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WEAKLY-BOUND STATES OF THREE RESONANTLY-INTERACTING PARTICLES

V. N. EFIMOV
A. F. Ioffe Physico-technical Institute, USSR Academy of Sciences

Submitted February 16, 1970
Yad. Fiz. 12, 1080-1091 (November, 1970)

It is shown that if the pair forces of three identical particles are sufficiently resonant, a family of
bound states of low energy is produced. The quantum numbers of all the states are the same: for
spinless bosons 0* and for nucleons %', T = /.. The dimension of the states is larger than the
radius of the pair forces. The most favorable conditions for the appearance of a family of levels
occur for three spinless neutral bosons: the conditions are less favorable for charged particles
and particles with spin and isospin. The possibility of existence of such levels in a system of three
particles (in the C'" nucleus) and of three nucleons (H’) is considered.
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— Scale invariant under dilation R—=AR and t—A2t

A=exp(n/sy)=22.7 for 3 identical bosons
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Observation of Efimov Resonance in Cesium
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Also found in Li6 (Penn State, Heidelberg), Li7 (Rice, Bar-llan), K39 (LENS), Rb85 (JILA)



Efimov state structure near a Feshbach resonance
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Excited Efimov state in 3-component Fermi gas
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Second Efimov resonance in Csl!
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Second Efimov resonance in “Li?
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Hulet group (Rice University): Science 326, 1683 (2009)
New interpretation: Physical Review A 88, 023625 (2013).



Second Efimov resonance in “Li?
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Homonuclear vs. Heteronuclear
Trimers
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Mass Dependence
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Efimov states In atomic mixtures
2 heavy Bosons + 1 light atom

Two features Three features

B-F e™s0 | i E nax(nK) @i E nax(nK)

'"Ues-Li 4877 3x10° 1500 2x10* 600
"Rb-°Li  6.856 8x10° 230 6x10*  5.00
PNa-’Li 3628 9x10° <01  3x10  <O0.

TLi-5Li =102 =108 <0.1 =108 <0.1
B K 47.02 2x106 <01 9x107  <0.1
Rb-YK =102 =108 <0.1 =108 <0.1
PNa-K =102 =108 <0.1 =108 <0.1
"Li-*K =102 =10° <0.1 > 108 <0.1

J.P. D’Incao and B.D. Esry, PRA (2006)



A Translatable Crossed Dipole Trap
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Trap Loss of Li-a State + Cs-a State Mixture

Lithium number
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|Li:b) + 816.1(2) 0.4 816.4(2) 2.0 5/2  0.03
|Cs:a) 889.0(2) 7.7 888.8(2) 59.5 5/2 0.71
943.4(2) 0.8 943.4(2) 2.0 5/2 0.02
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Tung et al., PRA 87 010702 (2013)
Repp et al., PRA 87 010701 (2013)



Experiment Pr@cedures




Dual Resonant Absorption Imaging
Resonant absorption imaging

Li atoms (in-situ)

The time of flight method
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Trap loss measurement: Cs+Cs+Cs vs. Li+Cs+Cs
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Trap loss measurement: Field scans
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Finest Scans
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Temperature dependence?

Scaled atom number
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Result

e Three Efimov resonances:
First resonance: +5.6(2) G, a, =-337(9) Bohr
Second resonance:+1.07(2) G, a,=-1650(30) Bohr
Third resonance: +0.22(4) G, a;=-7900(1400) Bohr

Feshbach: 842.75(1)G
e Scaling ratio: a, : a, =1 :4.90(16)
a,:a;=1:4.79(87)

Weighted ratio:  4.85(44)
Theory: 4.88 D’Incao and B.Esry, PRA (2006)

Systematics (Thanks to R. Grimm and C. Salomon)
 Finite temperature shift: <8% in 0 ~ 1uK (Y. Wang)

» Feshbach resonance position: <10 mG (Y. Wang)
 Finite size: E;=500nK, Cs trap freq. = 4 nK, LiCs freq. = 4.5 nK



Trap independent coefficients (a best guess)
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Trap independent coefficients (a best guess)

Recombination coefficient K, [cmsfs]
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Recombination coefficient K, [cmsfs]

Theory:
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Scattering length determination

T FB: 842.75(1) G
1.04 e E3: +0.22(4) G
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Scattering length determination
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Back to Th eory. (Yujun Wang, NIST and Kansas State)
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Normalized temperature, kpT'/t
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Which resonance should we choose?

TABLE I. Scattering length dependence for three-body collision rates in BBX and X YZ systems. For BBX systems both agy and agg
scattering lengths are resonant, while for X¥Z systems only ayy and ayz are resonant. The notation |a| indicates a < (0, and no entry
indicates that the associated process is not possible. Expressions for M and P are given in Eqgs. (2)—35).

dgy = dgg dgy = dgg lage| = agg lagy | = agg
BX*+ B— BB* + X P (M, (22)a,,
— RE+ X BX+ R P (Eri"'}-ﬂ'a_\f P_.rl;(gi:'}ﬂ'ax
BE*+ X— BX* +B M, (E%t}agx;aaa
_ _ _—BBYXBX+B __ _ _ _ awfagy _ _ _ _ _ PaGMasy _ _ _ _ _PulBagy _ _ _ _Pu(Eaic/ay
B+B+tX—BX 1B M (B sy M, (Z0)a,
— BB + X Ay M., ':Ef,f'w;x P Eﬁ]'” ':m]'ﬂf?x o
— BB+ X, BX + B ARy dy agy _P(2E) Ia“‘ Ty T
agy < laggl agy = |aggl lagyl = lagg| la gyl = lagg|
BX_ +B_BBIXBX+EB __ _ _ _ B (T _ 1 *ﬁm_a...ﬁ.r_________________
B+B+X—BX' +B M., (Z5a} ahy M (22, 2y g s
— BE+XBX+B Ay iy a‘}H F"‘(-ﬂ -H-}a“ PTEI:JLJ’ ajaa
dyy & dyy lagy| = ay; dyy = |ﬂx;f.| layy| = lay|
XV*'+Z—XZ'+Y M., (2 )ay z/ axy
_"‘;YY + .Z, ;Yz + Y... 5 ax/.ll'ax'}r T P_Tul:iruﬁ'}ﬂi-z;ﬂx}r
k'z' + F = R,Y + Z, k,z + Y.. . P-"l:l (a—:ff}ﬂxz P.v.;l (d—;:ff}ﬂ'xz "
X+¥Y+Z—=XV"+Z ai, at,
—XZ' +Y M, B0}y M, E)a%aly
—=XY+ZXZ+VY, ... a3, 0%, 4%, 0%, 4%, 0%, P, (4 ~ V5 15

|

Choose the one with agg < 0. J. P. D’Incao and B. D. Esry, PRL 103 083202 (2009)



Broad (62G) °Li- 133Cs Feshbach resonance
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S.K. Tung et al., PRA 87, 010702 (2013)



Picture of Efimov potential

@)
a 4% A Yp
S ?) 4 v (1) 2w, (1) £y (1)

7 A =
——FE"(r) + VE(r) = EE(r) = ()JrVeff E() =0
2m 2m
4 52 )
=V, o — > when R <|a |
2mR
~0 when R >|a|

. J




Geometric scaling of Efimov states
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