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To understand the damage of metal exposed by a high-intensity proton beam
̶Contributing to the safety of accelerator-driven systems using high-energy proton beam̶

R&D is currently moving forward on accelerator-driven systems (ADS) for reducing the volume
and hazard of high-level radioactive wastes produced at the nuclear reactors. In this system,
damage evaluation is crucial to understand the damage of materials serving, such as beam
windows exposed by a high-intensity proton beam. As the damage index of the materials caused
by the radiation, a unit of displacement per atom is widely used, which is determined by the
particle fluence and “displacement cross-section”. However, there is little experimental data of the
displacement cross-section, which makes difficult to validate the evaluation calculations for the
radiation damage.
At the proton accelerator facility of J-PARC, measurements were conducted of the displacement
cross-sections of iron and copper, which are the materials of ADS equipment. Following
Matthiessen's rule, the displacement induced by the radiation is proportional to the change of
electrical resistance of the irradiated sample. The cross section can be obtained from the growth
of the resistance of the sample irradiated by the proton beam of the accelerator. In order to
sustain the displacement without the elimination due to the thermal diffusion, the iron and copper
samples were cooled less than -265⁰C using cryocooler. For the first time in the world, the
displacement cross-section was successfully obtained in the energy region of proton beams used
for ADS.
The findings obtained in this research have enabled more precise damage evaluation of materials
used not only in ADS, but also in high-intensity of high-energy accelerator facilities like J-PARC.
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Radiation safety at ADS facility by JAEA

Estimation of residual γ-ray dose rate

-> Nuclide production cross section

Systematic measurements at J-PARC1-8

GeV-energy proton + targets

Target in this study: 208Pb instead of natPb

1. Contained in LBE

2. Simplify the nuclear reaction

and deepen the understanding of it
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Predictions based on theories

PHITS9: INCL10, JAM11, GEM12

Library: JENDL/HE-200713

Empirical formula: SPACS14

Without Exp. data, reliability is unclear.

-> Benchmark study is still necessary.
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Nuclear reaction process

208Pb(p,X) reaction

Number of preceding study: unsatisfactory

-> Accumulating the measured data

of the 208Pb(p,X) reactions 

Confirming the prediction accuracy of models
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the best?

Excitation function

Purpose of this study

1. Measurement of the 208Pb(p,X) reactions

2. Comparison among our present data, 

previous studies, and aforementioned models



Experiment
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Beam dump line near the extraction port of 3 GeV RCS

Incident proton conditions

Ep: 0.4, 1.3, 2.2, 3.0 GeV

tirrad: 100 sec

Np: 1.1 x 1014 protons

208Pb target conditions

Size: 25 x 25 x 0.38 mm3

Weight: 2.5 g

Cover: 0.1-mm-thick Al HPGe detector

Holder of 
irradiated sample

Target foil structure

Exp. place
Target chamber

3

Al 208Pb Al

proton
beam

-> MLF



Data analysis
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1. Obtain the net area of objective nuclides

2. Determine N0 of attenuation curve (N0e-λt)

(N0: the number of nuclides at t=0,

λ: decay constant)

3. Derive the cross sections

� =
fabsfsecfescN0

nfbeamNp
(1)

1

γ-ray spectrum

Attenuation curve

Uncertainty of Exp. data

1. Fitting parameter

2. Proton beam intensity* (2%)

3. Branching ratio

4. Standard γ-ray source intensity (2.5%)

σ: cross section [mb], n: areal density of 208Pb [/cm2]

Np: proton beam intensity, fabs: factor of self-absorption

fbeam: factor of proton beam intensity (imaging plate)

fesc: factor of incoming and outgoing nuclei (PHITS)

fsec: factor of secondary particles (PHITS)
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208Pb(p,X)203Pb* Monitor reactions, uncertainties of which are about 10%, 
were used to get the proton intensity in references. 
Thus, J-PARC has the advantage to measure the Exp. data 
with smaller uncertainties.



Obtained nuclides
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red: first data

green: above 1 GeV first

black: already measured

in previous studies

e.g., Au nuclides

Total: 6 nuclides

first: 1 of 6

first > 1 GeV: 2 of 6

already: 3 of 6
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As a result of our measurement, 

a total of 506 data (170 nuclides) were acquired.

28 nuclides were obtained for the first time.

109 nuclides above 1 GeV were measured firstever.



Light nuclides
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(p,X)7Be: Underestimation of Exp. data

This suggests that the formation of the 

light nuclides in the calculations has 

room for improvement.Excitation functions

Cross sections of the (p,X)7Be reaction 
at 3-GeV proton incidence
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Medium-heavy to heavy nuclides

9Excitation functions
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Adjacent nuclides of 208Pb

10Excitation functions

1−10 1
Proton Energy [GeV]

10

210

C
ro

ss
 S

ec
tio

n 
[m

b]

This work
T.Enqvist+(2001)
Yu.E.Titarenko+(2011)

208Pb(p,X)198Tl, cum

Better: JAM/GEM
SPACS

UE: INCL/GEM
JENDL

1−10 1
Proton Energy [GeV]

10

210

C
ro

ss
 S

ec
tio

n 
[m

b]

This work
T.Enqvist+(2001)
Yu.E.Titarenko+(2011)
Yu.E.Titarenko+(2002)
Yu.E.Titarenko+(2009)

208Pb(p,X)202Tl, cum

OE: all

1−10 1
Proton Energy [GeV]

10

210

C
ro

ss
 S

ec
tio

n 
[m

b]

This work
T.Enqvist+(2001)
Yu.E.Titarenko+(2011)
Yu.E.Titarenko+(2009)

208Pb(p,X)198Pb, cum

UE: all

1−10 1
Proton Energy [GeV]

10

210

C
ro

ss
 S

ec
tio

n 
[m

b]

This work
T.Enqvist+(2001)
Yu.E.Titarenko+(2011)
Yu.E.Titarenko+(2009)

208Pb(p,X)203Pb, cum

OE: JAM/GEM
UE: others

1−10 1
Proton Energy [GeV]

1

10

C
ro

ss
 S

ec
tio

n 
[m

b]

This work
A.Kelic+(2004)
Yu.E.Titarenko+(2011)
Yu.E.Titarenko+(2009)

208Pb(p,X)203Bi, ind

Better: JAM/GEM
JENDL

UE: others

1−10 1
Proton Energy [GeV]

1

10

C
ro

ss
 S

ec
tio

n 
[m

b]

This work
A.Kelic+(2004)
Yu.E.Titarenko+(2011)
Yu.E.Titarenko+(2002)
Yu.E.Titarenko+(2009)

208Pb(p,X)205Bi, ind

UE: SPACS
Better: others

INCL/GEM 4.5

JENDL/HE-2007 6.2

JAM/GEM 3.9

SPACS 5.2

Reduced χ-square values for all obtained nuclides



Conclusion and future work
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Conclusions

・Nuclide production cross sections
208Pb(p,X) reaction at 0.4, 1.3, 2.2, and 3.0 GeV proton incidence

A total of 506 cross sections (170 nuclides) were acquired.

・Comparison with models

Calculations cannot reproduce the measured data.

-> There still remains the room for improvement for calculations.

Future work

・Revision of nuclear reaction models

A lot of data with various targets are already taken. 

These data are useful to improve nuclear reaction models.

・Comparison with 209Bi data

We will compare between the 208Pb(p,X) and 209Bi(p,X) reactions.
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Comparison with natPb(p,X)
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Correction of the proton intensity
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f(x, y) =
N

2⇡�x�y

p
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Measurement of γ-rays’ distribution from irradiated samples

γ-rays’ distribution = incident proton spatial distribution

Fitting by Gauss function of the distribution

fbeam =
1

N

Z

foil

f(x, y)dxdy (1)

1

Integration of f(x,y) in the sample area
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Correction of the in/out nuclei
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3

Al 208Pb Al

proton
beam

Target foil structure

7Be

Nuclides generated in 208Pb layer:

Moving to Al layer-> decreasing the cross section

Nuclides generated in Al layer:

Moving to 208Pb layer-> increasing the cross sections

Correction factor: PHITS (T-Yield)

0.4 GeV 1.3 GeV 2.2 GeV 3.0 GeV

fesc 0.9692 1.087 1.116 1.108

Values of fesc for 7Be



γ-ray detection efficiency
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ln {"(E�)} =

⇢
a0 + a1 ⇥ lnE� + a2 ⇥ (lnE�)2 (E� < Eknee)
b0 + b1 ⇥ lnE� + b2 ⇥ (lnE�)2 (E� � Eknee)

(1)

1

ε(Eγ): γ-ray detection efficiency

Eγ: γ-ray’s energy [keV]

Eknee: separation energy [keV]

ai, bi (i =0,1,2): fitting parameters
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γ-ray detection efficiency

Fitting parameters at 50-mm distance

a0 -28.6452

a1 10.6654

a2 -1.12329

b0 2.97939

b1 -1.38888

b2 0.0253932

Eknee [keV] 190


