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*Three-Body Problem: In
celestial mechanics, this
problem raises the question of
how to predict the trajectories
of three interacting bodies,
such as the Sun, Earth, and
Moon.

 Henri Poincaré was the first to
realize that the three-body
problem is generally
unsolvable.

Henri Poincaré
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e [saac Newton in his 1687
book, “"The Mathematical
Principles of Natural
Philosophy”, also explored the
three-body problem.

e He successfully solved the
motion of two celestial bodies
under mutual gravity. However, he
discovered that introducing a third
body made the system
fundamentally more complex and
difficult to predict.
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* The Faddeev equations are
a quantum mechanical
formulation that was
proposed by Ludvig
Faddeev in the 1960s for
the purpose of solving the
three-body scattering
problem.

Ludvig Faddeev
1934-2017
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e The AGS (Alt-Grassberger-
Sandhas) equations are a type
of Faddeev integral equation
used in few-body physics to
describe the scattering and
binding energies of few-
particle systems.

* This is achieved by reducing
the problem to a set of coupled
two-body Lippmann-Schwinger
equations.

Werner Sandhas
1934-2021
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Detailed Few-Body Equations for
Quantum Few-Body Systems

e L.D.Faddeev, Sov. Phys.-JETP 12, 1014 (1961). * W. Tobocman, Phys. Rev. C 9, 2466 (1974); 10,
60 (1974); 11, 43 (1975); 12, 741 (1975); 43
 L.D.Faddeev, “Mathematical Aspects Of The (1975).
Three Body Problem In The Quantum Scattering * Y. Hahn and K. Watson, Phys. Rev. A 5, 1718
Theory”, 1965 ISPT, Israel (English). (1972).
* Y. Hahn, D. J. Kouri, and F. S. Levin, Phys. Rev.
* E.O. Alt, P. Grassberger, W. Sandhas, Nucl. Phys. C 10, 1615 (1974).
B2, 167 (1967). * Y. Hahn, Phys. Rev. C 16, 2449 (1977).

e Y. Hahn. Phys. Rev. 169. 794 (1968). e F. S. Levin, Phys. Rev. C 21, 2199 (1980).

* Y. Hahn, Phys. Lett. B 97, 1 (1980).
* Y. Hahn, Nucl. Phys. A 389, 1 (1982).
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Three-body systems with arbitrary masses.

The total wave-function can be represented as:

V) = W¥(r3, p,) +¥(r13, py),

(E — Hp — V23(l‘23)) wy(rz3, p;) = (V23(l‘23) — Vlz(l‘lz))ﬂl’z(rl:a, £2),

(E - Ho - Via(r12) ) ¥a(r13, ) = (Via(r13) + Via (£12) )1 (023, 9y).

¥ (ra3, py) %Ifnm (pey (r23), Wa(ri3, py) %Z:f D0 (r13).
!

n

8



[E — HO — Vzg(?23)] \Pl(?239 71) — V23(?23) . (\P3(?21’ 73) T Tz(?lfS? 72)),
[E — HO — V13(?13)] lI’Z(;')lB? 72) — V13(?13) . (‘Pl(723’ Fl) T \113(721’ 73)),

(E = Hy = Vo) (Fa)) | Ws(Fo, ) = Var (o)) - (WaFis, P2) + Wiy, 7))
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Usual Three Body S stems
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pr Uy (p1,7o3)

Uy(p2,713) (1)

go]
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Unusual Three-Body System

12
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Low-Energy Antiproton Physics(I)

e PROBLEMS & fb-systems:

» Anti-hydrogen (Hbar or H)
formation reactions.

« Hbar interactions and collisions
with hydrogen H, Helium He™™,
Lithium Li™" ™ etc.

« Slow pbar capture by light atoms
He, Li, Be ...

« CERN Experiments: ATRAP,
ASACUSA, Gbar etc...

e Protonium (pbar-p) atom -
antiprotonic hydrogen;

« D — D and p — T interactions and
atomic-type bound systems.

. Strong (nuclear) N - N interaction.

13
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Low-Energy Antiproton Physics(Il)

. Positronium: Ps = (e™e™) + 7, » Atomcule: p3He* & p4He*
e True muonium: (utu™) + p, -H+H — Ps+Pn, € < eV,
« Muonium: Mu = (ute”™) + b, . P+ Mu - Hﬂ+e_,8 ~ 1-50 eV,
. Antiparticles: pbar, Hbar,  Nuclear Few-Body Systems:
« Muonic antihydrogen: I:Iﬂ =(pu™), ° 3-body: p+D,
e 4-body: p+T.

e Protonium: Pn = (pp)

14
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Muon Catalyzed Fusion-u CF cycle

e Coulomb and Coulomb-nuclear e(du)+1t—- (tn) +d

few-bo;l)y syster25: - i e(pu) +1t— (tu) +p
o (tu) + Dy — [(dtp);_de™ ] + e c(pu) +d = (du) +p

_ 4 -
e (dtu™);_o — He™ +n+u~ +17.6 e (tu) +d — d + (tu)

ViV (“Heu)* +p > p+u~ +* He'™t
c(ddy ), =3 Het* +n+35Mev 0 TETETH :
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MESIC
MOLECULE
FORMATION

STICKING
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Recent 1 CF papers

"Comprehensive Study of muon-
catalyzed nuclear reaction processes in

the dtu molecule”, by M. Kamimura et al.,,
Phys. Rev. C 107, 034607 (2023).

"Meson-catalyzed fusion in ultra-dense
plasmas”, by C. Deutsch et al., Phys. Rev. E

98, 053204 (2018).

"Experimental determination of the
energy dependence of the rate of the
muon transfer reaction from muonic
hydrogen to oxygen for collision energies
up to 0.1 eV”, by M. Stoilov et al., Phys.
Rev. A 107,032823 (2023).

e “Laser-assisted in-flight muon-catalyzed

deuteron-triton fusion”, by S. Liu et al,,
Phys. Rev. C 106, 064611 (2022).

* “"Muon Catalyzed Fusion, Present and

Future”, by Atsuo liyoshi et al., AIP
Conference Proceedings 2179, 020010
(2019).

e "Roles of resonant muonic molecule in

new kinetics model and muon catalyzed

fusion in compressed gas”, by T.
Yamashita et al., Sci Rep 12, 6393 (2022).
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Three-Body Reactions With p and Muons

¢ |In this work also:
e Reaction (1):
p+DOu") = pD+pu",
e Reaction (2):
p+(Tu™) = pl+u,
¢ Pure Coulomb & Coulomb-nuclear

3-body systems with all heavy
particles.

e Main idea: these reactions can
help us to study the strong p—D

and p—T interactions,

e This is because the cross sections of
the reactions (1) and (2) strongly
depend on the nuclear interaction,

e Coulomb is a singular long-range
potential.

18
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e A detailed few-body approach
based on three-body Faddeev-
type equations is applied.

e These approach is based on
decomposition the total three-
body wave function into two
components.

e A modified close-coupling
approach is used.

Basic Equations and Method

e |t brings an infinite set of

coupled integral - differential
equations,

e Appropriate rearrangement
scattering boundary conditions
are applied.

19
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r;3 =13 —rj,
pr = (m3r3+mjr;)/(m3+m;)—rr, (j#Fk=1,2).

V) = Wi1(ras, pp) + ¥2(ri3, pr),

(E — Hy — V3(r23))¥1(r23, p1) = (Va3(r3) + Vi2(r12))¥2(r13, py),
(E — Hy — V13(r13)¥ (113, py) = (Vi3(r13) + Vi2(r12)) ¥ (ra3, py).
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Basic FH-type Equations

1) The constructed coupled equations satisty the Schrodinger equation exactly.

2) The Faddeev decomposition avoids the over-completeness problems.
3) Two-body subsystems are treated in an equivalent way.
4) The correct asymptotes are guaranteed.

S) It simplifies the solution procedure and provides the correct asymptotic
behavior of the solution below the 3-body break-up threshold.

6) FH-type equations have the same advantages as the Faddeev equations,

because they are formulated for the wave function components with correct
physical asymptotes.

21
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1
(E T M, Ap, + 21 Arjz — j3)‘Pi(l'j3, Pr) = (Vj3 T ij)w,-/(rkg,, Pi)s
i # i, — 1,2, Mj—l — m;l L (m3 +mk)—la and I-LJ_I — m3—1 +m]:1, Wherej # k — 1,2

(Y,,00) Vi(M)}, = D CLl Yoau(®)Yim(#),
um

Wi (r 3, pg) = Z D7 10k T35 (Pk) ® Yi(Fi3)}Lm
LM
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1 0 0 1 0 0 -
E {—(pz—)—m 1)} { (r2 )—l(l 1)}—V-3)c1>’ 0k, 7' i3)
( 2Mip7 Lope \"* dpx 2ujr2 Larjs \ 72 orj3 J3 )T LMk T

A A 4 LM !
— /dpk/dr]3ZW)E;;/)l/ ¢2M)\’l’(pj’ rk3), (12)
Al

Wi ™ = (1.0 ® Vi) (Vi + Vi) {tw () ® YuGin)} (13)
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To progress from (12) to one-dimensional equations, we apply a modified close coupling method, which
consists of expanding each component of the wave function ¥;(r ;3, p;) over the Hamiltonian eigenfunctions

of subsystems:

A 1 _,
hiz = 20 Vr,3 + Vi3(r;3). (14)
Thus, following expansions can be applied:
- 1
PLau(Phris) = D fouz " (PORy ¢3) (15)
n

where functions R (r ;73) are defined by the following equation:

i 1 0 » 0 B - (1) _
(E” ZMJ {Bm (rj38rj3) l(l+1)} )R j3) =0 (o)

24
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Substituting Eq. (15) into (12), multiplying by the corresponding functions R (r ]3) and 1ntegrating over
r j3d r i3 yields a set of integral—differential equations for the unknown functions f e (,ok)

9 (o)

32 A(A+ 1))
Bpk

~ Pk i’
—szZ / drjsr; / d7j3 / L oLy (), (17)

2Mi(E - ED £ () + (-

Where O ¢y LM p (@)
l Ll l
an/ - R (r] ) XA Rn’l’ (I‘k3). (18)

25
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For brevity one can denote « = nlA (o’ = n’l’A"), and omit L M because all functions have to be the same. The

functions fogi) (px) depend on the scalar argument, but this set is still not one-dimensional, because formulas
are used 1n different frames of the Jacob1 coordinates:

p; =Tj3— Prrk3, (19)
rjs = %(ﬂkpk +0)), (20)
e = - (00) = o1y, @)
with the following mass coefficients:
Bk = mi/(m3 +myg), or =1-— B, (22)
y =1=P5PBj, (J#Fk=12), (23)

which clearly demonstrates that the modulus of p; depends on two vectors, over which integration on the
right-hand sides 1s accomplished. It follows from Eq. (20), that: p; = yrj3 — Bip;. Therefore, to obtain one-
dimensional integral-differential equations, corresponding to Eq.(17), we will proceed with the integration
over variables {p ;, Pk}, rather than {r 3, pr}. The Jacobian of this transformationis J = y —3_ Thus, we arrive
at a set of one-dimensional integral-differential equations:

26
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3> AL+
o Pk

2Mi(E — Ey,) £, (ox) + ( ) S or) = — Z/dpj S0y, O LS (o), (24)

' (0, Pr) = 20 Px / dp; / dpi R, (r3) {YA(Pk)‘g’Yl(”ﬂ)}LM( 3 VJ")

X {Yx(6;) ® Yy (73}, R /l/("k3) (25)
S” /(,0] Pk) = oL + 1[(2)" + 1)(2A" + 1)]%,0j,0k/d0) sin wR (r]3)( Viz(rj3) + V]k(r]k))
0

xR} (r3) » DE,0,0,00CH CLo Vi (vj, 0V, (Ui, 70) (26)
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Final Set of Coupled Integral-
Differential Equations

52 AR+ DT, M+ DN+ [ @
[+ 2 - 20 )]foﬁ'>(pi>=giz\/ LT [ o s o
o’ 0

Q2L + 1)2

/dw sin wR" )(rz’S)(V’3(rz’3) + Vi (riir ))R(f;(i‘m)m'/}i
XZDL (0, w,0)CL CE™ Y (vi, W)Y (v, TT). (27)

For the sake of simplicity « = (n/A) are quantum numbers of a three-body state and L is the total angular
momentum of the three-body system, i # i’ = 1,2, g; = 47tM,-/y3, k,’; = \/ZM,-(E - E;'z'), where E,’;
is the binding energy of the subsystem (i’3), M; = mi(my + m3)/(m1 + my + m3) and My = my(m; +
m3)/(m1+my+m3) are thereduced masses,y = 1—m;m; /((m; +m3)(m;+m3)), D’fzm, (0, w, 0) the Wigner

functions, CL™ vo1, the Clebsh—Gordon coefficients, Y, are the spherical functions, w 1s the angle between the
Jacobi1 coordinates p; and p;/, v; 1s the angle between r;/3 and p;, v;’ 1s the angle between r;3 and p;,. One can
show that: sinv; = p;//(yr;3) sinw and cosv; = (B;p; + p;r cosw)/(yrim).
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f(l)(,@z) ~ Sin(k(illpi) —|— Kii COS(k(ill,oi)

piortoo - - £90) ~ 0.

1 (05 ) b e JvilviKij cos(ky” p;)
J

1(31)(P1)p ~ sin(k 1)»01)4'1(11903(]‘ Pl)
fis (Pz)p)_’:_‘x\/vl/szlz cos(ki” pa),

p— o0

(Pl) ~ /o2 /viKai cos(ky ' py),
2
5 (p2) ~_sin(ki”py) + Kncos(ki” py),
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Final Set of Coupled Integral-
Differential Equations

o°  A(A+1 244+ 124 + 1
_(k::l;)z l ap% /( P_%_ )-f (pl)—glz \/( ;L-)Fl i )/ dpzf (Pz)

1 Z
Poa| (72|

X ZDM, (0, w, 0)CL" c,o,, Y (vi, ) Yo (2, ),

ADIm ™ ;

< [ dosinoR]) (%) RO)([F13])15

o2 A +1 2.+ D27 +1
(k7)) A 2 ( ) Pz)—gzz\/ 2L-)+l )/ dPlfl) (1)

—

Z 4

H Irl?.l

X z Dt (0,w,0)C5 Cf"(')’ v Y (V2 ) Yy (1, T0).
mm'’

RU)(Ps]) papy

/ dwsin a)R (|713])
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(3) u*
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Reaction Cross-Sections: K-matrix Approach

f(’)(pz) — fl(s)(pz) Sm(k( )1101)

4 | K |* 4n 5ijD* + K,
k(’)2 1 —iK|  (D2(D -1+ (Ku1 + K2)?’

K11 K2
K =
(K21 Kzz)

x(E) = K12/K>21 = 1.0,
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Sélal/) (pl ’

pi’) =

(Bi pi+p;1)

47 [(2A + D2V + D12 o[ . x Voo,

|Bi pi —p;|
x > Dy (0, 0(x), 0)Cy, Critym Yim (i (x), TY}F (v (x), 7).
mm’
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Discretization Procedure

_ - N
A\ +1 | Ny 7
k£1)2+D712j ( 9 ) fél)(z) Zzwj aal plzap2j a’ ):0,
I ST w1 i
My | (N +1)
72 ng o) (020 13) fO(5) + kﬁf,)?Jerj (p2 ) 12(i) = B2(i).
a=1 j=1 L 21 -

Dz‘zjfa() (fa(" B ) =19 ™ zfa() ) +fa(i+ 1)5i+1,j)/Aa

BEY(i) = My/v® 307 w; S8, (i, 5) sin(k1p;),
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S (5. 5y) = A (22 +1)(2N +1)]2 fﬁip,-er,-,
aa’ \F1y M1 /Bi 2L+1 |3p o

Z Dmm’ )\OlmC)\’Ol’m’Ylm(I/z (.’I)), W)Yl’m’(yz ( ) ) (40)

mm/

dey(fz) () [—1 + ‘:1: Rgl),(rz—g(x))
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Table 1. Cross sections oy, and rates A, equation (41), for u~ transfer reactions from a light hydrogen isotope to a heavier hydrogen isotope
at low collision energies together with other theoretical results and experimental data. The result for unitarity ratio K,; /K;,, equation (37),
are also presented for t+(duw )qs.

t+(du) s = (tw)s+d

H‘(Pl/«) 1s —™ (tﬂ) 1s+p

d+(pu)1s = (dw)is+p

Energy
(eV)  Method 0./107(cm?) A./10° ™Y Ky /Ky,  0y/107°(cm?) A, /108 7Y 0,/107°(cm?) A, /108 (s71)
0.001 FH-type equations: 15.4 2.6 0.99 315.0 65.1 663.4 146.0

36 15.8 2.7 384.4 80.0 828.7 170.0

37 21.5 3.5 265.0 55.0 650.0 140.0

38 18.0 2.8

39 14.2

Experiments: 2.84+0.5[58] 58.61+10[55] 84+13[54]

2.81+0.3[57] 1431-13[53]
2.940.4[56] 95434[52]

0.01 FH-type equations: 4.84 2.6 0.99 99.1 64.7 208.1 144.8

36 5.64 128.0 283.7

37 4.8 60.0 140.0

38 5.0

39 4.44
0.04 FH-type equations: 2.37 2.5 0.99 49.1 64.2 103.1 143.4

36 2.94 63.6 140.7

37 3.1 40.0 91.0

38 2.5
0.1 FH-type equations: 1.42 2.4 0.99 30.7 63.5 64.6 142.1

[36] 2.0 39.9 87.4

[39] 1.35
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Figure 8. Low energy cross sections for a muonic antihydrogen
formation reaction (2). Results are shown for the two-level 2x 15,
four-level 2x(1s+2s), and six-level 2 x(1s+2s+2p) close-coupling
approximations.
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Figure 7. Low energy cross sections for an antihydrogen atom
formation reaction (1). Results are shown for the two-level 2x 1s,
four-level 2x(1s+2s), and six-level 2 x (1s+2s+2p) close-coupling
approximations.
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Figure S. Low energy cross sections for a muon transfer reaction in
the t+(pu ™ )15 collision. Results are shown for the two-level 2x 1s,
four-level 2 x (1s+2s), and six-level 2 x(1s+2s+42p) close-coupling

approximations.
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Figure 6. Low energy cross sections for a muon transfer reaction in
the d4+(pu™ )5 collision. Results are shown for the two-level 2x 1s,
four-level 2 x (1s+2s), and six-level 2x(1s+2s+2p) close-coupling
approximations.
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Coulomb 3-Body Reactions With Strong

e Reaction (1):

¢ p + (Dll/t_)ls — (I_) - D)nl +//t_
e Reaction (2):

° I_) + (T/’t_)ls — (I_) o T)nl +//t_
e At low and very low-energy collisions

e~ 1077 eV — 3 eV the main
contribution will be from the S-wave

collision, i.e. the total orbital momentum
in the 3-body system: L=0.

Interaction in the Final State

e Thennl = ls, 2s or 2p,

e \We assume that other Coulomb atomic
states maybe not important.

e In this calculations we consider only
ground-state 1s to ground-state 1s

reactions, i.e. nl = 1s.

e However, the nuclear forces are included
in the final two-particle targets. To do this
we appropriately shift the values of the
pure Coulomb atomic levels.
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Faddeev-Hahn Equations in
Configuration Space:

e Two spatial configurations of three-charge-particle

system:
o e e
U = W, (p1,723) + Va2, T13).
ﬁz (B =Ty, — has(ss) ) Wi (Fos, 1) = (Vas (7o) + Vaa(7ia) ) WalFis, o),
(b) (E — sz — BﬁN(Fw)) Uy (713, p2) = (\713(7713) + ‘/12(7712))‘111(7723, 01).
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Potentials and Target Hamiltonians

e Modified Close-Coupling Approximation

* Pair Coulomb potentials in the

three-charge-particle systems+ Approgch s used: It leads to an
nuclear interaction between expansion of the system’s wave function
_ _ ts W1 and W2 into
hadrons: p—D and p—T. componen
adrons: p dp eigenfunctions of the subsystem (target)
e Target hamiltonians: Hamiltonians:
|
In the input channel: (P, 71) (/ Z) M (5)00 (7)),
h23(7'23) — T7"’23+V23( ) (2); -\ (2)NN
* In the output channel: ValTia, p2) ~ (/ Z)nf (P2)¢n " (T13).

WN (713) = Ty +Vis(Fis) ol (71s)
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Modified Close-Coupling Approximation
Approach

e This procedure brings a set of
coupled one-dimensional integral-
differential equations after the
partial-wave projection.

* The set of coupled equations can be
solved in the framework of different
close-coupling approximations, such
as 2x1s, 2x(1s+2s), 2x(1s+2s+2p)
etc.

* The sign “2x" indicates that we use
two independent sets of expansion
functions.

e We consider Coulomb three-body
systems with arbitrary masses, i.e.
the masses of the charged particles
are taken as they are.

e The final set of the equations is
shown on the next slide:
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Resulting Set of Coupled Equations:

(k)" + 6?0% ('1:1) f“(pl)—glz‘/(2'“221121'1 +1)/ dp,f" (p,)

1z
Pl ol

X ZDmm, (0, w,0)C57 C,O,, Y, (vi, )Yy (v2, o),

ADim™

< [ dosinoR) (7s) RO)([713])01p5

2L + 1

o2 9 A +1 2.+ DA +1) [
(k)" + ; ( ) Pz)—gzz\/ ) /0 dplfag'l)(pl)

VA Z

+ = | Ry (723
73l |"12| 1(‘ )p2p;

DL (0, w O)Cf”‘o,mC,,O,, Y (o, ) Yy (v, T0).

/ dwsin wR |r13|)

RAS et al., J. Comp. Phys. 192, 231-243 (2003)
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Boundary Conditions and Cross Sections:

£

(Pl) ~ Sm(k(l p) + Ky cos(k, l)Pl)

P00

Is (Pz)p):w\/vl/szu COS( Pz)

K-matrix Formalism

g

J(p1) ~ /or /oK cos(kypy),

P00

(pz) ~ sin(k;” p,) + K2 cos(k,” p,),

—rv-x

021K

2

4 52']'D2 + Kz%
g2 (D= 1) + (K + Ko)*

RAS et al., J. Phys. B 46, 215204 (2013)
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How to Include Additional Nuclear
Potential Between p-D and p-T?

e Low-energy reaction (1): e Which is why in the case of the target

p+Du )= P—-D)+pu". (p—D) and (p—T) eigenfunctions we
use only pure Coulomb 2-body-atomic
wave-functions.

e Low-energy reaction (2):

p+(Tu )= P—-T1)+u".
e Nonetheless, the strong nuclear

e The full potentials between p—D and interactions are approximately taken
p—T are more complex, because their into account:

second parts possess asymmetric

nuclear interactions e through the eigenstates &, which have

. o shifted values from the Coulomb levels
* In this work we do not explicitly include (original), i.e. €,
,l.e. €.

the strong interaction in calculations.
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Inclusion of the Strong Interaction:

QO,S)NN ZR(Z%IN Y (13) Yo (713) ZR(Z,Z, (713) Yirm (T13)

l'm/

Sn, N E, T+ AE::?N —,u2/2n'2 + AETJSN

\ 4 a’S S. Deser, M. L. Goldberger, K. Baumann,
En/ and W. Thirring, Phys. Rev. 96, 774 (1954)

l
n Bf’)H
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Parameters of the p-D strong interaction

o For calculations of the energy shifts in the (pp) » Parameters for (pD):
atom a special Deser-Goldberger-Baumann- . AE15(PD) = 1050 eV; AE;5(pD) = 131.25 eV.
I:;!S;;i::\rsr_nu'a has been used in these . 5+D scattering length: Ao = 0.682 fm

e Ris(Pn) ~ 60 fm; E15(PN)~12 keV, « Parameters for (pT):

e Ris(pp)~285 fm;  E1s(pp)~2.5 keV. » AE15(PT) = 1575 eV.

e p + p scattering length: Ao = 0.57 fm » This is a rough approximation (model).

. AE15(Pn) = 494 eV; AExs(Pn) = 62 eV. o In the literature no results for (pT) atomic
Coulomb energy level shifts or p+T scattering

. RAS et al., Atoms 6(2), 18 (2018) (MDPI) length.
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Results for cross sections: p + Dy
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Results for cross sections: p + 1 u

0
86'20 | llllllll | Illlllll I lllllll’ o = | IIIIHI' I llllllll | llllllll AL 10

(A) — ]

o o ]s428 —
(Ot 15+28+2p |

6e-20 - -
= 5e-20:— -
B
< 4e-20 B -
= _
© i
3e-20 B .
2e-20 S*\ -
le-20 — N - 5
- ' A 310
O— ] IllIIlII*IHIITI d 1"‘-':":‘.';1 (l llllllll | IIlIlII ] llllllll ] Illlll}
0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10
Collision Energy E (eV) Collision Energy E (eV)

56


mailto:sultanov_r@utpb.edu
mailto:sultanov_r@utpb.edu

RENAT A. SULTANOV, THE UNIVERSITY OF TEXAS PERMIAN BASIN, ODESSA TX USA (SULTANOV R@UTPB.EDU)

Results for reactionrates:p + Dy & p+ 1u
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Conclusions

« The 3-body p +(Du~) and p +(Tu™) dramatically the results for the (pD)
reactions have been computed in the and (pT) antiprotonic hydrogen atom
framework of a detailed few-body formation reaction cross sections and
approach. rates.

« Two-component Faddeev-Hahn-type . We assume (believe) that the 3-body
equations have been used within a antiprotonic/muonic reactions can be
modified close-coupling expansion used for further study of the p-D and p-T
techniques: 2X(1s+2s+2p) - 6 state nuclear interactions and potentials.

approximation.

« Approximate inclusion of the strong
interaction in the final states increased
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Future Plans: (I) Few-Body Systems in /(CF

TABLE 1. Low-energy s-wave d + (tuu ™), elastic scattering re- RAS et al., Phys.Rev. C 107, 064003 (2023)
sults for K;; = tan(d(¢&,.)) together with the results of works [67] and B .
[68] at kinetic energy €. below the (fi4™),—, threshold. (t//l )1 g + d —> d + (t//i )1 g
g (V) This work Ref. [67] Ref. [68] (1) (2)

Jo '(P1) ~ [ (p2) ~ O.
0.01 —0.0247 —0.02384 p1—0 072—>0
0.04 —0.0494 —0.0509
0.1 —0.0784 —0.0856 —0.0875 (1) (1) (1)
0.3 —0.1360 —0.1627 fis (o1) L sin (ki o) + K cos (k.2 01)
0.5 —0.1761 —0.2206 —0.220 2)
1.0 —0.2509 —0.3363 —0.335 fo () ~ 0.
pP2—> 100

[67] C. Chiccoli et al., Muon Catalyzed Fusion 7, 87 (1992).
[68] A. A. Kvitsinsky, C.-Y. Hu, and J. S. Cohen, Phys. Rev.

A 53,255 (1996). (tu™),+D, — [(dt//t_);’jzlde_] + e~
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Future Plans: (II) 3-Body Systems with X

d+(pX ) —> (pX )+d
N (dX7)+p, (2)

RAS et al., Phys.Rev. C
107, 064003 (2023)

TABLE II. Reaction channel total cross sections o; and rates A in collision (2) at very low energies together with the corresponding results
of work [10] obtained under different quantum-mechanical approximations. Here &, is the collision energy, v is the center-of-mass collision
velocity, ma, = 26.1b, a, = 28.8 fm is the (pX ~) Bohr radius, and A = Nyo,v, where Ny = 4.25 x 10** cm” is the hydrogen density.

(X~: tau slepton or stau)

This work Results from Ref. [10]
. (eV) v (km/s) o; (units of wa?) o, (cm?) AG™H At (s7h AP (s7h AS (57D
0.0001 0.0988 4.135 x 10* 107.91 x 1072 4.53 x 108 ~ 0.3 x 10® ~ 1.8 x 10® ~ 12 x 108
0.001 0.312 1.307 x 10* 34.11 x 1072 4.53 x 108
0.01 0.988 0.413 x 10* 10.77 x 10~ 4.52 x 10®
0.1 3.12 1.30 x 103 3.38 x 107%° 4.48 x 10°
“Screened potential approximation.
®Screened-dipole.
“Three-body Born.

[10] Sawicki, M. Gajda, D. Harley, and J. Rafelski, Phys. Rev 44, 4345 (1991).

“Nuclear fusion catalyzed by doubly charged scalars: Implications for energy production”, by E Ahmedov, Phys. Rev. D
106, 035013 (2022)
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Thank You!
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