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K.Hagino and N. Takigawa, PTP128 (2012) 1061



Nuclear Reactions

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

scattered detector

particles ’Sﬁﬁ%
HIGELAL

dQ IR
solid angle

—» — ~—»
— *-—»
*—» *—
FHHLT gy BEKT |
projectile target transmitted particles

21.1: HUELFER

http://www.th.phys.titech.ac.jp/~muto/lectures/QMII11/QMII11 chap21.pdf
K. Muto (TIT)



notation:

A(a,b)B reaction
a
AR




notation:

A(a,b)B reaction
a
o a
T AL T
A— B
p(d,d)p and n(d,d)n
v elastic Scattering 1o-e at 250 MeV/nucleon |
3-body

/

do/d{l! [mb/sr]

oo} 4 Interaction -
a a 0.80 -
— II — >
o0k
Ags — Ags i ]

fundamental interaction

between a and 4 K. Sekiguchi et al., PRC89(“14)064007



notation:

A(a,b)B reaction
a
> a
T AL
A— B
v'elastic scattering v'inelastic scattering
“s e
a a a a
. I A, - I A, i
A, — A A A* Fa
gs gs g8 - +7 L 2B
: : . AR RE
fundamental interaction excitation spectrum v ITHR)LE—

between a and A4 of a nucleus 4 v B



transfer reactions

v'transfer reaction
(pick-up reaction)

17(%

160 160
— —
208ph,, — 207Ph

level schem of 2°7Pb

i) B LT

A— B

v'transfer reaction
(stripping reaction)

16(%

170 170
208pp, — 20°Ph

level schem of 2°°Pb

v'fusion reaction

(atA)
a —_—
. I .
a
Ags—>X

 Interaction between
a and A
e structure of ¢ and 4

RENTZ D E R



Cross sections (Fr &)

® O flux = the number of particles
O ( crossing unit area per unit time
O @ .
~ J=pp-v

incident beam

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

HGELALT

dQ BN IAA

differential cross sections
(angular distribution)

AR(8,8) = N {52 15 @)

da
ds?2

ABHLTF FRAY il R

total cross section: o0 = / dS?2



b

A(a,b)B reaction
a
AHHR1- FRAY 1758 R
A— B

center of mass frame b/,
ecm

— — )

a A

transition ‘/B

do R

ds?2 jin

4% IRIE
w(r) = e®T 1 f(9)
= 15O

€

1kr

T



Born approximation W f(r) — P T/h

bi(r) = ePiT/h /

() 0

h2 o
( Pv2 v - )¢(r>:o

7
perturbation
transition rate for elastic scattering
Wy = / Vv 26(E; — E;
. sz
 4x2pt /dQ ‘V(q)‘

V(g) = [ arePPOT/ Ty () = [dre 4TV (r)



Born approximation W f(”“) — P T/h

. _ _ip.T/h e
r) = et
vi(r) . e
— ° —> °
D, - 9 momentum
We = 4772%4 /dQ ‘V(Q)‘ transfer

V(q) = f dre! PP T/ Ty 0y = / dre= 4TV (1)

incident flux: Jinc = PV = p,,;//,b

W, 2 > pf
< U:jinf =/dQ4:2h4\V(q)|2 4\(1%
(/

C

do 0
— — h = 2p; Sin —



Electron scattering

!

@

V(r) = —e? [ arPen”)

e
C do et

@49 F(q)|?
d2 (4Esin29/2)2‘ ()] T

= (F7Run) |p(g))?

1
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- A .
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| R

|

0 2 4 6 8 10r (UNITS OF fm)

p(r)IN ARB. UNITS

Form factor
F(q) = / e 47 pen(r) dr

POINT CHARGE

SCATTERING OF 153 MeV
ELECTRONS ON Au

* relativistic correction:

DIFFERENTIAL CROSS SECTION IN CM%STERAD™

A
\\/
doRruth . donott o 5
d<?2 dS2
__ doRyth 1 v? o6 167 - e ~
= —— " |1——=Fsin"_
dS2 c 2 2
10 1 1 1 | L H
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~ o cost o (v —c) SCATTERING ANGLE

ds?



of. FRERFZIZHT HEFERELRER (SCRIT) RERDEFAREL

1
o 5 {R,-s.aefm-mA”fm
“Femtoscope” g ) ’ a=053fm
o 3 i V3
. @ 5[ N, A (Ra=6.87fm=118A"%fm)
w W F z 1
:\" -v‘.*‘ e -~ 0 1 1 1
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Electron ST
accelerator adioisotope /
generator / Storage G2
ring
152

POINT CHARGE

DIFFERENTIAL CROSS SECTION IN CM*STERAD

0"
2 Cs (T;,=30.08y) 2L SCATTERING OF 153 MeV
107 T TG ELECTRONS ON Au
z?\ |~ Residual gas 102
e - ‘:\\H?‘;‘\t | ---- calc for "°O 0L
) S i a
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oIG |1 | 10'32 1 1 1
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K. Tsukada et al., PRL131, 092502 (2023)




LAR—FEIE7 (Y] 1827H (1))
BEFEREFROEEERAN

/
V(r) = —eQ/d'r’pCh(r)
7 — 7]

TEABNTNDET B, SO Ta py, ERFROBHBET [ drpn(r) = 7
LML SN TIBET B, RILUENERVD TR SE ORERERD DL,

do e? 5 5 —iq-T
do - (4Esm29/2) F(Q)] P(g) = [ &7 pey(r) dr
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Distorted Wave Born approximation (DWBA)

h2 5
(_Q—V —+ V(T) — E) ’I,D(’I“) = 0

7
perturbation
le
—> (—ZVQ + Vo(r) + V(r) — Vo(r) — E) Y(r) =0
perturbation
“distorted waves”
/ ¢ f (T‘)/,
0% (’l“) AV(r) 0
— o ‘ o

v'inelastic scattering
v'transfer reactions



How to choose V(r)? : Optical model
Reaction processes \ /
> Elastic scatt. /

>Inelastic scatt. :> A

» Transfer reaction O
»Compound nucleus
formation (fusion)

Loss of incident flux

(absorption)

oE 4 RREL JESE I RLEL ZRa

— KFRTUIvIL Vopt(rr') = V(r)—iW(r) (W > 0)




How to choose V(r)? : Optical model

Reaction processes
>Elastic scatt.

»Inelastic scatt. :>

> Transfer reaction

T

»Compound nucleus
formation (fusion)

Loss of incident flux

(absorption)
Optical potential
Vopt(r) =V (r) —iW(r) (W > 0)
: 2
—— > VJ::_%WHMQ

(note) Gauss’s theorem

3 dS=/V-'dV
5 mis= 5



2 7 pZme?
(—QVQ + L TTe -+ V0pt(’-'°) — E) w(’r‘) =0

t PROTOM ELASTIC
10° SCATTERING
1{}3[ i (\ rpmesNe ] Woods-Saxon + volume &surface
-4 | .
imaginary parts
1{}3 \ \}f\.\ﬂlﬂzr l

PR E T

o} 4 H. Sakaguchi et al.,
| PRC26 (1982) 944
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Imaging quantum interference phenomena

quantum interference phenomena in heavy-ion reactions

v’ Mott Scattering v’ near side-far side interference

107 E R | 5
: o Expt - | detector
- — 1@ ] |
4 2 |
— 10 = - [ (1-6) | E |
:.é - — L@+ o) ] | X/
= l |
10°E E |,
2 - =~/ near
© - - .
i _ [ side
" 150 + 1% (E_ =8.8 MeV) ] \
1 1 | I | 1 |
1034 60 90 120 150
0., (deg)
. 1
expt: D.A. Bromley et al., Phys. Rev. 123 (‘61)878

v" nuclear-Coulomb interference
v’ barrier wave-internal wave
interference




Imaging quantum interference phenomena

a double slit problem

double- [

slit \creen
Electrons
() IR ] — >
electron
beam gun
| /\
interference
pattern .
L the amplitude at A4
Wikipedia
f0) = f1(0)+ f200) = P=|f1(0) + f2(9)|2
, 2T
the Fourier transform of f(0) in a limited region: fi(0) = Asin (TZi — wt)

0 .
P(X,Y) x /9 ° o i doy eZk(9X+9OY)f(9, ©)
2 P1



Imaging quantum interference phenomena

PR

Y .
T— the amplitude at 4
X K. Hashimoto et al., f(@) — fl(g) T f2(9) — P = ’fl (9) + f2(9)|2
PTEP2023, 043B04 (2023) 9
the Fourier transform of £0) in a limited region: fi(0) = Asin (TZi — wt)

0 .
P(X,Y) x /9 ° o = doy eZk(QX_I_"OY)f(H, ©)
2 P1



Imaging quantum interference phenomena

DX V)|

Other applications in particle physics

I R similar . L
¥ scattering of imaging black holes

string through AdS/CFT

K. Hashimoto, Y. Matsuo, and T. Yoda, PTEP2023, 043B04 (2023) : “String is a double slit”
K. Hashimoto, S. Kinoshita, and K. Murata, PRL123, 031602 (2019), PRD101, 066018 (2020)



imaging quantum interference phenomena K. Hagino and T. Yoda, PLB848, 138326 (2024).
K. Heo and K.Hagino, PRC111, 034612 (2025).

Application to nuclear reactions:

Vopt (1) = V(r) —iW (r) — f(0) — o £(0)? | d(iuble s‘lit
EF.T. ‘
L P(X,Y) = [o(X, V)7

160+160 at E = 8.8 MeV

10°E | | | E ~ 0,=90 deg., AB=30 deg.
- e Expt 7 - 10 25
X — | f(®)| ] ~ 8 |
e 10 § i |fc,(JT.—e) |2 3 - \"“" . \ E | 2D
n = 2 ]
ER — O+ 9] ] / £ 2 I 15
3l _ = 0
S = > -2 | B
SO . ¢ —° 4 |
o - - e - |
© 2k _ L -6 5
ol § / 9 8 I
[0 +'%0 (E_=8.8 MeV) ] -10 0
e do 5 -10-8-6-4-202 4 6 810
30 60 90 120 150 — = |f(0) + f(x — 0)] X (fm)

ecm (d eg) dQ



Fusion reactions: compound nucleus formation

@—» @ m—) LT compound
nucleus

ENDEF/B-VIIL.O0 (evaluation)

. | .
Niels Bohr (1936)  neutron capture U 4
reactions = .
b§ é
L |

0005 0001

E (MeV)

., Exp: Enrico Fermi (1935)
Wikipedia many very narrow resonances (width ~ eV)




Fusion reactions: compound nucleus formation

nucleus

@—» @ »  PLT compound

O Proton Y Gamma Ray

NASA Skl spmve st cn Dacurioar 10. 1073, schar fa reschirg 268 03) b

energy pfoaﬁction nucleosynthesis superheavy elements
in stars (Bethe ‘39)

Fusion and fission: large amplitude motions of quantum many-body systems

«— microscopic understanding: an ultimate goal of nuclear physics




Coulomb barrier

100 i \'. | I | T ]
20 \.\\. 160 4 g
% % \//—L\\\E
= 40p Quantum tunneling N
~ 20F —
= of s |
A 40 7/ == Coulomb ]
b & --- Nuclear -
-60 -~ — Total N
_ | . | .
805 10 15 20
r (fm)

1. Coulomb interaction
long range, repulsion

2. Nuclear interaction
short range, attraction

Potential barrier (Coulomb barrier)

Fusion: takes place by overcoming
the barrier

the barrier height — defines the energy scale of a system

Fusion reactions at energies around the Coulomb barrier




Sub-barrier fusion reactions and quantum tunneling

Fusion with quantum tunneling

- several nuclear shapes

- several surface vibrations

with many degrees of freedom

several modes and adiabaticities

- several types of nucleon transfers

Potential (MeV)

Tunneling probabilities: the exponential £ dependence
— nuclear structure effects are amplified

Sub-barrier fusion reactions

100 'y | . | . ]

: 16O + 144Srn ]

— ]

) # -=-= Coulomb _

40 L --- Nuclear -

60—~ — Total n

- | I | | |

805 10 15 20

r (fm)



Sub-barrier fusion reactions and quantum tunneling

Wl T T
E O+  Sm E
102 =) =
2 10'F 1 Y
g ? potential model
7 i ! _ P
b“e 1005_ dgformation of 1>*Sm E b C
E / @ EXpt E
]0'l = i, --- Potential Model - J
F ! — Deformation - /[ P
10_2]_0 5 L (') ' g ' ]- 0 neutron
E-V, (MeV) number

K. Hagino and N. Takigawa, Prog. Theo. Phys.128 (2012)1061. -



Effects of nuclear deformation on fusion

(MeV)
0.903 ]F
0.544 6"
0.267 4+t
0.082 2t
0 0"

154Sm

rotational spectrum




Effects of nuclear deformation on fusion

(MeV)
0.903 ]F
0.544 6"
0.267 4+t
0.082 2t
0 0"

154Sm

rotational spectrum

a small rotational energy

I(I+1)h?
2J

— a large moment of inertia J

E; =

— rotation: a slow deg. of freedom

Erot ~ E2+ — 82 keV
Etunnel ~ hﬂbarrier ~ 3.5 MeV

T, — ‘+’+'+ .

— a spherical state in the lab. system

fix the orientation angle to calculate
the fusion probability

“a snapshot of a rotating nucleus™




Effects of nuclear deformation on fusion

154Sm : a typical deformed nucleus

T ] T T

16, . 154 _ —
- O+ Sm -—- Spherical - k/ F 160y
2

— 0=0deg. -
— 0=90deg. 1| =

]
(mb)
=
m|

i

- Spherical g

! - / e Expt .
u " — 6=0deg. | 10"k ¥ --- Potential Model
— 0=90 deg ; I,’ — Deformation :
2 \ [ | . | !
0 1 - l | l | l 10 -10 -5 0 5 10
50 55 60 65 70 BV, (MeV)
Ec_m_ (MeV)

1
ofus(£) :/O d(cos 8)orys(E; 0)

[Fusion: strong interplay between nuclear structure and reaction ]




Fusion barrier distribution d2( Eof,s) dP—g

N. Rowley, G.R. Satchler, and P.H. Stelson, PLB254 (‘91) 25

. single channel with multi-barriers
% 1200 B | | | | | _ 800
% 1000 [~ —
£ 800 ] - 600
N u _ =
600 - - 400
2 400 — e

z _ — “"m 200
o 200 |- — K
(‘\l\_/ 0 — 0
© 55 70

-20050

K.H. and N. Takigawa, PTP128 (‘12) 1061



Fusion barrier distribution o Epheﬂcal
> 3 | — BB,
d (EO'f ) E e expt.
Dpys(E) = dEQUS :é S l
5 |
N. Rowley, G.R. Satchler, and 2 . [ )
P.H. Stelson, PLB254 (‘91)25 .= |
300 . 50 K
E.,. (MeV) B, (MeV)
= ° R(0) = Ro(1 + B2Y20(0) + 84Ya0(0) + - )
Z 400 B> = 0.33 B> = 0.29
g 40.05

7@
N
|

fus

D,

N s Tl s
{' 86420246 8

sensitive to the sign of f3,!
=== Fusion as a quantum tunneling microscope for nucleil

& AL o v s
T T




Determination of 8, of Mg with quasi-elastic barrier distributions
Y .K. Gupta, B.K. Nayak, U. Garg, K.H., et al., PLB806, 135473 (2020).

B, = 0.43 +/-0.02

24Mg + 9OZI' B2 =0.43 +0.02
i
e Expt. Dat = | 1 1
| ExphDain z Bayesian analysis
B,=-0.11 ©
040 L= =~ B=-0.15 T4 £
_ —-—-- B=-0.05 F "y B4 — -011 +/- 002
.g _______ Ba= —0.11%0.02
= oos) -0.051 5
o ‘ 7
| 4 < ' 8
ﬂ . & -0.10 S
L 6:
0.00 -1T1¢Y Q
| 0,15+ _
50 55 60 65 70 75 036 042 048 -0.15 -0.10 -0.05
E.x (MeV) h2

high precision determination of 3,
— for the first time

ct. (p,p’): B, =-0.05+/-0.08
R. De Swiniarski et al., PRL23, 317 (1969)
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