Nuclear Reactions

Shape, interaction, and excitation structures of nuclei «—— scattering expt.
cf. Experiment by Rutherford (o scatt.)
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http://www.th.phys.titech.ac.jp/~muto/lectures/QMI111/QMII11_chap21.pdf
K. Muto (TIT)



notation:
A(a,b)B reaction
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v'elastic scattering
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transfer reactions

v'transfer reaction
(below: an example
of pick-up reaction)
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v'transfer reaction
(below: an example
of stripping reaction)

16C)/

e 170
— —
208|:)ng _, 209pp

level schem of 29°Pb
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hypernucleus production reactions 12C (n+,K*) 12, C reaction

v (K-, 1t7) reaction

4

v (n*,K*) reaction
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v (e,e’K™) reaction
e—/
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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)
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beam intensity: [ = 5 - S
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d :
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Cross sections (theory)

A(a,b)B reaction

*—p

*—r
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center of mass frame

transition

do R

ds?2 jin




Cross sections

v' laboratory frame },
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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
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Electron scattering
, p(r')

V(r) = —eQ/d'r
=7
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cf. electron scattering off unstable nuclei (SCRIT)

I i h - 132 ® Exp. (Ee=151 MeV)
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proton radius puzzle

/ e~ 4T o(r) dr

~ / (1—iq-r— (q;)2c0529+---) po(r)dr

q2
~ Z(l_€<r2>+”')

F(q)

electron — -
—— scattering
mu-on (1950~)
u-Hydrogen
Hydrogen
spectroscopy —— spez’:trosgcopy
(2010~) (1990~)
®

70T4%DF—

082 084 086 088 0.9 0.92
Proton Charge Radius (fm)




Distorted Wave Born approximation (DWBA)

TLQ
(—2—V2 —+ V(T) — E) ?,D(’r) =0
)

perturbation
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perturbation
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v'inelastic scattering
v'transfer reactions



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)
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Appendix: DWBA in ocean acoustics
Fishfinder

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

i~ do |
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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
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| Usable band in the experiment



Krill (%73)
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Impulse approximation

example: AZ(K-,m)*,Z reaction ﬁ\ -
® - o )

v’ high energy K- O q\é] o
v single scattering approximation O

v
J

Zveff(j)

do do

— ~ Okin | — Nease(0,1 —
A Kin <dQ>K_n—>7r_/\ off ( f)

kinematical elementary Process
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 Plane wave impulse approximation (PWIA)
 Distorted wave impulse approximation (DWIA)
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relation between g and Al

!

P, /O%} P L,
K- / O n Aa T ‘b(impact parameter)
O

O

| ~ kb (classically)
m=s) Al ~Db(p’-p) =bg
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Absorption cross sections

Reaction processes \ /
>Elastic scatt. / '

»Inelastic scatt. :>

» Transfer reaction QO
»Compound nucleus

formation (fusion) (absorption)

reaction cross sections
total scattering cross section - 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 -
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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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