GAEARMEFHEA U TIRD
Fﬁ“ IEELHEETILDRBE

Takatomi Yano, Kobe University

Collaborators:

M.Sakuda, K.Hagiwara, Y.Yamada, P.Das, 1.0u, T.Mori, Y.Koshio (Okayama),
A.Kimura, H.Harada, N.Iwamoto, S.Nakamura (JAEA)

O

BHE—1—NJ /4

2016/1/7 ==

7o A\
=



Outline

1. Introduction
« Gd(n,r) reaction
« Application in neutrino experiments
« Gd(n,r) models
2. Experiment
« Measuring gamma-ray from Gd(n,r)
3. Analysis
« Geant4 detector modeling
« A new code for Gd(n, ) modeling
« Comparison with Experiment and Model

4. Summary



Introduction

Gd(n,r) reaction
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Cross-section
(barn)

0.3326
940

n+p >d+7r (2.2MeV)
n+bLi > a+3He

RLfELbN3HiEFE
A

n+'9B > a+’Li
n+'5°Gd->°Gd+ r
n+'5’Gd->158Gd+ r

3837
60,900
254,000

x15 ~ x250
Cross-section!

____________________________________________________________________________________

- n+'95Gd — 156Gd+7r's [8.5 MeV]
- n+1°7Gd — 1°8Gd+7rs [7.9 MeV]



Introduction (2)
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Super Kamiokande detector

m 50kton water

=~2m OD viewed by
8-inch PMTs

m 32kt ID viewed by
20-inch PMTs

m22.5kt fid. vol.
(2m from wall)

m SK-1: April 1996~
e m SK-1V is running

2700mwe) ® Trigger efficiency
>99% @4.0MeVkin
~86%@3.5MeVkin

41.4m

Ikeno-yama
Kamioka-cho, Glfu o i
Japan i
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Inner Detector (ID) PMT: ~11100 (SK-L111,1V), ~5200 (SK-I)
Outer Detector (OD) PMT: 1885



e' candidates>16MeV/22.5kton year
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SRN (supernova relic neutrino) &%
« SRN=BED2TOBHENSDZ2—K Y /HEES

nicdbn, BREZ LIFNIEE
« WEDLRIFETILEFE~%2
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« Nv OIS0 RZEBINIESKTEONSIET !
(10~60 events in 10 years.)

K.Bays et al., Phys.Rev.D85, 052007 (2012)
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Introduction (3)

Feature of Low Energy Neutron Reaction

with Nuclel (A>25)

E <1MeV: (n,p),(n,a) suppressed due to Coulomb Barrier.

E <200keV (~1st excited state): E, - _A1_58Gd_*(2'2.

Only (n,n) and (n,y) possible. !
Sn~8MeV

E <1keV: (n,y) dominates. |

Feature: Resonance appears. Mn~940Mev |

> nN+A->C*-> n+A (elastic) (n,n) >°Gd(07,gnd)

> Nn+A-> C*-> B+y (capture) (n,y) 157Gd(3/2-,gnd)

(n+A-> D+E (fission) for U or very heavy nuclei)



Event/bin

Gd(n,r ) RInDE i

Detection of Gd(n,r) events

reconstructed neutron (delayed) capture energy spectrum - x10° (EGADS) T Morl NOW2014
: 25 ‘

3501 i Entries 75959 ,g B f
300: Daya-Bay exp. :"e“:ﬂ 2-2; 3 20:_ ........................................ —Data-B.G
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— [FHERGA(N, r ) KINDETILHARE,

Gd(n, 7 ) in Water Cherenkov det.

~0

Gd(n, 7) in Liquid sci. det.
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IHTOGA(n, y)DETEET)
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« Geant4, EBITEM(PHITS),
CCONE(KEK), etc.
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Energy distribution of single gamma from Gd(n,qg)

——— Geant 4.9.3 p02

Geant 4.9.3 p02 + GLG4sim

Geant4 no FSMF6
GLG4sim

(a package for liquid
scintillator neutrino

N GagTn )




‘GARNET” =5

Gadolinium Gamma-Ray induced by Neutron capture,
Experiment and Transition model.

Purpose
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Experimental method

O Get&eHi2s 77 L rANNRIIC K 2 EHBEGI(n, r) T —F DEUS,

O Geant4lc K 5ANNRIBEBDOETY VY,

OGeant4d7 L— LT — 2V N TEMERBERGA(n, ) ET L DIE
B - RERT—5 & DHE,




ANNRI Beam line

Ge Spectrometer =

- ANNRI
Flight L=21.5m [\

JPARC/MLF/BL0O4 (ANNRI)

Hg target

G . L." :L\
- ! A

' N X
<" Neutron e Dis Rotary
. ; Duuk:le Disk :
10 Chopoer  Fijr Chopoer Collimate

¢ J-PARC MLF (B 4&amBlEhsk) ND .
NV ARMEFE—LTA>YD—D, ‘

45 Ge SrnrfrOmgfgr Nal{TI; Spectrameter

ANNRI detector

® thifFi&aE 1.3x10''n(/s/m?2) at
E =1.5-25 meV
® 5+ beam 300kWHF
®* AEn/En~ 1%

® ANNRITEHZs = GetgHgs L 1 IC &K
H5X+nN—=>X+ 1 RIGAEZITD,




ANNRI 1% 4 8%

Accurate Neutron-Nucleus Reaction Measurement Instrument

GeV T RI—tEH g

2 BGO vetof® HH 25

LiH, PbEF

/ =y
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Acceptance (Coverage) :
Ge: 22%
BGO VETO: 55%

184.5mm

2 8DClusterBGel&Hzs -
2X 7Tch=14ch

8B MCoaxialZGel&Hzs -
8X1ch= 8ch
=1 22ch

» TRIVF—DRREEQ@ 1 .33Me V-

55keV (On beam)
2 4keV (Off beam) [1]

» E=D@EHER01.33MeV:

364 011 %
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70mm

ZHIMNLRT-GeVTAI— 1Get&HHEE



Gd(n,r)

Jdlinl
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1. Da<E&EBHT1DDCetEzRIC E> 0.1 MeVD
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2. BGOs I E>0.1 MeV Dk v kDL,
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2012 B0025 -KAGIER
Experimental period : 2013/Mar/14-17

Target : Natural Gd
(99.99% 5mmx5mmx10,20um)
Total event : 3x10° events

Calibration source : 99Co,13’Cs

2014 B0124 -=#fGdiER (1°°Gd, 157Gd)
Experimental period : 2014/Dec/11-16

Target . ETBEGAM R (ER1L4D)
155Gd (91.65%), 157Gd (88.4%)
Total event : 8x10° events

Calibration source : 22Na, %0Co,13’Cs, 1>2Eu, NaCl
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Geant4 Monte Calro :

made by Yamada, Hagiwara
(Okayama), Yano (Kobe)

BGO veto detector
Ge detector




efficiency [%]

B> Ial—3Y (2)
RRICKDIRILF—/ZT7 4TV DRIE
E—27%E%E (0.11%@1.17MeV for 1Getz H2x, #xt

B)Z0Cox BWTHIE, (£GeTIE2.4%)
« MXMEIENaCI(n, r) kIt RO 52Eu7z B THITE,
MC & 7—% T0.56MeV-9MeVIC D WTE W—E(+x20%)

04¢ i — . .
035E E—J®HEME | MC -
s | (lGetzritds) | _

0 | vact | 0.1MeV-0.5MeV TD T
025] 1 ‘Eu 7| BEIMCTE—L/1 T
02 r————T——i— RNOLF& 1 JLZEAL

015 T I B R TWRWAE & T,
R P (20145F 5 — 5 IC R 2)
0.05E | A
500keV 2000 4000 6000 8000



s> a2l —>3>(3)
Geant4DEIXILF—EMET I ZH R,
th@i?‘)b?% AV T T—=ILEZE 8
X7 —Y DBIREIFRF,
« MCTIZPenelopet®T /L Z{EH,

Edep at a Ge (Co60 1.16MeV, Total E>0.5MeV)

101 & BLK: Data
g RED: MC, G4 standard
i EM model option4
102 & _— BLU: Livermore
- h.ur'h“r Wy u"i'-i'f ”'hlx
5 M TR Rt (ERHRSAL)
3
10 % '\'ﬁ
104 g
H ﬂll Lo
0 04 0.8 1.2 1.6 [MeV]



Ey spectrum (n+Gd—>Ey +

3000keV ~ 5000keV)

X)

Black : 2012 Data (4meV < E,, < 100 meV, TOF method)
Blue : Geant4.9.6 + G4NDL4.2 [standard] (1. odd peaks in

Red : Geant4.9.6 + GLG4SIM (2. good peaks >5MeV)

—>GLG4Sim improved the discrete peaks, while having the same

continuum as Geant4 standard version.
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Gd(n,y)ETILEHE

B PEFRERIONS Dy SRIEIE2DDE— RNICKAlEN 5,
1, SEFEARY S L (93.8%)
2. BEIZAY NS L (6.2%)
- 5.62MeV+2.25MeV [1.3%]
- 5.88MeV+1.99MeV [1.6%
- 6.74MeV+1.11MeV [3.2%)]
- 7.87MeV [0.02%], FAFTBI G2 I Z GLG4simH 5o

B 90%U EDWMHIEERANRY b T LICK B,

Resonance Resonance
A A i A A
Y| o N
vI|s =
< z
\
Ll
M > vV Ener
Y Energy Ground state gy

Ground state
1. Continuum 2. Discrete levels



BT AR N T LA ETILEE
+ E, OBMEIRILF—ZHIRFEZI e, DT
FINF—2FHOHVNIRZERLET SHE=RP(e,

E)IELTOXTERE NS,
« Hauser-Feshbach Method ODZ

Ple, Eeop) = > xrIxr(ey)p(Eey — €)
Y er) — E..
fo D xr Ixr(ey)p(Eey — €y)des

c REBRBDINTA—=FF2D
« Ty : Gamma transition coefficient
XLIZET, M1, E2EDRBEAHKIBREZRY,
o : Level density
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Log(p) of 1586d
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—
4
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g_ ............ ................ ................ ................ RIPL ..... 2 data .........
- """"""""" GllbertCameronI\/I
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Gamma Transition Coefficient Ty,

B Gamma Transition Coefficient Ty, (e, ) {& Photon
Strength Function fy, ZFHHW T TO K2 ICERE NS,
Ty (e, )=2m e 21 fy (e,)

« X=E (electric) or M (magnetic), L=1 (dipole), 2 (quadrupole).

B GADOPSFIZEXRIETH D r+ A1Gdo>n+ AGdZBWT
Kopecky 5 IZ k> TEAHICHEETN T WD, SEIEZFD
ERAFERLU TPSFOSTEE T o 7o,

1 < o, B, T2 I
f(E,) = it bk [(e,T)=—=(e+47°T?)
Y 3 (7TFLC)2 ; (E% _ EZQ)Q —|— E,_%/FZQ E2 Y
i = 2GDRs(FE1, electric dipole) Kopecky. PRC 47312
Enegry (E)[MeV] |Cross Section(c,)[mb] | T )JL¥EX—IF ([,)[MeV]
I 0 S N (1020 N 20 e
156Gd 15.2 242.0 3.6
11.7 165.0 2.6

158Gd 14.9 249.0 3.8
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Eex_Max'Eex [MeV] 155Gd(n, r) |
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(3MeV),

Yy Z4&H
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1
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Summary

« HFVERDE TGN, r) RICDIGEDEA TH S,
— Gd(n, 7 ) RIGHRHE T D5 Y VIROFMGR T — T HDE,

. MLF - ANNRIH&H S % 5> TGd(n, g) [KHRGd,155Gd,157Gd]
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Intensity (arb. units)

—11.5eV
——21.0eV {500

Ejsﬁlﬁ—sm eV
156
| Gd REL%
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0 > 4 6 8
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FIG. 6. (Color online) Comparison of experimental MSC spectra
[(a) and (b)] and gated MSC spectra [(c) and (d)] with simulations in
which the scissors mode was completely absent for resonances with
J™ = 17. Predictions of simulations are represented as a gray band.
The KMF model was used for the £1 PSF while the BSFG model
was used for the level density.

| DA,Iz\ICE/DIC:EBbOX (Los alamos)

Chyzh et al. Phys.Rev.C Vol84, 014306
(2011)

DANCERE DI IL—T (X R D EHEI3—KFDICEBOXEH-o T3,
N [EGdn g DFEREZRBELTLS,




Cross section (o [cm?]) and reaction rate w(1/s)

w= (S NEENT = Fongeoy,

1cm?

w 1 1
O = ~ =

F-n,- Vv, \/E
“1/v7 law : If w is independent of v, , then, the £ross segtion
(o) is proportional to 1/ v,,,. For example, it is typical of inelastic
reaction like capture (n,y). But, for (n,n), a phase space factor
(4np2dp/dE) gives v, and 1/v law does not hold.

Low energy neutron capture cross section increases as 1/v,
even if no resonances exist.




Cross section [barn]

Neutron capture reaction Gd(n,y)

« When a neutron is produced via neutrino reaction or
nuclear reaction, the energy is in the MeV range. At MeV
range, n-p elastic scattering is dominant.

LoEs07 ——Gd157(N,G)
W —@Gd155(N,G)
; ——H-1(N,EL)

1.0E+05 | —H-1(N,G)

1.0E+03

1.0E+01 |

1.0E-01 | .

T
\\\\1/VII \
10E-03 o \
| Thermal energy 25meV N
10605 E.=1-meV——— leV -+ 1MeV

1.0E-05 1.0E-03

Neutron kinetic energy [eV]

1.0e-01 1.0E+01 1.0E+03 1.0E+05 1.0E+07

Cross section

Element (barn]
Gd 155 60700.

Gd 157 254000.
Proton 0.3326



Cross Section (barns)

Cross Section (barns)

113Cd 149Sn-. 151cCc

ENDF Request 3396, 2013-Sep-64,01:45:29

10-10 I 10-S 1
T T T T T T r x . : .

105 — —10%
1 -1
E__ | L L L | L L L | L E

10-10 10-S 1

Incident Energy (MeU) M V
ENDF Request 3756, 20813-Sep-086,03:50:42
10-10 10-S 1
— T T T T T T T T T T ]
10S —10S
1 11
L | L 1 L | 1 L L | L
10-10 10-S 1

Incident Energy (Mel)

(barns)

Cross Section

(harns)

Cross Section

10S

Cross Section (barns)

105

v 157~ A

ENDF Request 3392, 2013-Sep-84,81:42:21
ENDF Request 3392, 2013-Sep-864,01:42:21

1010
T

10-5 1

105

L | L L L L | L L L L |

T T T T T T T T T T T

Incident Energy (MeU)

30meV

1/v

10~

10-S 1

10-10

10-S 1
Incident Energy (MeU)

105



B(n,a)
» Resonances at E;=370, 530, 1830keV

ENDF Request 3749, 20813-Sep-86,83:37:28
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Weisskog)_f Model on Resonangt,ie'—r
» Schroedinger Equation in a potential (V). y(r)=u(r)/r JlE
(;d_; N \/Qm(ig—l—vo) u(r) = 0 jy
- —KZU(-T) (r < a) K — \/2777/(5 + Vo)
Wu(r) - {kQu(’r) (r > a) . VomE
. Solution: u,(r) = Asin(Kr) - h

u,(r)= A'si(kr + 0)
« Boundary condition at r=a: u(a),u’(a)
Asin(Ka) = A'sin(ka + 0) > (tan(Ka)  tan(ka + )
A(Ka)cos(Ka) = A'(ka)cos(ka + 6) Ka ka




i Vie .
Wave equation and cross section

w(r) = uy(r) _ A'sin(kr +9) _ gikz fe’”” :

T r -

« f:scattering amplitude

/ ssind 11 I E
— = —

k kcoto—1

» Crosssection ;_ 4| F 2=

. Near the re?onance ;
f‘% —C(E — Eo) —i
1 /2
" k(E—Ey) —il'/2
 An 1'% /4
T K2 (E—FEo)2+12/4




tan(Ka) tan(ka +9)

Illustration of two casés va
I) General case (Ka # n/2)

Asin(Ka) = A’sin(ka+96) ka < 1
A~ A Xka< A

II) Resonance (Very special case) E.Fermi, Nuclear Physics

Ka=w/2 0d=m/2
A~ A

4 .

O =780 L 1 N S

= () 4ma® or (W) 4mi> =" e




1. Histrory of Thermal Neutron-Nucleus Reaction

*xKey numbers: Thermal energy Ey s =KT (T=293K)=25.3meV=1/2mv,?, Neutron
velocity v,=2200m/sec

1934: I.Curie,FJoliot: a +A—B* (synthesis of new radioactive elements) ;

1933-1938:Fermi,Amaldi et al.:n+H/n+A , Thermalization of neutrons from MeV to
meV, E,=(1/2)N - E, (N=20-30 n-p scattering)
o 1935 -1936 Bohr, Bethe, Breit-Wigner:Development of low energy neutron reaction

(Compound nucleus, Resonance) ;

o 1938 Fermi: Nobel Prize in Physics (Discovery of nuclear reactions brought about
by slow neutrons)
Harn,Strassman:n+U->A+B (Discovery of the fission of heavy nuclei, 1944 Nobel)
o 1942.Dec.2, Fermi observed the first artificial self-sustaining nuclear chain reaction
(Chicago Pile-1)
o 1956: Reines et al. detected neutrinos : They established the
delayed coincidence method with CdCl, solution (target) + Liqg.Scintillator .
—>1995 Nobel Prize (Existence of the neutrino)

* 2015:RENO, Dchooz, Daya Bay (Lig.Scint.+Gd) , EGADS(Water+Gd)
V,+p—=>e +n



Typical thermal neutron reactions

Gd(Z=64,A=157) has the largest cross section among all stable nuclei. Cd,Gd,Sm,Eu have
resonance in the thermal energy. |g, -¢,1<D/2, Level Distance D=2-3eV

Cross Resonance
section Energy E, (eV)

(barn)

n+p —>d+y (2.2MeV)
n+3He 2> p+°H

n+Li > a+3He
n+%B > a+’Li
n+113Cd>114Cd* >y
n+149Sm—>10Sm* >y
N+155Gd > 16Gd* >y
n+1>7Gd—>1>8Gd* >y
n+101Eu—>102Eu* >y
n+23°U—>A+B (Fission)

Cf. n+13°Xe (unstable)>13¢Xe*->y

0.3326
5333
940
3837
20615
40140
60900
254000
9200
583

2.65Mb

178meV
97.3meV
26.8meV
31.4meV
321meV

84meV



JPARC Beamline (BL04) and Ge Spectrometer (ANNRI)

® JPARC/MLF/BLO04 : Started Operation in 2012
® Neutron beam: 1:3x10!n(/s/m?) at E,=1.5-25 meV at Power 300kW, (AE./E.~1%),

® Spectrometer (ANNRI): two Ge clusters with BGO veto shields.
® Fach cluster : an array of 7 Ge crystals, arranged in hexagon (AEy=9keV@|.3MeV)

Peak efficiency 2.4%@1.17MeV
JPARC/MLF/BL04 (ANNRI) : Ge Specrometer
Flight L=21.5m A
H target q...vunienienien e oo ersssaeceecrnsenneedernnnns =
' {autrin
Proton * Neutron i _
(3GeV) Beam 10 Chupézj :ff‘l't[f" g\;zu ;Disk EZTTEJMJ— Ge Spectrometer Mal (11} Spectroneter
Ge Spectrometer 7 Ge crystals 1 Ge crystal
Acceptance (Coverage) : @ [ ®) © — 015
Ge: 22% Phplate Ge crystal s 61.5mm ?134mm
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