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Abstract
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Background of the Research



• Astro-nuclear physics, particle physics, detector response
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Photo-Nuclear Reactions

- Radiation shield, decommissioning, reactions in nuclear reactors

- Photo-activation analysis, nondestructive inspection

- γ-imaging、CT-diagnostics、biological effects

- Homeland security、inspection of fission or explosive material

- Medical RI production by photo-irradiation

- Nuclear reaction/gamma radiation in thunder volts

• Nuclear structure/reaction studies

are important as a fundamental reaction for studying

• Applications
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IV Giant Dipole Resonance

γ

Photo-Nuclear Reactions

A photon interacts protons in the target nuclei
→ excites the Iso-Vector Giant Dipole Resonance (IVGDR)

 10-30 MeVEx ≃
by electric dipole (E1) interaction

Photo-absorption cross section dominated by the electric dipole excitation of nuclei.

σabs =
16π3

9
αEγ

dB(E1)
dEγ

: electric-dipole reduced transition probabilityB(E1)

Eγ : photon-energy = nuclear excitation energy

σabs : photo-absorption cross section

α : fine structure constant



Systematic Measurement on Photo-Absorption C.S. 
and  decays for light stable nuclein, p, α, γ

-   decay branching ratiosn, p, α, γ
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- E1 excitation strength distribution

- from light to A~60 for stable nuclei

PANDORA Project

Today target 208Pb 
and is heavy.
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Photo-absorption cross section of heavy nuclei

Bohr and Mottelson

Being studied since the discovery of IVGDR

 cross sections for heavy nucleiσabs ≃ (γ, xn)

GDR mean excitation energy

Ratio to the TRK sum rule

up to 30 MeV

A

Ex
p/

TR
K

direct  decay from IVGDR is ~1%γ
Beene et al., PRC39, 1307 (1989)

Shape of IVGDR: 

  well described by a single Lorentzian for spherical nuclei

  p and other charged particle decay 
    negligibly small due to Coulomb barrier



dielectric material 
in an oscillating  electric field

E(w)

Electric Dipole Response of Nuclei

A.B. Migdal: 1944

Inversely energy-weighted sum-rule

αD =
ℏc
2π2 ∫

σE1
abs

ω2
dω =

8π
9 ∫

dB(E1)
ω

σE1
abs =

16π3αω
9

dB(E1)
dω

(E1) photo-absorption cross section

E1 reduced transition probability
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p =αD × E
Electric dipole moment

αD: electric dipole polarizability

The restoring force originates from the 
symmetry energy.



Constraints on Symmetry Energy (J and L)
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Nuclear EOS neglecting Coulomb

Symmetry energy
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Why are the available data so inaccurate?

A. Bracco, E.G. Lanza, 
AT, PPNP 106, 360 
(2019)

A

γ0

brems.

γ

SnPDR

Bremsstrahlung gamma
A

e-
e+

e+ annihi.
in flight

γ

n-counting

SnPDR

GDR

A-1

A-2n

n n

n

Positron annihilation in flight

historical 
methods

+ γ-decay or activation measurement +neutron counting

• continuous energy spectrum of Bremsstrahlung gamma-rays

large systematic uncertainty by taking a subtle difference of different electron energies
gamma-decay measurement only detects transitions to the ground state

• positron annihilation in flight

needs to take difference between e+ and e- for cancelling atomic reactions

flat n detection efficiency against n energy is assumed in the neutron counting

• charged particle decay measurement is difficult due to low gamma intensity and thick target

• bad energy resolution ≳ 500 keV
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Modern Experimental Methods

GDR

A

at 0 deg.
Coulex

p, p’ )( Sp,αPDR

p, p’ )(
n-counting

A-1(4)

p,α

γinelγ0

virtual phon excitation by proton
A

Sn,p,αPDR

GDR

LCS

γ

A-1

p,n,α

γinelγ0

quasi-mono-energy gamma by LCS
& decay coincidence & decay coincidence

• virtual photon excitation (proton Coulex) at RCNP and iThemba LABS
Tag of excitation energy by scattered proton. Sensitive to total photo-absorption c.s.
Good energy resolution of ~30 keV

• real photon excitation by LCS gamma at ELI-NP

C.S. is large, applicable to isotopically enriched target and charged particle decays

Good energy resolution of ~50 keV by quasi-mono-energetic LCS beam
high-intensity, applicable to isotopically enriched target and charged particle decays

Precise absolute c.s. and n decay

distribution

absolute c.s.

A. Bracco, E.G. 
Lanza, AT, PPNP 
106, 360 (2019)



Probes for the Electric Dipole Response of Nuclei

2. Real photon absorption

1. Virtual photon excitation 
(Coulomb excitation)
• proton inelastic scattering at 0 deg.

p

• (γ,γ’) Nuclear Resonance Fluorescence

• (γ,n), (γ,2n), (γ,p), … photodisintegrations

γ
n

pure EM probe by quasi-monoenergetic γ
precise absolute strength
partial strength for each decay channel including n
clear selection of E1 and M1 (polarized-gamma)

dominantly electric excitation: req. decomposition
Ex distribution is obtained in one shot
sensitive to the total strength

Real γ-beam at ELI-NP

Proton beams at RCNP 
and iThemba LABS
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at NewSUBARU
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Symmetry uncertainties in (γ,xn) data

T. Kawano et al,. NDS163, 109 (2019)
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NewSUBARU / GAKKO

Experimental Methods
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NewSUBARU

A. Ando et al., J. Synchrotron Radiation  5, 342 (1998)

Y. Fukuda et al., NIMA 485, 805  (2002)

LCS  to GAKKOγ

982 MeV e injection

1 - 1.5 GeV

electron strorage ring

BL01
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GACKO

slow time structure 20-40 ns width, 1-20 kHz, by laser pulse

fast time structure 60 ps width, 500 MHz, by electron bunch

beam: ON 80-90ms / OFF 20-10 ms
for background monitoring

LCS beam structure

(Gamma Collaboration Hutch of Konan University)

(photos by AT)
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Gamma Beam Energy

LCS  :γ

Laser:

e - beam:  650 - 1050 MeV

7.5 - 38.1 MeV (85 steps)

D. Filipescu et al., NIMA 1047, 167885 (2023)

1064 nm Nd:YVO4 INAZUMA laser
  532 nm Talon (Diode-Pumped Solid State Q-Switched Lasers)

(present article)

Compton Scattering Energy

∼ 4γ2Ep ∼ 4E2
e Ep

at 0 deg
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Measurement Conditions (this article)
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Beam flux monitor
NaI:Tl 8” -12”Lϕ

H. Utsunomiya et al., 
NIMA 896, 103 (2018)

Pile-up spectrum fitting by Poisson distribution

→ average number of photons per laser pulse

m: average number of photons per laser pulse
n: observed number of photons
P: probability for n with m

: average channel for a multi photon spectrumN̄m

: average channel for a single photon spectrumN̄s
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Beam flux monitor

Test measurement of the photon flux & energy distribution

(photo by AT)
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Target
Enriched metal powder

H. Utsunomiya et al., NIMA 896, 103 (2018)

208Pb 98.4%

8 mm  - 4 mmLϕ

8 mm  - 6 mmLϕ

for 7.5 MeV - S2n

for  - 38.1 MeVS2n

Tin targets 
(photo by AT)
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Neutron counting experiment

neutron counting:

S2n

S3n
1n , 2n , or 3n

1n or 2n
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Neutron Detection

H. Utsunomiya et al., NIMA 871, 135 (2017)

3He proportional counters: 10 atm 25 mm  - 450 mmLϕ
3He + n → p + t

inner (4) and outer (9+18) rings of 3He counters

polyethylene moderator
460W × 460H × 500L mm3

Flat-Efficiency Neutron Detector (FED)

(photo by Tamii)
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Neutron Detection

this article

Sum of the two rings 
→ nearly flat efficiency

Ratio of the two rings 
→ neutron energy dependence

used for  cross sections(γ, xn)

used for n energy distribution

Simulations with 
- monochromatic neutrons
and
- evaporation neutrons (Weisskopf-Ewing)

Conversion of RR to ⟨En⟩
including the uncertainty
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Neutron Detection

this article

neutron thermalization 
→ arrival time distribution

black: beam on

red: beam off

background events during beam off:

neutrons from Bremsstrahlung photons by 
electron circulation 
(and a small amount of cosmic rays)

background subtraction 
  dep. on arrival time

[19,20,32]

integration after b.g. subtraction
→ number of recorded neutrons in i-folded events
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Data Analysis
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Events

1-fold events

2-fold events

3-fold events

4-fold events

5-fold events

mutually exclusive
each of in and out rings

inner ring outer two rings

1-fold events

2-fold events

3-fold events

4-fold events

5-fold events
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Neutron detection analysis procedure

i-fold events for each of inner and outer rings

subtraction of background (beam-off)

Multi-Firing (MF) Correction

Multiplicity Sorting

LCS Photon-Energy Unfolding

ni(Em)

rin
i (Em), rout

i (Em)

i-folded cross sections

i-fold neutron coincidence events

Ni(Em)

NMF
i (Em)

σDNM
inX (Em)

σinX(Eγ)

σ MF
inX (Em)

Em

Eγ

: nominal LCS beam energy

: gamma energy
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Neutron Coincidence Events

ni(Em) =
rout
i (Em) + rin

i (Em)
i

i-fold neutron coincidence events

(2)

Em : LCS beam energy

rin,out
i (Em) : number of recorded neutrons in i-folded events

by integration of the b.g. subtracted time spectra
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Neutron Coincidence Events

Ni(Em) =
ni(Em)

Nγ(Em)nTξ(Em)

i-fold neutron cross section

(3)

Nγ : number of incident photons

nT : target number volume density

: beam attenuation factorξ = [1 − exp(−μL)]/μ

 must depend on each photon energy since  depends on it.ξ μ
Comment by AT


I(z) = I0 exp (−μz)ξ ≡
1

I0L ∫
L

0
I(z)dz



31

Neutron Coincidence Events

Ni(Em) =
ni(Em)

Nγ(Em)nTξ(Em)

i-fold neutron cross section

(3)

Ni

NMF
i  : red crosses

: black open circles
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Multi-Firing (MF)

Ni(i = 1...5) → NMF
i (i = 1...5)

There is a chance to have more than 1 reactions in a laser pulse.

I. Gheorghe, et al., NIMA1019, 165867 (2021)

The MF effect is corrected by -square fitting procedure in Ref. [20]χ

This is called Multi-Firing (MF).

→ σMF
inX
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Neutron Multiplicity Sorting

Nj =
jmax

∑
i=j

σinX ⋅ iCjε j(1 − ε)i−j (10) modified

j-fold neutron cross sections have contributions from j to -folded cross sectionsjmax

Ni → σDNM
inX DNM=Direct Neutron Multiplicity Sorting

NMF
i → σMF

inX MF=Multi-Firing

※flat n efficiency ( ) against n energy is importantε
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(LCS) Energy Unfolding

σMF
inX (Em) =

1
ξ ∫

Em

0
L(Eγ, Em)σinX(Eγ)dEγ

The observed cross section is the monochromatic cross section  
folded by the LCS photon energy spectrum  .

σinX(Eγ)
L(Eγ, Em)

Unfolding by  fitting (using CERN MINUIT).χ2

→ σinX(Eγ)

I. Gheorghe, et al., NIMA1019, 165867 (2021)

(12)

σ1nX
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Neutron Energy Analysis

RING Ratio

RRi =
rout(Em)
rin(Em)

Eexp
i = f −1

RR−evap(RRi)

average neutron energy
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Neutron Energy Spectrum below S2n

 fit of neutron energy distribution assuming statistical decay 
and level density, etc.
χ2

12.3 MeVEγ =
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Neutron Energy Spectrum below S2n
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Neutron Multiplicity Sorting

Nj =
jmax

∑
i=j

σinX ⋅ iCjε j(1 − ε)i−j
(10) modified

(11) modifiedEj =
1
Nj

jmax

∑
i=j

EinXσinX ⋅ iCjε j(1 − ε)i−j

Ni → EDNM
inX

NMF
i → EMF

inX
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(LCS) Energy Unfolding

σMF
inX (Em) =

1
ξ ∫

Em

0
L(Eγ, Em)σinX(Eγ)dEγ

Unfolding by  fitting (using CERN MINUIT).χ2

→ EinX(Eγ)

(12)

EMF
inX (Em) =

1
ξσMF

inX (Em) ∫
Em

0
L(Eγ, Em)σinX(Eγ)dEγ (13)
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Results
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Photo-absorption Cross Section

σabs ≃ ∑
i

σinX

Photo-absorption Cross Section

Good agreement with 
- Saclay (Veyssiere)

and

- RCNP (Tamii)

- Livermore (Harvey)

is significantly small

- Livermore (Berman)

is 5% smaller at the peak
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Photo-neutron Cross Sections
Photo-neutron Cross Sections

σinX
σ1nX

σ2nX

Good agreement with 
- Saclay (Veyssiere)

- Kondo (LCS)

- Young (Tagged-Brems) at peak region

- Calarco at lower energy tail


Higher than

- Saclay (Veyssiere)

- Livermore (Berman) 
Better Agreement with

- Saclay (Harvey)




43

Photo-neutron Cross Sections
Photo-neutron Cross Sections

σinX
σ3nX In agreement with 

- Saclay (Veyssiere)
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Integrated Values

from RCNP Data
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Neutron Energy Spectra

E2nXE1nX

E3nX, E4nX
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1n partial cross sections
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Fine Structure at the lower energy tail of IGVDR

• Peaks at 7.65, 8.10 and 8.45 
consistent with Saclay


• Broad structure at 9.45 
similar to Saclay and RCNP


• Structure at 10 MeV 
consistent with tagged-brems (Bell) 
consistent with Alarcon 
150 keV higher Saclay


• Peak 10.7 MeV 
consistent with BLL 
RCNP observed as a sholder


• Peak at 11.3 MeV 
consistent with tagged-brems 
100 keV higher than Saclay and RCNP


• Peak at 12.2 MeV 
also observed in other experiments



E1
spin-M1

RCNP Data

AT et al., PRL2011
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RCNP Data
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Summary
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Summary


