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Content

• The history of Superheavy element production


• The challenge of Superheavy element production


• Bayesian uncertainty quantification for synthesizing superheavy element
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The only way we can create these elements is through nuclear reactions in the laboratory.
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Fusion-evaporation reaction
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S. Hofmann, G. Münzenberg, Rev. Mod. Phys. 72 (2000) 733. 

Lead-208 

Bismuth-209

Ca-Calcium (Z=20) 

Ti-Titanium (Z=22)   

Cr-Chromium (Z=24)  

 

Fe-Iron (Z=26)   

Ni-Nickel (Z=28)   

Zn-Zinc (Z=30)

Ge-Germanium (Z=32) 

Se-Selenium (Z=34) 

Kr-Krypton (Z=36)

As the charge number of the projectile core increases, 
the Coulomb potential of the system increases (~Z1*Z2), 
reducing the probability of fusion.
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The experimental capability limit

at that time (Japan): 

Beam intensity: ~ ;  ~  


Result: 575 days, 3 events 


1pμA σ 19fb

Zn-Zinc (Z=30) Bismuth-209 femtobarn



8
Yu.Ts. Oganessian, V.K. Utyonkov / Nuclear Physics A 944 (2015) 62–98 


48Ca +244 Pu → Z = 114, Z1 × Z2 = 1880
76Ge +208 Pb → Z = 114, Z1 × Z2 = 2624

the Coulomb barrier is about 40% weaker, 

Es-Einsteinium (Z=99)

48Ca +254 Es → Z = 119

Plutonium-244 Ge-Germanium (Z=32) 
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Content

• The history of Superheavy element production


• The challenge of Superheavy element production


• Bayesian uncertainty quantification for synthesizing superheavy element

Beam intensity & Detection efficiency 

Reaction system & Reaction energy 

Nothing has been observed yet
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The experimental capability limit

at that time (Japan): 

Beam intensity: ~ ;  ~  
1pμA σ 19fb
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• Research goal: Synthesize elements 119

Try to synthesize element 119: 54Cr + 243Am

The experimental capability limit

at that time (Japan): 

Beam intensity: ~ ;  ~  


Result: 575 days, 3 events 


1pμA σ 19fb
 ~ , beam intensity  ~ 


Standard experimental settings: 

events/200~100 days, feasible!

σ 8fb 5 10pμA

From Zhang san’slide
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Theoretical predictions for the production of element Z = 120 from 
the 3n (thin, red lines) and 4n (thick, blue lines) exit channels

50Ti +249 Cf

J. M. Gates,  PhysRevLett.133.172502

• The cross-section error reaches 2-3 orders of magnitude

• 10 MeV difference in optimum energy 

Titanium-50
Californium-249

https://journals.aps.org/search/field/author/J%20M%20Gates
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Content
• The history of Superheavy element production


• The challenge of Superheavy element production


• Bayesian uncertainty quantification for synthesizing superheavy element

（Dinuclear system model）

Bayesian @ grid search

Aspect Brute-force Sampling Bayesian Inference

Concept Uniformly or randomly 
samples concentrate sampling in high-probability regions.

Efficiency Highly inefficient in high 
dimensions

Highly efficient — focuses on the posterior 
distribution

Parameter 
Correlation Ignores it entirely Naturally captures and models parameter 

correlations via joint posterior distributions.

Uncertainty 
Quantification

Difficult — no built-in method 
for confidence intervals or 

credible regions.

Built-in — provides full probabilistic description, 
including credible intervals and joint correlations.



14

σER(Ec.m.) =
πℏ2

2μEc.m. ∑
J

(2J + 1)T(Ec.m., J)PCN(Ec.m., J)Wsur(Ec.m., J)

The transmission probability is 
calculated by using the Hill-Wheeler 
formula in combination with the 
barrier distribution function,

1. Capture 

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

Bin Wang, Atomic Data and Nuclear Data Tables 114 (2017) 281–370

VN(R) = ∫ ρ1(r1) ρ2(r2) v(r1 − r2 − R) dr1 dr2
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σER(Ec.m.) =
πℏ2

2μEc.m. ∑
J

(2J + 1)T(Ec.m., J)PCN(Ec.m., J)Wsur(Ec.m., J)

1. Capture 

(A1 − A2)/(A1 + A2)



16

σER(Ec.m.) =
πℏ2

2μEc.m. ∑
J

(2J + 1)T(Ec.m., J)PCN(Ec.m., J)Wsur(Ec.m., J)

1. Capture 

Ps(E*i ) =
Γs(E*i )
Γtot(E*i )

, Γtot = Γn + Γp + Γα + Γγ + Γf

E*i+1 = E*i − Bi

Γf(E*, J ) =
1

2πρ(E*, J )
× ∫

E*−Bf

0

ρf(E* − Bf − ϵ, J )
1 + exp[−2π(E* − Bf − ϵ)/(ℏω)]

dϵ

ρ(E*, J ) = Kcoll
(2J + 1) a

24(E* − δ − Erot)2
(
ℏ2

ζ
)3/2 × exp[2 a(E* − δ − Erot)] .

Γv(E*, J ) =
(2sv + 1)mv

π2ℏ2ρ(E*, J )
× ∫

E*−Bv

0
ϵρ(E* − Bv − ϵ, J )σinv(ϵ)dϵ σinv(ϵ) = πR2



17

σER(Ec.m.) =
πℏ2

2μEc.m. ∑
J

(2J + 1)T(Ec.m., J)PCN(Ec.m., J)Wsur(Ec.m., J)

Sensitivity Analysis and Parameter selection

1. Capture 

ρ(E*, J ) = Kcoll
(2J + 1) a

24(E* − δ − Erot)2
(
ℏ2

ζ
)3/2 × exp[2 a(E* − δ − Erot)] .

αn = A /12MeV−1, αf /αn
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OEE = OIE + Q-value

OEE: optimal excition energy

OIE: optimal incident energy

Q value: use Myers mass table

We take 11, 10, and 7 points in their ranges, respectively, 
giving a total of 770 parameter sets. Based on the above 
parameter sets, we theoretically calculate the ERCS of the 

reactions , for each set of parameters using 

the DNS model. 

48Ca +243 Am

P. Möller, J. Nix, W. Myers, W. Swiatecki,, arXiv preprint arXiv:nucl-th/9308022, 1993. 

Gaussian process emulator 

To output enough parameter sets
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Bayesian analysis provides a probabilistic framework for parameter estimation 
and uncertainty quantification, where all unknowns are treated as probability 
distributions.

P(θ |data) ∝ P(data |θ) ⋅ P(θ)

，is the vector of model parameters to be inferredθ = (a, Ed, af /an)

，is the prior distribution of the parametersP(θ)

，is the likelihood function, which quantifies how well the model predictionsP(data |θ)

，is the posterior distributionP(θ |data)

P(Data |X) ∝ exp{−
1
2

(Dataemulator − Dataexp)T ∑
M

(Dataemulator − Dataexp)−1}

Phys. Rev. C 99 (5) (2019) 054306. 
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MCMC method 

In statistics, Markov chain Monte Carlo (MCMC) is a class of algorithms used 
to draw samples from a probability distribution.

     

     

we build a full picture of the uncertainty and how parameters interact
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The final state information of Bayesian inference

the posterior distribution of a, 𝑬_𝒅, 𝒂_𝐟/𝒂_𝐧

• There is a correlation between physical 
parameters.  is positively correlated 

with , with a Pearson coefficient of 
0.97.

Ed
af /an

• the key parameters is not independently
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48Ca +243 Am → Z = 115
Calcium-48 plus Americium-243

• It is unreasonable to regard the correlation between parameters as independent

• Under the 2𝝈 confidence interval, the confidence intervals of ERCS for each n 

evaporation channel are within 1 order of magnitude

• OIE confidence interval is 199.5 ~ 200.9 MeV

Final state information obtained by Bayesian inference

OIE: optimal incident energy

Q = -165.99 MeV
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Under the  confidence interval, the confidence intervals of the ERCS of each 

n-evaporation channel are within  order of magnitude


（a）  OIE confidence interval is   MeV


（b）  OIE confidence interval is   MeV


（c）   OIE confidence interval is   MeV

2σ
1

54Cr +243 Am → Z = 119 238.1 ∼ 240.2
50Ti +2449 Bk → Z = 119 222.8 ∼ 225.1
51V +248 Cm → Z = 119 227.1 ∼ 229.3

OEE = OIE + Q-value

OEE: optimal excition energy

OIE: optimal incident energy

Q value: use Myers mass table
𝑄 values for the reactions are -206.28, -191.47, and -195.34 MeV

54Cr +243 Am → Z = 119 50Ti +2449 Bk → Z = 119 51V +248 Cm → Z = 119
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Summary

We have presented a comprehensive application of Bayesian inference 
method to the calculation and propagation of the key parameters’ 
uncertainties in the DNS model.

（a）  OIE confidence interval is   MeV


（b）  OIE confidence interval is   MeV


（c）   OIE confidence interval is   MeV

54Cr +243 Am → Z = 119 238.1 ∼ 240.2
50Ti +2449 Bk → Z = 119 222.8 ∼ 225.1
51V +248 Cm → Z = 119 227.1 ∼ 229.3

Discrepancies among theoretical models highlight the urgent need to 
quantify model uncertainties and improve theoretical reliability before 
guiding future experiments.



25if you have some recommendation, please let me know !

If you also want to join me, please let me know !

Arashiyama

Kurama Temple

Kamigamo shrine

Sanzen-in Temple

Mountain Hiei

Higashiyama jisho-ji

Mount Daimonji
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arXiv:2107.01590v2

Gaussian process emulator 


