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Low energy heavy ion reactions

• Elastic scattering

• Coulomb excitation

• Direct reaction

• Quasi-elastic scattering

• Deep inelastic collision (DIC)

• Fusion

Impact parameter

σl

llgr
lcr

Fusion
DIC

Elastic scattering

Coulomb excitation

Direct reaction

Quasi-elastic scattering

Light projectiles (p, d, α)

• Direct reaction

• Fusion

Grazing angle
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Energy damping (Strong friction force)

Double nuclear system (Viscosity)



Features of deep inelastic collision

V.V. Volkov, Phys. Rep. 44 (1978), 93 – 157.

∼∼∼∼ Direct reaction ∼∼∼∼ Fusion-fission

θθθθ <<<< Grazing angle

Lighter projectile (High TKEL)

θ ∼θ ∼θ ∼θ ∼ Forward angle

Angular distribution

Charge spectrum

Mass spectrum

Energy spectrum

E ∼∼∼∼ Exit Coulomb barrier

Isotopic production

cross sections

Qgg systematics

Strong energy damping

∼∼∼∼
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Deep inelastic collision: Energy damping and N/Z equilibration

R. Vandenbosch et al., Nucl. Phys. A269 (1976), 210 – 222.

136Xe + 208Pb (8.2 MeV/A) 

Large width from partially damped to fully damped

N/Z equilibration is a monotonic and continuous 

process according to energy damping

58Ni + 238U

(8.5 MeV/A) 

R. Planeta et al., Phys. Rev. C38 (1988), 195 – 209.

58Ni 
64Ni 

V.E. Viola, K. Kwiatkowski and M. Walker, Phys. Rev. C (1985), 1550 – 1552.

Energy of symmetric fission from Viola systematics

64Ni + 238U

(8.3 MeV/A) 
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Q-value

(MeV)

ELOSS

∼∼∼∼ 30 MeV

ELOSS

∼∼∼∼ 70 MeV

ELOSS

∼∼∼∼ 110 MeV

ELOSS

∼∼∼∼ 150 MeV

R. Planeta et al., Phys. Rev. C38 (1988), 195 – 209.

58Ni + 238U

(8.5 MeV/A) 

64Ni + 238U

(8.3 MeV/A) 

Deep inelastic collision: Isotopic distribution

58Ni + 238U

(8.5 MeV/A) 

64Ni + 238U

(8.3 MeV/A) 

Q-value

(MeV)

ELOSS =

2 ∼∼∼∼ 4 MeV

ELOSS =

6 ∼∼∼∼ 8 MeV

ELOSS =

12 ∼∼∼∼ 16 MeV

ELOSS =

20 ∼∼∼∼ 24 MeV

58Ni 
64Ni 58Ni 64Ni 
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Neutron number
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Lifetime measurements around N=126

→ Astrophysical environments of r-process

Neutron-rich nuclei around N = 126

5×108 y ≦ T1/2

30 d ≦ T1/2＜ 5×108 y
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T1/2＜ 10 m
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MNT

n-stripping

H. Grawe et al., Rept. Prog. Phys. 70 (2007), 1525 – 1582.

KISS project
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Projectile dependence

Heavy projectile (136Xe)

136Xe + 208Pb
208Pb 

200W 

Q-value

(MeV)
Light projectile (64Ni)

64Ni + 208Pb
208Pb 

200W 

Q-value

(MeV)

64Ni + 198Pt

198Pt 

200W 

Q-value

(MeV)

198Pt 

136Xe + 198Pt

200W 

Q-value

(MeV)
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136Xe + 208Pb (Ecm = 450 MeV)
Xe + 208Pb (Ecm = 700 MeV)

Neutron-deficient

Unstable 118Xe

9.3 MeV/A

Neutron-richest

stable 136Xe

8.5 MeV/A

Neutron –rich

unstable 154Xe

7.9 MeV/A

Nuclear production by MNT reactions

136Xe

5.5 MeV/A

n

p

p-pickup

n-stripping
Xe

Xe

Pb

C.H. Dasso, G. Pollarolo and A. Winther,

Phys. Rev. Lett. 73 (1994), 1907 – 1910.

V. Zagrebaev and W. Greiner,

Phys. Rev. Lett. 101 (2008), 122701.

Semi-classical approach

Single-particle transfer probability

Macroscopic approach

Langevin-type dynamical equation of motion
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MNT reaction of 136Xe + 198Pt

136Xe + 198Pt N = 126

202Os

201Re

200W

199Ta

198Hf

203Ir

204Pt

136Xe + 198Pt
E = 8 MeV/A

198Pt

208Pb

126

GRAZING calculation

A. Winther, Nuclear Physics A572 (1994), 191 – 235;

A. Winther, Nuclear Physics A594 (1995), 203 – 245;

http://personalpages.to.infn.it/~nanni/grazing/.
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Comparison with measurements: 136Xe + 208Pb

E.M. Kozulin et al., Phys. Rev. C86 (2012), 044611.

136Xe + 208Pb (6.25 MeV/A) 

V. Zagrebaev and W. Greiner, Phys. Rev. Lett. 101 (2008), 122701.

136Xe + 208Pb (5.47 MeV/A) 

GRAZING calculation

78

80

p-pickup p-stripping

V. Zagrebaev and W. Greiner

N=126

N=126
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O. Beliuskina et al., Eur. Phys. J. A50 (2014), 161.

64Ni + 207Pb (5.0 MeV/A) 

Comparison with measurements: 64Ni + 207,208Pb

64Ni + 208Pb (5.5 MeV/A) 

GRAZING calculation (64Ni+207Pb)

GRAZING calculation (64Ni+208Pb)

V. Zagrebaev and W. Greiner (64Ni+207Pb)

N=126
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PLF

Trajectory

Path length, Angles (θ, φ), Bρ
Velocity

Energy loss

Total kinetic energy

∼ grazing angle

198Pt
(1.3 mg/cm2)

• MWPPAC

• Drift Chambers ×2

• Ionization Chamber

• Silicon Wall

VAMOS++

EXOGAM

10 CLOVER detectors

TLF

γ-rays  ∼500 keV

total photo-peak efficiency ∼10%

Q, Mass, Z

at GANIL

Target

MWPPAC

Quadrupoles

MNT measurement of 136Xe + 198Pt

PLF
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∆M / M ~ 1 / 200 M / Q = Bρ / v

Q = 2 E / Bρ v

M = Qi M / Q

Charge and mass distributions of PLF

∆Q / Q ~ 1 / 70
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Contribution of p-pickup and n-stripping channels

was observed.

c.f. n-pickup and p-stripping channels dominate in 
58Ni + 208Pb.
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136Xe + 198Pt (8 MeV/A)

58Ni + 208Pb (6.1 MeV/A)
n-pickup

58Ni

Z-A distribution of PLF

GRAZING

GRAZING

136Xe

p-pickup

L. Corradi et al., Phys. Rev. C66 (2002), 024606.
15



P. Russo et al., Phys. Lett. 67B (1977), 155 – 157.

136Xe + 197Au (7.2 MeV/A) 

Angular distributions

θ < θgrazing

Focusing effect

∼
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0000n

−−−−1p

−−−−2p

+1p

+2p

GRAZING after evaporation

Measurements

p-pickup: Larger cross section

p-stripping: Lighter distribution

Isotopic distributions of PLF (0, ±±±±1p, ±±±± 2p transfer)

peak

p-pickupp-stripping

stripping           n pickup
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−−−−3p

−−−−4p

+3p

+4p

Elab = 8 MeV/A

(55% higher than the Coulomb barrier)

Deep-inelastic components

N/Z Equilibration

Isotopic distributions of PLF (±±±±3p, ±±±± 4p transfer)
p-pickupp-stripping

GRAZING after evaporation

Measurements
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TLF

PLF Detected by VAMOS

PLF

<ν> =5

neutron 

evaporation

TLF

<ν> =9

PLF*

Primary fragments

TLF*

Evaluation of TKEL (Total Kinetic Energy Loss)

Beam

Target

Pure binary kinematics

TKEL = E*TOT - Q

ABeam + ATarget = APLF + ATLF*

ZBeam + ZTarget = ZPLF + ZTLF*
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Energy loss for symmetric 

fission from Viola systematics

TKEL distributions

<TKEL>
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Evolution of Z-N 
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Z – N distribution of PLF for different TKEL
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PLF
Primary PLF

R. Planeta et al., Phys. Rev. C38 (1988), 195 – 209.

58Ni + 238U

(8.5 MeV/A) 

64Ni + 238U

(8.3 MeV/A) 

22



−−−−50 0 100 200 300

1.3
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1.5

Primary PLF

PLF

136Xe

CN

N/Z equilibration

R. Planeta et al., Phys. Rev. C38 (1988), 195 – 209.

58Ni

64Ni

CN (64Ni+238U)

CN (54Ni+238U)

58Ni + 238U (8.5 MeV/A)
64Ni + 238U (8.3 MeV/A) 
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Variances
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R. Planeta et al., Phys. Rev. C38 (1988), 195 – 209.
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58Ni + 238U

(8.5 MeV/A) 

64Ni + 238U

(8.3 MeV/A) 
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Angular distributions, TKEL distributions, 

<Z>, <N>, σZ
2, σN

2, σA
2 follow the past 

studies 



Correlation coefficient

R. Planeta et al., Phys. Rev. C38 (1988), 195 – 209.
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Evaluation of TLF distribution

Excitation energy sharing in mass ratio

E*PLF = E*TOT××××MPLF / (MPLF + MTLF*)

E*TLF* = E*TOT××××MTLF* / (MPLF + MTLF*)

νPLF

νTLF

Primary PLF A

TLF A

Primary TLF A

Pure binary kinematics

TKEL = E*TOT - Q

ABeam + ATarget = APLF + ATLF*

ZBeam + ZTarget = ZPLF + ZTLF*

TLF

PLF Detected by VAMOS

PLF

<ν> =5

neutron 

evaporation

TLF

<ν> =9

PLF*

Primary fragments

TLF*

Beam

Target
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−−−−1p (PLF)

−−−−2p (PLF)

+1p (PLF)

+2p (PLF)

Isotopic distributions of TLF (0, ±±±±1p, ±±±± 2p transfer)

p-pickupp-stripping

202Os: σGRAZING ∼ 20 µb →    ∼ 50 µb (×2.5)

0000n

peak

GRAZING after evaporation

Measurements after evaporation

N = 126
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p-pickup: Larger cross section

Lighter distribution

N/Z equilibrium & evaporation



−−−−3p (PLF)

−−−−4p (PLF)

+3p (PLF)

+4p (PLF)

Isotopic distributions of TLF (±±±±3p, ±±±± 4p transfer)
p-pickupp-stripping

200W:  σGRAZING ∼ 0.4 µb →    ∼ 1.3 µb (×3)
GRAZING after evaporation

Measurements after evaporation

N = 126
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202Os 132BaGRAZING

TKEL dependence of isotopic distribution

d > 13 fm

Measurements
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TKEL = −25 ∼ 25 MeV

TKEL = 25 ∼ 75 MeV

TKEL = 75 ∼ 125 MeV

TKEL = 125 ∼ 175 MeV

TKEL < 80 MeV
DIC

QE

N = 126

p-pickup



Summary

• Low energy heavy ion reaction

Deep inelastic collision

Direct reaction-like : Angular distribution, Charge and mass spectrum

Fusion-fission-like : Energy spectrum

• Deep inelastic collision

<N>, <Z>: N/Z equilibration is a monotonic and continuous process according to 

energy dumping

Isotopic distribution (nucleon exchange): Q-values , Dynamical effect

• Production of neutron-rich nuclei around N = 126
136Xe + 198Pt : Q-values, (N/Z) Xe ∼∼∼∼ (N/Z)Pt

• Experimental study of 136Xe + 198Pt

PLFs were detected

Angular distributions, TKEL distributions, <Z>, <N>, σσσσZ
2, σσσσN

2, σσσσA
2 follow past studies

ρρρρZN ∼∼∼∼ 0 for TKEL < 70 MeV

• TLF distributions were deduced

σ > σ > σ > σ > σσσσGRAZING around N = 126 ← TKEL < 75 MeV

Relatively large orbital angular momentum at the border between QE and DIC would 

contribute to the n-rich and p-deficient TLF production

∼∼∼∼

∼∼∼∼
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