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the question about the origin of elements in the universe.

https://people.nscl.msu.edu/~thoennes/isotopes/



MNT - How to expand the nuclide chart
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Nbr of events

MNT - Origin

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

Laboratory Reactions Ream erergy, MeV(Ey /8 ) Identified nucl:des Mcthods employed
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Phys. RevC. 13. 2347 (1976)

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

collisions.
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MNT - Low-energy heavy-ion reaction
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Complex quantum non-equilibrium evolution process with
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MNT - Low-energy heavy-ion reaction

Scattering types in low energy heavy ion collision:
Epp, < 10 MeV/u

nuclear density collision parameter angular momentum

" p() ¢ t
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| r= R,n {g : :
-\\’p(r) .
R < Ruin
LRV

Tl p(r)

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



Cross section (mb)

N =126 nuclei - MNT

PRL 115, 172503 (2015)

PHYSICAL REVIEW LETTERS

week ending
23 OCTOBER 2015

Pathway for the Production of Neutron-Rich Isotopes around the N = 126 Shell Closure

Y. X. Watanabe,"” Y. H. Kim,”*" S. C. Jeong,"* Y. Hirayama,' N. Imai,"* H. Ishiyama,"* H.S. Jung,' H. Miyatake,’
S. Choi,”™ 1. S. Song,”** E. Clement,” G. de France,” A. Navin,”! M. Rejmund,” C. Schmitt,” G. Pollarolo,’ L. Corradi,’

E. Fioretto,” D. Montanari,® M. Niikura,” D. Suzuki,””" H. Nishibata,'"” and J. Takatsu'
'Institute of Particle and Nuclear Studies, High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305-0801, Japan
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In conclusion, the promiscd potential of the production
of new isotopes around and beyond the neutron shell
N = 126 by multinucleon transfer reactions was estab-
lished for the first time in the *Xe + ""8P( system at an
energy above the Coulomb bamier. The absolute cross

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

Y. X. Watanabe et al.,
Nucl. Instrum. Methods Phys. Res., Sect. B 317, 752 (2013).
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MNT -

Fusion

136Xe + 198pt S (mb) Isobaric distribution (A=202)
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Wenxue Huang et al. Nucl. Phys. Rev. (2017)
H. Ikezoe et al., Nucl. Instrum. Meth. A 376, 420 (1996).
- 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 9
transfer reaction products that we are interested in, and requires theoretical support.
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Master equation

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
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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

Master equation

The system moves in a multidimensional collective space S, this motion is governed
by the master equation:

OPS,1)
o

D WS, S)P(S',1) — W(S,S)P(S. 1)
S'£S
collective space S

Coarse-grained process

R TR -




Transition Probability

The transition probability from the state to another state

Macroscopic transition Microscopic transition
probabilities probabilities

4 4

N pSt1)
W= = 4, P.(R,p,S = Sx1)

p(S)
4 \ 4

Diffusion constant Probability of a nucleon transfer




Diffusion constant /4

+ p(A £ 1)
W= = A, P (R, p,A— Ax1)

p(A)
\ 4

Diffusion constant

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.

R\R,

Moretto et. al. 27k , k= 1021(unit/ fm/s) Phys. Lett. B (1975) 58 26
R+ R,
Zagrebaev et. al. 0.1* 1022(unit/ S) Nucl. Phys. A (2015) 944, 257.
Karpov et. al. 5 * Atot * (T/ MeV) *k 1016(unit/ S) Eur. Phys. J. A (2022) 58:41

4

This value is adopted in the model



Microscopic transition probabilities

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

¢.z = ? (Azz'¢z‘ - A‘2'2 ¢z)

The macroscopic transition probabilities can be
written in terms of the microscopic transition proba-
bilities and of the level densities of the macroscopic
states: '

Azz'=xzz'pz; Az’z =kz'zpz'; kzz'gxz'z'

Since A,,- must be of the order of V/D (where D
is a typical linear size of the system and Vp; is the
Fermi velocity of the nucleons), the A,,- decrease as
the level densities increase. For lack of better knowl-
edge, we assume:

A

0

(4)

(2) *

?\zz' = ']1/2'

N J

Transition from a state S to another space S’

Macroscopic transition = Microscopic transition
probabilities probabilities

4 4
p St 1)
p(S)

ps «x exp(—V(S)/T).

1 Ds’
W(S,8) = Ass - ps = 4o Ps = Aoy [—
’ \/PsPs V s

\/exp(— V(SHIT)
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Potential energy Surface (PES)
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Nuclei-Nuclel Interaction

V(Z,, Ay, Zy, Ay, P(P1 r), R(E, b))

&=

V(R) = V(R) + VN(R) + V., ((R)

- Coulomb potential:

Z,72,¢* 9 \'"?( 22,
Ve®.0) =24 202 R

i=1

C. Y. Wong, Phys. Rev. Lett. 31, 766 (1973).

xzz:RZﬂ@P cosoy + (22) [ 2% ik? [ﬁ@P (cose.)]2
iy 72 i Tr R3 o i [P 12 f .
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[(r) —ry) = //’1 (r1)pa(r2)u(ry — ro — R)dridr;,

M3Y type interactions

Qingfeng. Li et al Eur. Phys. J. A 24, 223-229 (2005)



Probability of a nucleon transfer

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

Brink [25]. We will consider the barmer to be static
and we assume that the nucleon tunncls between two
levels with the same energy (binding energy Ej). In
a WKB and first order approximation the probability
for the transmission through the barrier between two
points x, and x, is given by (see Fig. 16)

P=exp(—2Q) (14)

with
= 2m L2
Q= | ("H—z‘("'(x)—ﬁa) dx; x3=x;-—-x3. (15)

F(x) 13 the potenual barrier and x,; 1s the distance
betwcen the two potential edges x; and x,.

If we assume V(x) to be constant ( =0), we immedi-
ately obtain with = (2m/h* |Egz|)"?, the exponential
dependence uscd as an approximation to our data

Px~exp(—2uxx,). (16)

(A=x1)
I L P (RBA—ALI)
p(A) v
Probability of a nucleon transfer
P, (R,p,A = Ax1)=exp(=2k[r,—1y])
e k = \/M(—GF)/ZhZ + \/M(—el’p)/2h2 [1/fmi

BF k= M(—ep + Zre IRDI2I® + | M(=€}. + Zpe* IR)I2R  tasfm)

0
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Master Equation

If this space contains the proton Z, neutron N, and the deformation /3 of the system,

oP(p,,Z;, Ny, 1)
ot

+W(ﬁ2 _ laﬂZ)P(ﬁZ _ lazlaNla t) + W(ﬁZ + 19,52)P(182 + 19Z19 N]a t)
+WN, — LN)P(By, Z;, Ny — 1,5) + WN, + 1LN)P(By, Z;, N, + 1,1)

W(py, P+ 1) + W(P,, 5, — DIP(Pp, 21, Ny, 1)
W(Z,,Z,+ 1)+ W(Z,,Z, — DIP(p,, Z,, Ny, 1)

P(p,,Z, — 1N}, 1) g P(p,,Z;, Ny, 1)
S

W(Z,,Z, + 1)

P(p,,Z, + 1,N}, 1)

WZ,,Z, - 1)

Wz, + 1,Z)



If this space contains the proton Z, neutron N, and the deformation /3 of the system,

OP(p,,Z;, Ny, 1)

ot

= W(p, — Lp)P(p, — 1.Z,,N;, 1) + W(p, + 1,p,)P(p, + 1,Z,, N}, 1)

WP, B, + 1) + W(py, pr — DIP(Py, 21, Ny» 1)
—W(Zl,Zl )+ W(Z,,2Z, — DIP(p,,Z;,N;, 1)
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Linked to Statistical model
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Cross section (mb)

Cross section (mb)
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Pu - Plutonium, Am — Americium, Cm — Curium, Bk — Berkelium, Cf — Californium, Es — Einsteinium, Fm — Fermium, Md — Mendelevium

Ref: 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).
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Prediction
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unknown superheavy nuclides in MNT collisions of actinides is rather limited.
unknown neutron-enriched isotopes of elements from U to Md can be produced
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Summary

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).

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.
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1. BEEREMMNSHEERSE
« S—TRGNOENE S (BFFR. SRTFHIHE) ME—1BEE V(S).

o MRENXOEFERR S HIMOBRINE", MBEEMERNEHPE S DREEEX—RARMH
i, DARGXESRGER (EEHBERE) BEE.

+ 1R#E Boltzmann £7, FERMEBAMER SOOI, LLHIELETF exp[-V(S)/T].
2. D EEHAES BREREM

o EFSRE (N XREFE. PREEERT) P, BORAXOARER S OFHNE, EFRAE
EEEHERSE, ¥ T—13B4EE dependent AIFNE:

/dK exp(—(K + V(8))/T) = [/ dK e K/T] e VOIT o e VEOIT,

« XEH [dK MRIEMEDESERE (RS5EFXNES) RN (WRD) #, BT—MUK
MTBRENEEAF.

3. ANSEENEX
LHEAH "ps o< exp[—V(S)/T|" B, MHEKRENL EREEMAWE S T, AETHARAS (8]
ohEE) RSEININGE, M—TBEBAX.

ps = [ dK gs(K) exp(~K/T)  exp(~V(S)/T),
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