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An acceleration of the nuclear reaction rate?

Electron Screening
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v Experimental evidence is available

Ugscreen € [65,220] eV for 3He(d, p)*He

Muon catalyzed fusion

[Alvarez, 1957; Jones, 1986]
Atom Molecule

9,

«Prompt fusiony

(oV)yqr = 1.7 - 107 cm3/s
[Kamimura, PRC107(2023)034607]
(ov)T* ~ 10715 cm3/s

v Low-temperature catalysis has been
experimentally confirmed
v The expected effect for reactions
without the formation of molecules

is unknown

What is all this for?

v" Thermonuclear driver

v' Boosting the yield of nuclear processes
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U1~ in nuclear reaction zone

Known rate estimates raise questions : AV [MeV]
3 Classical t.p. r* =~ 180 — 500 fm
[L.I. Ponomarev, Contemporary Physics (1990) 31:4, 219-245]:
1 ?? in—flight AN -
A;ﬁ‘ma sexp [ —n(2Mr*)'?) As ~ (;’;) Ar ~ 10772
o, Ay —Bohr radii, e~ — atom and U~ — atom

_ r [fm]

h ber N of catalyzed fusion e s
JRiiumber IV 07 caialy d+(tp) >d+pu" +¢t
forng =5-10°" cm:

- _ (0.017 - 64[barn], at T, = 1 keV Eip = 4.45 keV

¥ Tum " %at "M uTt =10 054 - g, [barn], at Ty = 10 keV d+ (tu") > n+u" + *He
min(E,-+e) = 17.58 MeV

« Forcold fusionT < 100 K°, N < 150 d+ (BHeu™) » d + u~ + 3He

[Jones, Nature 321 (1986) 127] o4t < 3000 [barn] E,, = 17.82 keV
 In-flight reactions (with muonic atom tu™) d+ (®*Heu™) » p+u~ + *He

If 64, = max(o4;) = 5 [barn], then min(Eu“‘He) = 18.34 MeV

N <0.085atT; =1keVand N < 0.27 at T; = 10 keV
If N =100, then g, = 6000 [barn] at T; = 1 keV
and g4 = 2000 [barn] at T; = 10 keV
v Non-overlapping temperature ranges for cold fusion and in-flight fusion reactions
v’ Expected catalysis of in-flight fusion reactions resides in the realm of muonic atom ionization
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Computation of reaction cross sections

Let’s start with reactions: d*H — n*He, d3He — p*He
* Res (One resonance model)
= : : -

5
2UR? (¢Er)
[ = 2y2 . — & =—— T = 2y2 . -
i =2y /EEf exp(—mn), & ho)? [r =2y 9+3€Ef+(€Ef)2 exp(—7mn)

» Pot (Simple potential model)

v11 — elastic
VR

A{El(Pf)El(pi) = V22,

=i{v,; — thermonuclear
1 5 ) ) ui + p}% + i - 2DfPiYpyp; Vi, — rearrangement
[*S1/2: “P1j2, “P3yp, “Diyol
l [+2
. G1p 14 _
E(p) = (07 + b + (P2 + b2)i+2 {tn = V11 + V11Got11 + V12Got2
1 2 —
_ _ ta21 = V1 + V21Golyg + V22G0t21
» A-Cont (Analytical continued model)

. o Loy, W 2UZ , 5 Lippman Schwinger equation is
Ua(Pr Pi) = vpa(Fr i) + T Z vy (Br V202 - P) X numerically solved with
Y

, potentials ¥4, U1, U1
LU 3 3
2165),—?,/2;12-17&,( 2uz-p,,/2uz-p)
o)

-1
X vsa(y/ 212 - D, B;)
Ve [Yu.V. Orlov, JETP letters 33(1981)380]
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10°4  *He—p'He

Computation of reactio
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Precise three-body dynamics

For processes like as d + (y™°H) > n +y~ + *He, All accessible channels are reflected
where y~ € [e™, u™ ] there are partitions and channels in the following representations:
representation: y~*H-y~*H
I 0
1 2 3 1 1 0 ti/_‘*He—W_‘*He
ald y= SH | |T,->T1%
B \n y~ 4He b _ tg3H—>d3H tgl3H—>n"’He
2 2 t514He—>d3H t;i‘*He—m‘*He
; . ty_d—>y_d 0
System of Faddeev equations with thermonuclear b OB 3
fusion 0 0 Y "YU
3
11 11 11
/T1 \ /t1 (P2 + ¢3) / 0 0 ti'Ry, 0 tiR, © \ /T1 \
21 21 21
T t1 (¢2 + ¢3) 0 0 0 t??R, 0 t?2R, T
11 11 11
Tym | _ | t27(¢3 + 1) 4| t2"Ro t2°Re 0 0 tiR, ti2R, || Tz
21 | 7| £21 21
T3 ty (¢3 + ¢P1) t21R, t3%R, 0 0 t21R, t22R, || Iz

T3 t3'(¢1 + ¢2) tilR 0 t3'Ry 0 0 0 T3
21/ \ 21 \ 300 22 0 t3°R /
I3 t3" (1 + ¢2) 0 3R 300 0

Note:

analogues reasoning regarding rearrangement operators Ul.‘j.ﬁ where Tiﬁ“ =3y tiﬁ”ROUl?’ * and Uf“ =Y U,'fl.“

leads to an equation with the same, but transposed, integral kernel and a different inhomogeneous term.

The determinant of the original and transposed matrix is the same - the binding energy of the three-body system does not

depend of the method of solution (rearrangement U{'J‘.ﬁ operators or breakup T; matrices)

6/10
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Precise three-body dynamics
» To achieve the goal (cross sections in the three-body problem)

it is sufficient to find only T/1, T{L.
« Faddeev equation in the continuum has bound states corresponding to two-body
subsystems, therefore solving the equation by algebraic methods is difficult.

» The solution is sought in the form of iterations (Cn)f‘ﬂwhere n=0,1,2,...,
grouped into Padé approximants Tl.“ﬂ ~ Zn(Cn)f‘ﬁ .

« Inpresent case tZ1, t1%, t3%, t41, t2% —are absent under the conditions tx
« Jacobi momenta are defined in terms of the overall center-of-mass do ~
systems momenta oy q
« Scattering energy Zones of In-singularities:
mp3 2
E=T — |Ep,23| <)
m23 + ml ’ %25-
» The resolvent energy is shifted = 201

2 15
di(jk) 10
2M;(jk)

Zi(jk) = E —

0+—@rs—— T r . o
0 5 10 15 20 25 30 35

q, [MeV]
* Uo(D,q;qo) = <55|T1|510W1(23)> + (ﬁglszlgloLPZ(sl)) + <5§|T2|C70LP2(31)>:
raep(®,9),4®,4), 20, q), q(p,q) [see details: Few-body systems (2025) 66:24]

do . E1(W—E{)p1023E1E;E3 Y|Uo(B.4;40 )|
dwy3d1;3d 0, W2p,(23)(2m)° (2j1+1)(2j2+1)
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Cross sectlons and rates under the three-bodv problem

d( Hey )Yy P ‘He

=7

—-—- Res

. . }J.-RCS
Pot.

p-Pot.
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e e
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Reaction power VS bremsstrahlung losses

10°3 10’y —— d’H—n'He
: \ P (1+Za)(1+Zb)E
1 ch — ch’ (1+6ab) <O'abv)n 3
\ (2+2q+Zp)* — I —— d’He—>p’He
1 ! > Sheiewibigiy o1 102_57—.7- - R :
3 u-Res
u-Pot.
10" 4
= - - - u-A-Cont
B
..D O A 5
10 —
10-2_5“”‘11'/5*'60111@" ' == =i 1074 - - - - p-A-Cont. w/o ENDF cc')\fr;\,\ ~
1 p-A-Cont. w/o ENDF corr. '\.\_\'
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Fusion catalyzed in in-flight reactions is manifests itself

d*He — p*He | d(3Hu™) -» n*Heu~ |d(PHeu ) — p*Heu™

6.93 43.55 6.23 13.16/13.15
Topt 55.56 249.8 46.15 75.23/75.38

» Cross section enhancement, a catalytic effect are only predicted by A-Cont. model

» For calculating cross section, it is sufficient to limit by C, # and c, # iterations

Y = < |pl = — indi
Functions cp(_})o) are elgenfunctlons = Ip| = /2u|Ep], E p —atomic binding energy
forz> 0¢(p) —scattering states.

cg 9/10
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Appendix:
Eigenfunctions

» Wave functions of the y~=d, y~t, y~ ¥*He systems were determined from analytical

solutions of the corresponding Coulomb problems
3

> l
(n—101-1)! 2 \2 _ T [2r 2r
¥ ’ 0; = ' ’ nao . { —| - L2l_+1_ — |- Y] 0;
im (1,6, @) 2mn + D! \nag e naq n—l-1 naq im (6, ¢)
3
o= S o L
r,0, - — ] — -e 0+ ——
Binding energy Cut off C 100 3 V2 \ao 4
(n=1/n=2) (n=1/n=2) af
e"d  -136eV/-34eV -0.265/1.28 Wioo(p) = 5 o :(5_2317_-7)4 fm
_ ni(pza% + 1)2 e det
u-d -2.66keV/-0.66keV -0.885/0.78 a, = 255 927 fm
- - - - - --e'd (analytic) — i
et  -13.6eV/-3.4eV 0.265/1.28 e (u=d, o)

u-t -2.71keV/-0.68keV -0.885/0.78

——ed (numerical)
pwd (numerical)
e 3He -54.41eV/-13.6eV -0.621/1.11
u~3He  -10.84keV/-2.71keV -0.879/0.755
e *He -54.41eV/-13.6eV -0.621/1.11

p *He  -10.94keV/-2.73keV ~ -0.879/0.755

10° 107 10" 10° 10' 10
T [MeV]
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. Appendix:
exp <_E)’ V@) =Ve@ -Vr(™  Coulomb terms

1 C(k, 1) 10°3 Cross sections ratio for Coulomb terms
R=R(k,1) = —exp (0 : i
2kn — - utdt

he\e 10' .-« utfet
PF — 2pyp; COS (epfm) +p? + (?) 5 i

Z,7,e*

Vr(r) =

Ve(ps pis2) =

TC¢ =T® + tR? | _ Coulomb matrix

tR¢ = VR + YRGP¢RO .
T =V® + VPG, T? 107
T¢®,p) =T*®,q") =T%G",p) =0 :
- it is provided by the selection of R(k, [) 10” e w1 i
T [MeV]
Approximations: G® — G,, exclusion of T¢ from the short-range Green’s function G,
Coulomb terms are included in: final p*He interaction with C = 107%, initial state interactions
(I1SI) in (dt, d®He) with ¢ = 10~*, as well as in the lepton-nuclear scattering matrices with
a parameter € = —1072,
Initial state interaction:

| @a" 1573 )6o (TG .
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