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Abstract Kolganova et al. (Few-Body Syst 51:249, 2011) reviewed the results that demonstrate the Efimov
nature of the “He three-atom system. The present note represents an extension of that survey to the time period
which passed since its publication.

This short note may be viewed as a complement to our review paper on the same subject [1]. We decided to
write it because there was a significant progress in studying Efimov systems since the time of publication of
[1]. The progress is based mainly on the recent experimental studies of dilute ultracold gases of alkali atoms
in magnetic traps [2-5] but there are interesting news also on the *He trimers [6].

We recall that the genuine Efimov effect is a remarkable phenomenon which may occur in a system of
three particles with short-range pairwise interactions provided that none of the two-body subsystems has bound
states. If at least two of the two-body subsystems are formed of distinguishable particles or identical bosons
and have infinite s-wave scattering lengths then the three-particle system has infinitely many binding energies
that exponentially converge to the three-body threshold. This is the essence of the Efimov effect in its “full-
scale” form [7,8]. The corresponding bound states are called Efimov states. It should be emphasized that the
asymptotic value of the ratio of the consecutive binding energies of the Efimov states is universal in the sense
that it only depends on the ratios of particle masses (but not on the form of the pairwise interactions).

All known two-body systems (both nuclear and atomic/molecular) have finite scattering lengths. Thus,
for an isolated three-body system, i.e., in the absence of external fields, it is rather impossible to observe the
full-scale Efimov effect with an infinite set of binding energies. Nevertheless, three-body systems featuring
at least some peculiarities of the Efimov effect are already of great interest. A qualitative analysis presented
by Efimov himself [7] shows that the total number of bound states in the three-boson system is proportional
to the logarithm of the ratio of the boson-boson scattering length and effective radius of the two-body forces,
provided that this ratio is very large. In the case of the “He three-atom system the ratio of the atom-atom
scattering length and the effective radius is quite large (about 25). However it is not “very large”, so that the
Efimov estimate implies the existence rather of a single excited state for the *He3 molecule (see discussion and
references in [1]). That such a situation should take place in reality, is confirmed by the results of numerous

This article belongs to the Topical Collection “30th anniversary of Few-Body Systems”.

E. A. Kolganova (X)) A. K. Motovilov
Bogoliubov Laboratory of Theoretical Physics, JINR, Dubna, Russia
E-mail: kea@theor.jinr.ru

E. A. Kolganova - A. K. Motovilov
Dubna State University, Dubna, Russia

W. Sandhas
Physikalisches Institut, Universitit Bonn, Endenicher Allee 11-13, 53115 Bonn, Germany


http://orcid.org/0000-0002-8149-0923
http://crossmark.crossref.org/dialog/?doi=10.1007/s00601-016-1181-2&domain=pdf

35 Page2of4 E. A. Kolganova et al.

Table 1 “He dimer binding energy ¢;, “He dimer bond length (R), *He—*He scattering length €§é+1), excited state energy E* of

the 4He trimer, and the difference | E* — g4] for various He—He potentials, as compared to the experimental values from [6,29,44]

Potential £4 (mK) (D (R) (R) (A) E* (mK) |E* — g4] (mK)
HFDHE2 [18] —0.830 124.65 64.212 1.67 0.84

LM2M2 [19] —~1.303 100.23 51.842 227 0.97

TTY [20] —1.309¢ 100.01 51.65° 2.28 0.97
CCSAPTO7 [21] —1.564° 91.82 47782 2.59P 1.02

PCKLIS [22] —1.615° 90.42 47.09 2.65° 1.03

HFD-B [23] —1.685 88.50 46.46° 2.74 1.05

Jeziorska [24] —1.728¢ 87.53 2.78¢ 1.06

SAPT96 [25] —1.744% 45.45% 2.80° 1.06

Exp. 11793 [29] 10478 29 5274 [29]

1767013 [44] 0.98+0.2 [6]

4 Results from [34]

b Results from [9, 10]

¢ Results from [33]

d This result slightly differs from the one presented in [32] due to a different number of terms used in the dispersion series for
the TTY potential [20]. Unmarked values in the second, third, and fifth columns were obtained by the authors (see, e.g., [1,35])

calculations of the “He trimer binding energies: For various realistic atom-atom potentials suggested in the
last three decades, the “He trimer has exactly one excited state (see [1] and references therein; see also the
recent papers [9-12]). The Efimov nature of this state was conjectured for the first time in [13]. Later on,
this conjecture was strongly supported by several numerical calculations involving very small variation of
the atom-atom potential strength but producing arbitrarily large change of the atom-atom scattering length
[14—17]. For details and more references on this approach we again refer to [1].

By now it is rather well established, both theoretically and experimentally, that the system of two “He
atoms possesses a single bound state. The energy of this state is very small in molecular scale. In particular,
the mostly used realistic potential models [18-25] predict the “He dimer energy between 0.8 and 1.8 mK,
which results in a very large scattering length around 100 A (see Table 1). In an experiment, “He dimers have
been observed for the first time in 1993 by the Minnesota group [26], and in 1994 by Schollkopf and Toennies
[27]. Along with the dimers, the experimental work [27] has also proved the existence of 4He trimers. A first
experimental estimate for the size of the 4He, molecule has been presented in [28]. According to [28], the root
mean square distance between “He nuclei in the “He dimer is equal to 62 & 10 A. Several years later, the bond
length for *He, was measured again by Grisenti et al. [29] who found for this length the value of 5244 A. The
estimates of [28,29] imply that the *He dimer is the most extended known diatomic molecular ground state.

The measurements [29] also allowed to evaluate a *He—*He scattering length KgéH) of 104J_r§f8 A and a *He
dimer energy &4 of 1.11’8:; mK. The size of the *He3 ground state has been estimated for the first time in the

experiment [30]. According to [30] the He—He bond length in the “Hes ground state is 111“51 A, in agreement
with theoretical predictions.

Until 2015, there was no reliable experimental evidence for the existence of an excited state in the “He
trimer. A good news [6] on the experimental observation of this long-predicted Efimov-type state came just
in that year. The experiment [6] was based on a combination of the Coulomb explosion imaging technique
[31] with cluster mass selection by matter wave diffraction [27]. The helium clusters were prepared in a
molecular beam by expanding helium gas at a temperature of 8 K through a 5-;um nozzle. Helium trimers
were extracted from the molecular beam by means of matter wave diffraction. Every “He atom of a cluster was
then singly ionized by a strong ultrashort laser field, which led to the subsequent Coulomb explosion of the
cluster. Momenta of the ions acquired during the explosion were measured by cold target recoil-ion momentum
spectroscopy. These momenta were then used to reconstruct the initial pair-distance distribution and extract
the cluster energy. As a result, the difference | E* — g,4| between the binding energy E* of the exited state of the
trimer and the ground state energy &, of the dimer was found to be equal to 0.98 +0.2 mK [6]. This result is
close to the theoretical predictions for | E* — g4| corresponding to various potentials (see column 6 of Table 1),
although these potentials give quite different binding energies for the dimer and trimer relative to the breakup
threshold (see columns 2 and 5 of Table 1, respectively). Moreover, the theoretical values for |E* — g4| lie
inside the experimental error bar. It is also worth recalling that, since the *Hes system is almost Efimov, the
dependence of the excited state energy on the dimer energy lies on a universal curve (see, e.g. [36-38]) and the
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difference between these energies varies much slower than the energies themselves. Furthermore, the energy
values given in Table 1 represent only a very small piece of this curve.

The experimental technique used in [6] and earlier in [39] also gave information about geometrical structure
of helium trimers. From the results of [39] it follows that there is no exceptional mutual position of helium
atoms (like, say, equilateral triangle or a linear chain) in the “Hes ground state. This state is described rather
as a structureless random cloud. In [6] it was shown that the most probable geometry of the “Hes exited
state is completely different: two atoms in this state are close to each other and the third atom is far away. The
conclusions of [6,39] agree with theoretical predictions of the trimer shapes made in [40,41]. The experimental
images of pair-distance distribution initiated additional theoretical calculations of geometrical properties of
trimer bound states [11,42,43]. The results of these calculations are rather in good agreement with [6,39].

Another recent news, already of 2016, concerns binding energy of the *He dimer. This energy was evaluated
in the experiment [44], just for the second time and in about 15 years after the previous experimental evaluation
in [29]. The investigation [44] was based on a technique very similar to the one used in [6]. The dimer energy
of 1 .761‘8‘%2 mK obtained in [44] differs significantly from the experimental value of 1. 1‘_"8'3 mK established in
[29]. Such an uncertainty in the experimental results does not allow one to make a choice in favor of a particular
potential model. Clearly, further experiments dedicated to determining binding energies of helium dimer and
trimer are very necessary in order to verify He—He potential models and to choose the most appropriate one.

Acknowledgements This work was supported in part by the Heisenberg-Landau Program and the Russian Foundation for Basic
Research.

References

1. E.A. Kolganova, A.K. Motovilov, W. Sandhas, The “He trimer as an Efimov system. Few-Body Syst. 51, 249 (2011)
2. J.R. Williams, E.L. Hazlett, J.H. Huckans, R.W. Stites, Y. Zhang, K.M. O’Hara, Evidence for an excited-state Efimov trimer
in a three-component Fermi gas. Phys. Rev. Lett. 103, 130404 (2009)
3. B.S. Rem, A.T. Grier, 1. Ferrier-Barbut et al., Lifetime of the Bose gas with resonant interactions. Phys. Rev. Lett. 110,
163202 (2013)
4. R.S. Bloom, M.-G. Hu, T.D. Cumby, D.S. Jin, Tests of universal three-body physics in an ultracold Bose—Fermi mixture.
Phys. Rev. Lett. 111, 105301 (2013)
5. J. Ulmanis, S. Hifner, R. Pires, F. Werner, D.S. Petrov, E.D. Kuhnle, M. Weidemiiller, Universal three-body recombination
and Efimov resonances in an ultracold Li—Cs mixture. Phys. Rev. A 93, 022707 (2016)
6. M. Kunitski, S. Zeller, J. Voigtsberger et al., Observation of the Efimov state of the helium trimer. Science 348, 551 (2015)
7. V.N. Efimov, Weakly-bound states of 3 resonantly-interacting particles. Sov. J. Nucl. Phys. 12, 589 (1970) [Yad. Fiz. 12,
1080 (1970)]
8. V. Efimov, Energy levels of three resonantly interacting particles. Nucl. Phys. A. 210, 157 (1973)
9. E. Hiyama, M. Kamimura, Variational calculation of “He tetramer ground and excited states using a realistic pair potential.
Phys. Rev. A 85, 022502 (2012)
10. E. Hiyama, M. Kamimura, Linear correlations between “He trimer and tetramer energies calculated with various realistic
4He potentials. Phys. Rev. A 85, 062505 (2012)
11. H. Suno, Geometrical structure of helium triatomic systems: comparison with the neon trimer. J. Phys. B 49, 014003 (2016)
12. A. Deltuva, Momentum-space calculation of “He triatomic system with realistic potential. Few-Body Syst. 56, 897 (2015)
13. T.K. Lim, S.K. Duffy, W.C. Damert, Efimov state in the “He trimer. Phys. Rev. Lett. 38, 341 (1977)
14. T. Cornelius, W. Glickle, Efimov states for three “He atoms? J. Chem. Phys. 85, 3906 (1986)
15. B.D. Esry, C.D. Lin, C.H. Greene, Adiabatic hyperspherical study of the helium trimer. Phys. Rev. A 54, 394 (1996)
16. E.A. Kolganova, A.K. Motovilov, S.A. Sofianos, Three-body configuration space calculations with hard-core potentials. J.
Phys. B 31, 1279 (1998)
17. R. Lazauskas, J. Carbonell, Description of 4He tetramer bound and scattering states. Phys. Rev. A 73, 062717 (2006)
18. R.A. Aziz, V.P.S. Nain, J.S. Carley, W.L. Taylor, G.T. McConville, An accurate intermolecular potential for helium. J. Chem.
Phys. 79, 4330 (1979)
19. R.A. Aziz, M.J. Slaman, An examination of ab initio results for the helium potential energy curve. J. Chem. Phys. 94, 8047
(1991)
20. K.T. Tang, J.P. Toennies, Yiu, Accurate analytical He-He can der Waals potential based on perturbation theory. Phys. Rev.
Lett. 74, 1546 (1995)
21. T. Korona, H.L. Williams, R. Bukowski, B. Jeziorski, K. Szalewicz, Helium dimer potential from symmetry-adapted pertur-
bation theory calculations using large Gaussian geminal and orbital basis sets. J. Chem. Phys. 106, 5109 (1997)
22. M. Przybytek, W. Cencek, J. Komasa, G. Lach, B. Jeziorski, K. Szalewicz, Relativistic and quantum electrodynamics effects
in the helium pair potential. Phys. Rev. Lett. 104, 183003 (2010)
23. R.A. Aziz, FR.W. McCourt, C.C.K. Wong, A new determination of the ground state interatomic potential for He;. Mol.
Phys. 61, 1487 (1987)
24. M. Jeziorska, W. Cencek, K. Patkowski, B. Jeziorski, K. Szalewicz, Pair potential for helium from symmetry-adapted
perturbation theory calculations and from supermolecular data. J. Chem. Phys. 127, 124303 (2007)



35

Page 4 of 4 E. A. Kolganova et al.

35.
36.
37.
38.
39.
40.
41.
42.

. P. Stipanovi¢, L.V. Marki¢, J. Boronat, Elusive structure of helium trimers. J. Phys. B 49, 185101 (2016)
44.

. AR.Janzen, R.A. Aziz, An accurate potential energy curve for helium based on ab initio calculations. J. Chem. Phys. 107,

914 (1997)

. F. Luo, G.C. McBane, G. Kim, C.F. Giese, W.R. Gentry, The weakest bond: experimental observation of helium dimer. J.

Chem. Phys. 98, 3564 (1993)

. W. Schollkopf, J.P. Toennies, Nondestructive mass selection of small van der Waals clusters. Science 266, 1345 (1994)
. F. Luo, C.F. Giese, W.R. Gentry, Direct measurement of the size of the helium dimer. J. Chem. Phys. 104, 1151 (1996)
. R. Grisenti, W. Schollkopf, J.P. Toennies, G.C. Hegerfeld, T. Kohler, M. Stoll, Determination of the bond length and binding

energy of the helium dimer by diffraction from a transmission grating. Phys. Rev. Lett. 85, 2284 (2000)

. R. Briihl, A. Kalinin, O. Kornilov, J.P. Toennies, G.C. Hegerfeld, M. Stoll, Matter wave diffraction from an inclined trans-

mission grating: searching for the elusive “He trimer Efimov state. Phys. Rev. Lett. 95, 063002 (2005)

. Z. Vager, R. Naaman, E.P. Kanter, Coulomb explosion imaging of small molecules. Science 244, 426 (1989)

. V. Roudnev, Ultra-low energy elastic scattering in a system of three He atoms. Chem. Phys. Lett. 367, 95 (2003)

. H. Suno, B.D. Esry, Adiabatic hyperspherical study of triatomic helium systems. Phys. Rev. A 78, 062701 (2008)

. A. Kievsky, E. Garrido, C. Romero-Redondo, P. Barletta, The helium trimer with soft-core potentials. Few-Body Syst. 51,

259 (2011)

E.A. Kolganova, A.K. Motovilov, W. Sandhas, Ultracold collisions in the system of three helium atoms. Phys. Part. Nucl.
40, 206 (2009)

E. Braaten, H.-W. Hammer, Universality in few-body systems with large scattering length. Phys. Rep. 428, 259 (2006)

P. Naidon, E. Hiyama, M. Ueda, Universality and the three-body parameter of *He trimers. Phys. Rev. A 86, 012502 (2012)
A. Kievsky, M. Gattobigio, Universal nature and finite-range corrections in elastic atom-dimer scattering below the dimer
breakup threshold. Phys. Rev. A 87, 052719 (2013)

J. Voigtsberger, S. Zeller, J. Becht et al., Imaging the structure of the trimer systems *Hes and 3He*He,. Nat. Commun. 5,
5765 (2014)

D. Blume, C.H. Greene, B.D. Esry, Comparative study of Hes, Ne3, and Arz using hyperspherical coordinates. J. Chem.
Phys. 113, 2145 (2000)

D. Bressanini, G. Morosi, What is the shape of the helium trimer? A comparison with the neon and argon trimers. J. Phys.
Chem. A 115, 10880 (2011)

D. Bressanini, The structure of the asymmetric helium trimer 3He*He,. J. Phys. Chem. A 118, 6521 (2014)

S. Zeller, M. Kunitski, J. Voigtsberger et al., Imaging the He, quantum halo state using a free electron laser. arXiv:1601.03247


http://arxiv.org/abs/1601.03247

	The 4He Trimer as an Efimov System: Latest Developments
	Abstract
	Acknowledgements
	References




