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Cross sections

® O flux = the number of particles
® crossing unit area
O O J per unit time
incident beam J=pp-v
'Bﬁu%%‘%

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)

v

do

do | B
dR(6,¢p) = N .dQ'J. o= deQ

units: 1 barn=102*cm? =100 fm? (1 mb=10-b=0.1 fm?)
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A(a,b)B reaction

center of mass frame

transition

do R

dS?2 jin




Cross sections

v laboratory frame },
° elab
— —> °
a A B
v' center of mass frame },
— — —> e
a A
B
O transformation <— energy and momentum conservations
Sin Gcm |1 4~y cosfem|
tan 9Iab = , dQIab — 5 3/2
v+ COS fcm (1 4+ ~4 4 2ycosbcm)
M
Ecm = 4 Ejap, v o= MaMp  Fem
Ma+ My MaMp Ecm + Q

dS2cm



Born approximation W f(r) — P T/h

_ tp;-T/h
%(T) 6 ) {

e o ‘ o

TLQ
(——V2 —+ V(T) — E) ¢(T) — )
2/

perturbation

transition rate for elastic scattering

/(2 23 Vv PaE — B)

prz /dQ‘V(q)‘

V(g) = [ drdPPOTTy () = [dre 4TV ()



Born approximation W f(r) — P T/h

. __ _ip..T/h e
T)—e¢ec-
¥i(r) " 9
— ® ‘ o
D - o) momentum
Wy = 47T2h4/d§2 ‘V(Q)‘ tranffer

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

incident flux: Jine = PV = pi/,u

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

C

__do 9
dQ



Electron scattering —) /

e
/ e
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V(’F) — —62/dT,pCh( )
o :
0 8fm=110A"fm
C 4 % i - 53fm
d_O' — .62 5 |F(q)|2 . g : ‘B._,A (Ra=6.87fm=118A"*fm)
ds2 (4Esin<0/2) 7 2oL N
ol -'g_ 0o 2 4 6 8 1 r (UNITS OF fm)

dURuth) 2
= (ZRuth) g
(IR |1 (q)
Form factor

F(q) = [ e 97 pen(r) dr

POINT CHARGE

SCATTERING OF 153 MeV
ELECTRONS ON Au

* relativistic correction:
do do
Ruth Mott

DIFFERENTIAL CROSS SECTION IN CM*STERAD

=30
d$2 d$2 T
2
__ doRruyth 1 ve . o0 1067 L o
= — ——25|n —
dS<2 c 2 Y
) 1 I I !
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ctf. electron scattering off unstable nuclei (SCRIT)
EESAEZHSA L
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NG - ® Exp (Ee=151 MeV)
|4 ]LX
— e target ® Exp. (Ee=201 MeV)
o ¥ Exp. (Ee=301 MeV)
| = -»:; 10'E 2-param. Ferm i
Storage Ring E o ——— tia[?ikus
Electron = 10°F e M
Spectrometer L
3] -1
= 10
=
= 107
SE
-3
K. Tsukada et al., —" 10 -
0.4 0.6

PRL118, 262501 (2017)

e [fm]
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Distorted Wave Born approximation (DWBA)

TLQ
( 2 —V2+V(r) - )w(fr):o

17
perturbation
TLQ
— ( LNV2 4 Vo(r) + V() — Volr) — E) P(r) =0
perturbation
“distorted waves”
- o 65(r),
d; (’P) AV(r) 0
e o ‘ o

v'inelastic scattering
v'transfer reactions



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)
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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) — W (r) (W > 0)




How to choose V(r)? : Optical model

Reaction processes
»Elastic scatt.

»Inelastic scatt. :>
> Transfer reaction
»Compound nucleus

formation (fusion)

\.// jT

LLoss of incident flux

(absorption)
Optical potential
Vopt(r) =V (r) — W (r) (W > 0)
, 2
——> V.J:...:_ﬁ |17b|2

(note) Gauss’s theorem

3 dszfv-'dv
5 mis= 5
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24 T

+ Vopt (1) — E) P(r) =0

t PROTON ELASTIC
10° SCATTERING
1{}3[ i \f”\ rpresMe ] Woods-Saxon + volume &surface
1 ) .
Imaginary parts
1{]3 \ \f\\suzr l
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10°F

mﬂé- 4 H. Sakaguchi et al.,
| PRC26 (1982) 944
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Absorption cross sections

Reaction processes

»>Elastic scatt. \ / / '

»Inelastic scatt. :> j\

» Transfer reaction O
»Compound nucleus
formation (fusion)

Loss of incident flux
(absorption)

reaction cross sections

total scattering cross section minus elastic cross section
OR — Otot — Oel

e fusion <

e 1nelastic
e transfer
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CHART OF THE NUCLIDES

Superheavy
Elemens

Transuranium «?»
Elemens

2114
Spherical

Stable ;
Elemens 4’> Shell

208py,

Spherical
Shell

Proton number

ﬂ‘i

Sea of Instability

10 20 30 40 50 60 70 80 90 100 (10 120 130 140 150 160 170 180 190 200
Neutron number

BEDE: 7=114,N=184 D32 Yuri Oganessian
W.D. Myers and W.J. Swiatecki (1966), A. Sobiczewski et al. (1966)
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HEITROZME R
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Nh

Group =31 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

+Period
nihonium mMOSH 1 [ 2
H He
> 4 7181 910
Be N O F || Ne
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4 20|[21] [22][23][24][25][ 26 |[ 27 |[ 28 331[341[35] 36
- Ca || Sc Ti || V || Cr |{Mn|| Fe || Co [| Ni As || Se || Br || Kr
i 5 38|[39] [40|[411][42]|43]||44||45]]46 51 |[ 52 || 53 || 54
? SrLY Zr || Nb||Mo]|| Tc |[Ru || Rh || Pd Sb||Te || I [[Xe
6 s6 |[57]*[72[73 [ 74| 75| 76 |[ 77 || 78 83|/ 841[85] 86
. - Ba || La Hf || Ta |[ W |[ Re || Os || Ir || Pt Bi || Po || At || Rn
tennessine Oganesson 7 88 [[89 | *[104][105][106][107]|[108][109][110 115][116][117][ 118
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who 1s she?

=== 54 |

88

Z=110 Darmstadtium (Ds) 1994 Germany
/=111 Roentgenium (Rg) 1994 Germany
/=112 Copernicium (Cn) 1996 Germany
/=113 Nihonium (Nh) 2003 Russia /2004 Japan
/=114 Flerovium (Fl) 1999 Russia
/=115 Moscovium (Mc¢) 2003 Russia
/=116 Livermoriun (Lv) 2000 Russia
Z=117 Tennessine ('Ts) 2010 Russia 13
/=118 Oganesson (Og) 2002 Russia Nh

nihonium

Y., BA: =L\t & &S (cold fusion) |
O 7: 2AL @& =it (hot fusion) Ts

tennessine oganesson




fission
1+2 - CN

Y . .
= formation ¢
Psur ~ (r—”) x: SN B F OB
! (FEFZHLBNE x [TKRELLED) evaporation

V), < Z1Z> FEXIFRD A A EEE LELY survival

Example 4Ca+2%Am — 07Zn+2Bi —

287Nh + 4n 278Nh + 1n
asymmetry large small
Capture large small

Survival small large
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Ni + Pb Rt ZE T2 Epy75E

"

10" =100,000,000,000

99,999,000,000
\
10° = 1,000,000

o 999,999
ETHRN —— ] o
N CN = compound nucleus
EETHASNDSLD

=S ER = evaporation residue
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CN = compound nucleus
ER = evaporation residue

1)T;(E) Pcn(E, 1) Wsuv(E™, 1)
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V(e) (MeV)

4

_5 | | | | | | | | | |
-04 -02 0 02 04 0.6 O..8 1
€ (deformation)

RHEPE

—> SUTaNViE
(ToOES))
d?q dV(q)  dq
cT_ Y\ M R
a2 i Ya TEW

v: friction coefficient
R(?): random force
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multi-dimensional extension of:

d°q dV(q) dg
“a_ Y\ % pey
a2 a a T (t)

4BCa + 244Pu e 292114

E = 33 MeV v: friction coefficient

R(?): random force

0.7 ‘f"_j_‘_,
06 |

051

0.4

3

0.3

Fusion Box |~
021




i R MR WA ~
multi-dimensional extension of:

d?q dv(g) dq

- , m— - = — -,
IR HMAYIZIL RN dt? dg dt

v: friction coefficient
R(?): random force

+ R(¢)

ogr (Pb)

IIIIIIIIIIIIIIIIIIIIII E%&kﬂ%?

35 40 45 50
Eem (MeV)

V.I1. Zagrebaev and W. Greiner (2015)
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Lih—hERE6 (KXt 12A3H(1))

113&ETHE Nh &

BCa+2BAm — YINh* It (BB RS &)

0Zn+29Bi — 29Nh* it GRT=L\ZR & =)
TEAHIGE T, CEEEFREOMEIRILF—FLEH &, 1=F2L.
RIGDAFIRILF—IZEDLRTI—OVEBROSIERELEE L,
F-. TNETNDEFENFEFHTREOFEFEFRETEINRIE
PN (FEFOFEHLEDBEIRILT—% 8 MeV £95),

WHETTIEHR

vV REIRIILE— MeV) *8Ca: 416.0 707n: 611.1
243Am: 1829.84 209Bi: 1640.23
29I1Nh: 2086.85 279Nh: 2004.25

* 0129Nh DRI AR —ILERIE
v )—OVEBRDOES (MeV)
8Cat2¥Am: 192.7, 97Zn+299Bi: 256.1
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c ~fb=103 cm?
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249Bk + 4¥Ca > 4n

118 " Po4] 18 \ /
(Cold fusion)
117 P31 1789411
209Bi + 79Zn > n
116 0Ly | P4y
115 2871 15P881 19891150119
1 286 1
3rd event Aug. 12 2012
113 £7811 P21 13831 13P841 139351 13986113 Dubna
a L]
277, 2
, Cn " (Hot fusion)
known HUChdeS MRg 2R g 78R g|2Rg|280R g [28IRg|22R g
269D [270Ds [271Ds o 23Dg 279 F O ~ pb - 1 0_36 sz
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ROBALATVEE MENO L

118

Superheavy
Elemens

Transuranium 4’—
Elemens

%114 =u |70
Spherical
Shell

113

175

e—e Hot Fusion Reactions
=—=a (Cold Fusion Reactions

0
St A L 10
1‘2 I’T‘]E =) &FLT\ 107! 208py
E)
10
10'3 1 1 1 | | 1 1 | 1 | 1 1 1 1 | 1 1 1 1
100 105 110 115 120
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HVELS &G 48Cat+actinides I 7 =119 and 120
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114
113
L 112
165 = 1K 170 175 180 T 185
102||||||||||||||||||| iio)%?
10 e—e Hot Fusion Reactions |
10° =—a Cold Fusion Reactions
4
—~ 10
& 10, #Ca-based
102 d-Dasc —
N 119%. 120& T
10] ZELEBERIGTHES
ig_z 208ph-based
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100 105 110 115 120
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HBESTHERICDEFHET JL: TDHF + Langevin 7 TA—F i
K. Sekizawa and K.H., PRC99 (2019) 051602(R) Eg;g

%ﬁLLWZ}iFE:E%)LO)Faﬁ%

3rd stage: 2nd stage:
statlsncal model Langevin model

St N E S5y a8 ERER
BCa M5 HCr IZEZBAE2MTEBLLBL N (120F TR LERL)
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114
113
112
165 170 175 180 RENS
R 1@ %Wt — LN BSRIESAFIVIR?
— | o 180 0.04
11LI + 208Pb | 160 0.035
10°E § ~ :I"z‘g 0.03
; 2 0.025
5 : el 128 0.02
Ewk § S 5o 0.015
¢ | H 5 40 0.01
nl - " 20 0.005
) / == ELGHMH>T4LY 0 0
i : 0 2 4 6 8 10 12 14
16° . ! . ! . ! . ! . r (fm)
* R e " K.H. and H. Sagawa, PRC72(°05)044321

K.-S. Choi, K. Hagino et al.,

Phys. Lett. B780 (*18) 455

FEFEBEZDEEDEELNE




E=REZFOFHEFETECSD
PEFBEZDZRE RIG

A |

Type 1 X-ray accreted

X%i/ ‘_ZI\ * burst H/He
p7 At X o
superburst ocedn
: (ashes)
Deap lmpllt‘e
crustal solid crust

heating

T Accreting neutron

FHEFAEZOZRERE — XREZEOFHREY
240 + 240, 25Ne + 25Ne 12& I2HE T HXIRDIER

N. Chamel and P. Haensel, Living Rev. Relativity, 11 (‘08) 10.
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