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Plan of the talk

© Dipole interaction in the three-body system with Coulomb
interaction, Gailitis-Damburg oscillations

© Computational experiment: the Merkuriev-Faddeev equations in
total orbital momentum representation

© Corrected incoming and outgoing waves

@ Results: low-energy scattering processes in e"e P, e H, upu
systems
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Three-body system with Coulomb interaction

The 3-body Hamiltonian in the center of mass frame:

3
H=Hy+V=-Ax+ ) Va(za),

a=1

X = {Zqa, Ya} € RO is the set of standard mass-weighted Jacobi
coordinates, o, € R3 is the two-body relative coordinate

Va(,) are two body Coulomb potentials:

_ 989y 2 _ MMy
LR e =
mp —i—mn,

(a short-range potential V3(z,) ~ O (W), g > 0 can be added)
{a, B,7} runs over {1, 2,3} cyclically.
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Two-body sectors

|21 | < |y

Figure: The configuration of bound state of particles (2,3) as a target and )
particle 1 as a spectator
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The particle 1 — atom (23) interaction in the
two-body sector |z:| < |y

Multipole expasion of Coulomb interactions:
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CCE approach to scattering of a charged particle 1 on
a bound pair of charged particles 2,3

The typical approach is the close coupling expansion (CCE) (Seaton,
Burke, Gailitis...) within R-matrix formalism

CCE for wave function

v L
Y(z1,y1) = prnl(ml)ya(ml: 91), a= LMIX
e T
where ¢,y is radial wave function of Coulomb bound state with the
energy €,, Y, are bispherical harmonics corresponding to the total
orbital momentum L.

CCE equations as y; — o0

a2 Cc M2+1)+A IET
st —+——=—— P | ¥(1)=0("), pn=F—¢€n.
<dy% m y% ( ) (1) 2

V.
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CCE equations for a long time were the main and ONLY tool for
analyzing scattering of a charged particle on a two-body target bound
by Coulomb potential (e —H, e —He™, e"—H, ...)

Two main known features of scattering of charged particles on
two-body Coulomb target:

@ Under threshold resonances
@ Above threshold oscillations (GD = Gailitis, Damburg)

These features are derived from the solution of model CCE equations
within the requirements that the dipole potential matrix A has the
same block structure as the matrix p?, i.e. Antnie = An gp0nn, i€, by
neglecting dipole coupling of target states with n # n' .
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Gailitis-Damburg oscillations
Gailitis, Damburg Sov. Phys. JETP, 17:1107-1110, 1963
Proc. Phys. Soc., 82:192-200, 1963

Yakovlev, Gradusov Theor. Math. Phys. 217:2 416-429, 2023

Model CCE equations for e~ H scattering:

Main consequence of diagonality of A is [A, p?] = 0 and hence the
diagonalising matrix V such that VI[A(A+ 1) + A]V = D,
D (nex)(nienr) = G(ner)Oner,n/en commutes with p?, ie. [V,p? =0. This

allows to diagonalize the CCE equations: )

D = L(L+1), Lnoymer) = Lnen)dnernen,

['(nlk _1/2i1/1/4+d(nl)\)
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Two possibilities for D:

Q d(ney) > 0 then Lipgny > 0.

© there is néA such that d(ns) < 0 then
» the equation

d? d(nex

<_dy§ + (yg ) E) [VI¥]ne(y1) = 0
supports infinitely many bound states accumulating to the
threshold ¢,, from below

» the scattering amplitude has the anomalous threshold behavior
since if d(ngx) < —1/4 then L(,) is complex

E(nl)\) = —1/2 + iw/|d(ng)\)| — 1/4

T-matrix p, dependence: pﬁ("“)ﬂm = exp{1Sm(Lnen)) In(pn)} =

Ontnoty = A+ Bcos(28m(Lner)) In(pn) + 8),

which gives rise to an infinite number of oscillations in the cross
section as the energy tends to threshold from above
(GD oscillations formula).

Solution (asymptote): [VI¥(y1)]nen = hf(nm (Prny1).
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Corrected incoming and outgoing waves
Gradusov, Yakovlev Theor. Math. Phys. 2024 to appear

R R

— (0 1 1 +
- W(nex)(n/eu/)+y?W(nex)(n/m') uﬁ(n;ﬂ)\,)("’n’;pn’yI) (1)

0
W((nzx)(n'zw) = Onn'Vinen)(neny,

(1) Eeu’)\// A(nD\)(n’l”A”)‘/(n’E”A”)(n’Z’A’)
W, 1911 = 1-— 677.71.’ ) 2
roery = {170 72 )
Linex)(Liner) + 1) = dinen) (3)
d(nrenry and Vipigy ey are eigen values and eigen vectors of the mat'

A()\ + 1)(5[)\,[/)\/ —|— A(n/e)\)(n/l/x),
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The Merkuriev-Faddeev equations in total orbital

momentum representation
Merkuriev Ann. Phys. 130 395-426, 1980
Kostrykin, Kvitsinsky, Merkuriev Few Body Syst. 6 97-113, 1989

Gradusov et al. Commun. Comput. Phys. 30 2565-287, 2021
The Merkuriev-Faddeev equations

{Tat Valza) + 5 V5 (25) ~ E}a(@ar Ya) = ~Va(za) > ¥p(xp, yp),
B#a P#a

To = —Ag, — Ay, potential splitting Vo (zo) = Vas)(a:a) + VOEI)(:L'Q).
Total orbital momentum representation

M/2 ¢£}\-/IM’(X ) Lt

Ya(Xa, W)= > > (1- Fif (Qa),
LMt M' Lala

FAI/’[TM, — common eigenfunction of the total orbital momentum

squared, its projection and the spatial inversion operators.
Xo ={Zo) Yo, 2a =050y = T4 - Yy}, 2o — Euler angles.
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Partial equations:
A set of 3D MFE for given LMT

TLT g+ Ve (e +Z/375a ﬁ)(wﬁ’yﬁ) B 1’baMM/(X"‘)

ch )+TLT+

LT— LT
+T, al, M’+1¢aM,M’+1(

LT
aM,M'— 1¢aM M’—l( Xa)
1 !
()M —m'y

__ ( (za,Yer) E oo E
(1 )M’ B#a wgyg LM /2125, iy
Z

><F]\/I//M/(O Whers )(1_22) 2 1/}/3MM”( /3)'

Partial component asymptote with correction (neutral atom fv):

v (Xe)™ \/HTZM\/%-FMM(%)

LM _1)tha—1y Yoy (60
XZACAM'10(1+T( 1) )(l_zcz!)M'/z

i7r>\ 2 L * LT—
XD mlela [ g Oning €70/ (Va(:z,oloxo)(not’x’)) ¢a(nz>\)(noe'>\')(y°‘)

Pno Lt LT+
+m (O"”-/l’)")(ﬂto‘nolo>\0)¢a(nD\)(n’z’)\’)(y"‘) :
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Partial equations:

Partial component asymptote with correction (neutral atom fv):

YL (Ka)~ W > V2t 1pno(za)
LM’ _1ye+r—Ly Y (6a:0)
X225 Canpreo(1H7(=1) )(I,Z‘%‘)M'/z

*
im\g/2 L LT—
inluy I:saaoanlnoel o/ (ch(‘;oloko)(nollkl)) "»l’a(nb\)(nol/)\/)(ya)
Png &L LT+
MECAVEX (;"’Z’A’)(aonoloxo)’/’a(nzx)(n'zw)(ya)]~

Connection to phys1ca1 amphtude

LT Lt
S(anD\)(aonolg Xo) — 2% 2n'V a(nl)\)(nl’k’) G(anl’)\’)(aonglo Xo)"
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G-D oscillations in eTe™p system, above Ps(2)
threshold
V. Gradusov, S. Yakovlev, JETP Letters 2024, 119:3, 151-157
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Figure: Ps(2s) — Ps(2s) cross section, Figure: Ps(2s) — Ps(2p) cross section,
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G-D oscillations in eTe™p system, above Ps(2)
threshold
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. Figure: same, L = 1. Figure: same, L = 2.
cross section, L = 0.
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G-D oscillations in ete™p system, above H(2)

threshold

V. Gradusov, S. Yakovlev, JETP Letters 2024, 119:3, 151-157
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Figure: Antihydrogen formation cross
section Ps(1)— H(1), L =0.
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Figure: Antihydrogen formation cross
sections Ps(1)— H(2s) (solid) and

Ps(1)— H(2p) (dashed line), L =
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G-D oscillations in ete™p system, above H(3)

threshold

V. Gradusov, S. Yakovlev, JETP Letters 2024, 119:3, 151-157

£
©

6
H
4
3

1

o

\

o N
006 0055 005 0045 004 0035 -0.03
E(au)

Figure: L =10

o N
00556 -0.0554 -0.0552 0055 -0.0548 -0.0546
E(au)

Figure: L = 1.

0 !
00556 00554 00552 0055 -00548 -0.0546

E(au)

Figure: L = 2.

Antihydrogen formation cross sections Ps(2p)— H(3s) (solid),
Ps(2p)— H(3p) (dashed) and Ps(2p)— H(3d) (dash-dotted line).

Gradusov (SPbSU) GD oscillations

September 24, 2024 15 /18



G-D oscillations in e-H and u-(up) collision
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Figure: H(2s)-H(2s) cross section,
L=0.
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Figure: H(2s)-H(2p) cross section,
L=0.
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G-D oscillations in e-H and u-(up) collision
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Conclusion
@ The induced dipole interaction plays an important role in the
three-body collision processes generating multiple resonances and
specific oscillations of cross sections in Coulomb systems.

@ Taking into account the contribution of the dipole interaction
potential into the asymptotic boundary condition is decisive for
correct treatment of the scattering problem in the three-body
Coulomb systems.

Collaborants

This report is based on joint work with
E.A. Yarevsky (SPbSU)

V.A. Roudnev (SPbSU)
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