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YcTaHoBKa LINAK-200 (B pexxmMme nyckoHasiagkm)
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KVIccneuosaHme pancToONKoCTW Ha BbiBoAe 20 M3B (2018) \
« KanmbpoBKa 3Heprmuuy BbiIBE4EHHOI0 Ny4yka B 04HO31IEKTPOHHOM pexunme 20.9 +/- 0.1 M3B (2019)
* AKTMBAUWOHHbLIA aHa/N3 C KaJIMOPOBKOMN OTHOCUTENIbHO MUKpoTpoHa (J14P)
* [lpoBepKa NTMHENHOCTUN TPALULMOHHbBIX KaJIOPUMETPUYECKNX OETEKTOPOB
* I3MepeHne oTHOCUTENbHbIX BbIXO4OB M30TOMOB Bi Ha aHepruax go 100 MaB (2020)
« HabniogeHsl Bi-201 n Bi-200
« HabniogaroTcsa IMHNM N30TOMOB MNPU SHEPTUAX NyYKa HMXKE MOopora PoXXKaAeHNs
* N3mepeHune BbIX0O0B N30TOMOB Bi Ha aHepruax 40-60 M3B (2022)
* MuweHn n3s ocobo-4ncToro BUCMyTa
* MOHUTOPUHI TOKa yCKOpuUTesnsd, nonagatmLllero Ha KoHBepTep j 2
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NZ Levinger
oabs(E,) = oGgpr(E,) + oop(Ey ), oop(E,) = LTUd(Ey)f(Ey)a PaLram6et5er: X




o [mbarn]

[lapunanbHble CeYeHa POTOPOXKOEHNA N HEUTPOHOB.

CevyeHuns, NPOVHTErprnpoBaHHbIE MO CAEKTPY TOPMO3HOI0 U3y4YeHuns.
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298Bj + 1 neutron

207Bj 4 2 neutrons
208 4 3 neutrons
205 4 4 neutrons
20%Bj 4 5 neutrons
2038 4+ 6 neutrons
202p; 4 7 neutrons
20°Bj + 8 neutrons

2008 . 9 neutrons
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/I‘Iopor oTaoeneHmsa 1 HykJIoHa oT aapa ~ 8 MaB

[MTonHoe ce4veHne chTonornou.l,eHm cocTtonT Ha 90-99% un3 BKNafa napumasbHbIX cCe4eHUNn

doTopoxaneHnsa N HENTPOHOB
Bknapg B nuk QP natoT B OCHOBHOM ce4dyeHuns Bi+n u Bi+2n
KoHdurypauum p+Xn, 2p+Xn, o+ XN BO3MOXXHbl, HO MaJIOBEPOATHbI

Ha4yunHasa ¢ ~80 M3B 3aMeTHbIN BKNad BHOCUT poTOo-PpparMeHTauma agpa (0CKoKN)
Boixon (Yield) - ce4eHue, NPONHTEr pUpoBaHHOE CO CNEKTPOM TOPMO3HOI0 N31y4YeHus,

SIBIIeTCS MOHOTOHHO BO3pacTaloLwwen PyHKLUEN OT SHEPrun ny4ka

BucmyT ynobeH tem, 4To noyvepHume notonbl Pb(208-204) ctabunbHbl AN ManoakKTUBHbI

KI/BMepeHme cevyeHus Bi-208 akTUBaALMOHHLIM METOAOM 3aTpyaHeHo, T12,=370 TbiC.1eT




[lapunanbHoe cevyeHne MOTOPOXKAEHNA HEMTPOHOB o (2:Nn).

209Bj(y, 2-n)207B;

T 200
L n N\ [ GEANT4 |
—— TENDL

——— Timur&Azam

+ Gheorghe-2017
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« B6aun3nm nopora no 100%

* JKCNepumeHTasibHble ownbkm coctaBnsatoT 25-50 % B obnactm [30, 40] MaB
« Ona BucmyTta-207 ceveHne G4 = LEND99 6aumxe BCcero K 3KCn. AaHHbIM




BnnaHwne Boibopa HacTpoek TALYS Ha pe3ybTaT paccyeTa

napLMaibHOro Ce4YeHNd MOTOPOXKOEHNA HENTPOHOB
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MOTOPOXKOAEHNN HENTPOHOB B BUCMYTE

* CYyeT HeNnTpPoOHOB, peakuun (y,n) n (y,2n)
* YCKOpeHHble No3nTpoHbl, oo 30MaB, Harvey-1964 n gp. 1960-1980
* Cen4ac paccMaTpuUBalOTCA KaK Hy)X4aloLlmecsa B KoppekLuun

* Topmo3Hoe n3ny4dyenue (Yield = CS folded with y-spectrum)

* MukpoTpoH SINP MSU, 55.6 M3B, Belyshev-2015

* MukpoTpoH SINP MSU, 67.7 MaB, Ermakov-2010

- Pohang Linac South Korea, 50-70M3B, Naik-2011

- J14M, JINHAK-2020, 40-100 M3B, Relative Yield (Xn/3n)
« J14M, INHAK-2022, 35-60 M3B, Relative Yield (Xn/3n)

 ObpaTHbIN KOMMNTOH, cHeT HenTpoHoB (CS Unfolded)
- NewSUBARU synchrotron radiation facility up to 40 MeV and (4n), Gheorghe-2017



CpaBHeHMe N3MepeHn OTHOCUTENTbHbIX BbIX040B N HEUTPOHOB ~
Y(N-n) /Y(3n) ANa pa3InyYHbIX SKCMIEPUMEHTOB

Ey Ey

RYL,exp:RYM,exp' E\poum | Epean
o G3<Ey).q)L(Ebeam’Ey) dEy J OB(EJ/> (I)M(Ebeam’Ey) dEy
E, E;

\_

JKCNnepnMeHTasibHOe OTHOLUEHME BbIXOLOB HE 3aBUCUT OT MOrpeLlHoOCTeEN N3MepPEeHNsa ToKa U
abcontoTHOM 3(PPEKTUBHOCTN CMEKTPOMETPA

KpuBas OTHOCUTENBbHOW 3P EKTUBHOCTU O0J1XKHaA ObITb M3MepeHa (Bi-206)

TeopeTnyeckoe OTHOLIEHME BbIXO40B MOAESIbHO 3aBUCUMO

Pa3Hble aKCNepuMeHTbI UMEKT OT/INYAIOLWYCA reoOMeTPUIo, Kak ciegCcTBMe U pa3Hble NOTOKMU

TOPMO3HOro n3nyvyeHus. MNpu cpaBHEHNN pe3ybTaToB HeE0H6X0AMMO MoaeNMpoBaHMe NOTOKOB A1

obenx skcrnepmmMeHTaNbHbIX KOHMUIYypaLInn
B KO3t DULINMIHTLI MepecyeTa BXOANT CeYeHME, MO3TOMY OHU TaKXXe MOAesIbHO 3aBUCUMBI
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VI3MepeHHbIt OTHOCUTENbHLIN Bbixod N HernTpoHoB Y(N-n) / Y(3-n)

CoBuUr aHeprum nydka JIMHAK
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Bbixon peakunmn Y(2n), MU3MepeHHbIN Mo akTUBHOCTW n3oTomna Bi-207

SNPEKT NMPO3PaYHOCTM KOHBepTEepa A4 MYyYKOBbIX 3/TEKTPOHOB
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GEANT4 mopoennpoBaHMe BANAHNA CMEeLLeHa NyYka Ha BbiIXxodbl Y(X-N)
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[MonepeyHbIn pa3Mep nyyka 20x2 MM, pa3mMep W-koHBepTepa 50x50 MM

« [lonepe4yHoe cMeLlleHMe ny4vKka nossonsgeT 06bACHUTL Y _exp/Y_theor < 1,
npuyemMm MacwTab sdpdekTa pasHbin 419 OTHOCUTEJIbHbLIX BbIXOL0B N30TOMOB:
HanpuMmep dY = 10 MM paet nsmeHeHune ~20% pna Y(Bi-203)/Y(Bi-206)

k‘ anga Y4€Ta BKJlada CMeLWeHNA ny4ka OoJIKeH pa6OTaTb MOHWUTOPWUHI nornepeyHbliX CaBunros / 1 1




HabnoneHme pacnana n3oTonoB Bi-202 v Pb-203, COOTBETCTBYIOLL X

peakuunaMm /n 1 p+on

hoet 1 . . 203 . . . _ .. .
Bi-202 peak area with subtracted bkg. — et = Time evolution of “"Pb 279keV line intensity, t =0.0 is irradiation start
Es Mean 242.1 3 = ;
2500 fi Bi-202 fi ibuti Std Dev 14.88 - ot +
i i-202 decay fit contribution % ot P ool o __#mﬁ;i*.ﬁﬁ#ﬁﬁ w}*ﬁ*‘?wﬁﬂ-ﬁﬂ.‘ o
B po 97.05 £ 0.31 B w e LA LR W
i - 1 -0.3978 +0.0013 B P i o
2000 | T,,(*?Bi) = 1.742 +/-0.005 h | b2 e - .,+"F++H t w4 -*-ﬂé;ﬁmﬂ “
o S ¥4
mit Ri.OND. L ~ - AET-A0 \/.T 1.7 N5 b - ++ Fit Fn. = Eqn'(10)
1500 — DI=ZUZ-1nne-@ oo 749 Kev, 112 ==Lr-12Z1/U:ud3nours L H{M 0
Rt 600 7 = -
ERY / S NS = 1620 +/- 7
1000 — - C Np, = 19.75 +/- 5.77
S / 400 i Pb
- Bi-206 line @ 657.16 keV, W :
500 b T1/2-=149.8 hours = 6.243 days C Bi-203: T12 =11.76 hours
- +¢ ! ’ e 200 it Ph-203:.T15.=51.87- hour
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N3oTon Bi-201 He 6b1n1 HabnwgeH Ha Makc. SHeprun B 67.35 MaB (nopor 61.4 MaB) 12



UTorm:

« OOpa3ubl BUCMYyTa 0ONyumnm Ha s3Heprusax 35-60 MeV Ha BbiBoge nydka 200 MeV LINAC. lNo
pe3yJsibTaTaM U3MEepPEeHUN OTHOCUTEJIbHbIX BbIXOA0B aKTyaJibHasA dJHEepPrua Ha BbiBOA e Nny4ykKa A0JIKHa
ObITb CKOppeKTupoBaHa Ha ~7.35 MeV

 3ansnaHUpoOBaHHOEe u3MepeHue Ha S3Heprum 35 M3B He yaanocb, yckopuTesb paboTtan HecTabunbHO

« OOnyyeHHble oOpa3ubl ObIZIN N3MepeHbl HAa repMaHueBoM cnekTpomeTpe HIOACPX
* B TOM 4Yucne B HU3Ko(poHOBON KOH(pUrypaumm co CBUHLOBbIM BLOMUKOM (C HOAOpa 2022)
 N3amepeHusa noBTopeHbl B 2023 roay ana Habopa OonbLien cTaTUCTUKKU No usotony Bi-207
* Bbinin HabnwaeHbl usoronsl Bi-202 u Pb-203
 N3oTon Bi-201 He Obin HabnoaeH Ha MaKc. SHepruu B 67.35 MaB (nopor 61.4 MaB)

- CaenaHo mogenuposaHue B GEANT4 cneKTpoB TOPMO3HOIro usnyvyeHua Ha W-KoHBepTtepe ans
reomeTpumn obnydyenus LINAK-200

» INA CpaBHEHMSA C pe3ysibTaTaMM APYIrMx 3KCnepuMeHToB Obi1o npoBeaeHo GEANT4 mopenupoBaHue
(v BbluncneHbl KO3 DULMIHTLI NepecyeTa) AJia reoMeTpum odnyvyeHmsa

« MukpoTtpoH JIAP (20-23 M>B)

e MukpoTtpoH MrYy (56, 68 MaB)

 Yckoputenb B POHANG, IOxHasa Kopesa (50 - 70 MaB)
* AI3MepeHHble OTHOCUTEJIbHbIe BbIXOAbl YAOBJZIETBOPUTEJIbHO COMrNacyloTcA € APYrMMU 3KCN. AaHHbIMMU

« LNA Hap,e>XHOro u3sMepeHus abCcoNIOTHbIX U OTHOCUTEJIbHbIX BbIXOA0B HEOOXOAUMbI:
« MOHMTOPMHI NOJIOXKEHUs Ny4YKa BO BpeMa obnyvyeHusn
« [lonosIHUTeNIbHOe U3MepeHUue TOKa Ha BbiBoAe Ny4ka MHAYKLUMOHHbIM AATYUKOM
« KanubpoBKa 3Heprum BbiIBeAEHHOro ny4ka B O4HO3JIEKTPOHHOM peXXume
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Cnacuo 3a BHUMaHue !
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Backup Slides
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[To1HOe cevyeHne OoTOoMNOr oW EeHNA aTOMHbIMK d0paMK

Evaluated Nuclear Databases

https://www-nds.iaea.org/exfor/endf.htm

10 20 50 102
2:103 JENDL-5: BI-209(G:.NON) 12103
TAEA/PD-2019: BI-209(G.NON)
103k TENDL-2021: BI-209(G,NON) 1103
o) - o 1964 Harve 3
8 5102 15102
£ i 1
5 2102} 12102
5 2 2
8 10 110
7)) B i
3 50 —— 150
(3 \ -
\ \\\ ]
10 10 20 50 102 10

Incident Energy (MeV)

/ EXFOR \

Experimental Nuclear Reaction Data

* Photonuclear CS
measurements

* Partial Photonuclear CS
(various final states)

 Bremsstralung Integrated
Partial CS (Yield)

« Relative BS Integrated
Partial CS (Rel.Yield)

» BS Flux-Averaged Partial CS

* Integrated Partial CS

\per eq. photon /
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https://www-nds.iaea.org/exfor/endf.htm

[lapunanbHoe cevyeHne MOTOPOXKAEHNA HEMTPOHOB o (2:Nn).
209|3i(\/, 2-N)207B;
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3 250f

200

q)(:Ebeam, Ey) 150

U(Ev)

100

.......... 50

| |
20 30 40 50 60 10 20 30 40 50 60
ET [MEV] Ebeam [MEV]

. N I — D

i
10

 MeToa KBa3aMMOHOXPOMaTM3aLUN HEOBXOAMMO KOPPEKTHO NMPUMEHSATD,

« ObpaTHasa 3afava pewaeMa, HO MaTeEMaTUYECKN HeyCToOnYmMBa
nogpobHee Ha criefyrOULEM CEMUHApe

17




KOHDUrypauma obayvyeHmsa B pa3/IMyYHbIX 3KCNepuMeHTax 1
MOLENNPOBaHWe CrnekTpa TOPMO3HOIro nanydeHma (GEANT4)

209B; W electron-beam f Schiff Formula,

valid for: - ~
1. Thin converter  Forward Brems:
2. theta = 4pi boosts spectrum tail
0 —

 Thick Converter:

Schiff Formula:

/ LINAK: \

W=5.65 mm
L=175 mm
D=10.5 mm

1. Thick converter
2. theta~0.03rad

\_ )

/ Naik(2011): \

W=0.1 mm
L=120 mm
DxD =14.1 mm

1. Thin converter
2. theta ~ 0.06rad

Tl with corrections

1. Thick converter

\_ )

2. theta = 4pi
),

/Mlcrotron MSU: \

W=2.10 mm
L=0 mm
D=50 mm

1. Thick converter

2. theta ~ 2pi
. /

\_ filters out spectrum tal|/

/Gheorghe-2017\

Synchrotron
Source

“monoenergetic”

\_ /
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MofoennmpoBaHWe NMOTOKOB raMMa-KBaHTOB OT B3aMOJeNCTBUA MyYKa
3/1EKTPOHOB C KoHBepTepoMm (GEANT4A) (2)

G4Sim for thick 5.65mm tungsten radiator and 100 MeV e beam

10

1T

[ TTTTI

f
;f

e
— G4: 5.65mm W-target NM M«*fl

/

———— G4: forward v, 6<0.03 rad ”“‘h% Y

——— Schiff's eqn., thin targets §

10 20 30 40 50 60 70 80 90 100

o
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CevyeHure (GEANT4) poxxnoeHwna Bi-205

T 100 E
@ = T
£ IJI'F_
0 10° =
— ’f gamma
S I D = S D B electron
= - positron
A $§—~ neutron
107 =
107 =
E | | _ ; _ : § I :\\\“‘\Wi\\\~
20 30 40 50 60 70 80

T, [MeV]
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Ce4yeHune (GEANT4) poxagerHmnd Bi-204 B mulLeHw®,
cogepxalwlen 1% npupogHoOro cCBMHLa

10°

10

h5

h5

h5

Bi204 out

p + Pb(nat.) —»

Xn + 29Bi

Bi209

+ neutron

Bi209

1% Pb"t + proton
I il

[

+ gamma

e .

Ea

o
1l

Bi20° + e+Ze—
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MopoennmpoBaHMe NMOTOKOB YaCTUL, OT B3aMMOOeNCTBUA MYy YKa
3/1eKTPOHOB C KoHBepTepoM (GEANT4S)

G4Sim: 10M beam electrons @ 5.65mm W target — gamma
107 = — electrons
E\ — positrons
10° = >
;\ —— neutrons
10° Kk\ — protons
= — T N —— neutrons CS
B e S
e —— protons CS
R SV \\ / Conversion \
M. T \\ Efficiency:
% \l\\ w Gamma*~98%
*wl"- Akt Electron~78%
o Positron~22%
B _ ] Neutron~1.1%
R P~0.00018%
L Wil " (*) Eg>14MeV
1 r” i Ty " 1 | >
| i I ‘ :il I]IIIl ”Ii'll;l’i i II|II || \“IIII (i L L] 1 \ g © /
AR A FRE B T SSTERRAR B L, x10°
30 40 50 70 80 90 100
Ty, [keV]
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Hrapiivisiar ey cge o HIEDC CTIEKTO0

0DNYyYEeHHbIX 0bpa3uoB NpUpoaHOro Bi
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; ) IR JV’"V ‘f’jw J
N L L , L ] N « Additional low-bkg
(0] 100 200 300 400 500 600 700 800 900 o [ke1\goo measurements for B|_207
B 5 « 2 background-only runs
10—1 éi’u@ E g-_: gﬁ g-: g-_: 3’5 “REE eﬁ;ﬁ [ I H I I I-
E §> & § N . = = Nf o 3 = * Multiple spectral lines per
TUEL T E 3 = . | 3 SEF3 measurement
— € = s 8 8 S | Ez 2 B
T g " 1 1 i 3 1% %8s . .
o2 i |t & | _L | N == E * Each line is fitted with
= L\ I+ ! I (% &= 3 gaussian + linear bkg.,
Ay A ‘ | S ['] | E Option: 2*gauss + linear
. I .y
|1 ﬂ w b | I jﬂ +
1072 — 1 ‘I*VLJM\J#I.I]}I‘ \ »JHI J[\,n ,J; 1 |Hi“ I\) h A f\[ | ° FLUKA deteCt0r+Samp|e
= LINAGC-2019 LA @L‘w‘w"‘nﬁiﬁw"# \ u[ ‘Efﬁ] Wi model for 2 sample sizes
LINAC-2022 A Zﬂ“ : %; 91% " i
| | | , | . « GEANT4 forward
L L L L L | L L L L L L L L L L L L L L L | L L [ L L . .
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 bremsstralung simulation
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[TonMep KannmbpoBKU WKalbl AETEKTOPa MO IHEPTUN 1 OnpeneeHnd
33aBMCUMMOCTIW pa3pelleHnsa 4eTeKTOPa OT IHEePrn

Energy Calibration Energy Resolution
1.9988| i 4
- 1.15 A/
i x2 / ndf 84.59/4 B x*/ ndf 0.001849/3 /
_ B p0 0.7912 +0.02217 /
0.9987 p0 0.9986 + 2.784e-06 11
- \ - Pl 0.0002056 +2.1916-05 /
- 1.05} //
0.9986 / e T I /
: / 1 /
0.9985 - /
- 0.95F /,
[ - /
0.9984 0.91
. e
_IIII\III\IIIIIIIIII\IIII 0-85_ 7 O O e e e e ey ey Iy I |
200 400 600 800 1000 1200 1400 1600 1800 200 400 600 800 1000 1200 1400 1600 1800

 Background only data is energy corrected by bkg.peaks in signal data
» Background peak widths are also used in final energy resolution estimation 24



[TlpyMep PUTUPOBaHWA cnekTpaabHOW NnHUK 803.1 keV n3oTona

Bi-200 BO/1M3K M3BECTHOrO0 MOHOBOIO nuka (DATA)

he_sig

450 : he_siig E—

E —— Bi #2, 40 MeV M u I|\E/|ne'[;ir?8 1.33386886550;
00 — | Bkg. Only | UH | IE':c(:i}bDev 058;23 """"
350 = l l p0 602.6 i 12.0 | Resolution fixed at

= Kl T\ pi 803 + 0.0 calibration values

- Q| P2 0.9619 & 0.0000 «’7
OE * 4 8061+ 0.0 44— Bk peak is fitted
oo

| 5+13 |-
b

200 ?jgﬁ * I - L| J{TJ(H 'H%HH + | +
%ﬁﬁ"ﬂ* j .T.4-#%*--f-ﬂ%-#ﬁf%M * S Mﬂ :-Hﬁhﬁﬁ

- +

- I7’98I | I800I | I802I | I804I | I806I | I808I | |810‘ | I812I | I814I |
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PUTUPOBaHME CreKTpabHOW AnHWIK /87 keV, npeanonoXnTenbHO

Bi-201, n onpegeneHne nepmnoda nojsypacnaga

bkg.peak @ 784 keV
9-peak @ . h Ertios o Stegailov-19, Bi-201 fit for 786.4 line @ 60 MeV beam
Mean 787.3 F
MDD \ - PO 0.0009308 + 0.0000763 | [
LV L p1 786.9+0.1 |, T, (ref) = 108 +/- 3 min
\ 03 0.02002 % 00051 | 4T Constant 1.472 + 0.1627
- B ] p4 _2.2866-05+7.019e-06 | o
w \_\_\_,— 3 b
o S - S Slope  -0.005077 +0.0008452
2020 ) 2f
e 8 | ~]
. N HA \ 1 : —
S SIS SIEPSIET S ¥ SUNES o e N -+ - L
- \ . P e o L \‘\\
- e
775 780 I 7B5 790 | \ | 795 ) 8\;)0 07 | 100 | | 200 | | 300 | | 400 B 500 | t[I -
e min
Bi-201 ?? @ 787 keV Bi-204 @ 791 keV

Bi-201 has 6 more spectral lines with 1g>5%, all of them masked by close peaks
Last line @ 1651 keV has Ti12 ~ 10h, compatible with Bi-203 or Bi-204
I Bi-202 has Ti2 ~ 103.1 min = 1.72 hour !!
Also Bi-202 has spectral line at 787 keV with inspecified Ig

No Bi-201 in 2022 data ... but some weak evidence in 2020 data 26



[IpymMep onpeneneHnd OTHOCUTENBEHOW SPMEKTUBHOCTU OETEKTOPa

no NnHWMaM miotona Bi-206 Ha sHeprum 60 M3B

2,

8000 ¥

p0 - Jurabek's Calib
——— Bi-206 @ 60 MeV Spectral Lines Data (Spectral Lines\

\\ ------------------- p0 - X °°° for Bi-206
/ %\ Calibration:

s %2/ ndf 3092/ 13 [keV]
/ e PO 2.024e+09 + 6.604e+05

)

7000

~
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-—--..__.,_________‘
—

3000

183.98
I 262.70 (203)
343.51
I 200 ‘ I I 400 I I I 600 I I I 800 I I I 1000 I I I 1200 I I I 1400 ‘ I I 1600 I I I 1800 I I I 2000 398'00
497.06
516.18
) 620.48
¥ I/ ndf 0.00914 / 13 657 1000

p0 0.9923 + 0.007087 803.10

/

2000

[

1000

DDMIIII T

Fit(errors=1)

-
=
p

-
o
5]

-——
7—'

“\ 881.01
o A 895-12 (204)
7 1018.63

S~ 1098.26
N 1595.27

1718.70

\ 1878.65 )

Fluka Simulation of 1.25 mm thick Bi target @ 100mm from Detector, (60, 55 MeV = 1.0mm) 2 7

-

STTTTTTIITT [T TTIT]T]

e
<=}
o

e
©
@

—

1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1
200 400 600 800 1000 1200 1400 1600 1800 2000




[IpymMep onpeneneHnd OTHOCUTENBEHOW SPMEKTUBHOCTU OETEKTOPa

no NnHWMaMm mniotona Bi-206 Ha aHeprm 50 M3B

p0 - Fluka (Bi = 1.25 mm)

1800 10" .
= . p0 - Fluka (Bi = 2.40 mm) 5
1600 = =, » Bi-206 @ 50MeV Spectral Lines |- X/ ndf 1.56e+04 /13
1400 o \n . pO 4.976e+08 + 3.464e+05
1200 f .: i o \*b-\‘
1000 f :;‘: :
MRS
600 [— :'
400 = ?-‘: —_— ( Sample \
200 = . Thickness
= I D B T D R T R R R [#:MeV:mm]
0 0 200 400 600 800 1000 1200 1400 1600 1800 E IKSZ\HOO
#2 40 1.5
15
S %/ ndf 572.1/13 i
14 [— #4 50 2 4
T #11 60 1.0
12— \ /
14 f
— ..
1
= P e . N
09 [— T
0 I 200 ‘ I I 400 I I I 600 I I I 800 I I I 1000 I I I 1200 I I I 1400 I I I 1600 I I I 1800 I I EI[kBEVO]OO

Simulation of 2.4 mm thick Bi target does not fit well as relative efficiency 2 8



ADCOMIOTHaA KannbpoBKka Ge-geTekTopa no MctodHmnkam OCI

Similation Fit to OSGI DATA, Source Position @ 10cm

. FLUKA Sim., point
—=— FLUKA Sim, 1.25mm
—+— 0SGI Calib. Data

2/ ndf 107.5/ 41

PO 0.9453 = 0.01077
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[ Nagkag Mogesb KPpBOW 3MEKTUBHOCTU Ge-geTekTopa

C WCMOJIb30BaHMEM rNadkKon QYHKLUWKW ceveHnd noraoweHma Bi

Fluka simulated absolute efficiency for 1.25 mm Bi sample @ 10 cm

0.0035 g P 8 P, x2 / ndf | 35279—07 /23
h N o(E) = p, -exp(-p, o(F) -E PO 0.5289 + 0.007153
“ _ \-\_\ p1 0.8581+0.001538
0.0025 \ p2 04185 + 0008805
.0005 i | | | | | | | | | | | | | | | | _'T_ | | | “—.l"
500 1000 1500 2000 2500 e [\’iﬂe%fj}
Sim Points divided by Fit (Bi absorbtion model * power law efficiency)
F B B H
= x? / ndf 0.166/25
E p0 1.019 £ 0.01598
105 : . S Wy S )
4_ .'—' .'- L " - a1
0.95 :: - | |
500 I I ‘ I 1000 I I I I 1500 I I I I 2000 I I I I 2500 I I I I E[:ls-gne?[?
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PUTUPOBaAHME CreKTPabHOW NHWIK M3oToMa BI-200 1 onpegeneHune

ero nepuona noaypacnapna

Fitted value of par[0]=p0

500
— v2 / ndf = 2.143e+05 / 885
" ot C, 896.4 + 7.0
400 — Y
- Wi T, [d] 6.286 +0.045
- Y M
I Fitted value of par[1]=p1
_ i; = x2 / ndf 3.759e+04 / 885
200 S 12 pO 881+0.0 N
: 881?'“““?';&; M!”’Q...':I:,..:' ": _,Wl*,, , ‘, “V‘v- 1’#’ ,f,x’ *** i
00— I
0 B | | | | | | | | | | | | | | | | | | | |
7 8 9 10 11 12 13 14
time [days]

Bi-206 line @ 881.01 keV, T12 =6.243 +/- 0.003 days 3 1



PUTUPOBaHME CnekTPpasibHbIX JMHWKA M30ToMNa BiI-203 1 onpefeneHne

eio-fepo e oy pachala (847 30ueEY)

10*

10°

Fitted value of par[0]=p0

- ¥2/ ndf = 34.58 / 30

e C, 8044 + 60.3

} Ry T,o[h] 11.96 +0.06
1i0 | 2i0 | 3i0 | | 40 | 50 | | 60 + |

Bi-203 , T12 =11.76 +/- 0.05 hours

time [hours]
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PUTUPOBaHME CreKTPabHbIX NNHWIN M30TOMNOB BI-206 1 Bi-204 »

onpenesneHune ux Nneprnonos noaypacnania

Fit of 2°°Bi(895.12) and °**Bi(899.15) Spectral Lines

Bi-306 | he_sig
I| ]] Entries 7.436582e+07
Mean 389.8
/ ‘} Std Dev 15.67
H x>/ ndf 2510/ 193
Bi-206 .54, p0 2.792e+04 + 6.089e+01
4 Ao Bi-204 p1 899.2 + 0.0
10 - Bi-204 p2 0.9986 + 0.0021
| FF 'i 318K p3 2.877e+04 + 6.265e+01
f o1 p4 895.1+£0.0
k o p5 0.9595 + 0.0019
| 7 Iy | e 6590 + 342.2
BKG J \‘ / . F“Iy\ p7 —6.401+ 0.381
| ] 4
v | .
l ’ — BKG
j [\ A
10° '4'. d i M_J_ it Bi-2032 ) 1 ﬁ 151 ;
"#1.‘. +' i | +4 e dhgrdes ] g o H b Ay |"‘.i"‘;‘-.".|l‘!|l ,I - It e e
i !
| | | | | | | | | | | | | | | | | | LT
860 870 880 890 900 910 920 930 940
E, [keV]
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PUTUPOBaHME CreKTPabHbIX NNHWIN M30TOMNOB BI-206 1 Bi-204 »

onpejesieHne nx neprnogos nojaypacnaga (3)

Fitted value of par[0]=p0

500

- v2 / ndf 199.1/ 165
=y C, 2753 £25.9
iy
400, T, [N] 11.42 + 0.04
350 *“*mm 2/ ndf 172.9/ 165
300 - Co 2212+ 2.1
ssoE v Tip2[d] 5.397 £0.189
= ) ';’***m“
2005 e T M“.E:““‘w . .
150i G Wt Syt :::: :‘:'3"”%»‘* eyt S ute tyste 02 s s
{00 i '*t"ﬁ".,. ..a.-w....: -
501 i
03§| I35I I40I ‘45| |50‘ I55I I60I I65I I7’0

time [hours]

Bi-204 line @ 899.15 keV, T12 =11.22 +/- 0.10 hours
Bi-206 line @ 895.12 keV, T12 =6.243 +/- 0.003 days 34



OUTHpPoOBaHMe criekTpaabHoOW NnHWMM 7/03.44 keV n3otona Bi-205 n

onpeneneHne ero neproda Noaypacnana

10°

10*

—
o
o

Bi-205 HalfLife Fit from 703.44 keV Line

. ¥2 / ndf 47.78 / 4

= el C, 1.725e+05 + 515.7

— ’ T,, [d] 15.39 + 0.0569

B e

B Bi-205 line @ 703.44 keV, T12 =15.31 +/- 0.04 days..u"*u,-“ +

0 20 40 60 - 80 - 100 - 120 - 140 - 160 l
Time [days]
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OUTUPOBaHME CriekTpaabHOW NnHKKM 1063.662 keV niotona Bi-207 v

DEHEaReBRHCRES Sh e s PR O L oEn e TCL O T g kg

7200

7000

6800

6600

6400

6200

6000

Bi-207 Halflife Fit from 1063.662 keV Line

. v? [ ndf 7.666/4

. PO 6192 + 69.87

5 T.plyl 5253+201.7

:— + Bi-207, T1/2 =32.9 +/- 1.4 years

d_ | 20 — 40 — 60 — 80 — 100 — 120 | | 140 — 160
Time [days]
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AKTYa/lbHblE G R i vl iR Gl i | sl il sl i e

oTopOXOEHNA N HEMTPOHOB B BUCMYyTe (Tabnnua)

ENERGY Bi-207 Bi-206 Bi-205 Bi-204 Bi-204
[MeV] 2N 3n 4n 5N 6N
35 L/G L/G L/G L 0
40 L/G L/G L/G L 0
45 L L L L L
50 L L/P L/P L/P L/P
55 L/M L/M/P L/M/P L/M/P L/M/P
60 L L/P L/P L/P L/P
65 M M/P M/P M/P M/P
70 P P P P
4 Experiment: Method: Result Type: N
« “I” LINAC-2022 BS+Spectroscopy Yields (Rel?)
« “M” MSU MIKROTRON (" 10, 15) BS+Spectroscopy Yields
« “P” POHANG LINAC (Naik "11) BS+Spectroscopy FluxAve CSs
« “G"” New-SUBARU Synch. ("19) QuasiMono+nCounting True CSs
- / 37
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Photodisintegration of Heavy Nuclei
in the Energy Region above the Giant Dipole Resonance Multinucleon photonuclear reactions on 2%°Bi: Experiment and
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Abstract—Experimental data on yields of multiparticle photonuclear reactions (involving the emission of
up to seven neutrons from the nucleus involved) on 17 Au, 203:205T], and 2°°Bi nuclei in the region extending
from the giant dipole resonance to an energy of 67.7 MeV are presented. These data are compared with
the results of modern theoretical calculations that take into account both the excitation of a giant dipole
resonance (GDR) in a nucleus and the photodisintegration of quasideutrons (QD) in it. By and large,
experimental data confirm the results of theoretical calculations—that is, only upon taking simultaneously
into account both alternative photodisintegration mechanisms (GDR excitation and QD photodisinte-

Abstract. Photon activation technique using bremsstrahlug with end-point energy 55.6 MeV is used to in-
duce photonuclear reactions in a 2°°Bi target. Absolute yields and integrated cross sections of multiparticle
reactions (v, 2n-6n), (v, 4nlp), and (v, 5nlp) are obtained. The results are compared to predictions of
statistical models using systematical and microscopic description of photoabsorption and to the result of

gration) can one describe these experimental data. The contribution of QD photodisintegration grows evaluation of the partial photoneutron reaction cross sections. Based on a comparison with existing experi-
with increasing photon energy and neutron multiplicity and becomes dominant for reactions iIlVOlVng the mental photoneutron cross sections and model calculations, we make a conclusion that neutron multiplicity
emission of not less than five neutrons from the nucleus being considered. The integrated cross sections for assignment in available photoneutron cross sections on 2°*Bi can be corrected and evaluated cross sections
the processes in question were estimated on the basis of simultaneously employing experimental yields of of (7, 1n) and (v, 2n) are obtained that are in an agreement with the obtained experimental results.

multinucleon photonuclear reactions and the respective cross-section shapes calculated theoretically.

DOI: 10.1134/S1063778810050029
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Measurement of photo-neutron cross-sections in 2°®Pb and 2°°Bi
with 50-70 MeV bremsstrahlung

Haladhara Naik?, Sarbjit Singh?, Ashok Goswami?, Vijay Kumar Manchanda ? Guinyun Kim *,
Kyung Sook Kim®, Man-Woo Lee ®, Md. Shakilur Rahman ®, Devesh Raj¢, Srinivasan Ganesan®,
SaraswatulaVenkata Suryanarayana ¢, Moo-Hyun Cho ¢, Won Namkung ®

2 Radiochemistry Division, Bhabha Atomic Research Centre, Trombay, Mumbai-400085, India

b Department of Physics, Kyungpook National University, Daegu 702-701, Republic of Korea

€Reactor Physics Design Division, Bhabha Atomic Research Centre, Trombay, Mumbai-400085, India

94 Nuclear Physics Division, Bhabha Atomic Research Centre, Trombay, Mumbai-400085, India

€ Pohang Accelerator Laboratory, Pohang University of Science and Technology, Pohang 790-784, Republic of Korea

ARTICLE INFO ABSTRACT

Article history: The photo-neutron cross-sections of 2Pb and 2°°Bi induced by 50-70 MeV bremsstrahlung have been
Received 16 December 2010 measured by using the off-line y-ray spectrometric technique in the electron linac at the Pohang Accel-
Received in revised form 14 March 2011 erator Laboratory. The experimental 2°Pb(y,xn) and the 2°°Bi(y,xn) reactions cross-sections at the brems-

@uailableronling 13,ApulZ011 strahlung energy region of 50-70 MeV, which are determined for the first time, are in general good

agreement with the theoretical values based on the TALYS 1.0 code. We observed that the photo-neutron

;(gyg’gr&s"v b » cross-sections for the (y,xn) reactions of 2°°Bi and 2°®Pb increase with increasing of bremsstrahlung

Ph;to-neitro;e?rlzztsr-zecl:ircl)is energy from 50 to 70 MeV, which indicates the role of excitation energy. It was also observed that the

208 2090 : (v.xn) reaction cross-sections of the doubly magic shell nuclei g,Pb'?% are always higher than those of

Pb(y,xn) and “™Bi(y,xn) reactions / A N Tk )

Off-line y-ray spectrometric technique the singly magic shell nuclei g3Bi'“° in the bremsstrahlung energy of 50-70 MeV. This may be due to
the fact that either the shell effect are washed out at the higher excitation energy or due to the lower fis-
sion cross-section of 2°Pb compared to that of 2°°Bi. This observation indicates that there is a competi-

tion reaction between fission and neutron emission.

© 2011 Elsevier B.V. All rights reserved.




JKCIM.OaHHble 0 oTonoraoweHnn Bl (4)
 Gheorghe-2017

PHYSICAL REVIEW C 96, 044604 (2017)

Photoneutron cross-section measurements in the 209Bi(y,xn) reaction with a new method
of direct neutron-multiplicity sorting

I. Gheorghe,'-?> H. Utsunomiya,*" S. Katayama,? D. Filipescu,"** S. Belyshev,” K. Stopani,® V. Orlin,® V. Varlamov,°
T. Shima,” S. Amano,® S. Miyamoto,® Y.-W. Lui,’ T. Kawano,'” and S. Goriely''

(Received 28 June 2017; published 6 October 2017)

Photoneutron cross sections were measured in the **Bi(y, xn) reaction with x = 1-4 at energies from
the neutron threshold to 40 MeV using quasimonochromatic laser Compton-scattering y-ray beams. A novel
technique of direct neutron-multiplicity sorting with a flat-efficiency detector was used. Results are compared with
the positron in-flight annihilation data of Livermore and Saclay as well as with bremsstrahlung data. The present
neutron yields are consistent with the latest photoactivation measurement with bremsstrahlung. The giant dipole
resonance component of the total photoneutron cross section is reasonably reproduced by model calculations of the
Hartree-Fock Bogoliubov plus quasiparticle random phase approximation based on the Gogny D1M interaction
for both E1 and M1 components. In contrast, the quasideuteron component of the total photoneutron cross section
requires a factor of ~3 enhancement of the Levinger parameter. Furthermore, a survival of large (y,n) cross
sections above 20 MeV may indicate the surface effect on the two-component particle-hole state density. The
threshold behavior of photoneutron emission is discussed in terms of the average neutron kinetic energy.

DOI: 10.1103/PhysRevC.96.044604
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PUTUPOBaAHME CMNEKTPabHOW NNHWK BMecTe ¢ poHoM (Toy MC)

Entries 2000 Entries 11000 Entries 101000
: 2 / nat 46.09 /40 C 22 / ndf 29.8/40 B 2 / ndf 41.45/ 40
160 + N, 1040 + 36.3 240:_ N, 1036 +61.7 12001 Ny 9745 £ 1426
B m 23324 0.1 - n 2331402 - m 232 +0.4
140 220} -
B o 3.278 +0.109 o 3.155 + 0.190 11501 o 2,633 +0.378
L po 13.29 +7.82 200; po 119.7 £ 27.2 - po 957.5+859
120 P,  -0.02249 +0.03349 P,  -0.08887 +0.11663 : P, 0.2128 + 0.3684
C 180} 1100~
100 u i
B 160 C
80— C 1050 —
C 140 -
60— C -
: - i ‘
401 . + ﬂ#
- 100 + + + + ﬂ 9501+
20 4 : B0+ + + H ! -
E“f . | i L | | | | | 8001~ | | | | | |
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ | | | | | | I | | I | | I | | I
0210 220 230 240 250 260 270 210 220 230 240 250 260 270 210 220 230 240 250 260 270
E, [keV] E, [keV] E, [keV]
Low BKg. Bkg x 10 Bkg x 100

Toy MC: Nevens = 1000, NY2 = 0.032, all signal events are the same!

RelFitErr = 0.035 RelFitErr = 0.060 RelFitErr = 0.146
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Heniee s llle celie LG L0 AR @eirs

HacbllWeHna (Saturation Activity)

o Iradiation time »4_999']?9_»4 Measurement time -
B ] At tm
1— Saturation Activity: Rx ~ Jo(Ey) - o(y,xn) dEy
| Assuming time-constant flux @ one’ .. . NAM
— obtains integrated cross e T mNaenp, (1 — eMt)em (1 — e~Mm)’
0.8 — section O( Epe am) where N, is the number of detected gamma photons of chosen energy, A is a decay constant
s of observed reaction product, M and m are the mass number and the mass of the activation
— detector used, N, is Avogadro number, € is the absolute efficiency of the detector at the
0.6 j """"""" Irradiation aCtiVity ‘ energy of observed gamma line, 7 is the natural abundance of activated isotope, p, is the
- : quantum yield of detected photons, t;, At and t,, are irradiation, cooling and measurement
0.4 N [ COOIing aCtiVity ‘ time intervals respectively.

—— Measurement activity

- . N T2, =100 min
02— ——— Saturation activity \

0 100 200 300 400 500 600 700 800
time [min]

42



PUTMPOBaHWE MOAEN SNPEKTUBHOCTN

I fEkene o NIKGIREN ARIKLI @4

o0ep) P

Jurabek's efficiency (FLUKA), fitby: e(x) =p_[1-e 1 x x2 / ndf 6.773e-07 / 23
0.004
. p0 0.6592 £ 0.1234
0.0035 -
%/u.}\ p1 0.006939 + 0.0006937
0.003 \ p2 83.13 +1.728
0.0025 .
\..“\&k p3 0.8865 + 0.02667

0.0015

0.001

e e e e
0.0005 S

ST T I T T

(=]

1 1 1 1 1 1 1 1 1 1 1 L 1 1 1 1 1
500 1000 1500 2000 2500 3000

2 / ndf 0.4649 / 26

f/\\l PO 1.008 £ 0.02574

>y

1 1 1 1 Il 1 1 1 1 1 1 1 1 1 Il 1
500 1000 1500 2000 2500 3000
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[Toporn peakunmn (v,N-n) n nepnodbl nonypacrana

|§g:2|la N(n) Tir [Eﬂ"g’{‘}] T[':Ag'{fi" T[h';l';@‘]p 20 25 35 40 45 50 55 60
Bi 209 O “stable”  1639.56 0.00  0.0000
Bi 208 1 368000years 163223 7.33  7.4598
Bi 207 2 329 years 1625.63 13.93 14.3467
Bi 206 3 6.243days 1617.46 22.10 22.4444
Bi 205 4 1531days 1610.67 28.89 294783
Bi 204 5 1122hours 1602.30 37.26 37.9693
Bi 203 6 11.76hours 1595.07 44.49 451617
Bi 202 7  172hours 1586.35 53.21 54.0071
Bi 201 8 108 min 157891 60.65 61.4003
Bi 200 O 36.4min  1569.79 69.77  70.5301
Bi 199 10 27 min 1562.21 77.35 78.1744
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Pes3ynbTaThl MooenpoBaHnd B GEAN T4 criekKTpoR

TOPMO3HOTO U3nydeHnda vs. popmyaia Lnmpopa

G4Sim of 0.017X,, thin tungsten target bremsstralung spectrum

Gamma Spectrum Shapes after 5.65mm W Radiator hit with e beam

hgamma
II\Eﬂntries 1 %Oggi = : : : i : : hg_EoverEQ_40
s ean : : : : : : : : : : Entries 466053
e GEANT4 Std Dev 17.67 105 ........ ............. ............. ............. _, ............ ,. ............ , ............ , ............ ,‘ ............ Mean 0.08644
10 . - : : : . . : : i : hg_EoverEQ_60
- — Schiff's Formula T . S SR S S S— — — PR S Entries 648191
- = : i i : ‘ : : : : Mean 0.07201
- E RMS 0.117
n 5 hg_EoverEQ_80
: W E Entries 776945
= : b ] Mean 0.06387
— . ’ v : : : : : RMS 0.1121
2 ...| = E_beam = 40 MeV ! : H N 4 r = IR hg_EoverEO_90
: 10° =~ ; : ; : :
107 & E —— E_beam = 60 MeV : : : Entries 828204
= ~ —— E_beam = 80 MeV Mean 0.0609
B —— E_beam = 90 MeV RMS 0.1103
10 5" —— E_beam = 100 MeV. hg_EoverE0_100
: E : : : Entries 876828
102 & B i i 5 i i 5 5 : : Mean 0.05828
i Cnaiemeeae b e = .. i 2 Lo 15---....l....l....i....f.... AAAAA R e ST RO RMS 0.1082
0 10 20 30 40 50 60 70 80 90 100 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
E, [MeV] E/Ebeam
G4 Simulation of Gamma Spectrum after 100 MeV electron bean hits 5.65 mm W target G4 Simulation of neutron kinetic energy spectrum, 100 MeV e beam on 5.65 mm W radiator
z - - - : :
10 R S A R R RIS pssnsnnsnta Basace Zoomed Gamma Spectrum 103 hT
Entries 3176
Mean 0.9855
1 RMS 1.062
x2 / ndf 44.1/18
t : : i : Constant  7.161+0.026
B IR M. - i I R e 10° Slope -1.014 £0.018
102 B pree s
C —e— G4: 20cm Al BeamStop | ; i ; : 10
10° | —=— G4: 5.65mm W Target -------------- """"""""" """"""" """""
= —— {Schiff's eq.} /E, ’ : : : ’
0 10 20 30 40 50 60 70 80 90 100 0
E, MeV]

Bbixon HenTpoHoB ~0.003 Ha 1 3N1eKTPOoH ny4ka 45
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I3MepeHne cevyeHnn Gheorghe-2017
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