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Gaussian processes are used as a Bayesian machine learning technique to solve regression
and classification problems. This paper reviews this technique, and presents some merits and
issues for the nuclear data generation.

1 Introduction

Gaussian processes [, 2] are used as a Bayesian machine learning technique to solve the re-
gression and classification problems. Because a regression model based on Gaussian processes
(GPR) gives predictive distributions for regression problems, this technique may be a powerful
tool not only for evaluating nuclear data but also for determining the corresponding uncertainty.
In the previous study, a method to generate nuclear data from experimental data was proposed
based on GPR [B], and it was demonstrated that our method can generate reasonable regression
curves and their uncertainties from experimental data. This paper reviews this technique, and

some merits and issues for the nuclear data generation are presented.

2 (Gaussian process regression

Suppose that we have N measured data points (measurement energy points &y € RY and
corresponding cross sections with uncertainties [one standard deviation, 10|, ty & 5ty € RY)
for a certain nuclear reaction and that we aim to generate a set of cross-sections for certain M
energy points xy; € RM. GPR expresses the conditional probability distribution of ty; € RM
given by ty, p(ty|ty), as a Gaussian distribution with mean pp, and covariance Xz ar:

p(tamltn) = N(tar | ar, ), (1)
Sum = Curr — ChyCrvCnr. (3)

The (i, 7)-th element of the covariance Cyy is expressed as
C($¢,$J’) = k:(a:i,acj) +5ti5¢j5tj, (4)

where k(x;, ;) represents the kernel function, and the d;; is the Kronecker delta. The (i, j)-th
elements of N x M matrix Cnpr, M x N matrix Cpry(= CLM), and M x M matrix Cysps are

of the form:
Clxi, xj) = k(zi, z;). (5)



For the kernel function, this study used the following radial basis function:
_ 02 2
k(@i ®j) = Orexp | = |l — ;] |, (6)

where ® = (01,05) is a set of hyperparameters, which is optimized by finding a solution that
maximizes the marginal log likelihood p(tn|Cnn, ®):

Ot = argmaxlnp(ty|Cny,®) (7)
(C]

1 1 N
= argmax (—2 In|Cyn| — itNC]_\,gvt]TV Y ln(27r)> . (8)
()

3 Generated cross-sections

3.1 Nuclide-production cross-sections

Figure M compares the generated nuclide production cross-sections for the 27Al(p,X )4He and
27Al(p, X )1°Be reactions with physics models of INCL++/ABLAO7 [4, 6] and INCL4.6/GEM [B,
7] and evaluated nuclear data libraries of ENDF/B-VIILO [8], JENDL-4.0/HE [d], and TENDL-
2019 [m0]. The experimental data, which were measured with the activation method, were taken
from the experimental nuclear database, EXFOR [[1]. The blue dashed line with uncertainty
band indicates the cross-sections generated by GPR. Although the physics models and evaluated
nuclear data account for the trends of the production cross-sections as a function of incident
energy, it fails to agree with the experimental data. These discrepancies would be solved by
improving the phyicis model or model parameters. In contrast, since GPR draws smooth curves
to fit the experimental data without the need for physics models, the curves agree in principle
with the experiments.

10 27Al(p,X)*He, independent 102 27Al(p,X)1°Be, independent

——— JENDL-4.0/HE
s - ~——— TENDL-2019

P

= INCL4.6/GEM

—=INCL++/ABLAO7

—— GPRmean

10 4 GPR +20

Michel et al 1997
Sisterson et al 1996
Schiekel et al 1996 _—
Michel et al 1995 A

/ —— ENDF/B-VIIL.O

e -

Production cross-sections (mb)
Production cross-sections (mb)

A
10t 4 R vivenedis 109 4 Bodemann et al 1993 ™ A
INCLA.6/GEM Dittrich et al 1990 o~
o INCL++/ABLAO7 Dittrich et al 1990 Ve ¥
—— GPRmean ,"’
GPR 20 % 4
4 Leya1998 M
4 Takao et al 1997 _ y
10° 4 t  Michel et al 1995 107 4
Jung et al 1991
{  Dittrich et al 1990
Michel et al 1989
}  Green et al 1988 ;ﬁ/ /
Walton et al 1976 y.
107 , ; 102 & 217 |
10t 102 103 10t 102 103
Incident proton energy (MeV) Incident proton energy (MeV)

Figure 1: Comparisons of nuclide production cross-sections for the 27Al(p, X)*He reac-
tion (left panel) and the 27Al(p, X)'°Be reaction. (right panel) with physics models of
INCL++/ABLA07 [4, 5] and INCL4.6/GEM [B, 7] and evaluated nuclear data libraries of
ENDF/B-VIIL.O [8], JENDL-4.0/HE [d], and TENDL-2019 [i0]. The dashed blue line and
the light blue band present the mean of the generated predictive distribution and +20 about
the mean, respectively. The experimental data were taken from EXFOR [IT].



3.2 GPR as a random sampler

Figure B shows generated nuclide-production cross-section for the **N(p, X)1°Be reaction and
the generated correlation matrix. In the left panel of Figure B, the 10 colored lines indicate
random samples of the cross sections, which can be easily generated according tas|tn ~ N (¢ |
s Xarn)- These random samples would be of significant benefit to subsequent uncertainty
propagation analyses by the random sampling technique in research fields such as neutronics,
reactor physics, and shielding analyses.
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Figure 2: Generated nuclide-production cross-section (left panel) and the generated correlation
matrix (right panel) for the " N(p, X)19Be reaction. For the left panel, the dashed blue line and
the light blue band present the mean of the generated predictive distribution and +2¢ about
the mean, respectively. The 10 colored lines present random samples generated according to
tarltny ~ N(tar | as, Xaar). The experimental data were taken from EXFOR.

3.3 Case of small experimental dataset

Figure 8 illustrates the nuclide-production cross-section for the 27 Al(p, pn)26 Al reaction. In the
left panel, the cross-section was generated from the experimental data by Sisterson, et al. [17]
and Schneider, et al. [I3]. Here, since the threshold energy can be deduced from the mass of
the reaction system (xy, = 11.3 MeV), it was considered as training data (i.e. {ztn, tin, 0ttnh} =
{11.3 MeV, 1073 mb, 10~% mb}). Although its exact position including its uncertainty cannot be
determined, a reasonable curve in this energy range seems to be obtained, and we confirmed that
the generated uncertainty did not strongly depend on the additional training data. However,
an unacceptably large uncertainty band is still observed at the GeV range, which is owing to
the lack of experimental data. Such uncertainty information would be useful for motivating to
conduct new experiments in terms of enhancing the prediction acuracy.

As one possible way to resolve such problems, it may be necessary to give some physical
knowledge as training data. In this case, from the total proton-neutron cross-section system-
atics [I4], the (p,pn) cross-sections in the GeV range is expected to be constant. In the right
panel of Figure B, auxiliary constant cross-section value points are added in the GeV range to
take into account this knowledge. However, this ad hoc solution need to be improved in future.
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Figure 3: Left panel: nuclide production cross-section for the 27 Al(p, pn)?6Al reaction generated
from the experimental data. Right panel: same as the left panel but with the inclusion of
auxiliary points infered from the total proton-neutron cross-section systematics at the GeV
range.

4 Summary

We have applied the GPR technique to generate nuclear data, focusing on proton-induced nuclide
production cross-sections. Reasonable curves with corresponding uncertainties were obtained
and the results indicate that this approach is effective for generating nuclear data.
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