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Nuclear reactions

free particle (photon, electron,
positron, neutron, proton, ...)

. >

projectile

target

scattering

nuclear reactions
Examples

a+ “N — 7O + p (Rutherford, 1919)
p+’Li = 4He + a (Cockcroft and Walton, 1930)
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Typical nuclear reactions

2+ X oY +b <GP Xab)Y

projectile  target

Important nuclear reactions for thermal energy
generation

e Fission (BZ73)

e Fusion (X@FiT)
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Energetics txi+—# a+X—=2Y+b

mxc® + Tx +mec® +T, = myc® + Ty + mpc® + Ty

\ \

rest mass  kinetic energy

reaction Q value Q = (Minitial — mﬁnal)c2

= (mx +mg — my —myp)c
=1y +1y, —Tx — 1,

excess kinetic energy

2

Q > 0 : exothermic saxmw
Q < 0 :endothermic maxis
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Cross section WTETE

N o © ° °
— o O
) L o © * o
O ®
O B ‘ ' ®
Tdz
number density n
radius r
. - n(L2d
reaction probability ™MLTdE) e
L2 —
g = 7TT2
dP = ondz “cross section”
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“Cross section” can be used to define a probability for
any type of reaction

Probability P proportional to o 0O
. . L
® number density of target particles n 0
O
® target thickness dz Tdi

dP = ondz

Unit of cross section

dimension of area —— m?2, cm?
size of nucleus ~ a few fm

—> | barn (b) = 1028 m2 = |0-24 cm?
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Different types of target objects

QAI‘
@ = @
H AQ

number density 7

Cross section o;

dP = dz Z ;N
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Differential cross section
angular dependence (BHEKFIEZZE 2. D)

detector Probability that the incident particle
target //k df} is scattered to a solid angle df?
0
o— @ do
dPy 4 = —ndzdﬂ
,Qb dQ
for isotropic scattering (3777 &EL) differential cross section

do o (2 W TE 1)

d)  Arw

total cross section

do 27
/dﬂd—Q / dqb/ (0, @) sin 8db
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Differential cross section

reaction creating N particles a b —> X]| X2 X3 ... XN

probability to create the particles xi in the momentum ranges d3p; around p;

do
dP = dzd°py - d°
&Ep, - PPpn npdz a p1 PN

differential cross section ({73 KTEITR)

total probability for the reaction dPab—>:c1---:cN = Oagb—x1-xN nbdZ

reaction cross section

do
bsgeme = | &Py | &P Ppy - d’
Oab—xy--xN / P1 / PN Bpr - Ppy P1 PN

if there are more than one reactions

dP:Utotnbdz Otot — E or
)




This lecture is recorded.

FHIERITE

Fundamentals in Nuclear Physics (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)

Chat your student ID number and full name.

[ IR

Mean free path and reaction rate

dz

macroscopic cross section (¥ 7 CKTHEITE)

mean free path  ; _ 1/0‘71

if there are different types of
target objects (nuclei)

v )

reaction rate — = nNov

F(z)/F(0)
1/e=0368 | "~

dF = —Fondz
dF
E p— —FO'TL

> =on [l/length]

1.0 I I I I I I

0l also distribution |
of free path

0.6 4

0.4 -

0.0 , | |
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differential cross section of
scattering in general

b
@Tg’bc{%éﬁ aﬁgzé - //

impact parameter —> [b 0 HalA

classical scattering in general

b «—>0(b)
do
b+db <> 0(b+ db) =0+ df = 6(b) + %db
do = 2mwbdb «<—> d{) = —27 sin 0d0
d_a B b(6) db
dQ)  |sin6 df
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Example: hard sphere with a radius R

do  R? 5
d—Q:I o=mR

geometrical cross section

0
b: —
RCOS2
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ZH 7T 4 — RELEL

Rutherford scattering

scattering of a charged particles by a Coulomb potential

b
BRI a*ﬁ;?f 24 // V(T) L 212262

impact parameter —> |b 0 HAA o Amreqr
s D172 0 # do 7172 \° 1
— cot — i
8megE 2 dS? 16meg E 4 g

sin” 5
The same result is obtained by the quantum theory.

g = 00 Coulomb force is long-range K FEEf /7

* Incident particle is scattered no matter how large the
impact parameter may be.

* Practically, the Coulomb potential is screened at large
distances by oppositely charged particles



This lecture is recorded. Fundamentals in Nuclear Physics (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)

Chat your student ID number and full name.

Rutherford scattering

Geiger-Marsden experiment (1909) #+#— - x—2F> =R

Radioactive sample emits
beam of alpha particles

Ernest Rutherford
187171937

Lead block shield

Zinc sulfide
screen

Some alpha particles
are deflected

i Most alpha particles
hit here
o K F BE OB = (a)

_{T————— nhucleus
IQII
o FiF
- = @
— :l'.ﬁ:Hi
o EHF = b -/ >
. orbits I o|ectron = >
_— N Rutherford (or planetary) model 2
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General characteristics of cross-sections

Elastic scattering 55 45X &L

The internal states of the projectile and target
(scatterer) do not change before and after the
scattering.

e Rutherford scattering, (n,n), (p,p), etc.

Inelastic scattering FE5E £ ETAL
* (nY), (p:Y) (n,Q), (n,p), (n,d), (n,t), etc.

e fission, fusion
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Elastic neutron scattering

® relevant to (neutron) moderator in nuclear
reactors RIEF R

® due to the short-range strong interaction
range of the strong

10 I — interaction
g JENDL flat region V4
oo ~20b > m(2fm)? ~ 0.1b
=
g
S
E 1H(n’n) resonance
n
é 2H(n,n)
@)
6Li(n,n) j p > h/?“
— 5
(p~/2m,, > 200 MeV)
10-1 | | | | | | | | | |
10°  10° 10" 10’ 10° 10° 10’

Energy (eV)
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Elastic neutron scattering

10 9.6
104 I | | | | | | | T T T E 9
- JENDL 3
i ] 8 7953 7.47
: i
2 E 7 6. .
- n+ Li 6.54
9 resonance IL[E] =, \
©
S S
5 g 9 4.63
S 1H(n,n) g
oy S 4
2] €a}
§ 2H(n,n) 3 0,466
5 2 3 4
6Li(n,n) H+ He
1 0.478
0 0
-1 l l l l l l l l 7
10 Li
10°  10° 10 10' 10° 10° 10 . ' .
Energy (eV) The energy levels of 7Li and two dissociated

states n-¢Li and 3H-*He (t-Q)

n+6Li = 7Li" & n + 6L
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Nuclear data libraries

® ENDF (Evaluated Nuclear Data File, USA)

® |ENDL (Japanese Evaluated Nuclear Data Library,
Japan)

® |EFF (Joint Evaluated Fission and Fusion file, Europe)

® CENDL (Chinese Evaluated Nuclear Data Library,
China)

® ROSFOND (Russia)
® BROND (Russia)

http://www-nds.iaea.org/exfor/endf.htm
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Differential cross section for
elastic neutron scattering

do /dcos O (barn)

5
i 800 MeV (x50)
1MeV Iy
100MeV (x20) X
0 \ ] ,
5 isotropic for
/
0.1 MeV h
e P< R
1 MeV nucleus
0 10 MeV / quantization of angular momentum
5
/ L = pRnucleus <h
0.1 MeV
208Pb *
1 MeV (x0.5) .
0 10 MeV (x0.2) s-wave scattering

20
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Inelastic scattering it TR

Neutron capture
neutron binding energy = ca. 8 MeV
Y

T * activation

exothermic reaction in most cases '

Highly excited states formed, which subsequently decay.

® Radiative capture BETHE (REHEHE) A (n y)A+1IX
® emits a gamma ray
® |13Cd(n,y)!''*Cd ¢ neutron shield
® Other neutron capture reactions
e |0B(n,a)’Li, 3He(n,p)3H, ¢Li(n,t)*He
® Applications: neutron detector, shield, neutron
capture therapy for cancer

21
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Inelastic scattering WEE (RS )

neutron radiative capture

/No threshold < exothermic, no Coulomb barrier

N

-

Cross section (barn)

2H(§n,ga§mme§1)

10105 10° 107 10’ 10° 0° 10
/ Energy (eV) \
discrepancy between JENDL and ENDF

cx E7Y2 x 1/v
* Energy-independent reaction rate ov

1/v law

22
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Neutron capture reactions
with large cross section

® 13Cd(n,y)'*Cd : shield

® 15/Gd(n,y)!>8Gd : neutron absorber in
nuclear fuel, cancer therapy

® I0B(n,a)’Li : detector, cancer therapy
® 3He(n,p)3H : detector

® ¢Li(n,t)*He :shield, filter, detector

23



This lecture is recorded. Fundamentals in Nuclear Physics (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)
Chat your student ID number and full name.

Inelastic scattering

Heavy nuclei have many excited states.
| 57Gd(n,Y) | 58Gd — Complicated resonance structure

122_ ~_ S I_ -3z 51_(\}]% ) WE‘BE&T@ )
oty law 1(4) Auger effect (2) internal conversion
§103- ] L Hole
il | : @ -l
%101_ i Nc;// /,«K—\ ’ e
§1‘0(f: | Possible

102 . channels

10° 1

10° | 1(;3 | 1(;‘ | 12)1 | 1(I)3 | 1;)5 | 1&)7 ° (I)

Energy (eV)

°*(2)+(3)
thermal neutron *(2)+(4)

= 0.025 eV

Applications
* Burnable poison Gd,O3 (neutron absorber in nuclear fuel)
* Gadolinium neutron capture therapy (GANCT) for cancer

24
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(n,a)’Li

JENDL

10;—

10 ¢

10B(n,alpha)7L

10°F
g 1/v law

10 F

10 F

Cross section (barn)

10 ¢

10 ¢

10 10 10 10’ 10 10 10
Energy (eV)

* BF3; proportional counter
* Boron neutron capture therapy (BNCT) for cancer

SHe(n,p)3H

* Helium-3 proportional counter

25
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Inelastic scattering

Neutron capture by 6Li

10 9.6

T T T T T T T T T T T T 9
10tk v T S 6 + JENDL _
8
103 - (n ‘t) I j:t . 7.253 s — 747
R 1/v law ’ ,\[],% 1 T n+°Li 6.54
s ¥ resonance| =
£ o' P v v v . v v . | 6
s S
= @3 5 4.63
[0} —
n Q
2 54 \
o
@) 3 2.466
2 °H +'He
1 0.478
10 0 0
Energy (eV) L

The energy levels of 7Li and two dissociated
¢Li(n,t)*He states n-6Li and 3H-*He (t-a)

* LiF neutron shield and filter threshold < endothermic reaction
* Neutron detector L= \\E BET S

26
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Inelastic proton scattering
Coulomb barrier

The low-energy cross-section for inelastic reactions are strongly affected
(suppressed) by Coulomb barriers through which a particle must tunnel.

Neutron Proton
.| 2H<n gamma)SH 1 "
S AN strong only , 2
B \b—f 8 MeV
. I ] Fermi
10 3 3 level
107 . strong + Coulomb ]
e 2H(p gamma)BHe N

10°  10° 10'1 10 10° 10/ 10
Energy (eV)

proton energy > the Coulomb 3 1
potential energy at the 6Li surface deg 2.4 fm

~ 1.8 MeV

27
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High-energy inelastic nucleus-nucleus collision

2
L1 Zse sum of the radii of the two nuclei

47T€0R/
Break up of one or both of the nuclei

Energy < | GeV/u (GeV/nucleon)

Total inelastic cross section ~ order of 7R?
® Fragmentation reaction - for medium-A nuclei 7RI

Coulomb barrier ineffective for E.,, >

® Collision-induced fission - for heavy nuclei

® Spallation - fragmentation by protons or neutrons

® application: production of unstable (radioactive) nuclides

® issue in carbon-ion cancer therapy
28
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Fusion evaporation reaction EISZEFEKIG

® Occasionally, the target and projectile may fuse to form a much
heavier nucleus.

® The produced excited nucleus emits neutrons until a bound
nucleus is produced.

® used to produce trans-uranium elements BV 7Y IiTH

http://www.phy.ornl.gov/hribf/science/abc/fusion-evap.shtml

Energy > | GeV/u
® Production of pions and other hadrons
cosmic-ray protons — upper-atmosphere nuclei

R 4

pions T —>,u++yu O VIR S 7

N\ /

muons - primary component of cosmic rays on the ground

29
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N2/
Y It

Photo-nuclear reaction

® Excitation and break-up (dissociation)
through photo-absorption

® Analog of the photoelectric effect

2.5X1O_3_ LI B B P~y R S B Sy N B S S B N S B S N B S B B B B R ] 0-75
L 2H 0.6F
20+~ - 3
= T 05F
@ s E
2 sl 8 f
5 't 2H(gamma,n)1H 5 %F
g 1o 2 E
7] 3 7] £
o o
O O 02F
0.5 s
i 01F
0.0-llll|||||||||||||||||||||||||- O.OE""‘IIIIIIIlllllllllll:
0 5 10 15 20 25 30 0 5 15 20 25 30
A Energy (MeV) Energy (MeV)
threshold (2.22 MeV) = binding energy of 2H giant resonance EXHIG
collective oscillation of protons in the
nucleus
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Za—KNY/

Neutrino reaction

Ve€ — Ve€
Ve€ — Vee
® Only weak interactions  vue™ — wue”
® Cross section ~ [0 m2  Wue™ = Ve
Vel — € P

VepP — €' n

31
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Energy MeV)

Cross section (barn)

10*F T
10° F

Resonance

.| 1/v law

(n,t)

(n,n)

T T T T T T
o JENDL 4
6Li = |
HIE
resonance_

i (n,gamma) \
B -
I I I I I A0
10°  10° 10" 10’ 100  10° 10’
Energy (eV)
9.6
7.253 ‘47—47\
6.
n+ Li

4.63

N\

0.478

Li
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7 \l]l%

E WX 3% < DRIEIRRE

Many excited states for heavy nuclei

—> complicated resonance structure

BRI RILF—KEFG
x x x

T

T

— elastic (x10) 235U .
IOQW
: u
[y (100)
S a2 =
510
Ha) M
= 107" (n.fission) (/10%) B
§ | | | | |
Im | 238U |
7B . .
OIO elastic
>)
1 [ |
_2% |
10| ]
@) i
10 1ot “.
1 10 10° 10°

TExcited states of 239U E (€V)
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Resonance line shape

Resonance
A
o)~ BB T (T2

full width at half
maximum (FWHM)
M5 o i Doppler effect

Kw 5 —%h8

long tail
““““““ O Loweas E
Lorentzian O— L >V E9%4
A=ENIE . _ —
Life time 7 =h/T r:BAE NAA R
. natural width ih idth
Decay rate 77" =1T'/h homogeneous width " omoge??usgl)2
: . — L
.7 —F < uncertainty principle ~ exp [— N2 ]

THEE IR
33
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Time-dependent wave function of an excited state

U(r,t) = w()e 2" m (U 1) = [b(r)

does not decay

To be consistent with the exponential decay law

W(r, )] = () e 7

» \If(r,t) _ w(r)e—iEot/he—t/ZT

Energy spectrum (by Fourier transform)

P(F) 2

/OO Btk —iBot/h —t/27 1)
0

T (E—Eo)? + (T/2)
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B T-IRFZEELDEFIFRIEND Ik L

Quantum treatment of
nucleon-nucleus scattering

104 E T T T T T T T T T T T =
a JENDL 3
103 3
IS C
N 2
< 10 3
B C 1H(n,n)
3 [
w 10N
2 10 ¢ 2H(n,n)
o F
O C
10° - 6Li(n,n)
-1
10
10°  10° 107 _ 10 10° 10° 10’

Energy (eV)
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V(r)

R~ 12AY3 fm

R r

(

Schrodinger equation

wk(r) _ ez’kz 4+
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Isotropic scattering .

angular momentum FEEE

L=hkR<h wi kR < 1

for neutron scattering H4-FELEL

PP (fic)?

— < ~
2M., 2m.,, c? R?

13 MeV
42/3

Val—FT4 Y H—FER

h%k?

h2
o PE)

——V?+ V(r)) Yy (r) =

2m

feikr

r

(r > R)
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o

e’** = (2l + 1)i'jy(kr) Py(cos 6)

- r N

spherical Bessel function  Legendre polynomial

RN LB LYv Y RIVSER
Py(cosh) =1
Py (cosf) = cos 6
3 1
Py(cosf) = = cos® ) — =
2 2
5
i 800 MeV (x50)
. IMeV / Iy
jO<Z) — S]-n Z ’g 100MeV (x20) e
2 e
. _§ i 0.1 MeV |
sinz  cosz B
JR— o

(=)
I I
N \=z
o
<
=
z
[¢]
1<
| |
\O
ws]
o

ji(z) =

22 z

o)

-1 coso
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Yr(r) =
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ik, Sinkr sinkr  fel*"
e = — — |t T (r > R)

anisotropic
FEA

sinkr  fe'*r
> +

kr r
isotropic

isotropic
%7

near the boundary ER <1
INT > v )LDEFRIEL

» Yr(r) isotropicalsoatr <R KFvyrlWTHER

ug(r) = 7 (r)

-

ug(r) =

B hQ d2uk
2m dr?

sin kr

k

h% k-

2m

" v<r>) un(r) = " ()

+ fe*r - (r>R)
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Solution at r < R
ug(r) = A sin Kr (r < R)

Boundary condition uk(r) and ux’(r) continuous at r = R
RREG

tan K R
kR <1 * sz( R —1> K =~ 2”;2‘/()

low-energy scattering

Cross section

tan KR ?
— 47| f|? = 47 R? —1
o = 47| f] TR ( R )
Scattering length #@ELK
a=—f(k=0) o(k ~ 0) = 4ra”
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2
tan K R
o = 4r|f|* = 47 R? —1
KR
o
TR? |
30 -
28
20
15
10
;
7 ‘ ‘ | QmV()
1 5 s HKIRmE 72
~ depth of attractive potential
KR = n/2 no scattering

infinite scattering length “Ramsauer-Townsend effect”

o> TR? SAHYF— - 4By MR
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Nucleon-nucleon effect
T FECEL

range of the strong

10T interaction
flat region V4
_ oo ~20b > m(2fm)? ~ 0.1b
3 el kR~ /2 wil VoR2~109 MeV fm?
§ 2H(n,n)
6 . T / T T T
6Litn.n) u(r) = syé deutron
-1 | | | | | | | | | | 2 i EIZ%?. |
1010‘5 10° 10" 10" 10° 10° 107 [ul u(r) = exp(= 1)

Energy (eV)

V) vi=-y, V(=0
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Nucleon-nucleon effect

%1% FENEL
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f R Vo Vo R?

(fm) (fm) (MeV)  (MeV fm?)
n—p (s=1, T=0) +5.423 + 0.005  1.73 + 0.02 46.7 139.6
n—p (s=0, T=1) —23.715 £ 0.015 2.73 £ 0.03 12.55  93.5
pp (s=0, T=1) —17.1 £ 0.2 2.794 + 0.015 11.6 90.5
n-n (s=0, T=1) —16.6 &+ 0.6 2.84 + 0.03 11.1 89.5

3 2 1 2
On—p — Z47T‘f821| -+ 147'("]05:0‘ ~ 20b

42



