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MNT · How to expand the nuclide chart
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MNT · How to expand the nuclide chart



MNT · Origin 


A new type of reaction has been observed at Dubna, and independently 
at Orsay and Berkeley.

At different laboratories it was called in different ways: deep inelastic 
transfers, quasi-fission, relaxation phenomena, and strongly damped 
collisions.

H. M. Devaraja et al., Phys. Part. Nucl. Lett. 19, 693 (2022). 
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Phys. Rev. Lett. 32. 738 (1974)

 at energy 525 MeV209Bi +84 Kr

Phys. Lett . 47B (1973) 484

 at energy 388 MeV232Th(40Ar, K)  at energy 288 MeV238U +40 Ar

Phys. RevC. 13. 2347 (1976)



6

MNT · Low-energy heavy-ion reaction

Sekizawa’s talk 

Complex quantum non-equilibrium evolution process with 
multiple reaction mechanisms and wide time scale



For multi-nucleon transfer reactions or fusion reactions（high excitation 

energy, and multiple reaction channels）， the macroscopic master equation 
seems to be a more reasonable choice

MNT · Low-energy heavy-ion reaction
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N =126 nuclei  · MNT

Y. X. Watanabe et al., 

 Nucl. Instrum. Methods Phys. Res., Sect. B 317, 752 (2013).

Y. X. Watanabe et al., PRL 115, 172503 (2015)

platinum
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MNT · 

H. Ikezoe et al., Nucl. Instrum. Meth. A 376, 420 (1996). 
Wenxue Huang et al. Nucl. Phys. Rev. (2017) 

• The emission of MNT reaction products in the laboratory system is not in the forward 
direction near 0°, but covers a wide range of cone angles.


• This brings great difficulties to the collection and separation of the Multinucleon 
transfer reaction products that we are interested in, and requires theoretical support.

osmium
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Multinucleon transfer reaction (MNT)


Modeling MNT with the master equation



Master equation
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A master equation is a phenomenological set of first-order  differential 
equations describing the time evolution of (usually) the probability of a system to 
occupy each one of a discrete  set  of  states with regard to a continuous time 
variable t.

Many physical problems in classical, quantum mechanics and problems in other 
sciences, can be reduced to the form of a master equation, thereby performing a 
great simplification of the problem

∂P(S, t)
∂t

= ∑
S′￼≠S

W(S′￼, S)P(S′￼, t) − W(S, S′￼)P(S, t)

https://en.wikipedia.org/wiki/Differential_equations
https://en.wikipedia.org/wiki/Differential_equations
https://en.wikipedia.org/wiki/Probability
https://en.wikipedia.org/wiki/Set_(mathematics)
https://en.wikipedia.org/wiki/Classical_mechanics
https://en.wikipedia.org/wiki/Classical_mechanics
https://en.wikipedia.org/wiki/Quantum_mechanics


The system moves in a multidimensional collective space , this motion is governed 

by the master equation:

S

Coarse-grained process

Z
ΔZ

ΔN

Z1
μ

Hμ

N

collective space S

∂P(S, t)
∂t

= ∑
S′￼≠S

W(S′￼, S)P(S′￼, t) − W(S, S′￼)P(S, t)

Master equation



Transition Probability

The transition probability from the state to another state

Macroscopic transition 
probabilities

Microscopic transition 
probabilities

Diffusion constant Probability of a nucleon transfer

W± = λ0
ρ(S ± 1)

ρ(S)
Ptr(R, β, S → S ± 1)



Diffusion constant λ0

Value Ref

Moretto et. al. Phys. Lett. B (1975) 58 26

Zagrebaev et. al. Nucl. Phys. A (2015) 944, 257.

Karpov et. al. Eur. Phys. J. A (2022) 58:415 * Atot * (T/MeV) * 1016(unit/s)

0.1 * 1022(unit/s)

2πk
R1R2

R1 + R2
, k = 1021(unit/fm/s)

Diffusion constant

W± = λ0
ρ(A ± 1)

ρ(A)
Ptr(R, β, A → A ± 1)

It can be qualitatively assumed to be related to the size of the system and the temperature. 

Therefore, we treat it as a free parameter.

This value is adopted in the model



Microscopic transition probabilities

Moretto L G and Sventek J S 1975 Phys. Lett. B 58 26

W± = λ0
ρ(S ± 1)

ρ(S)

Macroscopic transition 
probabilities

Microscopic transition 
probabilities

W(S, S′￼) = λS,S′￼⋅ ρS′￼= λ0
1

ρSρS′￼
ρS′￼= λ0

ρS′￼

ρS

= λ0
exp(−V(S′￼)/T )
exp(−V(S)/T )

= λ0 exp ( V(S) − V(S′￼)
T )

= λ0 exp ( V(S) − V(S′￼)
2T )

Transition from a state   to another space S S′￼
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Potential energy Surface (PES)

Mass evolution

Injection point

De
fo
rm
ati
on

 ev
olu
tio
n

U = Δ(Z1, N1) + Δ(Z2, N2) + V(Z1, N1, β2, J, r = R(B, E)) +
1
2

C1(δβ1
2)2 +

1
2

C2(δβ2
2)2 .

PES:

Mass excess Effective interaction Deformation energy



Nuclei-Nuclei Interaction 

V(Z1, A1, Z2, A2, β(β1, β2), R(E, b))

r1

r12

r2

R

VC(R, θi) =
Z1Z2e2

R
+ ( 9

20π )
1/2

( Z1Z2e2

R3 )
×

2

∑
i=1

R2
i β(i)

2 P2(cosθi) + ( 3
7π ) ( Z1Z2e2

R3 )
2

∑
i=1

R2
i [β(i)

2 P2(cosθi)]
2

.

• Coulomb potential: • Nuclear potential:

Qingfeng. Li et al Eur. Phys. J. A 24, 223–229 (2005)C. Y. Wong, Phys. Rev. Lett. 31, 766 (1973).

V(R) = VC(R) + VN(R) + Vcent(R)

M3Y type interactions



Probability of a nucleon transfer

Ptr(R, β, A → A ± 1) = exp(−2k[rc − r0])

k = M(−ϵF)/2ℏ2 + M(−ϵ′￼F)/2ℏ2中⼦

质⼦ [1/fm]

[1/fm]

Z. Phys.A - AtomicNuclei 326,463-481 (1987)

W± = λ0
ρ(A ± 1)

ρ(A)
Ptr(R, β, A → A ± 1)

Probability of a nucleon transfer

k = M(−ϵF + ZTe2 /RT)/2ℏ2 + M(−ϵ′￼F + ZPe2 /RP)/2ℏ2



∂P(β2, Z1, N1, t)
∂t

= W(Z1 − 1,Z1)P(β2, Z1 − 1,N1, t) + W(Z1 + 1,Z1)P(β2, Z1 + 1,N1, t)

+W(β2 − 1,β2)P(β2 − 1,Z1, N1, t) + W(β2 + 1,β2)P(β2 + 1,Z1, N1, t)
+W(N1 − 1,N1)P(β2, Z1, N1 − 1,t) + W(N1 + 1,N1)P(β2, Z1, N1 + 1,t)
−[W(β2, β2 + 1) + W(β2, β2 − 1)]P(β2, Z1, N1, t)
−[W(Z1, Z1 + 1) + W(Z1, Z1 − 1)]P(β2, Z1, N1, t)
−[W(N1, N1 + 1) + W(N1, N1 − 1)]P(β2, Z1, N1, t) .

If this space contains the proton Z, neutron N, and the deformation  of the system,β

Master Equation

P(β2, Z1, N1, t) P(β2, Z1 + 1,N1, t)P(β2, Z1 − 1,N1, t)

W(Z1 − 1,Z1)

W(Z1 + 1,Z1)

W(Z1, Z1 + 1)

W(Z1, Z1 − 1)



∂P(β2, Z1, N1, t)
∂t

= W(β2 − 1,β2)P(β2 − 1,Z1, N1, t) + W(β2 + 1,β2)P(β2 + 1,Z1, N1, t)

+W(Z1 − 1,Z1)P(β2, Z1 − 1,N1, t) + W(Z1 + 1,Z1)P(β2, Z1 + 1,N1, t)
+W(N1 − 1,N1)P(β2, Z1, N1 − 1,t) + W(N1 + 1,N1)P(β2, Z1, N1 + 1,t)
−[W(β2, β2 + 1) + W(β2, β2 − 1)]P(β2, Z1, N1, t)
−[W(Z1, Z1 + 1) + W(Z1, Z1 − 1)]P(β2, Z1, N1, t)
−[W(N1, N1 + 1) + W(N1, N1 − 1)]P(β2, Z1, N1, t) .

If this space contains the proton Z, neutron N, and the deformation  of the system,β

fission

ev…
…

PLF TLF

PLF

PLF

TLF

TLF

P(Z1, N1, β1
2)

P(Z2, N2, β2
2)

P(Zn, Nn, βn
2)

PES

Master Equation

Linked to Statistical model
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*100

*1

*0.01

Phys. Rev. Lett. 41, 469 (1978).

Phys. Rev. Lett. 48, 852 (1982).

Phys. Rev. C 33, 1315 (1986).

Phys. Rev. C 88, 054615 (2013).

Phys. Rev. C 31, 1763 (1985).

Ref:

Pu – Plutonium, Am – Americium, Cm – Curium, Bk – Berkelium, Cf – Californium, Es – Einsteinium, Fm – Fermium, Md – Mendelevium
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Prediction

unknown superheavy nuclides in MNT collisions of actinides is rather limited.

unknown neutron-enriched isotopes of elements from U to Md can be produced 

 Es – Einsteinium,

U – Uranium

238U+254Es

Stable island

 Md – MendeleviumU – Uranium

184

114
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Summary

There remain open development. 


One possible direction is the integration of microscopic inputs, 


such as single-particle energy levels and nucleon density distributions 
from constrained density functional theory, to provide more accurate 
potential energy surfaces and transition rates.

The model remains a semi-classical approach, striking a balance between 
computational resource and physical realism. 


This makes it especially suited for large-scale surveys of nuclear reactions. 

That helps to search for the optimal experimental condition (systems, 
energy, angular distribution).
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