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7Li + natPb  reaction at 245 MeV.
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Nuclear Reactions - II

Intermediate and Relativistic Energies

1. Spallation

2. Fission

3. Light fragment 

production

4.   Multifragmentation

5.  Intermediate-mass

fragment production

Reaction Fragments



A.1 Spallation – 4

ResiduesFragment Classification



208Pb + p at 1 AGeV

A.1 Spallation – 4

Residues

fission products

spallation 

residuesIntermediate 

Mass 

Fragments 

(IMF)

very light fragments: produced by fast ejection (cascade) + evaporation of the remnant

Reaction Fragments



Two Stages of Reaction 



7Li + natPb  reaction at 245 MeV
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,

σtot = 1125.4 ± 168.8 mb

,

σfis = 634.5 ± 95.0 mb

D = 0.56 ± 0.08 mb
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T. Fukahori et al.,in Proc. of the 7th Intern. Conf. on Nucl. Criticality Safety (ICNC 2003) Tokai-mura, Japan, 

144 (2003).

,

Blue line are data for Th

,

Red line are data for U



The initial relative kinetic energy and angular momentum of the projectile,

in a heavy-ion–induced fission reaction, is converted into the intrinsic

excitation energy and the spin of the fused compound system..

Rotating liquid drop model (RLDM)

A.J. Sierk et al., Phys. Rev. C33, 2039 (1986). 

the macroscopic 

surface energy, 

Coulomb energy,

and the rotational energy



Rotating liquid drop model (RLDM)

Angular momentum at which the saddle point disappears and the 

barrier height goes to zero as a function of A 



Rotating liquid drop model (RLDM)

lmax = 90 ћ



Backward foils

Forward foils
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Thick-target thick-catcher method



L. Winsberg, Nucl. Instrum. Methods 150, 465 (1978).

1st step:

̅v (v∥, v⊥= 0). (or ̅p) and E*

 = v/V = (F/B-1)/(F/B+1)

--------------------------------
E∗/ECN =0.8p∥/pCN

Probability of complete or 

incomplete fusion

---------------------------------

2nd step:  

R=2W(F+B),  

R = kV n , Tk



Linear Momentum Transferred

statistical description of the reaction

The energy regime for fission induced by heavy ions:

i) the low-energy range, E/A ≤ 10MeV/u and p||/p∼ 1, where the

complete fusion is the dominant process; 

ii) the intermediate energy range, 10 MeV/u ≤ E/A ≤ 70MeV/u, where

p||/p decreases progressively down to 0.5, i.e., about half of the

incident momentum is transferred to the target. 

The transferred momentum is proportional to the mass of the

projectile; 

iii) the high-energy range, 70MeV/u ≤ E 1000MeV/u, where there is a 

drastic decrease of the momentum transferred to the target with the

full momentum  transferred. 

F. Saint-Laurent et al., Phys. Lett. B 110, 372 (1982). 



Linear Momentum Transferred

The average parallel

momentum transferred

as a function of the

projectile incident

energy, divided by the

mass number of the

projectile

p||/p=0.46±0.09

For fission fragments
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Linear momentum and excitation energy
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p|| /pCN:  0.47±0.10 (A < 40); 0.16±0.03 (42  A  );

0.12±0.02 (65  A  ); 0.09±0.02 (A  131)

E*:     1251.0±250.2 (A < 40); 530.4±116.8 (42  A  ); 

361.3±50.4  (65  A  ); 264.0±40.6 (A  131)
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Linear momentum and excitation energy



Number of fused nucleons

3He



Outlook
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11
B + 

181
Ta (126 MeV)
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11B + 197Au  reaction at 137.5 and 255.5 MeV
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22Ne + 197Au  reaction at 94.1 and 127.7 MeV
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(T1/2=3.26 ч)

(T1/2=1.39 ч)
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Cross sections calculations using induced-activity method



Te-135 (19 s)      Mo102 (11m)

I-135 (6,6 h)       Tc-102m (4,4 m) 

Xe-135m (15 m)   Tc-102 (5,3 s)

Xe-135 (9,1 h)       Ru-102                                          

(stable) 

Cs-135m (53 m)

Cs-135 (2,3 * 106 y) 



Charge Distribution
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Emax = 3500 МэВMass Distribution

Eγmax = 50 MeV

238U
232Th

70 80 90 100 110 120 130 140 150 160

0,1

1

10

Y
, 

m
b

/e
q

.q
.

 

 

A

70 80 90 100 110 120 130 140 150 160
0,01

0,1

1

10

Y
, 
m

b
/e

q
.q

.

 

 

A
Superlong I (●), Standard I (), Standard II (∇), total fission yield (solid line),  experimental points (■).

N. A. Demekhina and G. S. Karapetyan, Phys. At. Nucl. 71, 27 (2008)
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Fragment Mass Distribution of 238U and 232Th Photofission 

and Hypothesis of Multi-Modal Approch



Emax = 3500 МэВMass Distribution

Eγmax = 3500 MeV

238U 232Th
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A
Symbols, corresponding to the low energy fission yield are the same as the high energy components are: Superlong II 

(▲), Standard III (★)

N. A. Demekhina and G. S. Karapetyan, Phys. At. Nucl. 73, 24 (2010)

A. Deppman, G. S. Karapetyan et al., Phys. Rev. C 87, 054604 (2013)



Yield

(mb/eq.q.)

Emax= 50 MeV Emax= 3500 MeV E = 50 – 3500 MeV

Ytot 131,6±19,5 250,1±37,5 118,5±18

YAS 121,0±18,0 170,8±25,6 49,8±7,47 

YS 10,6±1,5 79,3±11,9 68,7±10,3 

YAS/ YS 11,41±1,71 2,16±0,4

YS/Ytot (%) 8±1,2 58±8,7

Ytot 40,20±6,03 137,5±20,60 97,3±14,5

YAS 35,70±5,36 63,0±9,45 27,3±4,0

YS 4,50±0,68 74,50±11,17 70±10,5 

YAS/ YS 7,93±1,59 0,84±0,17

YS/Ytot (%) 11,2±1,7 72±10,8

238U

232Th

Yields of distinct fission modes

1. Demekhina, N. A., KARAPETYAN, G.

Physics of Atomic Nuclei, 73 (2010), 24.
2. Demekhina, N. A., KARAPETYAN, G.S.,

Physics of Atomic Nuclei, 71 (2008), 28.



Symmetric fission fraction at low and 

intermediate energies
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Superlong I (●), 

Standard I (), 

Standard II (∇), 

total fission cross-section (solid line), 

experimental points (■).
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Mass Distribution 

Ep= 660 MeV

241Am

60 70 80 90 100 110 120 130 140 150 160

1

10

100

Y
, m

b

A 

 

237Np
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G. S. Karapetyan et al., Phys. At. Nucl. 71, 1 (2010)

G. S. Karapetyan et al., Phys. At. Nucl. 72, 911 (2009)

A. Deppman et al., Phys. Rev. C 88, 024608 (2013)



Superasymmetric Fission

Ep= 660 MeV

237Np238U
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A. Deppman, G. S. Karapetyan et al., Phys. Rev. C 88, 064609 (2013)

NL » 28

ZL » 20

NH »126

ZH » 50-52
Standard III
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Fissility

D =
s fis

s in

T. Fukahori et al.,in Proc. of the 7th Intern. Conf. on Nucl. Criticality Safety (ICNC 2003) Tokai-mura, Japan, 

144 (2003).



Fissility
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,

σtot = 2.2 ± 0.44 b

A. R. Balabekyan, G. S. Karapetyan et al., Phys. Rev. C 90, 054612 (2014).

A. R. Balabekyan, G. S. Karapetyan et al., Phys. Rev. C 89, 054604 (2014).



Impact parameter (b)

σtot= πr2(A1/3
T+A1/3

p-bTp)
2 fm2

H. H. Heckman et.al, Phys. Rev. C 17, 1735 (1978).

b=r(A1/3
T+A1/3

p-bTp)  fm b=8.37 fm

½(RT+Rp) ≤ b ≤ (RT+Rp) 

4.85 fm  ≤  8.37 fm  ≤  9.7 fm 



Thank you!



Welcome to Armenia!


