Scattering length calculations via Faddeev approach
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Abstract. The results of calculation of the scattering length for the collision of a *He atom with a *He”Li
dimer are presented. These investigations are based on the hard-core version of the Faddeev differential
equations.

1. Introduction

Weakly bound small atomic clusters attracted considerable attention in recent years especially due to
the possibility to observe states of Efimov nature [1]. Interaction between neutral atoms is of the short-
range van-der-Waals type and in some cases can almost or just barely support a weakly two-body bound
state. In such a cases the scattering length will be much larger than the effective range of the interaction.
Efimov discovered that in a three-body system an effective long-range attraction arises, and this attraction
may support an infinite number of bound states. The binding energy of these states is arranged in a
geometric series with an accumulation point at zero energy threshold. The energies of the Efimov levels
are universally related and this relation does not depend on the form of the pair-wise interactions in the
three-body system [2].

One of a promising atomic species for observing Efimov states is “He three-atomic cluster. The
interaction between two helium atoms is quite small and supports only one bound state with the energy
about 1mK and so a very large scattering length around 100 A. An excited state of Efimov nature in
helium trimer was theoretically predicted (see, [3, 4] and refs. therein). Most recently this has been
brilliantly confirmed experimentally using the combination of Coulomb explosion imaging with cluster
mass selection by matter wave diffraction [5].

The implementation of magnetic Feshbach resonances in ultracold atoms experiments gives a
possibility to change the scattering length by simply varying the strength of an applied magnetic field.
The first observation of Efimov-type resonance in an ultracold gas of cesium atoms has been reported
in [6]. Experimentally, in [6] Efimov resonance was observed as a giant three-body recombination
loss when the intensity of the magnetic field and so the strength of the two-body interaction was varied.
Striking manifestations of the Efimov effect have been predicted for three-body recombination processes
in ultracold gases with tunable two-body interactions in [7, 8]. Although in this experiment only one
Efimov resonance was observed, recently the second Efimov level has been measured using the same
technique [9]. Now it has become possible to study Efimov effect in many other atomic systems
[10, 11, 12, 13, 14, 15]. Review of the latest theoretical and experimental advances in Efimov physics
can be found in [16].

There is a growing interest in the study of He, - Alkali van-der-Waals systems, which are expected to
be of Efimov nature. As in case of a “He dimer, the He - alkali-atom interactions also support a single



weakly bound state. So, in triatomic *He,Li system one can expect the existence of Efimov levels and a
large He - HeLi scattering length which is investigated in this work.

2. Method
In describing a three-atomic system we use the standard reduced Jacobi coordinates x4,y,, & = 1,2,3,
expressed in terms of the position vectors of the atoms ry and their masses mg, [17]:

[ 2mgm, 12
Xo = mgimy} (rg—ry)
6]
[2mg (mg +my) 1/2 mgrg +myry
o = (et ()

where (@, f3,7) stand for a cyclic permutation of the atom numbers (1,2,3). The coordinates x4,y
determine the six-dimensional vector X = (x4,y,). Relations between them are given by orthogonal
transform Jacobi vectors with different o
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In the following the Helium atoms are assigned the numbers 1 and 3 while the Lithium atom has the
number 2. Since two atoms of *He are identical bosons the corresponding Faddeev component F(x2,y,)
is invariant under the permutation of the 1 and 3 particles
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The identity of the two “He atoms also implies that the Faddeev components Fi(x1,y,) and F3(x3,y;)
are obtained from each other by a simple rotation of the coordinate space. Thus, we only have two
independent Faddeev components: F>(x,y), which is associated with the *He—*He subsystem, and
Fi(x,y) - associated with a pair of Li and *He atoms. The resulting hard-core Faddeev equations read
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where W) and W denote the total wave function ¥(X) of the Li*He,-system written in terms of the
Faddeev components F; and F; in coordinates x1,y; and x;,y,, respectively. By ¢ we denote the hard-
core radius. This radius was taken the same (in coordinates x) for all three inter-atomic interaction
potentials and was chosen in such a way that any further decrease of it does not affect the trimer ground-
state energy. A detailed description of the Faddeev differential equations in the hard-core model in case
of symmetric helium trimer can be found in [18]. By V| we denote the interatomic Li—He potential and V,
- the He—He potential adjusted to the corresponding reduced Jacobi coordinates x; and x,, respectively.



In the present investigation we apply the above formalism to the Li*He, three-atomic systems with
total angular momentum L = 0. Expanding the functions F; and F, in a series of bispherical harmonics
we have
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where x = ,X=2x/x,and y=1y/y. As a result the equations (4) and boundary conditions (5)
are transformed to the following partial integro-differential equations
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The partial wave functions l//,(a), a = 1,2, read as follows
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Here P,(n) is the Legendre polynomial of order k. The standard notation for the 3-j, 6-j, and 9-j Wigner
symbols is used. We also use the notation

xga(N) = \/c%ax2+2c5asﬁaxyn+s%ay,
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The asymptotic boundary condition for the partial-wave Faddeev components of the scattering wave
function for p = y/x% +y? — o and/or y — oo reads as follows (cf. [20])
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where p =/ E — S[Sa) is the momentum conjugate to the coordinate y and E is the scattering energy.

et(ia) stands for the correspondent dimer energy while 1//(5“) (x) denotes the dimer wave function which is

assumed to be zero within the core, that is, wéa) (x) = 0 for x < ¢. The coefficient a(()a) (p) is the elastic
scattering amplitude and Aga) (E,0) are the corresponding partial-wave Faddeev breakup amplitudes.

The *He — *HeLi scattering length /. is given by
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Here we only deal with a finite number of equations (7), assuming / < /j,x where [ax 1S a certain non-
negative integer. As in [18, 19] we use a finite-difference approximation of the boundary-value problem
(7), (8), (10) in the polar coordinates p and 6. The grids are chosen such that the points of intersection
of the arcs p = p;, i =1,2,...,N, and the rays 6 = 6;, j = 1,2,...,Ng with the core boundary x = ¢
constitute the knots. The value of the core radius is chosen to be ¢ = 1 A by the argument given in [19].

We also follow the same method for choosing the grid radii p; (and, thus, the grid hyperangles ;) as
described in [18, 19] in details. Atomic massed of the isotopes are taken from [21].

3. Results and Discussion

Our calculations are based on the semi-empirical LM2M2 [22] potential by Aziz and Slaman for He-He
interaction, and the theoretically derived KTTY [23] potential by Kleinekathofer, Tang, Toennies and Yiu
for Li-He interaction with more accurate coefficients taken from [24]. Both of these potentials are widely
used in the literature and presented in Fig. 1 as well as all other He - Alkali atom KTTY potentials from
[24]. It is clearly seen that He-Alkali atom potentials become much shallower and wider with increasing
mass of alkali atom. Calculated values of the binding energy for correspondent dimers are presented in
Table 1. All He-Alkali dimers are weakly bound and in the case of HeLi and HeCs systems the binding
energy is of the same order as in helium dimer. It gives indication on possible existence of Efimov
states in correspondent He; - Alkali atom triatomic systems. Indeed, in calculations [25, 26, 27, 28, 29]
the excited state with the energy very close to the LiHe threshold has been found. However, different
methods demonstrate a large discrepancy between the results (see Table 1 [28] or Table II [29]). The
energy levels of He,Li trimer are found to be very sensitive to the details of the numerical methods and
the interaction potentials. We can conclude that this triatomic system is much more complicated for
investigation than the helium trimer studied previously [3, 4].

The scattering length calculations are very sensitive to the grid parameters. To investigate this
sensitivity we calculate the scattering length with increasing cutoff hyperradius . up to 500 A and
increasing grid numbers N = N, = Ny up to 2500. The value of /,,, has been increased up to 4. The
results for the “He -*He’Li scattering length /g as a function of the grid dimension N are presented in
Fig.2. Convergence of the scattering length value is essentially achieved for N ~ 2500. Increasing values
of the cutoff hyperradius P, from 250 A to 500 A change the value of £y by 2%. Taking into account
partial angular momentum /,,,,, = 2 is increase the scattering length by 10% while /,,,,, = 4 gives only
2% . As a result we found that the *He -*He’Li scattering length for the LM2M2 and KTTY potentials
is negative and equals -267 A for the largest grid that we could achieve. The large value of the scattering
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Figure 1. The He-He LM2M2 grid dimension N = N, = Ng. The
potential and He - Alkali atoms KTTY curves presented are distinguished by
potentials V' (in K) as a function of the the value of the cutoff hyperradius.
interatomic distance r (in A). The upper curve shows the results

obtained for [,,. = 2, other curves
correspond to /., = 0.

Table 1. Absolute values of dimer energies |¢;| (in mK) for He-He and *He—Alkali atom for the
potentials used.

Dimer |es| (mK) | Dimer || (mK)
4He’He - ‘He?’Na 28.97
4He*He 1.310 YHe¥K 11.20

4HelLi 1.512 4YHe®Rb 10.27
YHeLi 5.617 4He!33Cs 4.945

length supports the assumption that “He,"Li is the system of Efimov type. The negative sign means that
this system is more likely to have the virtual state than the excited state. However, it could also mean
that asymptotic behavior at used cutoff hyperradius ~ 500 A has not yet started. Studying of this fact
requires further investigation.

In conclusion, the results of calculation of the scattering length for the collision of a “He atom on a
“He’Li dimer are presented. Its large value indicate that “He,’Li system is of Efimov type.

Acknowledgments
The author thanks E. Hiyama, P. Stipanovié, A. Kievsky, E. Yarevsky, A.K. Motovilov and R.V. Jolos
for valuable discussions.

[1] Efimov V 1970 Phys. Lett. B 33 563

[2] Efimov V N 1970 Sov. J. Nucl. Phys. 12 589

[3] Kolganova E A, Motovilov A K and Sandhas W 2011 Few-Body Syst. 51 249

[4] Kolganova E A, Motovilov A K and Sandhas W 2017 Few-Body Syst. 58 35

[5] Kunitski M, Zeller S, Voigtsberger J, Kalinin A, Schmidt L Ph H, Schoffer M, Czasch A, Schollkopf W, Grisenti R E,
Janke C, Blume D and Dérner R 2015 Science 348 551

[6] Kraemer T, Mark M, Waldburger P, Danzl J G, Chin C, Engeser B, Lange A D, Pilch K, Jaakkola A, Nagerl H-C and
Grimm R 2006 Nature 440 315

[7] Esry B D, Greene C H and Burke J P 1999 Phys. Rev. Lett. 83 1751

[8] Braaten E and Hammer H-W 2006 Phys. Rep. 428 259

[9] Huang B, Sidorenkov L. A and Grimm R 2014 Phys. Rev. Lett. 112 190401



Barontini G, Weber C, Rabatti F, Catani J, Thalhammer G, Inguscio M and Minardi F 2009 Phys. Rev. Lett. 103 043201;
Erratum 2010 104 059901

Lompe T, Ottenstein T B, Serwane F, Viering K, Wenz A N, Ziirn G and Jochim S 2010 Science 330 940

Williams J R, Hazlett E L , Huckans J H, Stites R W, Zhang Y and O’hara K M 2009 Phys. Rev. Lett. 103 130404

Rem B S, Grier A T, Ferrier-Barbut I, Eismann U, Langen T, Navon N, Khaykovich L, Werner F, Petrov D S, Chevy F
and Salomon C 2013 Phys. Rev. Lett. 110 163202

Bloom R S, Hu M-G, Cumby T D and Jin D S 2013 Phys. Rev. Lett. 111 105301

Ulmanis J, Hifner S, Pires R, Werner F, Petrov D S, Kuhnle E D and Weidemiiller M 2016 Phys. Rev. A 93 022707

Naidon P and Endo Sh 2017 Rep. Prog. Phys. 80 056001

Faddeev L D and Merkuriev S P 1993 Quantum scattering theory for several particle systems (Kluwer Academic
Publishers, Doderecht)

Kolganova E A , Motovilov A K and Sofianos S A 1998 J. Phys. B 31 1279

Motovilov A K, Sandhas W, Sofianos S A and Kolganova E A 2001 Eur. Phys. J. D 13 33

Kolganova E A , Motovilov A K and Sofianos S A 2004 Phys. Rev. A 80 052711

Mills I, Cvitas T, Homann K, Kallay N and Kuchitsu K 1993 Quantities, Units and Symbols in Physical Chemistry (2nd
edition, Blackwell Science, Oxford)

Aziz R A and Slaman M J 1991 J. Chem. Phys. 94 8047

Kleinekathofer U, Tang K T, Toennies J P and Yiu C I 1996 Chem. Phys. Lett. 249 257

Kleinekathofer U, Lewerenz M and Mladenoc M 1999 Phys. Rev. Lett. 83 4717

Suno H and Esry B D 2009 Phys. Rev. A 80 062702

Suno H, Hiyama E and Kamimura M 2013 Few-Body Syst. 54 1557

Wu M-S, Han H-L, Li Ch-B and Shi T-Y 2014 Phys. Rev. A 90 062506

Kolganova E A 2017 Few-Body Syst. 58 57

Suno H 2017 Phys. Rev. A 96 012508



