raman-sideband cooling optical pumping, while the final cooling stage uses only weak

. injection locked slave laser pumping. This scheme strongly suppresses reabsorption heating.
COOllng 41 65 mW (b) Initially unbound atoms are transferred from mp(C) to mp —
7 ascr m 1(J) when a two-photon degenerate Raman transition satisfies
4x10 atoms, O'TU-K’ 1 mm energy and momentum conscrv?.ticm, Optical pumpi}lg back to
mp(V) cools the atoms by one Zeeman energy splitting AE,.
F=3, mz=3 — 90%
l A. Kerman et al., PRL84, 439 (2000).
heated to 2K
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Experiment: Trap
l heated to 2);K

anti-Helmholtz coil 31.3G/cm
(Magnetic levitation)

Reservoir Trap Helmholtz coil 0-200 G
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potential depth 7K
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4><10ﬂi atoms, luK, 10sec

Cooling

6
l 7.8%10 atoms, 2sec

broadband fiber laser 1064nm
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FIGURE 3 Peak phase space density as function of atom number. The path
of evaporation proceeds from right to left. The triangle shows the atomic en-
semble immediately after lattice cooling. The open circles show the ensemble
in the reservoir trap after 0.08, 0.22, 0.64, and 2.0s. The filled circles cor-
respond to the sample in dimple trap right after loading and after 1.5s of
evaporation. The phase transition occurs after 2 s of forced evaporation with
~ 5 3 10° atoms left in the dimple trap

300ap to reduce 3-body recombination loss

c

FIGURE 2 [lustration of the varous stages of trap loading and evaporative cooling as seen from above. (a) Plain evapo
mation in a crossed CO; -laser trap generated by beams A; and Az at a scattering length of & = 1215aq. (b) 1.5 5 of mmping
and collisional loading into a crossed 1064-nm fibre laser trap generated by beams By and By with a final scattering length
a = 2104 (¢) Forced evaporative cooling after switching off OO0, -laser beam A;. The power of all remaining lasers is
ramped down, and the power in CO;-laser beam Ay is reduced to zero. (d) Final configuration of the crossed 1064-nm trap.
Imaging is done in the horzontal plane at an angle of 30° with respect to the long axis of the cigar-shaped atomic cloud
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[: 'C'E Faﬁ 'd‘ é : & l Z J: [,J . _I%_ ;k 0) Y {5}_9% Figure 2 | Observation of the Efimov resonance in measurem?nts of

three-body recombination. The recombination length ps DCL; * is plotted
s h == b V= N as a function of the scattering length a. The dots and the filled triangles show

"LE ’k lj& }-*E L/ —c L \ < ﬁ 11?1 EI-I- ﬁ $ ;i the experimental data from gset-ugpf A for initial temperatures arouild 10nK
and 200 nK, respectively. The open diamonds are from set-up B at
temperatures of 250 nK. The open squares are previous data™ at initial
temperatures between 250 and 450 nK. The solid curve represents the

E FT F it analytic model from effective field theory” witha = —850a,,

ar = 1,060a,,and =y = 0.06. The straight lines result from setting
the sin” and cos’-terms in the analytic theory to 1, which gives a lower

< - _ — recombination limit for a < 0 and an upper limit for & > 0. The inset shows
for a O a 850(20)&0 11 006(1) an expanded view for small positive scattering lengths with a minimum for
. . . C(a) o< (ps/a)* near 210a,. The displayed error bars refer to statistical
2 2
C (a) =4590sinh (277, )/(SI n [So In qa| / a_ )]+ sinh n_ ) uncertainties only. Uncertainties in the determination of the atomic number

densities may lead to additional calibration errors for ps of up to 20%.
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Figure 3 | Atom loss for small scattering lengths. Besides a minimum near
zero scattering length, we identify a minimum of recombination loss at

~210a, which can be attributed to a predicted destructive interference
effect™ 1,
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Conclusion:
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