
Theoretical issues in physics of SHE
: nuclear reaction perspectives 

Kouichi Hagino
Kyoto University

1. Introduction-1: periodic tables
2. Introduction-2: superheavy elements
3. Formation reactions
4. Theoretical issues
5.   Physics of neutron-rich nuclei
6.   Summary



Periodic table of elemetns (1869)

Mendereev
(1834-1907)



noble
gas

periodic table of elements



noble
gas

periodic table of elements

Prof. Yoshiteru Maeno (Kyoto U., cond. matt. expt.)



periodic table of elements

Prof. Yoshiteru Maeno (Kyoto U., cond. matt. expt.)

3D periodic table “elementouch” 
(Y. Maeno, 2001)

mug cup
towel T-shirt

(Kyoto-U. coop)



periodic table of elements nuclei? noble
gas

proton 
magic #

Prof. Yoshiteru Maeno (Kyoto U., cond. matt. expt.)



Nuclear periodic table

nuclear chart

Yet, a pedagogical significance
(to familiarize nuclear physics)



proton
magic

s-shell
p-shell

sd-shell
f7/2

pfg-shell

Nuclear periodic table K. Hagino and Y. Maeno,
Found. of Chem. 22, 267 (2020).



“nucletouch” (a 3D model)

cf. “elementouch” 
(Y. Maeno, 2001)

mug cup
towel T-shirt

(Kyoto-U. coop)

Nuclear periodic table





a magical coincidence

periodic table of elements

the nuclear magic numbers are there 
in the same column!
(the same elements around them)

nuclear periodic table

a magical coincidence which 
can be recognized only after 
making a nuclear periodic table

Y. Maeno, K. Hagino, and T. Ishiguro,
Found. of Chem., in press. 



superheavy elements = trans-actinides
(elements heavier than Z=104)

Definition: superheavy elements

Superheavy elements 
and Neutron-rich Nuclei



Interests in physics and chemistry of superheavy elements

 what is the heaviest element? → atomic property 
 what is the double magicu nucleus next to 208Pb?  → nuclear property
 should the periodic table be changed or not? → chemical property
 how do superheavy elements influence the r-process nucleosynthesis?

→ astrophysics 



what determines the limit of existence of elements? 

 electron orbitals in atom
 stability of nucleus in atom (← magic number)

possibilities to be considered:
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let’s first discuss 



hydrogen-like atom

1S state

Z →large, E1s →small

→ small

what determines the limit of existence of elements?  (i) electron orbits



hydrogen-like atom

1S state

Z →large, E1s →small

→ small

what determines the limit of existence of elements?  (i) electron orbits

E=-0.5 (a.u.)

E=-5000 (a.u.)

→ large (uncertainty)

relativistic effect



1S state (Dirac equation)

Z > 137 → no solution Z = 137

N.R.

hydrogen-like atom

what determines the limit of existence of elements?  (i) electron orbits



Z = 137

Z ~ 173

finite size of a 
nucleus
(uniform charge) 

RN ~ 10-4 Å
rms ~ 10-3 Å
(A=173)

cf. W. Pieper and W. Greiner, Z. Physik 218 (1969) 327

what determines the limit of existence of elements?  (i) electron orbits

hydrogen-like atom



what determines the limit of existence of elements? 

 electronic orbitals in atom
 stability of nucleus in atom

possibilities to be considered:

let’s next discuss 



Vb

heavy nuclei → unstable against fission

fission barrier barrier height

classical liquid drop
model

Z= 131

what determines the limit of existence of elements?  (ii) atomic nucleus



B = BLDM + Bshell

shell effect



Nilsson diagram

energy gap if 
deformed



LDM

LDM + shell

fission barrier

Z. Patyk et al., 
NPA491(‘89) 267

QM shell effect (magic numbers) raises Bfiss and stabilizes a nucleus

shell effect

what determines the limit of existence of elements?  (ii) atomic nucleus



Superheavy elements (the island of stability)

Yuri Oganessian

long-lived with 103-5 years

nuclei existing in 
nature

around
Z=114
N=184
(the next 
magic?)

208
82Pb126



Superheavy elements (the island of stability)

Yuri Oganessian

long-lived with 103-5 years

nuclei existing in 
nature

around
Z=114
N=184
(the next 
magic?)

208
82Pb126

超重元素

nuclei existed in 
nature



the element 113: Nh

November, 2016

Fusion reactions for SHE

209
83Bi70

30Zn 279
113Nh*

Heavy-ion fusion reaction

Wikipedia
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Fusion for SHE: fusion hindrance

compound
nucleus

strong Coulomb repulsion
→ re-separation

fusion 
hindrance



P
T P+T

evaporation process
(cooling)

fission

n,p,α emission
γ decay

fusion

quasi-fission

strong Coulomb
repulsion

fusion 
hindrance

a very rare event

Fusion for SHE: 
more fusion hindrance



E

Pcap: quantum
mechanics

thermal 
fluctuation

2-body potential
1-body potential

compound
nucleus heat up

re-separation

SHE formation reactions



EB

(note) fission barrier in the liquid drop model

a
b

ab2 = R3 = constant



EB

(note) fission barrier in the liquid drop model

a
b

ab2 = R3 = constant

fission barrier:



if two identical nuclei contact：

a
b

fusion

40
20Ca + 40

20Ca → 80
40Zr

fusion

120
50Sn + 120

50Sn → 240
100Fm

aS = 16.8 MeV
aC = 0.72 MeVthreshold: Z1*Z2 = 1600 ~ 1800



C.-C. Sahm et al.,
Z. Phys. A319(‘84)113

extra push

Z1*Z2 = 2000

Z1*Z2 = 1296



CN

ER

contact

fusion

evaporation

Quasi-fission

fission

CN = compound nucleus
ER = evaporation residue

cannot distinguish
experimentally

n
experimentally detected



CN

ER
CN = compound nucleus
ER = evaporation residue

n
experimentally detected

1011 = 100,000,000,000

106 = 1,000,000

99,999,000,000

999,999
1

typical values for Ni + Pb reaction

very rare 
event !!



CN

ER
CN = compound nucleus
ER = evaporation residue

n
experimentally detected

1011 = 100,000,000,000

106 = 1,000,000

99,999,000,000

999,999
1

typical values for Ni + Pb reaction

very rare 
event !! cold fusion

:optimizes this process

hot fusion
:optimizes this process
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fusion hindrance

quasi-fission

CN

Theoretical challenges

→ a large theoretical uncertainty
formation of SHE: very rare

theoretical challenges: 
to reduce the uncertainties and 
make reliable predictions

ER

no exp. data for PCN
exp. data: PER only

CN＝複合核、ER=蒸発残留核

PCN

PER

Physics of open quantum systems
量子開放系



fusion re-separation

thermal fluctuation
Langevin method
(Brownian method)

Langevin approach

(deformation)

V
(ε

)

heat-up



classical:

(white noise; no memory)
(Einstein relation)

classical Langevin equation

Brownian motion

interaction of a Brownian 
particle with atoms

friction random interaction →



classical:

(white noise; no memory)
(Einstein relation)

classical Langevin equation

friction random interaction →

nuclear reactions:
q = the relative distance etc.  
“atoms” = nucleonic d.o.f



Theory: Lagenvin approach
multi-dimensional extension of:

γ: friction coefficient
R(t): random force



fusion re-separation

Langevin approach

(deformation)

V
(ε

)

heat-up

Theoretical issues

how to thermaize? mechanisms?
is thermal equilibrium OK? 
Is Markovian approximation OK? 
quantum effects?
quantal-to-classical transitions (decoherence)? 

microscopic 
models?

open quantum 
systems



J.-P. Delaroche et al., 
PRC81 (‘10) 014303

actinides
hot fusion: Nuclear Deformation

the role of deformation 
in heavy-ion reactions?

lanthanides

hot fusion: 48Ca + deformed target

Gogny-D1S HFB calculation



Nuclear deformation and barrier distribution

deformation

Nuclear deformation → a large sub-barrier enhancement
of fusion cross sections

16O+154Sm

154Sm 16O

θ



Fusion barrier distribution [Rowley, Satchler, Stelson, PLB254(‘91)]

K.H., N. Takigawa, PTP128 (‘12) 1061

single channel

Vb



 Fusion barrier distribution (Rowley, Satchler, Stelson, PLB254(‘91))

Data: J.R. Leigh et al., 
PRC52 (‘95) 3151

can be used to identify 
the side/tip collisions



Application to hot fusion reactions 48Ca + 248Cm → 296
116Lv*

T. Tanaka,..., K.H., et al., 
JPSJ 87 (‘18) 014201
PRL124 (‘20) 052502

capture barrier distribution



Application to hot fusion reactions 48Ca + 248Cm → 296
116Lv*

T. Tanaka,..., K.H., et al., 
JPSJ 87 (‘18) 014201
PRL124 (‘20) 052502

capture barrier distribution

cf. notion of compactness:
D.J. Hinde et al., 
PRL74 (‘95) 1295

sssd sinj

CN



Application to hot fusion reactions 48Ca + 248Cm → 296
116Lv*

T. Tanaka,..., K.H., et al., 
JPSJ 87 (‘18) 014201
PRL124 (‘20) 052502

capture barrier distribution

K. Hagino, PRC98 (‘18) 014607

cf. notion of compactness:
D.J. Hinde et al., 
PRL74 (‘95) 1295

sssd sinj

CN



hot fusion: 
48Ca + deformed target

fusion

(deformation)

V
(ε

)

heat-up

effect of deformation

the 2nd stage of fusion reaction

sssd sinj

Vfiss(s)
K. Hagino, PRC98 (‘18) 014607



quantum friction/open quantum systems

fusion re-separation

(deformation)

V
(ε

)

heat-up

 how is the shape evolved to a compound nucleus?
 Deformation: a quantum effect

how does the deformation disappear during heat-up?

?

M. Tokieda and K.H., Ann. of Phys. 412 (‘20) 168005.  
Front. in Phys. 8 (‘20) 8. 

open problems



quantum friction

heat generation when a rigid 
body stops

the energy conversion from 
the rigid body to intrinsic 
d.o.f. (atoms)

S B
VSB

in quantum mechanics：

system internal d.o.f.

S

“quasi” particle

M. Tokieda and K.H. (2020)

solve the whole H without introducing 
the quasi-particlequantum Langevin?



Hot fusion towards Z=119 and 120 nuclei
48

20Ca + 99Es → 119
48

20Ca + 100Fm → 120

short lived →not available with 
sufficient amounts

48Ca → 50
22Ti, 51

23V, 54
24Cr projectiles

hot fusion reactions with 48Ca: 

how much will 
cross sections be affected?

closed shell → open shells



K. Satou, H. Ikezoe et al., 
PRC73 (‘06) 034609

86Kr + 138
56Ba82

86Kr + 134
56Ba78

Role of magicity

RRmin

Vfiss(s)

can proceed deeper 
with less friction

cf. P. Moller et al., 
Z. Phys. A359 (‘97) 251.

similar effect for 48Ca?



New hybrid model: TDHF + Langevin approach
K. Sekizawa and K.H., PRC99 (2019) 051602(R) 



RRmin

Vfiss(s)
TDHF

Langevin

∆V Rmin

54Cr + 248Cm → 302120
48Ca + 254Fm → 302120

l = 0

K. Sekizawa and K. H., 
PRC99 (2019) 051602(R) 

side 
collision

→ Langevin caluclation

Furthermore：TDHF + Langevin approach and quantum friction

TDHF + Langevin approach：



Mapping TDHF onto a classical equation of motion 
K. Washiyama and D. Lacroix, PRC78 (‘08) 024610

TDHF simulations

R(t), P(t)

V(R), γ(R)



K. Sekizawa and K.H., PRC99 (2019) 051602(R) 



New model for fusion for SHE: TDHF + Langevin approach
K. Sekizawa and K.H., PRC99 (2019) 051602(R) 

how special is 48Ca ?

similar PCN

 no special role of 48Ca in the entrance channel
 non-48Ca proj.: about 2 order of magnitude smaller 

due mainly to Wsur



Yuri Oganessian

nuclei existing in 
nature

the island
of stability

Another important issue: physics of neutron-rich nuclei

how to reach the island of stability?
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Fusion of unstable nuclei

the island of 
stability (?)
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165 170 175 180

Fusion of unstable nuclei

the island of 
stability (?)

neutron-rich beams: indispensable

 how to deal with low beam intensity?

 reaction dynamics of neutron-rich beams?
 capture: role of breakup and (multi-neutron) transfer? 
 diffusion: neutron emission during a shape evolution?
 survival: validity of the statistical model?

structure of exotic nuclei
more studies are required



112
113
114

Fusion of unstable nuclei

K.-S. Choi, K. Hagino et al., 
Phys. Lett. B780 (’18) 455

need further 
improvements

simultaneous explanation for 9Li+208Pb and 11Li+208Pb with: 
11Li+208Pb ←→ 9Li+210Pb ←→ 7Li+212Pb transfer couplings

neutron-rich beams: indispensable
→reaction dynamics?



fusion of neutron-rich nuclei 
in accreting （質量降着） neutron stars 

X-ray burst
rp-process

N. Chamel and P. Haensel, 
Living Rev. Relativity, 11 (‘08) 10.

fusion of neutron-rich nuclei 
when Z becomes small enough

electron capture
(A,Z) +e- → (A,Z-1) + νe

towards neutron-rich nuclei

24O + 24O, 28Ne + 28Ne etc. 

origin



112
113
114

165 170 175 180

neutron-rich beams: indispensable→reaction dynamics?

Fusion of unstable nuclei

K.-S. Choi, K. Hagino et al., 
Phys. Lett. B780 (’18) 455

the island of 
stability

good understandings of the structure 
of neutron-rich nuclei is also important

need further 
improvements

K.H. and H. Sagawa, PRC72(‘05)044321



SHE + neutron-rich nuclei + OQS → new direction

Reactions of n-rich nucl. Structure of n-rich nucl.

• SHE
• the island

of stability

Physics of SHE

open quantum 
systems (OQS)



Chemistry of superheavy elements

Are they here in the periodic table? 
Does Nh show the same chemical properties 

as B, Al, Ga, In, and Tl?



relativistic effect : important for large Z

E = mc2

Solution of the Dirac equation (relativistic quantum mechanics) 
for a hydrogen-like atom: 

relativistic effect



Famous example of relativistic effects: the color of gold

Gold looked like silver if there was no relativistic effects! 



5d

6s

4d

5s

Gold (Au)Silver (Ag)

Non-Rel.Non-Rel.

Rel.
Rel.

3.7 eV 2.4 eV

2.76 eV 1.65 eV

cf. visible spectrum

2.4 eV3.7 eV



5d

6s

4d

5s

Gold (Au)Silver (Ag)

Non-Rel.Non-Rel.

Rel.
Rel.

3.7 eV 2.4 eV

2.76 eV 1.65 eV

cf. visible spectrum

2.4 eV3.7 eV

reflected (Au)

reflected (Ag)

absorbed (Au)



Gold (Au)Silver (Ag)

Non-Rel.Non-Rel.

Rel.
Rel.

3.7 eV 2.4 eV

Au

blue: absorbed

Ag

no color
absorbed



Chemistry of superheavy elements

How do the relativistic effects alter the periodic table for SHE?
a big open question



physics chemistry astronomy
SHE: quantum many-body systems with a strong Coulomb field

 origin of elements
 r-process
 kilonova

interdisciplinary SHE science

reaction dynamics
 quantum friction
 neutron-rich nuclei

Summary





New method for open quantum systems
M. Tokieda and K.H.,  Ann. of Phys., in press (‘19)

environment couplingsystem

naiive coupled-channels equations: 

coupled-channels eqs. for 

difficult when the number of environmental osc. modes is large



introduce more efficient basis

cf. correlation function

cf. 階層型運動方程式
Y. Tanimura and R. Kubo, 
J. Phys. Soc. Jpn 58 (’89)101

basisexp. 
coef.

cf. Lanczos method



in actual calc.: expansion with Bessel function (Jacobi-Anger identity)：

Chebyshev polynomials

large k: does not contribute 
when t is small



modelling of open quantum systems
i) system + bath

 Caldeira-Leggett
 Feynmann-Vernon

solution:
a) eliminate B (bath) 

→ eff. action for S
(influence functional)

b) 

Markovian approximation
→ Lindblad equation

c) expand the tot. wf with the eigen
states of HB (coupled-channels eq.)

M. Tokieda and K.H., 
Ann. of Phys. 412 (‘20) 168005.  
Front. in Phys. 8 (‘20) 8. 

S B
VSB



application to damped oscillation: HO + environment (conti. spectrum)

expansion with Bessel functions up to K=20

black: exact
red：CC（Nmax=5）

M. Tokieda and K. Hagino, Ann. of Phys. 412 (‘20) 168005



modelling of open quantum systems
i) system + bath

 Caldeira-Leggett
 Feynmann-Vernon

solution:
a) eff. action for S

(influence functional)
b) Lindlad eq. 
c) coupled-channels eqs. 

• microscopic 
• but, hard to solve

ii) quantum friction model

 E. Kanai, PTP 3 (‘48)
 M.D. Kostin, JCP 57 (‘72)
 K. Albrecht, PLB56 (‘75) 
 K.-K. Kan & J.-J. Griffin, 

PLB50 (‘74)
 A. Bulgac, S. Jin, and I. Stetcu, 

PRC100, 014615 (2019)

construct a Hamiltonian which
leads to 



Quantum friction

a quantization: Kanai model   E. Kanai, PTP 3 (1948) 440

time-dep. wave packet approach

∆E=5 MeV

M. Tokieda and K.H., PRC95 (‘17) 054604

classical eq. of motion



modelling of open quantum systems
i) system + bath

 Caldeira-Leggett
 Feynmann-Vernon

• microscopic 
• but, hard to solve

ii) quantum friction model

construct Hamiltonian which
leads to 

• phenomenological
• easy to solve

?
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