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Nuclear Reactions

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

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

scattered detector

particles yﬁﬁz‘%
BT

A2 BN

solid angle
*— — —>
— —»
KSR ity BENT |
projectile target transmitted particles

21.1: HGELFEER

http://www.th.phys.titech.ac.jp/~muto/lectures/QMI111/QMII11_chap21.pdf
K. Muto (TIT)



notation:
A(a,b)B reaction

a
- a
A SR
A—B
50.00 - ;
_ _ p(d,d)p and n(d,d)n
\/elaStIC Scatterlng na-an at 250 MeV/nucleon
T 500 - ]
a/ *‘E‘L 3-body
E, roop , interaction -
a a % 080 - E
I T s ot
B sl 5‘!.’
Ags — Ags 0.08 [
fundamental interaction : 180

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



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

fundamental interaction
between a and A

v'inelastic scattering

a’/
a a
—> I —>

Ay — A*

excitation spectrum
of a nucleus A

E

a



A(a,b)B reaction

transfer reactions

v'transfer reaction
(pick-up reaction)

17()/

160 160
— —
208p | — 207Ph

level schem of 2°7Pb

By BT

A—B

v'transfer reaction
(stripping reaction)

16()/

e 170
— —
208|:)ng _, 209pp

level schem of 29°Pb

HOALALF

/Bﬁﬁ%‘%

dQ A

v'fusion reaction

a+A
. (@+A)
a
Ags — X

e Interaction between
aand A
e structure of aand A



hypernucleus production reactions 12C (n+,K*) 12, C reaction

v (K-, 1t7) reaction

4

v (n*,K*) reaction
*y
nt 7t
—> I —>
Ags — AA

excitation spectrum

of a hypernucleus A ,

Excitation energy|MeV]

-10 5 0 5 10 15 20 25
ESDZIIIIEIIII!IIII!IIIl!III|!III|E|III|:1III|_
12 ! ! ! ' ! ]
— ;:\C | ; L E336 4
g2 [ 2kocte - | R R
R e A R
s i (A
'E 150 — - .tr
5 | A
= 125 ol o E Ry
u I 1
a — 1 y
@ 100 - Il{ -
w B ]
7] o Vi
2 75 SRR LESEE
U II-|I 1
50 :_ _I_In. _
= 1 1 | ¥ I'l I.I 1 1 —
_a |J.! |+J: !a. a4 : : ! : \ 'I‘\ : : :

0 ==t s len .
170 175 180 185 190 195 200 205 210
M,» - M, [MeV]

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

“reaction spectroscopy”



v (e,e’K™) reaction
e—/
=
—> %
Aq

—)A K+

S.N. Nakamura et al.,
PRL110(“13)012502

T. Gogami,
Ph.D. Thesis (Tohoku U.)
2014

Counts/200keV

Counts/250keV

12C(e,e’K*) 12,B

250 —r——

I | I I | | | | | I #IE| ] ] I I

2000 41 b oRos-115 4 =
- t #7 =
150 - #2 #8
100 3 + ++ i ’fﬁ # ¥ +HHH+ +++++H'}§‘é
IR TN +H+++++ i
50—+ —
= o | =
u: | | R |
300 — + E01-011 | -
- + -
200 — H’ +*+ *+++ B 'HT:
- t ¢ . t, " 4Tt
” mﬁ# ++++ﬂﬂ* aggbuattt $ 0487 *++;+++ * H
100 [ T =
: 1 L J 1 1 1 1 I 1 1 1 1 1 1 1 1 1 :
-15 -10 -5 0 5

L. Tang et al., PRC90(*14)034320



Cross sections

® O flux = the number of particles
® Crossing unit area
@ AW per unit time
incident beam ] =pp -0

ABRLF FRRY iR

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

, Cross section
R = Nt @U/

v



Cross sections

ABhLF FRRY il R

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

Cross section
R = N7 @U/

differential cross sections (angular distribution)

do | B do
dR(6,¢p) = N .dQ'J. o = de—Q

units: 1 barn=102cm2=100fm?2 (1 mb=102b=0.1fm?




Cross sections (experiments)

S
\>t ___— the target thickness

AR(0,6) = N1 |2 1 @

the number of target nucleus: N4+ =S5 -t pr1

VW

beam intensity: 7 = 5 - S

C do _
dR(0, — . — . tpr -dO < detection
(0,9) ds?2 T efficiency



Cross sections (theory)

A(a,b)B reaction

*—p

*—r

ASHRLT

center of mass frame

transition

do R

ds?2 jin




Cross sections

v' laboratory frame },
° 9Iab
— —> o
d A B
v' center of mass frame },
— — —) Yo
a A
/B
O transformation <— energy and momentum conservations
SiN Bcm 1 4 v cosfc
tanfap, = ,  dpp = |2 ul 373
v+ COS fcm (1 4+ ~4 4 2ycosbcm)
Eem = 4 p MaMp  Ecm

- labs =
Ma + My ! MaMpEem + Q

dS2cm



Born approximation wf(T) — eipf"r/h

bi(r) = ePiT/h /

77,2
(——V2 + V(r) — E) Y(r) =0

perturbation

transition rate for elastic scattering

Wi = 2 [ 2 Vo) 2o — E)

Mpz /dQ‘V(q)‘

V(g) = / are!PPOTITy () = [ dre 4TV (r)



Born approximation wf(T) — eipf"r/h

i(r) =Pt/ /
— . —> . O
1p; 2 momentum
Wy = 47T2;L4/d9 |V(Q)| transfer

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

incident flux: Jinc = piv = p;/

Wy, 2 Py
C o jinf B /dQ 471'”2-5,4 ‘V(Q)|2 %\qh

C

__do 9
dQ



Electron scattering

Vr) = —62/d'r

Cw

dQ
Form factor
F(q) = [ e 97 pen(r) dr

* relativistic correction:
doryth

dS2

—

2 4
ZPe

1Pch ('r'/)

v

[F(q)|°

(AEsin?6/2)2
doRuth

(o

donmott
ds?

doRuyth _

dS<2

dURuth .

dS2

) IF@)?

DIFFERENTIAL CROSS SECTION IN CM*STERAD

1
8fm =110A" fm
BHIfm
Rg
. ‘4"3
A (Ra=687fm=1184"fm)

=~

p(r)IN ARB. UNITS

L 1 1 i
o 2 & 6 a8 10 r (UNITS OF fm)

POINT CHARGE

SCATTERING OF 153 MeV
ELECTRONS ON Au

50° 70° 90° 110° 130° 150° 170°

SCATTERING ANGLE




cf. electron scattering off unstable nuclei (SCRIT)

I i h - 132 ® Exp. (Ee=151 MeV)
| ,u-“}.' P — 102F “Xe target ® Exp.(Ee=201 MeV)
> Storage Ring - a ¥ Exp. { Ee =301 MeV)
Electron FF 10" E 2-param. Fermi|
Spectrometer = = — —— Lapikas
= 10°F eseee Mel
g 107
K. Tsukada et al., g
PRL118, 262501 (2017) g
1
0.4 0.6

q, [fm™]



proton radius puzzle
Fq) = [ 797 pep(r)dr

~ /(1_iq'r_(q;)2c0529+'“) pen(r) dr
~ Z(l—£<r2>—|—---)
6

electron — .
—— scattering
mu-0n (1950~) ‘
p-Hydrogen
Hydrogen s
spe(;tor-logf)o o —— spectroscopy -
\ (1990-~) |
7aT4%®$—ﬂ &
082 084 08 088 09 092
Proton Charge Radius (fm)




Distorted Wave Born approximation (DWBA)

TLQ
(—2—V2 —+ V(T) — E) ?,D(’r) =0
)

perturbation

2
— (—Q—MVQ + Vo(r) + V(r) — Vo(r) — E) Y(r) =0
perturbation

“distorted waves”

/ ()
¢z(’r) AV(r) {

v'inelastic scattering
v'transfer reactions



How to choose V(r)? : Optical model

Reaction processes
> Elastic scatt.

> Inelastic scatt. :>

> Transfer reaction
»>Compound nucleus
formation (fusion)

Optical potential

\.// jT

Loss of incident flux
(absorption)

Vopt(r) = V(1) — iW(r)

(W > 0)

2
—> V.j=...=—=

h
(note) Gauss’s theorem

3 dszfv-'dv
/SJ n LV

]2



( 52V2+ ZPZTGQ

03[\\ PROTON ELASTIC -+ Vopt(r) — E) v(r) =20

e e

SCATTERING 2 r
o \i J’\ Fpmsmel Woods-Saxon + volume &surface
] - -
| Imaginary parts

dgﬂdﬂ'{ mt}%r )
_::;W
B
e
-~

o} 4 H. Sakaguchi et al.,
| | PRC26 (1982) 944




Appendix: DWBA in ocean acoustics
Fishfinder

(backward) scattering of
(ultra-)sonic waves due
to fish etc.

i~ do |
AN dR(0,6) = N1 22 . j . dQ
S N dS?2
Mz oo
/ h—;@“ﬁ‘ ST e l
rﬁ/‘“m__ SN
ffv/‘"‘““-—a.______ |_F_-_ - ,ﬂfﬂ""\‘ n g_g

&y ' -3 ) L

M e M

https://www.furuno.co.jp/technology/about/fishfinderl.html

one can know the number
of fish N5 if one knows the
differential cross sections



Use of the distorted wave Born approximation to predict

scattering by inhomogeneous objects: Application to
squid

Benjamin A. Jones,* Andone C. Lavery, and Timothy K. Stanton
Department of Applied Ocean Physics and Engineering, Woods Hole Oceanographic Institution,

Woods Hole, Massachusetts 02543-1053 c
pods Hote, Hassacusels J. Accoust. Soc. Am. 125 (‘09) 73

10logyp0

r

2 - — oo )

Y 3

£

)

e
a b d & -

=

-t

w

a b c d o
2

3]

|_

Modeling of squid

10° 10° 10°
Frequency (Hz)

DWBA: Iocal Wave number —— Arms-folded numerical model (no fins)
inside a Squ id Analytical prolate spheroid model <— !

| Usable band in the experiment



Krill (%73)

measurement

'3":""'|""|'"'|""|""|/"'|""|""
: / r=06 -
40 | ]
of ﬂ“ 1~ DWBA
%ﬁ -E-D— - a‘u , Ve

,gj:..l...l....l....l.....I......
-4 -3 =20 =10 0 10 20 30 40
K. Akamatsu and M. Furusawa,

Tilt le (d
it angle (deg) ICES J. of Marine Science 63 (“06) 36




Absorption cross sections

Reaction processes \ /
>Elastic scatt. / '

»Inelastic scatt. :>

» Transfer reaction QO
»Compound nucleus

formation (fusion) (absorption)

reaction cross sections
total scattering cross section minus elastic cross section

OR — Otot — O¢l

e fusion
e Inelastic
e transfer

Loss of incident flux



Interaction cross sections and halo nuclel

UL something else interaction cross section o,
= cross section for the change
of Z a/o N in the incident nucleus

target nuclel

transmission method




Interaction cross sections and halo nuclel

11|_i

—————

something else interaction cross section o;
= cross section for the change
of Z a/o N in the incident nucleus

target nuclel

Projectile

—>

Yy -
o

Target

or ~ w[Rr(P) + Ri(T)]? | — R,(P)




Discovery of halo nuclei

35 T T 4

R, (fm)
R, (fm)

|. Tanihata, T. Kobayashi, O. Hashimoto
et al., PRL55(‘85)2676; PLB206(‘88)592




Reaction cross sections

Glauber theory (optical limit approximation: OLA)
op ~ 27’(‘/0 bdb [1 — exp (—JNN/dzspggz)(s)pf_(rz)(S — b))]

»straight-line trajectory (high energy scattering)
»adiabatic approximation

»simplified treatment for multiple scattering: (1 — )N 5 e~ NE



R, (fm)

op ~ 27 /OOO bdb [1 — exp (—O'NN/dQSpEgZ)(S)pr_(I—?)(S — b))]

15

Density distribution which explains

the experimental o

Density (fm™ )

r{fm)

M. Fukuda et al., PLB268(°91)339
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