
Ultra-high-energy Cosmic Rays

Extragalactic propagation

RCNP核理1aグループ勉強会 2020.5.21 by A. Tamii

PANDORA 
Why are the photo-nuclear reaction data so mutually inconsistent?  

— a survey on the photo-nuclear reaction data —

Experimental 
Data
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Another Galaxy

Motivation
PANDORA Project

The energy UHECR nuclei is governed by photo-
disintegration process by the collision with 

The origin and acceleration mechanism of ultra high energy 
cosmic rays (UHECR) (>1018) eV is still not understood.

Systematic data or reliable theoretical descriptions are required 
for the photo-absorption cross section and decay branching 
ratios of stable nuclei up to A~56.

Data are scarce.
Available data are often mutually inconsistent.
Insufficient predictability by theoretical models.

Systematic measurement

Development o f nuclear theories



RCNP-Grand Raiden

ELI-NP

iThemba LABS

CAKE
decay 
charge 
particle 
detector 
array


Combination of 
experiments with 
complementary 
devices.

Systematic Measurement on E1 Strength Distribution and n,p,α,γ decays up to A~56

ALBA
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PANDORA Project 
Photo-Absorption of Nuclei and Decay Observation for Reactions in Astrophysics



Probing Photo-Nuclear Response of Nuclei

Real photo excitation

• Missing mass method  
with proton Coulomb excitation


• better for total strength 
and strength distribution 
higher cross sections 
also applicable for p,α,γ decays

γ
n, p,α,γ

Virtual photo excitation by proton scattering
p p

p p

p,α,γ

• Gamma-beam by laser-Compton 
scattering with an electron beam


• individual decay channels 
better for absolute normalization 
applicable also for n and xn decays in addition to p,α,γ 4

with new technologies
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Another Galaxy

Summary
Quasi mono-energetic gamma-rays or excitation energy tagging is required.

ΔE ≤ 100-200 keV

Good absolute c.s. normalization is required.

Lack of the way of measuring total photo absorption c.s. (for isotopically enriched material) 
needs to be overcome.

Applicability to isotopically enriched (small amount of) target material is required.
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Experimental Methods

A. Bracco, E.G. Lanza and AT, PPNP 106, 360 (2019)
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Sources
Positron annihilation in flight

Tagged-photon (bremsstrahlung tagging)

Laser Compton Source (LCS)

Bremsstrahlung
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Photo-absorption C.S. is not (γ,xn) for light-medium heavy nuclei

208Pb AT et al., PRL107, 062502 (2011) 16O
E.G. Fuller, Phys. Rep 127, 185 (1985)
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Definitions

also fissions.. T. Kawano et al., Nucl. Data Sheets 163, 109 (2020)



ὺᾣᾜᾘᾩὗᾝᾠᾜᾣᾛὗ
ὸᾛᾛὗᾚᾦᾛᾜὗᾫᾦὗᾫᾟᾜὗᾝᾠᾜᾣᾛὗὗ
ὗὨὗόὸώὩὗὗὗᾊᾚᾠᾥᾫᾠᾣᾣᾘᾫᾦᾩὗόᾘώὩὗ
ὗὩὗόώὪὗὗὗὗόᾦᾩᾦᾥὗᾋᾩᾠᾝᾣᾬᾦᾩᾠᾛᾜὗᾥᾜᾬᾫᾩᾦᾥὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
ὗὪὗό὾ᾆὗὗὗὗόᾠᾪᾤᾬᾫᾟὤ὾ᾜᾩᾤᾘᾥᾘᾫᾜὗᾚᾩᾰᾪᾫᾘᾣὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
ὗὫὗόᾇὸᾀᾉὗὗὼᾣᾜᾚᾫᾩᾦᾥὤᾧᾘᾠᾩὗᾪᾧᾜᾚᾫᾩᾦᾤᾜᾫᾜᾩὗ
ὗὬὗόᾌόᾃὺὗὗόᾬᾙᾙᾣᾜὗᾚᾟᾘᾤᾙᾜᾩὗ
ὗὭὗὺὼᾉὼᾅὗὗὺᾜᾩᾜᾥᾢᾦᾭὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
ὗὮὗὺᾆᾀᾅὗὗὗὺᾦᾠᾥᾚᾠᾛᾜᾥᾚᾜὗᾚᾦᾬᾥᾫᾜᾩὗᾘᾩᾩᾘᾥᾞᾜᾤᾜᾥᾫὗ
ὗὯὗὺᾆᾄᾇᾃὗὗὺᾦᾤᾧᾫᾦᾥὗᾇᾦᾣᾘᾩᾠᾤᾜᾫᾜᾩὗ
ὗὰὗὺᾊᾀὺᾉὗὗὺᾜᾪᾠᾬᾤὤᾀᾦᾛᾠᾛᾜὗᾚᾩᾰᾪᾫᾘᾣὗ
ὨὧὗύὫᾇᾀὗὗὗὫᾧᾠὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
ὨὨὗύᾉώᾋὺὗὗύᾩᾠᾝᾫὗᾚᾟᾘᾤᾙᾜᾩὗ
ὨὩὗώᾀᾊὺ὿ὗὗώᾠᾪᾪᾠᾦᾥὗᾚᾟᾘᾤᾙᾜᾩὗ
ὨὪὗ὾ὼὗὗὗὗὗ὾ᾜᾩᾤᾘᾥᾠᾬᾤὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
ὨὫὗ὾ὼὤᾀᾅὗὗ὾ᾜᾩᾤᾘᾥᾠᾬᾤὗᾠᾥᾫᾩᾠᾥᾪᾠᾚὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
ὨὬὗ὾ὼᾃᾀὗὗὗ὾ᾜᾩᾤᾘᾥᾠᾬᾤὤᾃᾠᾫᾟᾠᾬᾤὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
ὨὭὗ὾ὼᾄᾌὺὗὗ὾ᾜᾠᾞᾜᾩὤᾄᾬᾜᾣᾣᾜᾩὗᾚᾦᾬᾥᾫᾜᾩὗ
ὨὮὗ὾ᾃὸᾊύὗὗ὾ᾣᾘᾪᾪὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
ὨὯὗ὿ὼὪᾊᾇὗὗ὿ᾜὤὪὗᾪᾧᾜᾚᾫᾩᾦᾤᾜᾫᾜᾩὗ
Ὠὰὗ὿ᾆᾉόᾌὗὗ὿ᾦᾩᾥᾰᾘᾢὗᾙᾬᾫᾫᾦᾥὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
Ὡὧὗ὿ᾇ὾ὼὗὗὗ὿ᾰᾧᾜᾩᾧᾬᾩᾜὗ὾ᾜᾩᾤᾘᾥᾠᾬᾤὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
ὩὨὗᾀᾄᾇᾊᾀὗὗᾇᾘᾪᾪᾠᾭᾘᾫᾜᾛὗᾠᾤᾧᾣᾘᾥᾫᾜᾛὗᾧᾣᾘᾥᾘᾩὗᾊᾠὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
ὩὩὗᾀᾆὺ὿ὗὗὗᾀᾦᾥᾠᾱᾘᾫᾠᾦᾥὗᾚᾟᾘᾤᾙᾜᾩὗ
ὩὪὗᾃὼ὾ὼὗὗὗᾃᾦᾮὗᾜᾥᾜᾩᾞᾰὗ὾ᾜᾩᾤᾘᾥᾠᾬᾤὗύᾜᾫᾜᾚᾫᾦᾩὗ
ὩὫὗᾃᾆᾅ὾ὺὗὗᾃᾦᾥᾞὗᾚᾦᾬᾥᾫᾜᾩὗ
ὩὬὗᾄὸ὾ᾊᾇὗὗᾄᾘᾞᾥᾜᾫᾠᾚὗᾪᾧᾜᾚᾫᾩᾦᾤᾜᾫᾜᾩὗ
ὩὭὗᾄὺᾇᾃᾋὗὗᾄᾠᾚᾩᾦᾚᾟᾘᾥᾥᾜᾣὗᾧᾣᾘᾫᾜὗ
ὩὮὗᾄᾆᾏᾉὗὗὗᾄᾦᾯᾦᾥὤᾉᾘᾜὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
ὩὯὗᾄᾋὸᾅᾂὗὗᾄᾦᾛᾜᾩᾘᾫᾠᾥᾞὗᾫᾘᾥᾢὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
Ὡὰὗᾄᾎύὺὗὗὗᾄᾬᾣᾫᾠὤᾮᾠᾩᾜὗᾛᾩᾠᾝᾫὗᾚᾟᾘᾤᾙᾜᾩὗ
Ὢὧὗᾄᾎᾇὺὗὗὗᾄᾬᾣᾫᾠὤᾮᾠᾩᾜὗᾧᾩᾦᾧᾦᾩᾫᾠᾦᾥᾘᾣὗᾚᾦᾬᾥᾫᾜᾩὗ
ὪὨὗᾄᾎᾊὺὗὗὗᾄᾬᾣᾫᾠὤᾮᾠᾩᾜὗᾪᾧᾘᾩᾢὗᾚᾦᾬᾥᾫᾜᾩὗ
ὪὩὗᾅὸᾀὺᾉὗὗᾊᾦᾛᾠᾬᾤὤᾀᾦᾛᾠᾛᾜὗᾚᾩᾰᾪᾫᾘᾣὗ
ὪὪὗᾇ὾ὸὺὗὗὗᾇᾘᾩᾘᾣᾣᾜᾣὤᾞᾩᾠᾛὗᾘᾭᾘᾣᾘᾥᾚᾟᾜὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
ὪὫὗᾇ὿ᾍὺὗὗὗᾇᾟᾦᾫᾦᾭᾦᾣᾫᾘᾠᾚὗὺᾜᾣᾣὗ
ὪὬὗᾇᾃὸᾋὼὗὗᾅᾬᾚᾣᾜᾘᾩὗᾧᾣᾘᾫᾜᾪὗ
ὪὭὗᾇᾇὸὺὗὗὗᾇᾘᾩᾘᾣᾣᾜᾣὗᾧᾣᾘᾫᾜὗᾘᾭᾘᾣᾘᾥᾚᾟᾜὗᾚᾦᾬᾥᾫᾜᾩὗ
ὪὮὗᾇᾉᾆᾇὺὗὗᾇᾩᾦᾧᾦᾩᾫᾠᾦᾥᾘᾣὗᾚᾦᾬᾥᾫᾜᾩὗ
ὪὯὗᾇᾊὗὗὗὗὗᾇᾦᾪᾠᾫᾠᾦᾥὗᾪᾜᾥᾪᾠᾫᾠᾭᾜὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
Ὢὰὗᾇᾊᾊὺᾅὗὗᾇᾦᾪᾠᾫᾠᾦᾥὗᾪᾜᾥᾪᾠᾫᾠᾭᾜὗᾪᾚᾠᾥᾫᾠᾣᾣᾘᾫᾦᾩὗ
Ὣὧὗᾇᾊᾊᾊύὗὗᾇᾦᾪᾠᾫᾠᾦᾥὗᾪᾜᾥᾪᾠᾫᾠᾭᾜὗᾪᾦᾣᾠᾛὗᾪᾫᾘᾫᾜὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
ὫὨὗᾊὺᾀᾅὗὗὗᾊᾚᾠᾥᾫᾠᾣᾣᾘᾫᾠᾦᾥὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
ὫὩὗᾊᾀὗὗὗὗὗᾊᾠᾣᾠᾚᾦᾥὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
ὫὪὗᾊᾀόὸᾉὗὗᾊᾠᾣᾠᾚᾦᾥὗᾪᾬᾩᾝᾘᾚᾜὗᾙᾘᾩᾩᾠᾜᾩὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
ὫὫὗᾊᾀᾃᾀὗὗὗᾊᾠᾣᾠᾚᾦᾥὤᾃᾠᾫᾟᾠᾬᾤὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
ὫὬὗᾊᾀᾊύὗὗὗᾊᾠᾣᾠᾚᾦᾥὗᾪᾫᾩᾠᾧὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
ὫὭὗᾊᾆᾃᾊᾋὗὗᾊᾦᾣᾠᾛὤᾪᾫᾘᾫᾜὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
ὫὮὗᾊᾇὼὺὗὗὗᾃᾘᾩᾞᾜὗᾪᾧᾜᾚᾫᾩᾦᾤᾜᾫᾜᾩὗᾪᾰᾪᾫᾜᾤὗ
ὫὯὗᾊᾋὸᾅᾂὗὗᾊᾚᾠᾥᾫᾠᾣᾣᾘᾫᾦᾩὗᾫᾘᾥᾢὗ
Ὣὰὗᾊᾎᾇὺὗὗὗᾊᾠᾥᾞᾣᾜὤᾮᾠᾩᾜὗᾧᾩᾦᾧᾦᾩᾫᾠᾦᾥᾘᾣὗᾚᾦᾬᾥᾫᾜᾩὗ
Ὤὧὗᾋὼᾃὼᾊὗὗὺᾦᾬᾥᾫᾜᾩὗᾫᾜᾣᾜᾪᾚᾦᾧᾜὗ
ὬὨὗᾋώόὺὗὗὗᾋᾟᾠᾥὤᾝᾠᾣᾤὗόᾩᾜᾘᾢᾛᾦᾮᾥὗὺᾦᾬᾥᾫᾜᾩὗ
ὬὩὗᾋ὿ᾉὼᾊὗὗᾋᾟᾩᾜᾪᾟᾦᾣᾛὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
ὬὪὗᾋᾇὺὗὗὗὗᾋᾠᾤᾜὗᾧᾩᾦᾡᾜᾚᾫᾠᾦᾥὗᾚᾟᾘᾤᾙᾜᾩὗ

ὺᾣᾜᾘᾩὗᾝᾠᾜᾣᾛὗ
ὸᾛᾛὗᾚᾦᾛᾜὗᾫᾦὗᾫᾟᾜὗᾝᾠᾜᾣᾛὗὗ
ὗὨὗὸὤόὼὗὗὗὸᾣᾧᾟᾘὤόᾜᾩᾰᾣᾣᾠᾬᾤὗ
ὗὩὗὸᾄὤόὼὗὗὸᾤᾜᾩᾠᾚᾠᾬᾤὤόᾜᾩᾰᾣᾣᾠᾬᾤὗᾥᾜᾬᾫᾩᾦᾥὗᾪᾦᾬᾩᾚᾜὗ
ὗὪὗὸᾉὸύὗὗὗὸᾥᾥᾠᾟᾠᾣᾘᾫᾠᾦᾥὗᾩᾘᾛᾠᾘᾫᾠᾦᾥὗ
ὗὫὗὸᾋᾆᾄᾀὗὗὸᾫᾦᾤᾠᾚὗᾙᾜᾘᾤὗᾪᾦᾬᾩᾚᾜὗ
ὗὬὗόὨὨὤ὿ὗὗὨ὿ὟὨὨόὣᾥὠὗ
ὗὭὗόᾉᾊᾋὗὗὗόᾩᾜᾤᾪᾪᾫᾩᾘᾟᾣᾬᾥᾞὗ
ὗὮὗὺώὩὬὩὗὗᾊᾧᾦᾥᾫὥᾝᾠᾪᾪᾠᾦᾥὗᾦᾝὗὺᾘᾣᾠᾝᾦᾩᾥᾠᾬᾤὤὩὬὩὗ
ὗὯὗὺᾄὤόὼὗὗὺᾬᾩᾠᾬᾤὤόᾜᾩᾰᾣᾣᾠᾬᾤὗᾥᾜᾬᾫᾩᾦᾥὗᾪᾦᾬᾩᾚᾜὗ
ὗὰὗὺᾄὩὫὫὗὗᾊᾧᾦᾥᾫὥᾝᾠᾪᾪᾠᾦᾥὗᾦᾝὗὺᾬᾩᾠᾬᾤὤὩὫὫὗ
ὨὧὗὺᾄὩὫὭὗὗᾊᾧᾦᾥᾫὥᾝᾠᾪᾪᾠᾦᾥὗᾦᾝὗὺᾬᾩᾠᾬᾤὤὩὫὭὗ
ὨὨὗὺᾄὩὫὯὗὗᾊᾧᾦᾥᾫὥᾝᾠᾪᾪᾠᾦᾥὗᾦᾝὗὺᾬᾩᾠᾬᾤὤὩὫὯὗ
ὨὩὗὺᾆᾄᾇᾋὗὗὺᾦᾤᾧᾫᾦᾥὗᾪᾚᾘᾫᾫᾜᾩᾠᾥᾞὗ
ὨὪὗύὤόὼὗὗὗὰόᾜὟᾛὣᾥὠὗ
ὨὫὗύὤὺὨὩὗὗὨὩὺὟᾛὣᾥὠὗ
ὨὬὗύὤὺὨὫὗὗὨὫὺὟᾛὣᾥὠὗ
ὨὭὗύὤύὗὗὗὗὩ὿Ὗᾛὣᾥὠὗ
ὨὮὗύὤᾃᾀὗὗὗᾃᾠὟᾛὣᾥὠὗ
ὨὯὗύὤᾃᾀὮὗὗὮᾃᾠὟᾛὣᾥὠὗ
ὨὰὗύὤᾅὨὫὗὗὨὫᾅὟᾛὣᾥὠὗ
ὩὧὗύὤᾅὨὬὗὗὨὬᾅὟᾛὣᾥὠὗ
ὩὨὗύὤᾋὗὗὗὗὪ὿Ὗᾛὣᾥὠὗ
ὩὩὗὼᾍὸᾇὗὗὗὼᾭᾘᾧᾦᾩᾘᾫᾠᾦᾥὗᾥᾜᾬᾫᾩᾦᾥᾪὗ
ὩὪὗὼᾏᾇᾃᾆὗὗᾅᾬᾚᾣᾜᾘᾩὗᾜᾯᾧᾣᾦᾪᾠᾭᾜὗᾛᾜᾭᾠᾚᾜὗ
ὩὫὗώᾉὸ὾ᾄὗὗώᾩᾘᾞᾤᾜᾥᾫᾘᾫᾠᾦᾥὗ
ὩὬὗ὿ὸᾉύὗὗὗ὿ᾘᾩᾛᾜᾥᾜᾛὗ
ὩὭὗᾂᾀᾅύᾋὗὗᾂᾠᾥᾜᾤᾘᾫᾠᾚᾘᾣᾣᾰὗᾛᾜᾫᾜᾩᾤᾠᾥᾜᾛὗ
ὩὮὗᾃὸᾄόὗὗὗᾃᾘᾤᾙὤᾪᾟᾠᾝᾫὗᾪᾦᾬᾩᾚᾜὗ
ὩὯὗᾃὸᾊὼᾉὗὗᾃᾘᾪᾜᾩὗᾪᾚᾘᾫᾫᾜᾩᾠᾥᾞὗ
Ὡὰὗᾃὺᾊὗὗὗὗᾃᾘᾪᾜᾩὗὺᾦᾤᾧᾫᾦᾥὗᾊᾚᾘᾫᾫᾜᾩᾜᾛὗᾇᾟᾦᾫᾦᾥᾪὗ
Ὢὧὗᾄᾇ὿ὗὗὗὗᾄᾦᾥᾦᾜᾥᾜᾩᾞᾜᾫᾠᾚὗᾧᾟᾦᾫᾦᾥᾪὗ
ὪὨὗᾇὤόὼὗὗὗὰόᾜὟᾧὣᾥὠὗ
ὪὩὗᾇὤύὗὗὗὗὩ὿Ὗᾧὣᾥὠὗ
ὪὪὗᾇὤᾃᾀὮὗὗὮᾃᾠὟᾧὣᾥὠὗ
ὪὫὗᾇὤᾅὨὬὗὗὨὬᾅὟᾧὣᾥὠὗ
ὪὬὗᾇὤᾋὗὗὗὗὪ὿Ὗᾧὣᾥὠὗ
ὪὭὗᾇ὿ᾆᾋᾆὗὗᾇᾟᾦᾫᾦὤᾥᾜᾬᾫᾩᾦᾥὗ
ὪὮὗᾇᾆὤόὼὗὗᾇᾦᾣᾦᾥᾠᾬᾤὤόᾜᾩᾰᾣᾣᾠᾬᾤὗᾥᾜᾬᾫᾩᾦᾥὗᾪᾦᾬᾩᾚᾜὗ
ὪὯὗᾇᾆᾃᾀᾊὗὗᾇᾦᾣᾘᾩᾠᾱᾜᾛὗᾠᾦᾥὗᾪᾦᾬᾩᾚᾜὗ
Ὢὰὗᾇᾆᾃᾅᾊὗὗᾇᾦᾣᾘᾩᾠᾱᾜᾛὗᾥᾜᾬᾫᾩᾦᾥὗᾪᾦᾬᾩᾚᾜὗ
Ὣὧὗᾇᾆᾃᾇᾊὗὗᾇᾦᾣᾘᾩᾠᾱᾜᾛὗᾧᾟᾦᾫᾦᾥὗᾪᾦᾬᾩᾚᾜὗ
ὫὨὗᾇᾆᾃᾋᾉὗὗᾇᾦᾣᾘᾩᾠᾱᾜᾛὗᾫᾘᾩᾞᾜᾫὗ
ὫὩὗᾇᾌὤόὼὗὗᾇᾣᾬᾫᾦᾥᾠᾬᾤὤόᾜᾩᾰᾣᾣᾠᾬᾤὗᾥᾜᾬᾫᾩᾦᾥὗᾪᾦᾬᾩᾚᾜὗ
ὫὪὗᾇᾌὩὫὧὗὗᾊᾧᾦᾥᾫὥᾝᾠᾪᾪᾠᾦᾥὗᾦᾝὗᾇᾣᾬᾫᾦᾥᾠᾬᾤὤὩὫὧὗ
ὫὫὗᾇᾌὩὫὩὗὗᾊᾧᾦᾥᾫὥᾝᾠᾪᾪᾠᾦᾥὗᾦᾝὗᾇᾣᾬᾫᾦᾥᾠᾬᾤὤὩὫὩὗ
ὫὬὗᾈᾄᾇ὿ὗὗὗᾈᾬᾘᾪᾠὤᾤᾦᾥᾦᾜᾥᾜᾩᾞᾜᾫᾠᾚὗᾧᾟᾦᾫᾦᾥᾪὗ
ὫὭὗᾉὸὤόὼὗὗᾉᾘᾛᾠᾬᾤὤόᾜᾩᾰᾣᾣᾠᾬᾤὗᾥᾜᾬᾫᾩᾦᾥὗᾪᾦᾬᾩᾚᾜὗ
ὫὮὗᾉὼὸὺὗὗὗᾉᾜᾘᾚᾫᾦᾩὗ
ὫὯὗᾉᾅὤόὼὗὗᾉᾘᾛᾦᾥὤόᾜᾩᾰᾣᾣᾠᾬᾤὗᾥᾜᾬᾫᾩᾦᾥὗᾪᾦᾬᾩᾚᾜὗ
Ὣὰὗᾊᾇὸᾃᾃὗὗᾊᾧᾘᾣᾣᾘᾫᾠᾦᾥὗ
Ὤὧὗᾋὸ὾ύὗὗὗὼᾣᾜᾚᾫᾩᾦᾥὗᾫᾘᾞᾞᾜᾛὗ
ὬὨὗᾋ὿ὤόὼὗὗᾋᾟᾦᾩᾠᾬᾤὤόᾜᾩᾰᾣᾣᾠᾬᾤὗᾥᾜᾬᾫᾩᾦᾥὗᾪᾦᾬᾩᾚᾜὗ
ὬὩὗᾋ὿ὺᾆᾃὗὗᾋᾟᾜᾩᾤᾘᾣὗᾚᾦᾣᾬᾤᾥὗ

ὬὫὗᾋᾉύὗὗὗὗᾋᾩᾘᾚᾢὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
ὬὬὗᾏ὿ᾇ὾ὼὗὗὼᾯᾫᾜᾥᾛᾜᾛὗᾩᾘᾥᾞᾜὗ὾ᾜᾩᾤᾘᾥᾠᾬᾤὗᾞᾘᾤᾤᾘὗᾛᾜᾫᾜᾚᾫᾦᾩὗ
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EXFOR Abbreviations
ὺᾣᾜᾘᾩὗᾝᾠᾜᾣᾛὗ
ὸᾛᾛὗᾚᾦᾛᾜὗᾫᾦὗᾫᾟᾜὗᾝᾠᾜᾣᾛὗὗ
ὗὨὗὸόᾊώᾐὗὗὸᾙᾪᾦᾣᾬᾫᾜὗᾝᾠᾪᾪᾠᾦᾥὗᾰᾠᾜᾣᾛὗᾤᾜᾘᾪᾬᾩᾜᾤᾜᾥᾫὗ
ὗὩὗὸὺᾋᾀᾍὗὗὸᾚᾫᾠᾭᾘᾫᾠᾦᾥὗ
ὗὪὗὸᾄᾊὗὗὗὗὸᾚᾚᾜᾣᾜᾩᾘᾫᾦᾩὗᾤᾘᾪᾪὗᾪᾧᾜᾚᾫᾩᾦᾤᾜᾫᾩᾰὗ
ὗὫὗὸᾊὼᾇὗὗὗᾊᾜᾧᾘᾩᾘᾫᾠᾦᾥὗᾙᾰὗᾤᾘᾪᾪὤᾪᾜᾧᾘᾩᾘᾫᾦᾩὗ
ὗὬὗὸᾊᾇὼὺὗὗὸᾣᾧᾟᾘὗᾪᾧᾜᾚᾫᾩᾦᾤᾜᾫᾩᾰὗ
ὗὭὗὸᾊᾊᾆᾇὗὗὸᾪᾪᾦᾚᾠᾘᾫᾜᾛὗᾧᾘᾩᾫᾠᾚᾣᾜὗ
ὗὮὗόὺᾀᾅᾋὗὗόᾜᾘᾤὗᾚᾬᾩᾩᾜᾥᾫὗᾠᾥᾫᾜᾞᾩᾘᾫᾜᾛὗ
ὗὯὗό὾ὺᾋὗὗὗόᾜᾫᾘὤᾞᾘᾤᾤᾘὗᾚᾦᾠᾥᾚᾠᾛᾜᾥᾚᾜὗᾫᾜᾚᾟᾥᾠᾨᾬᾜὗ
ὗὰὗόᾊᾇὼὺὗὗόᾜᾫᾘὗᾩᾘᾰὗᾪᾧᾜᾚᾫᾩᾦᾤᾜᾫᾩᾰὗ
Ὠὧὗόᾌᾉᾅὗὗὗόᾬᾩᾥὤᾬᾧὗ
ὨὨὗὺὸύᾄόὗὗὺᾘᾛᾤᾠᾬᾤὗᾙᾘᾫᾟὗ
ὨὩὗὺ὿ὸᾉ὾ὗὗᾄᾜᾘᾪᾬᾩᾜᾤᾜᾥᾫᾪὗᾠᾥὗᾞᾘᾪὗᾛᾠᾪᾚᾟᾘᾩᾞᾜὗ
ὨὪὗὺ὿ᾉώᾃὗὗὺᾟᾩᾠᾪᾫᾠᾘᾥᾪᾜᾥὗᾝᾠᾣᾫᾜᾩὗ
ὨὫὗὺ὿ᾊὼᾇὗὗὺᾟᾜᾤᾠᾚᾘᾣὗᾪᾜᾧᾘᾩᾘᾫᾠᾦᾥὗᾦᾝὗᾧᾩᾦᾛᾬᾚᾫᾪὗ
ὨὬὗὺᾆᾀᾅὺὗὗὺᾦᾠᾥᾚᾠᾛᾜᾥᾚᾜὗ
ὨὭὗύᾀώώᾉὗὗύᾠᾝᾝᾩᾘᾚᾫᾠᾦᾥὗ
ὨὮὗύᾊὺὸᾋὗὗύᾦᾬᾙᾣᾜὗᾪᾚᾘᾫᾫᾜᾩᾠᾥᾞὗ
ὨὯὗὼύὼὗὗὗὗᾇᾘᾩᾫᾠᾚᾣᾜὗᾠᾛᾜᾥᾫᾠᾝᾠᾚᾘᾫᾠᾦᾥὗᾙᾰὗᾗὼὦύᾜᾣᾫᾘὗὼᾗὗᾤᾜᾘᾪᾬᾩᾜᾤᾜᾥᾫὗ
Ὠὰὗὼύὼ὾ὗὗὗὼᾥᾜᾩᾞᾰὗᾛᾜᾞᾩᾘᾛᾘᾫᾠᾦᾥὗᾙᾰὗᾝᾦᾠᾣᾪὗ
Ὡὧὗὼᾏᾋόὗὗὗᾀᾩᾩᾘᾛᾠᾘᾫᾠᾦᾥὗᾮᾠᾫᾟὗᾜᾯᾫᾜᾩᾥᾘᾣὗᾙᾜᾘᾤὗ
ὩὨὗώᾀᾊὺᾋὗὗὸᾙᾪᾦᾣᾬᾫᾜὗᾝᾠᾪᾪᾠᾦᾥὗᾚᾦᾬᾥᾫᾠᾥᾞὗ
ὩὩὗώᾃᾌᾏὗὗὗᾅᾜᾬᾫᾩᾦᾥὗᾝᾣᾬᾯὗᾤᾦᾥᾠᾫᾦᾩᾠᾥᾞὗ
ὩὪὗώᾅόὗὗὗὗώᾠᾣᾫᾜᾩᾜᾛὗᾥᾜᾬᾫᾩᾦᾥὗᾙᾜᾘᾤὗ
ὩὫὗώᾇ὾ὸᾄὗὗύᾠᾩᾜᾚᾫὗᾞᾘᾤᾤᾘὤᾩᾘᾰὗᾪᾧᾜᾚᾫᾩᾦᾤᾜᾫᾩᾰὗ
ὩὬὗ὾ᾊᾇὼὺὗὗ὾ᾘᾤᾤᾘὗᾩᾘᾰὗᾪᾧᾜᾚᾫᾩᾦᾤᾜᾫᾩᾰὗ
ὩὭὗ὿ὸύᾋὗὗὗ὿ᾜᾘᾭᾰὗᾘᾫᾦᾤὗᾛᾠᾝᾝᾜᾩᾜᾥᾚᾜὗᾫᾜᾚᾟᾥᾠᾨᾬᾜὗ
ὩὮὗ὿ὸᾋᾆᾄὗὗ὿ᾦᾫὗᾘᾫᾦᾤὗᾤᾜᾫᾟᾦᾛὗ
ὩὯὗ὿ὼὤὸὺὗὗ὿ᾜᾣᾠᾬᾤὗᾘᾚᾚᾬᾤᾬᾣᾘᾫᾠᾦᾥὗᾤᾜᾫᾟᾦᾛὗ
Ὡὰὗ὿ὼᾁὼᾋὗὗὺᾦᾣᾣᾜᾚᾫᾠᾦᾥὗᾙᾰὗ὿ᾜὗᾡᾜᾫὗ
Ὢὧὗᾀᾅᾋόὗὗὗᾀᾩᾩᾘᾛᾠᾘᾫᾠᾦᾥὗᾮᾠᾫᾟὗᾠᾥᾫᾜᾩᾥᾘᾣὗᾙᾜᾘᾤὗ
ὪὨὗᾁὼᾋὗὗὗὗὺᾦᾣᾣᾜᾚᾫᾠᾦᾥὗᾙᾰὗᾞᾘᾪὗᾡᾜᾫὗ
ὪὩὗᾃᾉὸᾊᾐὗὗᾃᾜᾝᾫὤᾩᾠᾞᾟᾫὗᾘᾪᾰᾤᾤᾜᾫᾩᾰὗ
ὪὪὗᾄὸ὾ώᾉὗὗᾄᾘᾞᾥᾜᾫᾠᾚὗᾝᾠᾜᾣᾛὗᾩᾦᾫᾘᾫᾠᾦᾥὗ
ὪὫὗᾄὸᾅ὾όὗὗᾄᾘᾥᾞᾘᾥᾜᾪᾜὗᾙᾘᾫᾟὗ
ὪὬὗᾄὸᾊᾊᾇὗὗᾄᾘᾪᾪὗᾪᾧᾜᾚᾫᾩᾦᾤᾜᾫᾩᾰὗᾦᾝὗᾘὗᾧᾩᾦᾛᾬᾚᾫὗ
ὪὭὗᾄᾆᾄᾀᾏὗὗᾄᾠᾯᾜᾛὗᾤᾦᾥᾠᾫᾦᾩὗ
ὪὮὗᾄᾆᾊὼᾇὗὗᾊᾜᾧᾘᾩᾘᾫᾜὗᾤᾦᾥᾠᾫᾦᾩὗᾝᾦᾠᾣὗ
ὪὯὗᾆᾃᾄᾊὗὗὗᾆᾥὤᾣᾠᾥᾜὗᾤᾘᾪᾪὗᾪᾜᾧᾘᾩᾘᾫᾠᾦᾥὗ
Ὢὰὗᾇ὿ύὗὗὗὗᾇᾬᾣᾪᾜὤᾟᾜᾠᾞᾟᾫὗᾛᾠᾪᾚᾩᾠᾤᾠᾥᾘᾫᾠᾦᾥὗ
Ὣὧὗᾇ὿ᾎᾋὗὗὗᾇᾬᾣᾪᾜὤᾟᾜᾠᾞᾟᾫὗᾮᾜᾠᾞᾟᾫᾠᾥᾞὗᾫᾜᾚᾟᾥᾠᾨᾬᾜὗ
ὫὨὗᾇᾃᾊὼύὗὗᾇᾬᾣᾪᾜὗᾛᾠᾜὤᾘᾮᾘᾰὗ
ὫὩὗᾇᾊύὗὗὗὗᾇᾬᾣᾪᾜὤᾪᾟᾘᾧᾜὗᾛᾠᾪᾚᾩᾠᾤᾠᾥᾘᾫᾠᾦᾥὗ
ὫὪὗᾉὺ὿ὼᾄὗὗᾉᾘᾛᾠᾦᾚᾟᾜᾤᾠᾚᾘᾣὗᾪᾜᾧᾘᾩᾘᾫᾠᾦᾥὗ
ὫὫὗᾉὼὸὺὗὗὗᾉᾜᾘᾚᾫᾠᾭᾠᾫᾰὗᾤᾜᾘᾪᾬᾩᾜᾤᾜᾥᾫὗ
ὫὬὗᾉὼὺὗὗὗὗὺᾦᾣᾣᾜᾚᾫᾠᾦᾥὗᾦᾝὗᾩᾜᾚᾦᾠᾣᾪὗ
ὫὭὗᾉὼώᾃὗὗὗᾋᾦᾫᾘᾣὗᾩᾜᾝᾣᾜᾚᾫᾠᾦᾥὗᾝᾩᾦᾤὗᾤᾠᾩᾩᾦᾩᾪὗ
ὫὮὗᾉὼᾃώᾐὗὗᾉᾜᾣᾘᾫᾠᾭᾜὗᾝᾠᾪᾪᾠᾦᾥὗᾰᾠᾜᾣᾛὗᾤᾜᾘᾪᾬᾩᾜᾤᾜᾥᾫὗ
ὫὯὗᾉᾀᾅ὾ᾉὗὗᾉᾠᾥᾞὗᾩᾘᾫᾠᾦὗᾤᾜᾫᾟᾦᾛὗ
Ὣὰὗᾉᾍὸᾃὗὗὗᾉὤᾭᾘᾣᾬᾜὗᾤᾜᾘᾪᾬᾩᾜᾤᾜᾥᾫὗ
Ὤὧὗᾊώᾃᾀᾇὗὗᾊᾧᾠᾥὗᾝᾣᾠᾧὗ
ὬὨὗᾊ὿ὼᾃᾋὗὗᾊᾟᾜᾣᾣὗᾫᾩᾘᾥᾪᾤᾠᾪᾪᾠᾦᾥὗ
ὬὩὗᾊᾀᾋὸὗὗὗᾊᾠᾥᾞᾣᾜὗᾫᾘᾩᾞᾜᾫὗᾠᾩᾩᾘᾛᾠᾘᾫᾠᾦᾥὗ
ὬὪὗᾊᾃᾆύᾋὗὗᾊᾣᾦᾮᾠᾥᾞὤᾛᾦᾮᾥὗᾫᾠᾤᾜὗ

ὬὪὗᾋ὿ᾉύᾋὗὗύᾜᾫᾜᾩᾤᾠᾥᾜᾛὗᾙᾰὗᾫᾟᾩᾜᾪᾟᾦᾣᾛὗᾫᾜᾚᾟᾥᾠᾨᾬᾜὗ
ὬὫὗᾍᾇ὿ὗὗὗὗᾍᾠᾩᾫᾬᾘᾣὗᾧᾟᾦᾫᾦᾥᾪὗ

Page generated: 06/06/2019 19:30:07 

Project: EXFOR-Relational V.Zerkin, IAEA, 2002-2015

ὬὫὗᾊᾋὸᾋύὗὗᾊᾫᾘᾫᾠᾪᾫᾠᾚᾘᾣᾣᾰὗᾛᾜᾫᾜᾩᾤᾠᾥᾜᾛὗ
ὬὬὗᾊᾋᾋὸὗὗὗᾊᾫᾘᾚᾢᾜᾛὗᾫᾘᾩᾞᾜᾫὗᾠᾩᾩᾘᾛᾠᾘᾫᾠᾦᾥὗ
ὬὭὗᾋ὿ὼᾉᾄὗὗ὾ᾘᾪὗᾫᾟᾜᾩᾤᾦᾚᾟᾩᾦᾤᾘᾫᾦᾞᾩᾘᾧᾟᾠᾚὗᾪᾜᾧᾘᾩᾘᾫᾠᾦᾥὗ
ὬὮὗᾋᾆώὗὗὗὗᾋᾠᾤᾜὤᾦᾝὤᾝᾣᾠᾞᾟᾫὗ
ὬὯὗᾋᾉᾅὗὗὗὗᾋᾩᾘᾥᾪᾤᾠᾪᾪᾠᾦᾥὗᾤᾜᾫᾟᾦᾛὗ
Ὤὰὗᾋᾋᾄὗὗὗὗᾋᾟᾠᾚᾢὤᾫᾘᾩᾞᾜᾫὗᾤᾜᾫᾟᾦᾛὗ
Ὥὧὗᾏᾊᾇὼὺὗὗᾏὤᾩᾘᾰὗᾪᾧᾜᾚᾫᾩᾦᾤᾜᾫᾩᾰὗ

Page generated: 06/06/2019 19:30:07 

Project: EXFOR-Relational V.Zerkin, IAEA, 2002-2015

detector ion-source
methods



L0010 S.C. Fultz et al., PR143, 790(1966)
L0037 W.E. Del Bianco et al., PR126, 709 (1962)
L0131 B.C. Cook et al., PR106, 300 (1957)
L0037 W.E. Del Bianco et al., PR126, 709 (1962)
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(γ,xn)

Gamma-ray source + neutron counting

Gamma-ray source + n-TOF

Gamma-ray source + activation
n-TOF

activation

n-counting
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UHECR
nucleus

excites
GDR photo-disintegration

Another Galaxy

Earth

ObservationPropagation

Shock front

Milky Way Galaxy

collision

CMB
photons

Ultra High Energy Cosmic Rays (UHECRs)

Lawrence Radiation Laboratory, Univ. California, Livermore
S.C. Fultz et a., PR127, 1273(1962).

electron beam at 10 MeV (pulsed)

positron production target: 0.1” thick W or Ta target

— Bremsstrahlung and pair production

positron analysis: 3% momentum resolution

annihilation target of low-mass: Be or LiH 
~0.060” thick

sweating magnet

collimator: 6” thick lead, 1.5” diameter aperture

monitor: Xe transmission ion chamber

second collimator

ΔEγ /Eγ ∼ 3 % at 15.11 MeV
mostly by e+ momentum  spread

Epeak
γ ∼ Ee+ + 0.76 MeV

NaI gamma-ray spectrometer: 6” long, 5”diameter

positron 
annihilation 
in flight

positron 
Bremsstrahlung 
(atomic B.G.)

Epeak
γ ≃ Ee+ +

3
2

mec2

positron annihilation in flight
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Lawrence Radiation Laboratory, Univ. California, Livermore
S.C. Fultz et a., PR127, 1273(1962).positron annihilation in flight
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Another Galaxy

Earth

Milky Way Galaxy

CMB
photons

Sacray
positron annihilation in flight

B.L. Berman and S.C. Fultz, Rev. Mod. Phys. 47, 713 (1975)
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excites
GDR

Another Galaxy

Earth

Propagation

Milky Way Galaxy

collision

CMB
photons

Lawrence Radiation Laboratory, Univ. California, Livermore
S.C. Fultz et a., PR127, 1273(1962).

Xe at 1atm, 1 L

monitor: Xe transmission ion chamber

no dep. on photon energy?

Target: a stack of 0.25” thick, 2” diameter disks

18 inch3 4π paraffine modulated neutron detector

24 high-pressure BF3 counters, two ring structure

essentially the same sensitivity to 0.025, 1.2 and 2.0 MeV neutrons 
efficiency ε~0.17

position beam measurements

flip the magnetic field after pair production

electron beam measurements

subtraction of electron beam data from positron 

subtraction of continuous Bremsstrahlung part of the gamma

Number of neutron events were recorded for each of single, double, 
and triple coincidences.

positron annihilation in flight

but is not very flat
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Earth

Milky Way Galaxy

Lawrence Radiation Laboratory, Univ. California, Livermore
S.C. Fultz et a., PR127, 1273(1962).

4π paraffine modulated neutron detector (BF3)
positron annihilation in flight
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Earth

Photo-activation method at Pennsylvania
W.A. Lochstet and W.E. Stephens, PR141, 1002 (1966).

T(p,γ)4He reaction for gamma-ray 

Proton beam above 3.8 MeV, 3-5 µA

Tandem accelerator

Radioactivity measurement from 11C by two NaI

in coincidence of two 511 keV gammas


2” thick 5” diameter NaI

Activation
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Earth

n-counting and activation measurement at Enrico Fermi institute
B.C. Cook, PR106, 300 (1957)

Betatron for electron beam

11Β radioactivity was measured for 12C(γ,p)

with six GM counter.

12 enriched B10F3 counters (1”diameter - 10” length)

n-counting for 12C(γ,n)
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not obtained yet

not obtained yet
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Earth

(γ,p) measurement at Ghent
L0117 R. Carchon et al., PRC14, 456 (1976)

M0490 E. Kerkhove et al., PRC33, 1796 (1986)

E. Kerkhove et al., PRC33, 1796 (1986)

R. Carchon et al., PRC14, 456 (1976)
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(γ,p) and (γ,p0) measurement at Ghent

E. Kerkhove et al., PRC29, 2061 (1984)
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Earth

11B(p, γ0) measurement at TUNL and BNL
M.T. Collins et al., PRC26, 332 (1982)

at TUNL, Duke Univ.

at BNL



G4026 S.N. Afanas’ev Phys. Atomic Nucl. 71, 1827 (2008)

L0180 W.R. Zimmerman, PRL110, 152502 (2013)

brems  + diffusion chamber

LCS + optical TPC at HIγS

G4026
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Another Galaxy

Inconsistency between Livermore and Sacray data

Statements according to New-SUBARU works

(γ,1n) data at Livermore is more reliable than Sacray (Sacray data are too large).

(γ,2n) data at Scary is more reliable than Livermore (Livermore data are too large)

Flat neutron efficiency independent on neutron energy is important.

T. Kawano et al., Nucl. Data Sheets 163, 109 (2020)
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Another Galaxy

Notes on each method
Bremsstrahlung

The energy distribution is continuous and intensity decreases at higher energy.

Bremsstrahlung-tagging (tagged photon)

Good knowledge of the gamma-spectrum shape is essential and is usually difficult to have.

Precise absolute normalization is also difficult.

Too low in intensity. Only applicable to target of big amount.

Transmission type gamma-absorption measurement

Only applicable to target of big amount.

Correction of atomic absorption (scattering) is significant and makes systematic error large.

Neutron counting

Flat efficiency is essential. Inconsistency between Livermore and Sacray.
Good achievement at New SUBARU.

Activation experiment

Needs to be combined with high-intensity quasi-monoenergetic gamma beam
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Another Galaxy

Notes on each method
(p,γ0) in inverse reaction

Applicable nuclei is limited (due to abundance and spin-parity)

(γ, p) and (γ, alpha)

Can be precise and reliable with well calibrated gamma-detectors.

Only sensitive to the (γ, p0) channel

Statistics is requires due to thin target.

With continuous beam, selection of daughter state is difficult. Thus reconstruction of photo-
absorption cross section is unachievable.

Good resolution (<=200 keV) is necessary for avoiding fluctuation by fine structure.

Thus mono-energetic beam or excitation energy tagging is essential.
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Another Galaxy

Summary
Quasi mono-energetic gamma-rays or excitation energy tagging is required.

ΔE ≤ 100-200 keV

Good absolute c.s. normalization is required.

Lack of the way of measuring total photo absorption c.s. (for isotopically enriched material) 
needs to be overcome.

Applicability to isotopically enriched (small amount of) target material is required.

~30 keV is achievable at RCNP and iThemba LABS
~50 keV mono-energetic beam will be available at ELI-NP

Good development of monitor detectors at ELI-NP

Virtual photon excitation at RCNP and iThemba LABS

Virtual photon excitation is applicable

Systematic measurement at three facilities with reference 
target (27Al)

High-intensity gamma beam at ELI-NP

with good resolution


