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Differential Faddeev equations in total angular momentum representation are used for the cal-
culations of helium trimer system. Numerical results on binding energies of *Hez and ultracold
collisions of “He atom on “He dimer are reviewed.
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INTRODUCTION

Studying the special properties of tiny molecules consisting of just two or
three atoms of helium attracted considerable attention in recent years. These
systems have unique quantum properties that are of greatest importance to basic
research. For instance, the two atoms in a helium dimer are very weakly bonded
and have an interatomic spacing of about 100 atomic radii making the helium
dimer the largest known molecule that exists.

Experimentally, helium dimers have been observed for the first time in 1993
by the Minnesota group [1], and in 1994 by Schéllkopf and Toennies [2]. Later
on, Grisenti et al. [3] measured a bond length of (52 4+ 4) A for “He,, which
indicates that this dimer is the largest known diatomic molecular ground state.
Based on this measurement they estimated a scattering length of 1045, A and
a dimer energy of 1.11‘8:3 mK [4]. In the latter investigation [5] the trimer pair
distance is found to be 1.110s nm in agreement with theoretical predictions for
the ground state.

Due to the small magnitude of the dimer energy, one should expect that the
“Hes trimer indeed possesses the theoretically predicted state of the Efimov type
(see [6-9]). It is this property that distinguishes the “He atoms from the atoms of
all other noble gases, and makes the “He clusters especially attractive objects of
experiments. Because of the possibility of experimental observation of the Efimov
effect [10], the “He trimer is undoubtedly interesting for nuclear physicists as well.
In the year 2000, an interesting hypothesis [11] on the possibility of experimental
observation of the Efimov state in “Hes trimers was put forward. The suggestion
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was to scatter ultracold *He clusters on diffraction lattices with sufficiently small
lattice spacing (of the order of 10 nm or less). The practical realization of this
experiment, see [5], did not lead to obvious success, and at present a reliable
experimental evidence on the existence of excited states in *Hes trimers is still
missing. However, in the experiment [5], the size of the “Hes molecule in the
ground state was estimated for the first time.

1. FORMALISM

Our previous investigation [12] (and see the ref. therein) of the “He three-
atomic system was based on hard-core version of the Faddeev differential equa-
tions. In the exploited scheme of solving the Faddeev equations we made a
partial-wave decomposition in an auxiliary (bipolar) basis in order to reduce the
dimension of the Faddeev equations at the expense of dealing with an infinite
set of partial equations. In such a way, we faced the problem of the slow
convergence of the corresponding partial-wave expansion. As a consequence, the
accuracy achieved in [12], especially for the scattering length, appeared somewhat
limited [13]. A way to overcome these difficulties with taking into account higher
numbers of two-body partial waves is to make use of the three-dimensional differ-
ential Faddeev equations [14] that are obtained from the original six-dimensional
ones by only separating off the three angular variables (Eulerian angles) that de-
scribe the rotation of the system as a whole. Here we will apply these equations
for computation of helium trimer bound state energy.

To descibe the configuration of the three-body system, we introduce standard
scaled Jacobi coordinates, X, Yo, @ = 1,2, 3:

2mgm., 12
xo = | 22| s ),
mg + my )
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where r; are the position vectors of particles; m; — the masses and («, ,7y) are
a cyclic permutation of the atom numbers (1,2, 3).

The wave function ¥ of the system can be expressed as a sum of the three
Faddeev components W,

U(xy) =Y VolXa,Ya)
which obey the Faddeev equation [15]

(—Ax, =Dy, +Val[xa|) = E)Va(Xa, ya) = —Va([xal) Z Us(xs,y8), (@
B
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where F is the energy of the system. The potential energy of the system is
invariant with respect to rotation. This makes it possible [14] to separate out
the degrees of freedom corresponding to rotation of the system by expanding the
Faddeev components in terms of eigenfunctions of the total angular momentum.
In case of zero total angular momentum the projection of Eq. (2) takes the
form

(HO +Va(xoz) - E)(I)oz(xomyonea) = _Voz(-ra) Z q)ﬁ('rﬁayﬁaeﬁ)v
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where @, are projections of the Faddeev components in subspace with fixed
angular momentum. Equations (3) are three-dimensional partial-wave differen-
tial equations in the internal space, which is parametrized by Jacobi coordi-

nates ( )
Xa) Y
xa:|xa‘v ya:‘ya‘v COSQQZM, a=1,2,3.
ZTaYa
Assuming that each two-body subsystem has only one bound state, one can
write the asymptotic boundary condition for the Faddeev components of the

(2+1—241;14 1+ 1) scattering processes, as p — oo and/or y — oo,

(@, 0:p) = duotalx) {sin (py) + exp (ipy) [a0(0:p) +oly™"/%)] } +

+ @ |Aly/2.0:9) +o(p™ )] . @)

Here, 14(x) is the wave function of the two-body bound state in the two-body
subsystem, E stands for scattering energy E = ¢; + p? with ¢4 being the two-
body bound state energy, and p for the relative momentum conjugates to the
variable y, p = /22 +y2. The coefficients ag(6;p) and A(y/xz,0;p) are the
amplitudes of the rearrangement and break-up processes.

To overcome the strong-repulsion problem we use the hard-core modification
of the Faddeev differential equations [16—18].

2. RESULTS

We have applied developed numerical algorithm for solving the above-
mentioned equations to the “Hes three-atomic system. Number of grid points was
taken up to 300 on each variable. As He-He interaction we used the LM2M2
potentials by Aziz and co-workers [19]. For the explicit form of these polarization
potentials we refer to the Appendix of [20]. We choose h?/m, = 12.12 K- A?
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Table 1. Dimer energy €4, bond length (R) and ‘He—“*He scattering length ééiﬂ) for
the potentials used, as compared to the experimental values of [4]

Potential model | e, mK | £V, A | (R)*, A
LM2M2 —1.30348 100.23 51.84
Exp. [4] 11793 10475, 5274

*Results from [21].

Table 2. Results for binding energies of the “*Hes trimer and the *He—'He, scattering
lengths

Pres.
| B, fsc work | [221] 1231 | 124] [25] [26] | [27]| [28] | [29]
126.45(125.2|125.52" | 126.41|126.3(9)" | 126.15 |126.2(126.39|125.6"
| Eige, |, mK |2.282%(2.269 2271 2274 2.268 |2.245"
gl He) A | 1167 115.84 12091

'In original paper the energy value is given in cm~! (1 cm~! = 1.4387752 K).
2This value was rounded in [20].

3Result of extrapolation, see [13].

4Result from [30].
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Surface of the wave function of the *Hes ground state (sections at z = 0.025 (a) and
z = 0.769 (b) for the LM2M2 interaction

for comparison with the results of other authors. The *He dimer binding energies
and “He—*He scattering lengths obtained with the LM2M2 potential are shown
in Table 1.
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Table 2 summarizes the results on trimer binding energies and He—Heq scat-
tering lengths. The binding energies of the “He trimer ground state (Eug,,) and
excited state (EIHes) are presented in the first two rows. These results demon-
strate good agreement between the different methods. The third row contains
values of the *“He—*He, scattering lengths.

Acknowledgements. The work is based on common work with Prof. A. K. Mo-
tovilov and Prof. W. Sandhas. The author is grateful to Mr. V. Kolontsov for the
calculation of the wave function for the Figure. This work was partly supported
by the Deutsche Forschungsgemeinschaft (DFG) and the Heisenberg—Landau Pro-
gram.

REFERENCES

. Luo F. et al. // J. Chem. Phys. 1993. V.98. P.3564-3567.

. Schollkopf W., Toennies J. P. /| Science. 1994. V.266. P. 1345-1348.

. Luo F., Giese C. F., Gentry W. R. // J. Chem. Phys. 1996. V.104. P. 1151-1154.
. Grisenti R. et al. // Phys. Rev. Lett. 2000. V. 85. P.2284-2287.

. Briihl R. et al. // Phys. Rev. Lett. 2005. V.95. P.06002(4).

. Lim T. K., Duffy S. K., Damert W. C. // Phys. Rev. Lett. 1977. V.38. P.341-343.
. Cornelius T., Glockle W. // J. Chem. Phys. 1986. V.85. P.3906-3912.

. Kolganova E.A., Motovilov A. K. /| Yad. Fiz. 1999. V.62. P.1253-1267 (Phys. At.
Nucl. 1999. V.62. P.1179).

9. Motovilov A. K., Kolganova E. A. /| Few-Body Syst. Suppl. 1999. V.10. P.75-84.

10. Efimov V. // Nucl. Phys. A. 1973. V.210. P.157-188; Phys. Lett. B. 1970. V.33.
P.563-564.

11. Hegerfeldt G. C., Kéhler T. // Phys. Rev. Lett. 2000. V. 84. P.3215-3219.
12. Kolganova E. A., Motovilov A. K., Sandhas W. // Part. Nucl. 2009. V.40. P.206-235.

13. Kolganova E.A., Motovilov A.K., Sandhas W. /I Phys. Rev. A. 2004. V.70.
P.052711(4).

14. Kostrykin V. V., Kvitsinsky A.A., Merkuriev S. P. // Few-Body Syst. 1989. V.6. P.97—
113.

0 N N L AW N =

15. Faddeev L. D., Merkuriev S. P. Quantum Scattering Theory for Several Particle System.
Dordrecht: Kluwer Acad. Publ., 1993.

16. Motovilov A. K. // Vestn. Leningr. un-ta. Ser. «Fizika, Khimiya». 1983. V.22. P. 76-79.

17. Merkuriev S. P., Motovilov A. K., Yakovlev S.L. /| Theor. Math. Phys. 1993. V.94.
P.306-314.

18. Kolganova E.A., Motovilov A. K., Sofianos S.A. /] J. Phys. B. 1998. V.31. P.1279—
1302.



HELIUM TRIMER IN THE FRAMEWORK OF FADDEEV APPROACH 2065

19.
20.
21.
22.
23.
24.

25.
26.
217.
28.
29.

30.

Aziz R. A., Slaman M. J. // J. Chem. Phys. 1991. V.94. P.8047-8053.

Motovilov A. K. et al. /] Eur. Phys. J. D. 2001. V.13. P.33-41.

Barletta P., Kievsky A. // Phys. Rev. A. 2001. V.64. P.042514(9).

Nielsen E., Fedorov D. V., Jensen A. S. // J. Phys. B. 1998. V.31. P.4085-4105.
Blume D., Greene C. H. // J. Chem. Phys. 2000. V.112. P.8053-8067.

Roudnev V. A., Yakovlev S. L., Sofianos S. A. // Few-Body Syst. 2005. V.37. P.179—
196.

Bressanini D. et al. // J. Chem. Phys. 2000. V.112. P.717-722.
Barletta P., Kievsky A. /| Few-Body Syst. 2009. V.45. P.123-125.
Salci M. et al. // Intern. J. Quant. Chem. 2007. V. 107. P. 464-468.
Lazauskas R., Carbonell J. // Phys. Rev. A. 2006. V.73. P.062717(11).

Orlandini S., Baccarelli 1., Gianturco F.A. // Comp. Phys. Commun. 2009. V. 180.
P.384-391.

Roudnev V. // Chem. Phys. Lett. 2003. V.367. P.95-101.



