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Manifestation of Quantum Nature in Nuclear Reactions

a superposition principle v = a1 + Lo

— [* = [a1|® + |Ba|® + (1) (Bep2) + (cap1)(BYo)
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Interference

when two processes are in principle indistinguishable
— take square after adding two amplitudes
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Interference phenomena In Nuclear Reactions

(i) Mott Scattering (ii1) Near-far interference
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> near side - far side interference
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1604160 system  V,~10.3 MeV
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E<V, (/—OVEEDOH)  E>V, (H—Ov+BAE)
10— | ' | ' | E = ' | ' | =
= e Expt 3 3L 16 16 |
B — O] - 107 e O+ O (E, =265MeV) 7§
AN ¢ / . 18 8 -
™ 104 = o [ {(n-8) |2 g = 102 EE ¢ O+ 0O (Ecm =26 MeV) ?E
5 F — [ £(0)+ £.(n-0) [ . = = .
\_E, T RN C | ] é 1Ol - <
10" E ; :
N : »% 10’ E
o - AT ] ° - .
~ e - 4 S0'F -
T ) ; 102k .
[ O7 0 EZEMNV) (f v, ~10.3 MeV] : E
10 ' ' ' | 3L | | . | '

30 60 90 120 150 10

6 (deg) 30 50 e 90

expt: D.A. Bromley et al., Phys. Rev. 123 (‘61)878



K2R TUOUYILEE

h2 d?  1(1+ 1)R? |
_2udfr2 | 22 FV(r) —iW(r) — E|u(r) =0

an imaginary part — absorption

uy(r) — Hl(_)(kr) — SlHl(_l_)(kfr'), r — 00

10) = fe0) + X P71+ 1)L~ 2 Ri(cos6)
7 80— ' —
o 9, or B
- . RO -
o — (O] I )
=401 -

r (fm)



KZRTw LA E

Reaction processes \ / / —

»>Elastic scatt.

>Inelastic scatt. :> j\

>Transfer reaction ® |

»Compound nucleus Loss of incident flux
formation (fusion) (absorption)
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How to choose V(r)? : Optical model

Reaction processes \ /
»Elastic scatt. / '
»Inelastic scatt. :> j\

» Transfer reaction O
»Compound nucleus
formation (fusion)

Loss of incident flux
(absorption)
Optical potential

Vopt(r) =V (r) —iW(r) (W > 0)




How to choose V(r)? : Optical model

Reaction processes
> Elastic scatt.

»Inelastic scatt. :>

> Transfer reaction
»Compound nucleus
formation (fusion)

Optical potential

T

Loss of incident flux
(absorption)

Vopt(r) =V (r) —iW(r)

(W > 0)

2

(note) Gauss’s theorem
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1604160 system  V,~10.3 MeV
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Comparison between 0+150 and 180+180
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160, 80: I*(g.s.) = 0*
(both are bosons)
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180+180 : much less pronounced interference pattern

180 = 150 (double closed shell) + 2n
— stronger coupling to environment

s Mmanifestation of (environmental) decoherence



do /d€Q (mb/sr)
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Optical potential model calculation
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Spectra up to E* = 13 MeV
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analogy to the double slit problem

M.S. Hussein and K.W. Mc\oy,
Prog. in Part. and Nucl. Phys. 12 (‘84)103
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Nuclear Reactions

Shape, interaction, and excitation structures of nuclel < scattering expt.
cf. Experiment by Rutherford (o scatt.)

scattered detector

particles xﬁﬁ%‘%
BT

dQ /AT A

solid angle
— *—r
KSR 5ty BENT |
projectile target transmitted particles

21.1: HGELSFEER

http://www.th.phys.titech.ac.jp/~muto/lectures/QMI111/QMII11_chap2l.pdf
K. Muto (TIT)



notation:
A(a,b)B reaction




notation:
A(a,b)B reaction

a
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fundamental interaction 0 180

between a and A K. Sekiguchi et al., PRC89(*14)064007



v'elastic scattering
a/
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— I —
AgS — AgS

fundamental interaction
between a and A

v'inelastic scattering
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A(a,b)B reaction

transfer reactions

v'transfer reaction
(pick-up reaction)

17()/

16() 16()
208Pbgs N 207Pb

level schem of 297Pb
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A—B

v'transfer reaction
(stripping reaction)

16()/

208ph  — 209Ph

level schem of 29°Pb
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dQ2 BZIRA

v'fusion reaction

a+A

. (@A)

— | =
Ags — X

e Interaction between
aand A
e structure of a and A
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hypernucleus production reactions 12C (n+,K*) 12, C reaction

v (K-,1t7) reaction

4

v (", K*) reaction
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excitation spectrum

of a hypernucleus A ,
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O. Hashimoto and H. Tamura,
Prog. in Part. and Nucl. Phys. 57 (‘06)564

“reaction spectroscopy”’



v (e,e’K™) reaction Be(e,e’K+) ?, L1
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S.N. Nakamura et al., = + | |
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R T A T—
T. Gogami, B,(MeV)’
Ph.D. Thesis (Tohoku U.)
2014 T. Gogami et al., PRC103(‘21)L041301

K.N. Suzuki, T. Gogami et al.,

PTEP2022 (2022) 013D01
SHe(e,e’K*) nnA



Cross sections

O flux = the number of particles
® crossing unit area
@ AW per unit time

incident beam ] =pp-v

HELALT
=

.-J/ l'.
/ dQ Msriks

AGHhLF ) il R

event rate (the number of event per unit time per target nucleus)
. proportional to the incident flux

@<,/— Cross section
" J
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Cross sections

ABRLT ) iR

event rate (the number of event per unit time per target nucleus)
. proportional to the incident flux
«_—— Cross section

R=Nt(0)J

differential cross sections (angular distribution)
do do
— : {7 - = [ dS2—

units: 1 barn=1024cm?2=100fm? (1 mb=1023b=0.1fm?)




M ETE (BF N%)
A(a,b)B reaction
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center of mass frame
}v
6Cm

transition e

do R

ds2 jin




Born approximation wf("“) — eipf""/ﬁ
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perturbation
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Born approximation wf("“) — eipf""/ﬁ
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Electron scattering
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* relativistic correction:
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cf. electron scattering off unstable nuclei (SCRIT)

“Femtoscope”

s )

Electron -
accelerator Radioisotope /4
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ring

137Cs (T,,=30.08 y)

10° E T . T
= —— Residual gas
z  10g oo — = cale for ¥'Cs
s - calc for "0
:'w 1 ‘ ....................................
= - \—}1—“—1—
= - N
K. Tsukada et al., 42 10 *% g
PRL131, 092502 (2023) I ﬂ
10750 60
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Distorted Wave Born approximation (DWBA)

7-2,2
( 2 — V2 +V(r) - )w(fr):o
I

perturbation

le
—> ( — V2 4+ Vo(r) + V(r) — Vo(r) — E) Y(r) =0
Z'I_E% perturbation
RToovIL
“distorted waves”
¢;(r) AV(F) {

v'inelastic scattering
v'transfer reactions
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