Screen

Source of
o particles

FOR =i
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Classification of heavy ion collisions

Elastic scattering
direct reactions

L I ’llli '

| =y 'é'

Y )

€4 A
% elastic scattering

% Fresnel & Fraunhofer scattering
%+ scattering parameters
, % differential cross section
"""""""""""" - % optical model analysis

; f < nuclear radius
Incomplete fusion and ? total react_ion Cross section
deep inelastic collisions < cross sections at high energy

CISEE BB % influence of nuclear structure

Peripheral collisions

Grazing collisions

Elastic (Rutherford) scattering
Coulomb excitations

partial cross section vs. angular momentum

A
do 4 2
dt A
! @ CN: compound nucleus
E{=l P
i . .
i : @ FL: fusion-like
| =} . . .
m@»}{ I @ D: deep inelastic
i EL . i i
E = |3 @ QE: quasi elastic
1 ' @ CE: Coulomb excitation
U .
FL @ EL: elastic
CN
fcrit Ly fD gmax £
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elastic scattering

FOR =i




elastic scattering

FOR =i




FOR =i




nucleon transfer

FOR =i




" nucleon transfer
FOR =i




nucleon transfer
FOR =i




compound nucleus
formation

nucleon transfer
FOR =i




Nuclear reaction cross sections

Consider a beam of projectiles of intensity ®, particles/sec which hits a thin foil of A
target nuclei with the result that the beam is attenuated by reactions in the foil such v —
that the transmitted intensity is @ particles/sec. 4
The fraction of the incident particles disappear from the beam, i.e. react, in passing
through the foil is given by
dd=—-d-ny-0-dx
The number of reactions that are occurring is the difference between the initial and
transmitted flux
DPinitiat — Ptrans = Pinitiar (1 — exp[—ny, - d - 7))
~ ®itiar " Np 0 (for thin target)
Example: D, =NV,

A particle current of 1 pnA consists of 6-10° projectiles/s.
A 1323n target (1 mg/cm?) consists of 5-10%8 nuclei/cm?

6-1023-1073 g/cm?
1329

451018 [target nuclei]

cm?

Luminosity = projectiles [s7] - target nuclei [cm™2]
Luminosity (projectile — 32Sn) = 3-10%8 [s-lcm™?]

Reaction rate [s1] = luminosity - cross section [cm?]
= projectiles [s1] - target nuclei [cm™2] - cross section [cm?]
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Elastic Scattering

Fraunhofer (eft) and Fresnel (right) diffraction

S{K}E_ T T | T 1 ' 20 i i i I |
Iﬂﬂt} . 12C + 160 . .
- | j LOm Aatymeeity et g e -
e = . -y
R - -
- p EL M. = 72 Mﬂv
2 10t / z 0.5+ 160 + 208ppy -
E E - 4 - -~
X - B
~ F "\ 4 . Ecy = 158.0 MeV
T - 5 b
=
lj— 02 i
- » .
= # \ '
o
- =2 =32
@ [ o N
0.1 I I 1 L. 0.1a I ! L 1 1
20 30 40 10° 15° 20° 25° 30° 35" 400
Oc m. Oc m
- - - - - - - a
Born approximation (quantum description) or classical description: n = —
/8
A
_ B 0.72- 2,7, Ay + A, N=Kke-a=01572Z1Z,"
half distance of closest approach for head-on collision a = T T [fm] lab
lab 2

A
wave length of projectile % = (k,)? ke = 0.219- 2. JA, T, -1 - ]
g proj (k.) A, + 4, 1 Ty [fm™7] Fg\IR E 5 ][




10" 4He + 209Bj
10° 10" Eap = 69.5 MeV
4He + 209Bj § AHe + 209B;j § 1[1‘2%,
Epep = 12 MeV e Eyep = 22 MeV ©
10F
10" ' : . - 10! - - . - 10l - . - :
0 40 80 120 160 0 40 80 120 160 0 20 40 60 80
f¢.m (deg) 0. . (deg) 0. . (deg)
Rutherford scattering Fresnel scattering Fraunhofer scattering
n=15 n=11 n=6

_:—

Transition from classical (optical) picture to quantum picture

Near—side waves

Strongly absorbed

Near—side waves

Far—side waves
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i .

—r e 1
SL.i elastic scattering @ 88 MeV
107 100
100 | ____:::_‘; - - ", : {100 o
b . {10 i Fresnel scattering (n>10)
il 'Y i ' % particle
109 4 108
108 g 4107
[ 108
10k 100
105 104
g 104 107 EI
o] ©
10 102
10° 100
10" 1100
00 101
107 4 10¢
t0° § A «WW\(% Fraunhofer scattering (n<10)
109 4 104
104 {100 wave
10 ; . 104
Angle ©_, (deg) Angle ©_ . (deqg)
T o : : o~
Oscillation in angular distribution — good angular resolution required F€\|R == ]'[

S. Hossain et al. Phys. Scr. 87 (2013) 015201



center of mass system

O=m—-2y

® He +2

Impact parameter:
ecm
b=a-cot—
a-co >

distance of closest approach:

7]
D=a- [sin‘1ﬂ+ 1]

2
orbital angular momentum:
0
{’=km-b=n-cot%

E1999 Science Joy WWagon

half distance of closest approach
in a head-on collision (6,,=180°):
0.72-7Z1Z, A1+ A
_ 142 A1 2 [fm]
Tyap Az
asymptotic wave number:

A
koo = 0219 - —2—- [A "Tiap  [fm~1]
AL+ Ay
Sommerfeld parameter:
n= koo a= 0.157'Z1Z2'

a

Ay

lab

FOR =i



rsin 0

ring area: 2zb db

solid angle: 27 sin@ d@

do

1-27T-b-db=]-27T-Slne-d—Q

do B b
dQ  sinf

db
do

impact parameter: b =a- COtE

db|
do|

da_
da

_sin? sin? — cos2 - cos?
a smz smz COSZ COSZ_a. 1

>

a-

., 0 2 .
22 z
sin® sin~

9
cos 5 1 . a

.0 6 .0 .0
sin~ 2-cosi-sm7 2-sin 3
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b » / I-:
| ering theory
e {‘l -

_-i'
P
ey . ‘u

- ’ _ solid angle: 27 sinf d@
b A |
Vi : Y r

5000 T T T v T
V
) 4000 F Rutherford cross section
ring area: 2zb db =
~N
0
_g 3000 | 4
e _
solid angle: 27 sing d@ < 2000} 282TH+206Py |
-3 Eap=1298 MeV
do a? 0 1000 | 1
. —4
— = —Sin
dQ 4 2 0 o
0 50 100

O (©)

AR ==




£=b-p=b-V2-m-T

0
£ =mn-cot=

2

do do dQ a* 0

= . = —"Sn -
d¢ dQ df 4 2
dQ—Z ind
Tk T-sin 77
dQ 6 0 2-sin27
E—Zn-z-cosi-smz- ,
do a? L0 8¢ .0
ﬂ_z Sin E Sin E
do 2w
e~ k2

k —

a’ h
nN=ke-a

dQ

dé

¢ _n .8
a6 =2 %" 2
o ¢ 0

COSZ_T] sz

ddRuth/dE (mb/h)

rsin 0

232 206 o i
Th+2%ph (O
Elab=1298 MeV 6@6 7
& '

e}“éb -

Q~§ ]

100 200 300 400
¢ th

FOR =i




0
D=a-[sin‘1—+1]
2
do do dQ a* | _,6 dQ
=— —=—"-8§in""z-—=
dD dQ dD 4 2 d
0
o _ . do dD a —cosy
qp = 2T sing oo 73 0
9 n 2
o _ 6 6 2 sin’s
—=2m-2-cos<-sins-—-
dD 2 2 a cos%
o 8t 0
dD  a stn 2
do _a*  _,0 8m 2w a
— =—sinT* = — sin’ - =
dD 4 2 a 2 Sini
E=27T'(D—a)

800 | .
E
B 600 | Q@ .
£ e 232TH+206pp
% wob Eis=1298 MeV .
o

200 | J

014 1II3 . 1EI! . 2I0 . 2I2 I 2IA
D (fm)

FOR =i




D

% impact parameter and scattering angle:

X 1 dO —
7. -7, e? e rsin 0
b=a-cot— aZL ¢ 10457,
2 2 Ecm b e |
do a* 6 v
—_— = —Sin *— ring area: 2zh db
dQy 4 2

. lid le: i
< angular momentum and scattering angle: "ol aoe

0 J2-m-E
£ =1n-cot= Nn=ke-a ke = o
2 h
do 2w
_—_2.3
df k&

D

% distance of closest approach and scattering angle:

0
D=a- [sin‘1§+ 1]

do
E—Zn-(D—a)

FAR m==it



X/

%+ impact parameter and scattering angle:

b=a- coti
do a* 6
—— =—-Sin" "=
dQy 4 2
+ angular momentum and scattering angle:
? = t o
=n-co >
do 2n
— == ¢
df k2

0
D=a- [sin‘1§+ 1]

do
d—D—ZTL"(D—Cl)

¢ distance of closest approach and scattering angle:

4000

dputn’dQ (mb/sr)
g

1000 |

Rutherford cress section

2327 208pp
Es=1298 Mev

=)

5'0 1(:0 150
O ¥

» o -4 ~ @

dp/dl (mb/h)
w

- N

25271 206}y 4
w1298 MV /o5

=3

@ @
= =
= =

dopyy/dD (mb/frm)

200 |

23271+ 206p,
E=1298 MeV

o w w2
D (fm)

FOR =i



Nuclear Reactions

elastic scattering deviates from Rutherford scattering

Pglexp)/Pyltheo)

% 160G g(208Pp 208Ppy’) ]
. ® £=489 MeV/u
& E=5.31 MeV/u
A m E=h 64 MeV/u
/ O E=588 MeV/u
o 16072 44208y, 208 1 / 1800 4(208p 20801 ] e | Kbt Mefels "8
i Gd{ Pb, Pb } A E : ‘>/ Gd( Pb, Pb } : l 1SDGd(ZuBPb;ZOBPb’} E
® £=4.89 MeV/u 1 [ ® £=4.89 MeV/u i [ A E=5.71 MeV/u
A E=B.71 MeV/u | i A E=5.71 MeV/u ; I 4 E=595 MeV/u
A E=6.06 MeV/u _ A E=6.06 MeV/u _ R < E=6.13 MeV/u
{}GI i I 1 " Il L i M 1 001 L L 1 1 1 L | i 001 1 L [ L Y N [NSNT TN N S SO U N T R
60 80 100 120 140 100 200 300 400 500 2 14 1B 18 20 22 2 26 28
O [°] £ [A] D [fml]
scattering angle angular momentum distance of closest approach

Ratio of the elastic scattering and Rutherford scattering (nuclear reactions) is only independent
of the bombarding energy when plotted versus the distance of closest approach D.

Data are from Coulomb excitation experiments: The excitation probability Pg(exp) of the low-lying rotational state I* = 8* is not only excited
directly but also fed from higher-lying states and is therefore a measure of the elastic scattering. When comparing with Coulomb excitation
calculations Pg(theo), which corresponds to the Rutherford scattering, the observed deviations are a clear indication of nuclear interactions

(nuclear reactions). o~ ®
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energy and angular distributions

i

Heavy-ion elastic scatteriﬁrj{ Q
ng {

— o — L%
10,000 —— ,
- 209, + B4y, . . . .
5000 712 MeV determine elastic energy = f(0), fit standard line shape,
determine elastic cross section o,(0)
1,000
v 500} 10— — - : =
Q I - t ¥Kr+"Bi, 600 MeV ]
§ i 10":r -3
% L “Ar +7"Bi, 286 MeV ]
o 100 . ol :
Q s0f o B £ ™Xe+ ™Bi, 1130 MeV
= i el ¢ |
3 ;
O L ™Kr +™Bi, 712 MeV T
: 0% :
]O I:t 40, 209,
2 ) L “Ar+”Bi, 340 MeV
St ¥ 10°, ———o0—0—0-
L “ d l0'1_—
Oc 185" | Bcp=388° | O =464° | 6., =54° ; :
I 1 ! 1 1 1 1 1 1 1 1 L L :
875 925 975 875 925 850 900 800 850 'L 4
825~ 800~ 750~ 3
CHANNEL NUMBER ‘d; 1
16‘IC) ZIO 30 4‘0 5‘0 6IO 7l0 80

@ (degrees)

plot ratio elastic/Rutherford cross section = f(0),
determine quarter-point 6,,,

i . ] 84Kr (600 MeV) + 209Bi: 6 = 66.7°
— total integrated reaction cross section og

— 0y =268 1, Ry = 14.2fm, 6= 1.9b
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o EXPERIMENT
— OPTICAL MODEL
0.| - -V=68.0

-W=83.9

a=ap= 0.540

=R s 1.167
—=—FRESNEL

9E1/%RUTH

o0 by —L—1 :

30 40 50
Bc.m. (deg)

Z1Z2€2 ( r2> <R
2-R R?
Ve(r) = CZ ¢
21Z23
r>= RC
Tr
-V,
Vaua(r) = r—1g >
1+ ex [ ]
W,
Vimag(r) | -

1+ exp [r ;Ir’ ]

FOR =i

J.R. Birkelund et al., Phys.Rev.C13 (1976), 133



9E1/%RUTH

® EXPERIMENT
— OPTICAL MODEL

oifF  -v=e8o ]
-W=839
o= 0R=0.540
=R s 1.167
— = FRESNEL
N\
[\
AY
N
\ y
00! by —1 . . L -

30 40 S0 60 70 80
8c.m. (deg)

91/4 = 600 — Rint = 134 [fm]
s 0y = 152 [h]

Z1Z,¢” - ﬁ r<R
2-R¢ 2 ¢
Ve(r) = 5
leze r>R
- C
_VO
Vnucl (1‘) = r—1pg
1+ exp[ ]
ap
_WO
Vimag(r) = r—1r
1+ exp [ a ’]

V

Parameters of the optical model fit:

v

J.R. Birkelund et al., Phys.Rev.C13 (1976), 133

Vy(MeV)  rg(fm) ag(fm) W,(MeV) r,(fm) a, (fm)
68.0 1.167 0.540 83.9 1.167 0.540
2145 1.104 0.536 261.1 1.104 0.536
43.2 1.196 0.529 56.0 1.196 0.529
o ®
AR m=m



® EXPERIMENT
— OPTICAL MODEL
ol -V=48.0
-W=83.9
a;=ap =0.540
=R s 1.167
— =—FRESNEL

9E1/%RUTH

00! by —1 . .

0 40 50
Bc.m. (deq)

91/4 = 600 — Rint = 134 [fm]

— 0y =152 [h]

Nuclear interaction radius: (distance of closest approach)

)
Rinwn=D=a- [Sin_1%+ 1]

C, + C,
Rint = Cp + Ct + 4.49 — W [fm]

C;=R;-(1—-R*) [fml R =128-47-076+08-47"% [fm]

i

Nuclear density distributions at the nuclear interaction radius
1.0E
05

P
o 0lF
005

-
T

LB LA

T T

002

J.R. Birkelund et al., Phys.Rev.C13 (1976), 133



nuclear radius of a homogenous charge distribution:

Ry =1.28-4,"° - 076 +08-A7"°  [fm]

i
nuclear radius of a Fermi charge distribution:

C;=R;-(1-R?) [fm]

FOR =i



X/

%+ impact parameter and scattering angle:

b=a- cotz
do a* 6
—— =—-Sin" "=
dQy 4 2
+ angular momentum and scattering angle:
? = t o
=n-co >
do 2n
— == ¢
df k2

X/

¢ distance of closest approach and scattering angle:

0
D=a- [Sin‘1§+ 1]

do
d—D—Zn-(D—a)

4000

1000 |

2327 208pp
Ew=1298 Mev

Rutherford cress section

5'0 IO:U 150
O ¥

232TH+208pp &
w1298 MV /o5

@ @
= =
= =

dopyy/dD (mb/frm)

200 |

ZSZTh...ZUGPb
Eiav=1298 MeV

16 i 20 2 2%
D (frn)

0y, = 1320

{y=2061

Ry = 16.2 fm

FOR =i



%+ impact parameter and scattering angle:

_ 4000 Rutherford cross section
—_— . — ‘5
b=a-cot 5 Ll
e}
3 2327 208pp
_1 2000
Oreaction — 27l'a2 . [(1 — COS chﬁ - 05] Em Ei=1298 Mev
B e
1 0
% angular momentum and scattering angle: Oan
0 B8
f = n-: cot — [ 232Th+206pp éf§
2 § 6 E=1298 MeV éd?
T £ 73
Oreaction = k_2 ’ 'egr ('egr + 1) 'E; @
(0/e]
h=] 2l
1.
¢ distance of closest approach and scattering angle: o w m mgéo w
=1 0 800 |
D =a-|sin > +1 )
g 600 |
£ 2327 206pp
2 VC (R mt) 8 o Eis=1298 MeV
Oreaction = T " Ring | 1 — T E E
cm 200
& 16 |é 20 z'z z';
D (fm)

0y = 1320 a=7.73fm
{y=2061 k, =59.9 fmt
Riy=162fm  V(R;,) = 656 MeV

FOR =i
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Scattering theory — nuclear absorptlot‘«‘l@ A

1000 ——— .
elastic cross section:
dO-eI GRuth 800 |- ]
aD = [1 = Paps(D)]—7— D _ )
3 Fia
: . < s00} L i
attenuation coefficient: o 232 206
E Th+“°Pb
2 [t o _
[1 = Paps(D)] = exp {—g W[ro:)]dt} T 400f Eip=1298MeV
— 00 -8
- - - Wn
proximity potential: 200 - -
ﬁ - ‘\\-
r(t)—C; —C
Wr©)] = W, - exp |- 2= 4 2] N o e 4,
a; 14 16 18 20 22 24

D (fm)
attenuation coefficient:

2 D-C,—-C,| D
1 a0 = x| 2 g 2757 )
1

FOR =i



dg/d$ [mb/mrad]

High-energy Coulomb excitation

grazing angle

800 T T T | |

700 L Pb target

600 |

s | Coulomb ex.]
400 |
300 |-
200

gl |

0 f 2 3 4 5 6 7 8
scattering angle ¥4 [mradl

5_2:Z.Z.8 1

m,c’ By 9

For relativistic projectiles (6,,, = 8.,):

136X e on 2%8Pp at 700 MeV/u

excitation of giant dipole resonance
R..=150fm —» 4, =57mrad

oo - 3%
Ié@ .@:T o — |£.0 .:l
oo S 8o
LN DA P A

0 l
1 v
o A D
o€es) < oé’ 82
\,..e ? .@'_._m /

Protons Neutrons

A.GriinschloR et al., Phys. Rev. C60 051601 (1999)
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High-energy Coulomb excitation

grazing angle

208Pb(186xe’1ssxe:) |
E=700 MeV/u E

1 1 1 1 1 1 L 1 1 1

8 10 12 % 18 18 20 22 2 26
D (fm)

For relativistic projectiles (6,,, = 8.,):

D- 2-2,Z.€* 1
m,c’ By 9

7

136X e on 2%8Pp at 700 MeV/u

excitation of giant dipole resonance
R..=150fm —» 4, =57mrad

%
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L A Y
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“ ( 6‘9 S m’z’ _o\-\
0% < %6232
\.‘.f;? > \. w_._e/
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Effect .of nuclear structure on ela |
Wt e

9.10Be+%4Zn elastic scattering angular distributions @ 29MeV

i
Lo
o

v
9Be 1.6654 b sstssdd,
*Be +n
. . L L
i:-t-:'=!-
9 ]
Be
T.54% gl
0B A 2 P B ga1py
= 2:2&3 1 Ll v "Besn
0Q = 9383 e
olele N
33680 1
el 0,560
Be
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03200 ve-] —©903
x “Be+n

JP= 12t

”Be T=3/2

Optical Model analysis:

» Volume potential responsible for the
core-target interaction obtained from
the 10Be+54Zn elastic scattering fit.

> plus a complex surface DPP having

the shape of a W-S derivative with a
very large diffuseness.

» \ery large diffuseness: g, = 3.5 fm
similar to what found in
A. Bonaccrso, NP A706 (2002), 322

s, 10Be+54Zn
1 -
& 11Be+b4Zn
©

0,5

0
0 50 100
Oen(deg)

Reaction cross-sections
or(®Be) = 1.1b ox(*“Be)= 1.2b ox(*'Be) =2.7b

A. Di Pietro et al. Phys. Rev. Lett. 105, 022701(2010)
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