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" ﬁjf %_I_EE% U} I'i‘ i'--_.';."j %7&-. ﬁ ﬂ-vevl'i 1 IJW ﬂﬁ{b Figure of Merit Current value 1.5221E+01 | Constant =2
. E#Faﬁl"“ﬁ'éﬂﬁf&]ﬁ&ﬁ'd'FGMIi—!ﬁiﬁl"lllﬁ Figure of Merit History dep. (rel. slope) | -0.0169 = .00
e n e

Statistical check sheet

 EHIEY—27)06.1058B(A A1 77 1)L IXphitsisample/itall3) ABIZILRT NRFIT M ORIST~D EEEF =LY Fhis,




| W& =5 FEHTGIH?Q[forcd collisions]

v 8= ubES0FS L. REILEEEETORRIEEEREZHSMLOHEFHE
vV EOBERIZHSOTRIERAVIPEREL. BT —2LLERRICET L EZFE>TRIEEBR

S EI# L [parameters]t /L3 TEE T Snfeseglc LY B F A 4

i 1 T J I F ficse 7

001 & [forced collisions] - by At [forced collisions] -
COMRETTETT g eRT

3 i H ] [ 3 .

o Akrde o
2 Bl & 1 2 10 :

© L1 [l ] W 1 | = neutron
2 T =z |~ proton
5 107 L gl 1L . 5 4 | = deuteron
- * T 1

- 2 100p| ||

k

j i | j | i i i ]
o 10 20 30 40 a0 20 30
Energy [MeV] Energy [MeV]

20MeV/nDEBFZEITILAMITBe A=y (0.9cm) [CRAL-EEOMBEBMFIILI R

phits/recommendation/neutronsource® &




HRAEFICHT BdAdjointE— KOWA |

AdjointE—F &I ?
o B RERSE R FIEETE
o B)—LI=LMEFRASIRIRZERESE TAdOINtE—FTEIET S L. TOHFOREL DM D
o PERITAFITHL TOHERAIREL A ERFICL R IGSE -
» f=FL.PBBLELHESEDEEDHEZEL. BRILIEFRELEL

|
G s L

—_HETIF--EF
OHEELHFU =L
L (eQ=0.1,di=-1TRSE) -

-y
=

Flux [1/em?/source]

—
=
o

il N R N N N T O | I T i e |

il S T R T
0 a0 100 150 200 250
z [cm| Energy [MeV/n]

B0 B> T=7K B TOH T8 FREK KADNHHEEEOBRFIRILY—3 .
: & #( /phits/utility/adjoint/charged & & 9




JENDL-SERISE

{*q JENDL-5 1.0 Ty k-FPad e

1A b= TR = PERIRL TR A LA b = L3RR Bl A =2
HEFTalrei LTS TRT R DI LR e e DL THIEEL,

[iMeutron T 6A6144MBIa
[_| 250K £4,614.4 M8
kA 300K 54,6144 MB
"] sooK 64,614.4MB
L[] soox 64,614.4 M8
[] 1200% 64,614.4 MB
[] 1800k f4,614.4 M8
[+] Proton 52020 ME
[] Dewuteron 540.0 MB
(] Alpha 194.0M8 |

MAEDRIRLRE 3. 19 68 OT «AVEEEHEL T LT,

E3@ Syt

TR OER N
{3 R R TR, (&)
- 2

SA475)BIREE (WindowsH)

n—F-twbrw77uﬁ5A®ll

b7y EIR

1. AA—=ILLE=LYSATS51) % &R

2. BRLE=SA473UEBEH TS HO—F
LCER

3. Ayoa—kLE=Z4IILSRNIZHETRL
A 77A )L (xsdir)[EHREPHITSA7FL X
T74 )L (GBE (Xdata/xsdir.jnd) (2B 0™

4. MEDORATEEMEIEZIENDL-52
HZT B

"HEF GRERD . &F. ElHF. ol F. LRF. AR,
FREFEELRI (BRI H%EIR AT RE

HEREICIDO—FLESATIVNABRELTEDNALIIZE
DOT REMNREFSATIVEERLE-GEEIENLE

7045 LI, phits/IXST A5 1 #4

10



PHITSAT*+*AMIF 1« 2PHITS-Pad

v PHITSEIB DIN\SA—E3P AN EZE THEIART
v ANT7AILOERZEYR—bT S MR BEEE

"HII-;_F_I “:E_l ﬂﬂ-‘_&:l -ETT':I'."‘ "._eE!'ﬁ_f.lﬂl 1.'-.-?}-&: AT
(DO Ed &6 34 xaal A

BBl ¥ 1 k1= ]

Eminimizad inpor File for lectozs
1

[ ParFamketTaF a

& iontl

o RaN A

__1: maxkech

fomraeel
B-Eypam = 1
proj = proton
dir = 1.0
el - i
Bl = .

[ wrtf-2 | Lengthi 2234 Lines: 58 | Linet 1 Columm

PHITS-Pad 742K
s+l

-

AR [ M a teri1ial)]

15 mat[1] H2 01

20

BNl Surface]

22 10 sd 10,

® 0 [

e REEPLLTBIR, $iEr BHEELZT. BRE,

oy MES S0 FiF

SB[ T-Track]

25 mesh = xyz ¥ mesh type is xy
30 x-type = 2 § x-mesh is linea

EMD TR
(AR ERZyT CRRITTRE)

hits/phitspad/manualZ B8



PHIG-3DE R\ 4_&ﬁ(x,y,z,t)m?ﬁllio)ﬂl

1. [t4Dtrack | 223> THF ORI 771 L
T HE R

2. RMIZ7AIL%E PHIG-3D THE , #p1LE &3

EZ1ERCRIRE

i a3 D2 A B
[t-4Dtrack]
file = track.out




| PHITS3.35TDELMME |
T e - _

v JENDL-5} 5L i m#&Z=DCHAIN & Undatafis X TE &

v [t-ww|[ZRIF R EHEEL EIRILT —-TUNAT REZEA
v [celll o av(Z#alav FEEBE A

v PHIG-3DIZxyz Ay a4 — A EEEPolygon Booleani& (2 LA HEEHEEER B A
vV ALEO—FEA AU RIMEERETICHE AR R LOICH R (I 8)

v AmBefRiRGEEaRERA LN -hMEFREBIRIT AT TILEEM NI

v RT-PHITSZ R\ - EER =T M EED LR

13



1.0
-1 0.8

"= 906

activity [Baql

0.0

time [min]

Beam power

T = Call 1

— ALL

¢

“Fe

= E'Mn

B
0.4 -%-
3 '!'
02 *

'
chr

- ‘EE‘.UI

JENDL-SEUHR{L B HR )82

RNt H IS T AR E

3.34L1E1  JENDL/AD-2017 (DCHAINF:=)
3.35L1[& JENDL-5 (DCHAINF:3E)

activity [Ba]

INCLX>JQMD7%: £ D#ZRIGETIL
JENDL-5 (ndatafz=) MRSETIV
"%+ (20 < E < 200 MeV), [&F (E < 200 MeV), EI&F (E < 100 MeV/n), afiiF (E < 3.75 MeV/n), #F (E < 150MeV)

1.0 Beam power

0.8 —G— Cell 1

z —t— ALL

0.6 - 5 - 5Fg
1 -9~ "M
0.4 ~%- “v

L

-
-~

@

o2 * "

0.0

time [min]

150MeVERFEKI—7 v HRHALI-FRO F R REFRMEL
| BFORIRILF—hEFARISHLTHINED A LA MFTED -LL. shiEEAEusstoBa it S1)




Weight Window Generator [t-wwg]DE{ R

st
v EAN)—hD U AEEST-RF R EHEEDE A
v BT ILF—HFDweight window FRRIEZ & HI M CE<T HIEIRIILF—-FUNATREDEA
v’ weight window DT RIEZE VR E T S &I KYUNFDERIZIEZHCHEEDE A

HTHBRIOn [ g | L mrmmssof

(ERIZFEE) ol

[em]

B F RS iEOn/Offl_ LS EREIHO AN EED ELY
*T. Sato et al. Nucl. Instr. Meth. B 557. 1653535 (2024)

AHEREICET SR E S B E S EMET (phits/llecture/advanced/variance-reduction)




o

[celllt 2 arAD#alla7 FORA

T mmanteToEEAEPMICRCEET, FHELVER (B OHET) A TR T 501 ER
*HERA K SfhDuniverselZ EZ s -8 £ gL

#allae v REX?

[Cell]

1 1-1.0 -1 ¢ Target

2 1-10 -2 1 ¢ Big ball

3 1-1.0 -3 2 #4 $Smallball
4 2-2.7 -1121-22 $ Al plate
08 0 #1 #2 #3 #4 -999 $ Void

99 -1 999 4 Quter region
-

[Cell]

1 i =g $ Target

2 1-10 -2 1 ¢ Big ball

3 1-1.0 -3 2 #4 $Smallball
4 2-2.7 -1121-22 $ Al plate
98 0 #all 999 $ Void

99 -1 999 ¢ Quter region

snowman.inp

! T ] T T T T
= A _'“H\ I
|
I‘ -
= - ,./lj
1 b 4 e A A L. -
20 0 20

-60 -40

20

_E.u = Y
- sk -
Z [em]

v ZHERTZWHCE#TETER !
v EL, RO ZVVERTESLHREMOEELAE

VARRIZT—ZECT A REEN HOD TEE




|||||

| PHIG-3D0mm

als 1% 5 I 307113281 volue = 306705
'-1-.':|rT"|-—- ]IJI | ﬁ -4 1 h.l
r 141 rial: ia ’r ) = 2200000
1" 1] 1 -.'_jIF_]r‘_1

phits/recomme ndatmnfsh|eld|ngﬂJHIE%EPHIG-3D'C‘E1t

v B ORECHFEOMEIZE T odxyzAv a3 —EREHAAAVTHT—I VT TR
v IOATO)9I9 54 &Y ., FEMRICHE T2 — R OBIEXMSENTED
v Polygon Boolean;&(Z & HEEIHEEEE AIZKYHE AT HIREL (F-1=LEKE O H 5 R Z )

B LT 2 RMOXBHELETORBANICEIYERE



RT-PHITSO#E2XE EIRNEE D ILHR

ExPORT-PHITS wer. 1.04

Zmwy Lo vte Peren miaeeet lor scemamey HES

et e b T

( ba) Auanoy

SPECT/CT image

CT2PHITS e —
PET2PHITS i

AERREBETYT

PHITS2DICOM o

(Excel-based Program for Integration of

ERB[BESEOEEE Organ dose rates calculated by RT-PHITS)

SPECT/CTE#M " oRB/IEFSELCTOEYPEERD KE2(EQDX)E M MICHHATiE

See phits/RT-PHITS/EXPORT-PHITS.xlsx & T. Sato et al. E/NMMI Phys. (2025) ) DOI: 10.1186/s40658-025-00743-6

18



SROFE

W @ TR INE E R E— R DR
v BRI S ITTREDILTE (Edr- Rz - FERMRLE)
v MBEEGRZEOHYT)OTED2—ILOBRER
T —AEMMEDMR L
v JENDL-5.0& AL \-IRINER £ 51 E (20MeVLEL T D+ (EA])
O 11— —ZEHMEEDHL T
v PHITS-PadD B (NILT - A AFEBIEREDILFE)
v HDF 74— v k& LI=CADUA AR D ZE A
S HEREDMRL
v JOMDDOEEkEEFREEE
v BERIV&VERET - RifRESTHE A EDYLE

19



o NanoTerasu @Q‘ST

NanoTerasul<d il 5
PHITSzZ H\\ /-

R R U Z DIREE

MESER* (1), ITASETE(]). FEHZ (1), BN%(1). REHRER)
(1) QST. (2) JASRI

BR

| . NanoTerasu®£8 1

2. t&:R
A) BELARD GERA L) 0RE
B) #ELARIL GERHY) DB
C)EFE— LY > TRBELDDHHL

3. T



| . NanoTerasu D& ) NanoTerasu (PQST

20245488 5, RIELAZFFELHF v 2 (EWEWLET) (BT
BXARE) 1T3Ge VIS E A B NanoTerasu (F/ 75 ) omEH{THN TS

2025-06- |15

e

-'L . 3 ' i il g 5
|"' | T“‘} agsd
u ! o et

f "'F":ﬂ ) i J._‘Q}Ej,-
e Th Ak

nocsEne sy
Ry )

IS A —F

% Hoik IR L 3L F— 3 GeV T
i o= : rLge
....... F_'E;?ﬁ : iﬂ!m 400 maA (3RE) _.e\;?—-_ L P Tl Bl L
=i =" L3 | & soteu  NEDEETEN < iosif - -
4 { HE G APP_E-T L B Tl
-.&-=~ 4 ) = 7R 349 m gL Wl i e
s A £ty 9uR Try— o155, NI e 947
. £l

mAE—LT4 8
i) 7 K, S S B

28
6,000 B (B1E)

H2 EIEGS5-Geant4-P HITS & R 3L &

Phaton Energy fev]

= 1
cLn e Y| IID Tailen IIG HX

wipe wneder [ oo

IJLI 3 H Srgl AP E-IT | JERC SRR b SR S
Hine) R e o i =i s,

2025 F KR &

v 10— A5 4 5D
3% £/
JE AP a

[ ]



| . NanoTerasu D24} J NanoTerasu @QLST

« MAEFRAOER - i KD 57 it

c EESBHTOT LR 5F8EH "R ETS S AR 0YEEAA - R ANEE
. BRI % & 5548 0 — ' — o) BT EAHRERE R AL 5O TR L SE O RRV BT 2%

ElRfis Ao ER - L (BEEE) ThitTa—H—o@id <L D
M =BIE (EE2er, #HIF<CBE) a2 bk NanoTerasulZ BT % TE A 4
@ BRCETZFMOBMNIR L - DA — SRR B A T < T & TRER

l ; Iz 52
B FAENEBOEBEML ©OMAOBE PRY B AKBRICEMTEB2 ¥

EE R —IILDIEERE IF{L
£ . oM R ORIR

=L iz . _ .
%ﬁ iﬁﬁiﬁﬁ%%%ﬂ BERADERrEBLFEN LV r THAL-O
& Fh FEREEIKEH TEKEY BT T8 1=
Ed e B 1 B v FEERAGEA T o EFT - S PHITS®E < L TiZ
= MNamo Terasuld B < A EEREEE T L 80T i v BRI TERMET Y L 0 IRREE ?&%t_,f_:.? o hs - -

A2 BIEGSS5-Geant4-PHITS & B % &

2025-05-15 =]



|. NanoTerasu D £84) J NanoTerasu @QLST

BateE—La54 > (BRXEEBL: 6, BEX#EBL @ 4)

HEITETEF v N \NATRH
X(ITEBARICEALIAD TEHA

- T kgnvd IR &
s || s ﬁﬁ%

BarE -S54 oy y—
(MBS) : BratstomE A\ % & EER— L

EXAEBL (= EEXE)

i T-"':f
iﬁ _ B/ v F
- : X e KR #Ic
ey —— Y HLTHE iﬁl
T _—
S T B AVE . B AT
WA E — LS A > THRY vy F— A r9—av72iicL s AR

Ly F— (MBS) (DSS)

B Dl T R N -:". |F e R — ] W S [ o = i
i |-E It ol A R o -1 I I'|—||'I_..|--| | oL = =

e e e o “e”



LI

2. 1%

= - !':J-__ | =

-

A2 BIEGSS5-Geant4-PHITS & B % &



2. WREE

" Ly Tl { 1gs
e« ikt of A e A At
! A r—HEN o < J- R ro e M LR il £ i:
F' ._.-E-";“-‘i!“"-" " -:i:I.l:. 3 B0 LY afonia | i -_-I?;"*T E&ﬁ .
Ry AT i fon L‘t:l:l.- R 'H”“:": "l .".Tf*i Ent
s " - 2] e 1y Y o = HREF
LT 2 PHITS/N—3 a > w 850 T 2B a0 | o e [ e o it HC o | o
TR 45 I."IEHI‘";:;T::F B ‘-.-;‘;'d e, EH’U-'E LR SN | LT _:}; i ! :'_;i;r
adi s . ' LELER R T L ey L5 1 row's
v 3.31 {ZD 23 ﬂi"{l- E I,J u = ;{}l JPHrTEE-E?I:ﬁ:‘:ﬂE#u-.m!%T-b&-F.:I:nEH:NLdF—EEJ. i AT Rt e
v 3.35 (20258%F4RK')')—R) -

REOERET

PHITSZ. 31 & 50 Zac 8 6 8 o H)

ko= AR R

FURHE R E R o b T B B e 1 TG ST
B o DEF RAHRRIEFE— TSAT LA A (2

P T wr e e R BT D

e T RS S B A FRER S P B P S
¢ OFRC T P e R

PHITS3.340 M ECRE A

e e

JENDL-SREEREMEDCHANE KedainB L TR
[wwg| —H TN RRREET AT =Tl TIEEEAL

PN 2 AT TR A  JENDLE QBN S —F- Az b ol 1 TR, PG
PHIG-I0= sy Ay Lo 54 =B L B EPolygon Socman R I— s HSNEEREEWL ¢ FE R T A LT AT T FR T Fal: o ks S

HIBR (FREECEADH Y Db 5 EFR)

¢ JENDL-4 v.s. JENDL-5 ArEeMBYLONE B E T RERRT &L T RN ‘- —" -
& EGSD | !F,f;j ﬁ :I:: ) ﬁﬁﬁ%ﬂ Fﬂﬁﬁ | 7 RTPHITSERL CHETMERERRONY ! I~ R R AW

A Lt

L1

4,

¥ iR T I A Kla il 2e
AT AT LR TR AL EE

L ls =

& -%:mj%qj fﬁ‘@%%iﬂi: E T Z $E%ﬁ¥ ig SWECRELEANCEE - TTERFUEL Y F T T
& TOMEEH N T | Bzoanaz
FHITEZ. 340 A TGRS J PHITSI.HACOECRES mnn:

LA ARG s il el i o— s e b

R L L S VT TR Sre, A1 VR TR i e T B K8

RS g e BIEE o RSl e B SR TR U [oE D 1 K

s B PRAESNEL T L S TET B LR AL

B | SRR PSR W T PRI S N

O UEERE—E T R e BRI =
LT PO BT - PRl - B " =L TR Lo E

Jradlz @ bitamie il T s RIS G PR L B R L LD
FEFSnEe et B s LR TR {iHas Calagal Bomm ps Lirfi s el Paeosi B0, 6 E

¢ RbRmrL LU ERAR T I st A R E - LR R AT B L, W S

¢ ddbjy =R =T R e #
Aot fI LR R T T A e R e st o A 1, FinEl yH o, HiE-dr. vl meisdcefacoi @R

B i N e 1o et TR i i i oy O
et pee— L1 LB LR s LI |

B DL S LIEROL o D 5 W
B el o 1 Erradioie N S T AN @

Wi B4 2 3 b — e | L

5 e A P R D = Dl A, (e

el TEEE R AR T R AR

e A L EE EEE ER e R ETET T BT B

« HEEAt-mEEer RN T ATR T AT L L
[T STt d THEEIT 1 0 by EEOS RS TTE AT BT

LR
3

-

.
[ S

-l

025-05- 15 F2EEGSS-Geantd-PHITS S EMHE & &

¥

[



2.A) #ELRRAD GE#L L) ORE - 5 ) NanoTerasu (HOQST

T &M TR MikER 77 4 B EF AL,
s - - HILANDEFE — LREBED
A= L T e i .I%_]iﬂ_ﬁﬂ miﬂ”ﬁi’ﬁ‘? }I':

.......

A) #HilERmoRE GERT L)
By #il#EmnigE (27 ") #@EHY)

]
f N
I *#H
I
I
I ]
;
, ’
! e ------.-=-==___....._ "
M iy 3 ﬁ"“ O Tt Beam Transport (BT) &
24+ 7 >S54 +w 7 ThiEL -3 GeVEF &

BRI THAT 580

2025-05-15 2 BIEGSS-Geantd-P HITS & E§ 5% &



2.A) BELRAD GEELL) ORE - T8 P NanoTerasu (FQST

ﬁ‘iﬁbﬁ (R7 Y= S g SCM) |

- SCMYI3?

BFE—LOHAERETRBLAMFCELAHETTY HL.
CCO#AAZTHE  -#hlL, IR - AT -Z3/Il¥-%
F—a7o7r Il Rt 28E

WY EFERY HTSUS T S5 —2F - 28030

v SCMAY icisEmEst 187 "B £100cmBlL TR E
v #FB A ERE (SCMEA L ¥ug.3)
v A 2.5, 30, 60, 90, 120, 150, |77.58%

v 0.15 nC/#, 9| .OBFREIE KT AR st

S 2 EEGSS-Geantd-PHITS & B %R &



2-A) ﬁﬁllﬁﬁig (i@ﬁ& I-I) mﬁﬁ-%ﬂ-ﬁ OHannTerasu @QST

PHITS 7 4 b 1)

BRI U TS5V I ADSRENDTHTAEIE?
'-’*""”*5”5"’ @M Multiplierz £%7 %
& PHEF
m IS08529-3
® tF
B AEE (ID=-114)
JAERI-1345
HMERE (L, COnA A S, Tk 3ER
ERE LI
iR LY I =t 0 12 T e 0 P - - @ I:? JL-*'-'F\'_ E:.-’TFEEH_E'
BHEHEESHO 2 LTF—BEICRET 2
PHITSEtEFH & T
B PHITS3.31 W PHITSH®EEFLER m TF LR B 0.025eV - 0.5eV
$5123.35  ORISEamasaiv W E=3Gev ® Bty
B JENDL-4 iENCL:I‘-';.&+GEM ! m 0.l nC/s m 24 keV - |5 MeV
% f:I2JENDL-5  $ JAM+GEM B A ULE— A & X- vi8
B negs=| o
| B 2DCADIZE W S0 o = LM
JA A

B i T = e O e b ] el P T
2 O25-05- |5 52 EIEGSS-Geant4-PHITS & EH L = 9



2.A) BELRAD GERLL) ORE-#R P NanoTerasu (HQST

C (5tFfg) ¥ E (XEkfg) Otk C/E =&t R

PHITS3.31 PHITS3.35
C/E C/E

wEAE Xe bt F ®WiEPEF HEAE X- HhitF WiEPEF
2.5 0.42 0 .05 2.5 0.42 0 .07
30 0.10 M 0.88 30 0.10 M 0.91
60 0.08 M 0.78 60 0.08 M 0.83
q0 0.09 M 0.48 q0 0.09 M 0.51
120 O.11 M 0.38 120 O.11 % 0.38
150 0.09 M 0.20 |50 0.09 ¥ 0.22
177.5 0.01 M 0.05 177.5 0.01 M 0.06
SCMilL L 0.03 M O0.15 SCMlL t 0.03 M 0.15

A I L PR B
(=01 msv, B BiElgEF=01 ms)

v INn—a ittt dECEIR ST W
vV BIAAEDSEPEFEEO—EUI LWV
v —7h. &5 A E LR

= - !':J-__ | =

FH2EEGSE-Geantd4-PHITS & B R



2.B) HELKRD GERDY) OBRE - £5 - HE & sssereraen @OST

A

SCM

EF O %ﬁ,@%

i R ) LT

=l
~
7
4
|
|-.
i
i

w2 00| Gy
—

EW) I *

EER— L
BELAr R ESOMIza> 7)) — FiE#kE (100cmE) *¥RIT 5,
BEbNERMNE r PHITSHEGE S EET 2,

Bte——=%\vu

HERALBEE e e

&® Nalt—~A A—% (NHC6) MmO || nC/Hb ##YIEL IHz
® LAahmd (NSN2)

PHITSEHEZF%
m AL GEdgRa L) kR

2025-05- 15 F2EEGSS-Geant4-PHITS S EME S ]



2.B) #iELARRAZD GE#EDHY) OBE-VF ALY

EW) 78
VAT IR il

phig3d 2024.04. 0458 T

JEE R B B BT B L S U E LA

—universedift = Ao At dy, T Yot Lz EA

phig3d 2023.04.06 T Bk L # 7, ERl) 7%

V2T b2 FILAER

$2EEGS5-Geantd-PHITS & E#M % &



2.B) Sl EA (E#HY) ORE-BR (RBEF—IL)

0 NanoTerasu @QdST

& 400 o = ey |
- k- RE R
300 =
O (z=675, y=140) 5 o
» 0 g ok Rk kR % % L8
n ew e ew a0 -~ w0
£ |em|
Z Cm
PHITS3.31 PHITS3.35
Shecpowal (BLI Ui -0 - 2. e~ -, -1 msel- - -redrar S axs vl ELCAL -no.- 2, e— 1, -1, m2ed — o - maciron
i — § -
%fwi i EJ'J
T NC/E = 2.4 PEFREDH THNC/E=6.8
v BEH o TR SEBENRETY
v PHITS3.35TIHetEENLY KEW
2025-05-15 Fi2 EEGS5-Geant4-PHITS & AM % &

NEES PRt T

T el



& 400 J T T T T |
3 KBl E A
q00 = _
= ' S
5 (z=675, y=40) 200 D —
- 0= & ow A ok ok R A %% o
% 00 au:r-u | E[JJ{I I a:m 1600 1200
£ o]
Z CMm
PHITS3.31 PHITS3.35
Hfep, dal BLEALI-me - % e— 7, ®- -, mast— 1-piston ShRaxp wallBLAL -ro - 3, 2 — 1. le - 1, msad - 1 -phoizn
FINDC/E = 4.6 RFREDH THNC/E= 116
v Bt T {EBENKT L
v PHITS3.35TIIF e iR HE S /-
2025-05~ |5 Fi 2 BEGSS-Geantd-PHITS & B % & |4



2-B) ﬁﬂﬁlﬁﬂ (ﬁﬁi’ U) mﬁﬂ_%% (I@Hiﬁﬁ) @HEHDTEFESU @QdST

- o Gonorcke
B = Ar

e EEA
SBEFE—LPHNBL ) ICHIBEREL

2025-05- 15 2 EEGSS-Geantd4-PHITS S EM® & 15



2-B) ﬁﬂﬁﬁﬂ (ﬁﬁ&’ U) wﬁﬂ_%* (m}ﬁiﬁﬁ) QHEHDTErESU @QdST

cm

PEa]

VEX

0
————

C/E (¥F) C/E (#%F)

1] 100 200 300 400 500 a0 Y¥x 0 100 200 300 400 50 il

C/E (PHF) ; C/E (FHF)
0 100 200 300 400 L [1] G00 P2 0 1a0 200 300 400 1] 600
180
160
140

120
100
g0
a0
dan
20

v EHABETIEEF - bEF Lty
BiF & C/EAFL M
v PHITS3.35 T3 LY C/ESY I IZHL 2\ i

cm
PHITS3.31 PHITS3.356

2025-05- 15 H2EEGS5-Geant4-PHITS & R % & I



-

2-C) ﬁ'?’ tﬁ—A;?T}ﬁﬂEﬁa}Hﬂq‘[b OHEHDTEI'ESLI @QST

SA4+wIE—LAEE, EFE—LOBEICEVhETFIREET S,
ZORMFIZLEY SA+w 7K FILADELSNSHHIET B,

MRt
mEFE—L:I.8W, 3GeV, IHziEYIRL

B Ar-4 | BURREIRE Y afo Y 212 (48685R) RH
HEMEO T BV T 7> PAORMHMIEL, 1)~ 9 & WERY BTEE

T
o
'\-'h..l
.'\.
\
11

o ZER (Ke) o T L.
(N="78.03%, 0=21.03%, Ar=0.94%)

e C L 2 ERERE IR T 3
»IAEA Technical Reports Series No. 188

E— Ly F=
BT E— L& R (PaOER)

+# (BEiDE)

2025-05- |5 H2EEGSS-Geantd4-PHITS & R % £ |7

e e e o “e”



2.C) EFE—-LY > TRAAZER[DEAL

N-13, 0-I5OMHGEREE R

_""E:':]'l:'::{m

= 17-11

Latr

A Bho- WEE- S R 3 BT o 1

el o - i el TR T

N I SR P R T =0 - PR R I 3 T (. B 0 o P 1 ST T A el
PR - sl W)

LR SRR s B ETRE im

e R = |

Ar-4 | DGR EETE

(Te3icazds

Car =13 o x M 073

F AT b T e D,

Varn RFEIE GERE (Byoom *)
B F o Creutrunes om 2573

L R TR (o

T F R FREE (om)

R £
mOHE—4A1.8WAI00%EBET 2
m S+ 7 FRILEE=2.2e9 cm?

-

@ ZNNSA—FEINTEHE

[E3

-

AR R

B iy e 3

Bl A0 A BE R

(Ro/em?)

N-13
()-15
Ar-41

0.2
0.2

0.1

1.3=10+
I.Ax10%
1.4x10+

F12EIEGS5-Geant4-FPHITS & R 7€

(EEER AWK eV € i

£x TEE
BE & ﬁ



2.C) BEFE— L7V 7TRABDERADISL ) NanoTerasu (PQST

B EEIRE Bg/cm?

I N T T R

N-13 | .3e-3 3.6e-6
=5 | .4e-4 = &
Ar—4 | | .4e-5 2.3e-4 2.0e-4

B A4 BT EEREIZPHITS /A=< 3 V2 L 2 BB 137 L
BET—FRBTEILRS N W

W AERIZENREL S
mv3.3] : H-3,Be-7,Be-11,C-10,C-I11,C-14, N-13, Ar-41
mv3.35 : N-13, Ar-37, Ar-41

O 1293 keVOH 2L o8 EBTRELEE

25 -05- | F 52 EIEGSE-Geant4-PHITS & B £ 19



3. &

v' NanoTerasu D iEfgsdstd. B8 rPHITSEHE ZHE! LS WA LITo TV S

v PHITS3.31 ¥ PHITS3.35TiTo F-stBERE F b L 7-
v NanoTerasuTiT- =B EHEREr b thE L 7=

A) LR (GE#E L) ORE B) #tEliA AL GE#HY) ORE

LE X X J

M—=Tavizd EGIER ST ® PHITS3.35 T&FO\EHIR & s
BAAROPEFREO—EHZ LW ® PHITS3.3| rELL B LB R 2021
AT e e TR i & [FEFEE - FHFEP
HFEHsvea BECE VTR & phig3d® fEHEEEO BT IZHEMT 50—
arhFEET A
S1&

OBDHALE : MBELARTHELZTD

O it E4ER v O B ABLOERE %

O % GE#AE) 8 (nEzEEEd) oG LEtE - £l oth#
OZFERTIEEVARE SNV, BCHTIIEVVNRONSITTREMENH S

FH2EEGSE-Geantd4-PHITS & B R

= - !':J-__ | =

C) BFE—LY > 7TRDERADIEL

& H—VarizLizmwERIFURELLT W
® JENDL-4 £ JENDL-5D@E WA E 745 E R
& PHITS3.3| TEMTMNEN-13%FEPHITS3.35
TIFERT 172\



]

0 MNanoTerasu @QdST

n P WwN -

. NanoTerasuB ') > 7 A AHEMiRIZH T 28K DIEIT3, 2025FRFHEEHFENEL

. NanoTerasuZE &' > 7 A AHEAiRIZ BT 2EMER DR 2, 2024F R FhHELSH O AL

. NanoTerasuZEB ") > 7 NHEEMRICE T 2iEMERFK DM, 2024 FhHFLENES

. NanoTerasull BT 2 EFE— LS > I Lot FRE, 20223FRFAHAFEEHOKRE

. Shielding design for 3 GeV next generation synchrotron radiation facility, 202 | EBT—9HEs

25— |5 H2EEGSS-Geantd-PHITS & B % &



%20 EGS5-Geant4-PHITSSRMRS

JRFE o OO DK
SNRMEFEFRBRIC1%D PHITS

(CEBANF—DIEERT
S ERMStTEI-RLE1I—-WG ]

H AR, TR X4¥F, FE A



U
- fIZEMETEI-RLEI—-WG O/FE)
POKER (iR I&07E)

« PHITS (CLAFEMTHESR
[ Counter] #&8E ZFHU\ZEEAT

ES




WG Di&E)

- HRRFNF= R IFEI=
Fﬁaﬁ%:l_'rﬁ'ﬁ?r""‘ —RVE1I-WG] (55 1 HA)
(EZEmMmETI-RLEZI—WG) |, 2016.01~

- 55 3 Hf, 2020.02~ (1)

IRATHRE S AR G AH FTH S B HEE S 52
[ICRP 2007¢sﬂ%%ﬁﬂ:’kiztl_ﬁﬁﬁénﬂﬂﬁsﬁ
G)J_tJJ?EL%EL/(LFaEJ?Z)ﬁHnJ

« 5548HH, 2023.05~
(fﬁﬁ E)
[[EFHE—RRO DEFNEIBEERN D FI— 84T | 3




POKER D#B7T1
(EEOfZEmRTREI—-R )
POKER 7 > v omsEistza—r

Shielding Dose Calculation Code with Point Kernel Tech

BHOICRPEI ST —RIZE ICEFOERIE
- BEOEBRBREEY. AR — 2. oMevETONT - BFEEERT—42

TSRS DE AT FE LT A R R HETO2AD DI

BT IR ORRIENE E L B
TRIRG S LRI S (CReU0 R SN B T G IR e Pl LD T 5 TR

i [ &1 00%

» EXEFAF NS TFA MR ERrEWGS
Flirchsn s g 2 A 00 F et 58

SFF - et onRiEEtE| - BREELIE T HRERR
ERHRERTLEFRTOISY—

<> POKER

Community @ PointKernel.com




NOFN—DfENT (PHITS)

« Benchmark study of particle and heavy-
jon transport code system using shielding
integral benchmark archive and database
for accelerator-shielding experiments,

J. Nucl. Sci. Technol. 59 (2022).

.« ZODAth ( J-PARC. HSS06*,

BANAT—R*¥% Inter-comparison )
@ SATIF
¢ HSSO06 : Hadronic Shower Simulation Workshop, 2006

X % Benchmark of Spallation Models (IAEA) 5




NOFN—DEEAZITOET
. SHEAREIHEHOFRECES |
PHITS (Cd&d>=1l —>3>&ld.
7 —Fv ) AR ([CEERMAREIEEL.
AZATOREHED IR B\ ZEIERT 3,

e “if" HNEIRTIZHE AEHASLEL LS,

k

[ Counter] #g8E VAT




|
A0 —MNEEESR
JRR-4 B &L =% 1m

(BBIRUIZ#6H]) 7




EKEx{x% (POKER/PHITSH)

. RERER (RR-4 ERELRERER)

WEANERE BEAT OS5
T (EJLRPYT (% N )

o

I O

e %E!Egi
Bl AUD LA, TR, EERFL

CERRAK . EEIIU-N / BN 4



EERiA%R (PHITSH)

- EERA% (JRR-4 BYELEERE{R)
IEWELLF ORE

i 1S F

« HRREXR ‘_
By ANUILTT . MNTIAR. i R
- EmRA 0 En@asoU—-b /'3 ))-~




R (EERfL) D%E
. %%ﬁﬂs% (JRR45513L§%%% {r)

SRIRD & - L AEE
. Bl — ZEERFLOE ML, £20F

TAIOESLE & KDIBVELDIC ! 10




sT8ifaxe (C/M)

£+ (BXELETFAH)
PHITS (C&25TEFR(C) (FAIERZR(M) (LT
10%LAA TL{—ELz. (B> 100 cm ZBR<. )

— . IEaNELIE T (3.

BEEEE (M) PHITS 3.20 (C) /M
IEH#ELE T e AL AT T FEHEL LT EHXT

Unscattered / Total photons Unscattered / Total photons Unscattered / Total photons

EiRiE . 2

1.0

1.0

1.0

1.0

1.00

1.00

ERTE |

TEOT U—F

1.06E-01
1.4B8E-02
2.13E-03
3.43E-04
5. 70E-05

2.39E-01
4. 56E-02
9.19E-03
1.81E-03
3.78E-04

1.18E-01
1.62E-02
2.57E-03
4. 65E-04
8.71E-06

2.36E-01
4.42E-02
8. 24E-03
1.68E-03
3.40E-04

1.11
1.10
1.21

3.52E-02
2.17E-03
1.33E-04
7.11E-06

9. 26E-02
7.e4E-03
B, 82 E-04
&. 04 E-05

3.94E-02
2. 25E-03
1.42E-04
1.01E-06

9. 6BE-02
7. 74E-03
&. 24E-04
5.09E-05

0.99
0.97
0.20
0.93
0.20

1.12
1.04

1.05
1.01
0.91
0. 84




sT8ifaskR (C/C)

JERNELEF (&, 5tEO- I\F‘aﬁ((:/(:) tcl:< MUz,

i MUTSU shleldlng experlment
12 L ordinary concrete '
Unscattered photons

| i | i | |

0 100 200 300
Concrete mass thickness (g/cm?)




[ Counter ] #£8E Z UV ##fT

« J37 | %ILTT. BIEXROMGIHR Z 5l
(A%EL / FERNEL JE+)

BEAT E[RIREF(C,

EIL Ry T1%E il E
=% EPLUET

1.07 1.07
25 2.16 2.64
S0 271 3.86
79 3.54 4.67
100 4.02 3.70
125 4.49 =




=)

- BZERGETEI-RLE1I-WG O/F8I0—IF
tLﬂ: JCFO [0 —NEEEER | ZXTZREL
e FY DR Z =R U,

(.-:cvﬁlﬁﬁt (& EHARFETI, )

B> — MOMEHAAR (CXTT D PHITS D

J%‘f‘-‘%laﬁ AIEfERZIERUE. (£10%)
» PHITS ® Z=M%R5E (Validation) (X, C
NEFTHIZATHNTETLV AN, SEBREEIE
DI 172BFELLE T,




S LU FO

OBIEHDONEDI TS VFUIE,

15



e & ©




FEFDIXRINF—ART B

« Pulse helght distribution
2= | N NI AE TR

Energy spectrum

-——
=

siomSiay @10k

—
9

HREASIN

i | i i
2 4 =} 8
Photon energy (MeaW)

——
=
L

Fhotan fluence (iphotan

=T




Gyl ES [ R S

Energy spectrum -
* REILICKSATEL | -

“I Scat./Unscat.

=
_\-:
P
T
&=
)
o
c
B
2]
[
£
o]
£
=8
o

: =, ﬁ%@ﬁﬁﬁ‘}?ﬁ ? |
S 6 MeV{TJUTI7.6 MeV
T HRRIEATIN EEL.
B S A . U-Al &8 (Al
Phatan energy {MeV) Eﬁtj‘ﬁ; %iﬁ (Al)
BlAEAR 1 RO AD
X:T'}Lflﬁl-iﬁi%

Photon fluence

1




sTEifmE ALL (C/M)

o FERNELIEF (F. ERRADES [CINEENLA

' | | ¥ oo
—10° & MLJTSU shleldlng experiment ]
| ES ordinary concrete
o W Unscattered photons -
= 2 | ! | ' |
© 10 : = HR | MUTSU shielding experiment -~ _
5 = iy ordinary cuncret&? =
"D - M 1.4 Unscatieréd photons
2107 & e V.
G : - = & -
% E & O POKER g E_} 12 | /f -
= 100 b O PHITS o
3 = | A MCNP i v T— -
8 " | V QAD-CGGPZR T 1.0
1':'_4 = "'-,__ __J A “‘H iy | 1 1 1 | 1
- | | ! | ! " 0 100 200 300
4] 100 200 300 Concrete mass thickness {giem?)

Concrete mass thickness (g/cm?)



sTEifmE ALL (C/M)

o PIF (T, EFMADE éhﬁ?ﬁ)b@‘(&(& BED=

B T I | =
— 1g° _; MUTSU shleldlng experlment i
; e ordinary concrete
= A Total photons -
= ot B T T T T
@ 10" e e 1.4 I MUTSU shielding experiment
= E B ardinary concrete
i) B Y . Taotal photons
.E 1D_E §_ ‘hﬂ d - 1.2 E:I}__T-&H’-.-,_ - s ————n
5 [/ N ———
% B o P{]KER e & L 1
= 107 L O PHITS . 4 oo o .
ﬁ E A MCNFP T £ - '*-_er o '-'T"JT-“':::'.’;%‘
5‘ | ¥ QAD-CGGP2ZR
107* £\ & FLEXDOSE N _
s , : , : . | 0 100 200 300
0 100 200 300 Concrete mass thickness (g/em?)

Concrete mass thickness (g/cm?)



EGS5-Geantd-PHITS S B R £2025 ffJbzﬁlﬂﬁ?E—L@%ﬁt‘kEJb— -JE)

INLAPEEFE—LODEER
EvSalb—oay
Ensd (KEK)

| -
| -

BT —FAERRCAA—D T BMRARE. MEMHT/BERRELLTL
HRJEL=NILARMEFE —LEERE, T D T—2E82 8T IZ ALV =PHITS 15
EGSS5MDF|BHIZEE T T 5. EEREIXJ-PARC MLFIZTHFLT-.

(LARNZHEERL-NBLEAHFET)




-‘

EGS5-Geantd-PHITS & FHE£2025 ffJLZFIJE?E—A-‘Dﬁﬁt&E:LD—

> (KEK-[R)

777777

(1) J-PARC MLF BL04
(ANNRI)  cexxoross

B A 3 F

[1] K.Y. Hara, S. Goko, H. Harada, K. Hirose, A. Kimura, T. Kin, F. Kitatani, M. Koizumi, S.
Nakamura, Y. Toh, M. Igashira, T. Katabuchi, K. Kino, Y. Kiyanagi, and J. Hori, “Response
function for the measurement of (n,y) reactions with the ANNRI-cluster Ge detectors at J-

PARC", JAEA-Conf 2014-002 (2014) 88.



EGS5-Geantd-PHITS S EIHR£2025 INIWVAPEFE—LDEEESAL—3 (KEK-[R)

EGSSJ:ANNRI GeANIkAA—A
Neutrnn Beam

“ BGO"EId-E_'l. 2

| {(£FE265cm?
Geb Ge1 '

>FISEE + AR+ B L
»EGSS5MCGTZEFAARBH| A

> D5 RA3—GetaHzs (TH&8) X
e > BGO#: 1158
fgu'ﬁll.lsttarGEE' » hiEF-yiREmM L
e (COEIRTYTIEBEDEDT, Bk LIFREYET)




EGS5-Geantd-PHITS S EIHR£2025 INIWVAPEFE—LDEEESAL—3 (KEK-[R)

jj’f/'?’{ﬁ;ﬁ@ /\) lefﬁ%Z’\ﬂa NI ENSDF &% 7Tz

BRI+ DT RERIGICLDENRYR - ARTFYRERIRER

1 o 1
m= - 1y il Il
10 1™ i 1
1y TR \ry

me

Countsf L ake ViSouce

- ||}'r
£ 152 ﬁ '|$
i - - -
JI:"'_; 133Ba Y 1 e 13?08 10 1" EUHJ g
. L
T ol .
[ Sy 153 exp I Co 137 ears 14 Hp 1" Eu-152 exp
1|:-””: ER P i Ca-137 cal e R al NP . b Lu-152 cal
L P | R i e — P O - = -l
it IH i 00 20 ANE &N RN i aue LY LEILY 2L 2500 : fl 00 Eryy Lann
R ol 3 P ¥ = ] "
T [kl T [kV] E, [keV] E,,r. ke V]

My ; 34 cal TBUH h,”' —
P07 2R S 2Tmm) . | Cap mrapf_?“_ Decay Path J[‘:.S. C ulsteree'l -
T;‘rget ol U{ + Prompt BGO-ONMDZ&
Nucleus ot I1 = FTE TMCompton
*:‘HZ‘*’ g.s. suppress BGOLZL V&

(n,y) Reaction [E300 keVIZE&TE

Cionnts/ke '




EGS5-Geantd-PHITS S B R £2025 ffJbzﬁlﬂﬁ?E—L@%ﬁt‘kEJb— -JE)

E— bﬁmﬂ¢®1$w$ —{RTFE

:E; | Fii55 LH]LE —
. C's-1 37 Rkl + @ 7
s F o, Cobh) onn (RGO —B— | lusterGe
= - I Ra- 133 cxp (RGCkm ) ——a—
e =z l Lu-152 cxp i BGOony —e—
5 2 5137 cxp (BGOon) —e—
B ST Co-ol cup (BGOon) —8—
= 5 ons| Cl-33(ny1 exp (BGORD) + ¥ Y1
I BI-280Ly] exp (B o
= F M
ﬁ-l T I
i []E | | . 60Co Y;: 1173 keV
A ztlni}""*n..gl{{m G000 GIAT 10000 *
L) ART—Fk Y, 1332 keV
- . i
- FLis3 cale?
133 BE LZ§-137 Lf'ﬁzl?{ﬁf_if_}ﬁﬁzj W ) 040 & p———— o : .
— E l‘*'-l.. (TGE) - = g
- 137Cg DrifzowBooum o Exp: BGO-ON a2 60C
E L2 . i Cu ) expBOO0) = G ﬂ
2 Py 0Co _ 2 AR | =
£ a1 ™~ FiI AR B #12k S EGS5FtH
1 - — .
% L 152 C - it /5 }h’{c Dmptc.n % oo -
= ClusterGel I SUppression 7 " '
e LT LK Tl 11Kl 12043 T30k Al
U | | | | FEESBE \ E, [keV] y,
0 Y RO L2000 1600 2NH . B

E JkeV]



-‘

EGS5-Geantd-PHITS & FHE£2025 ffJLZFIJE?E—A-‘Dﬁﬁt&E:LD—

> (KEK-[R)

777777

(2) J-PARC MLF BL04
(ANNRI)  Naix<oroi—s

B A 3
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“Evaluation of gamma-ray strength function based on measured gamma-ray pulse-height
spectra in time-of-flight neutron capture experiments”, EPJ Web Conferences 239 (2020) 17016.
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PHITS ver.1.793 and ANGEL ver.4.31
have been released from JAERI.
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BLO1, BLOZ2, BLO3, BLO4

BLO1, BLO3, BLO4

BLO8, BL10, BL11, BL12

Each beam line
can be combined
and/or removed
from whole model.

Experimental Hall No.1
All beam lines are combined.
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(3) REMEBBRHAETT ILIERDTips

3.2 M F R AEMEER (proton and carbon beam)

SEAL—3TEETHEMM. M

Concrete building frame

Magnet yoke of accelerator

>

=

@ Shielding materials ( Fe, ...)

=

® Collimator, Shutter for beam line
=

Isocenter ( water 35cm® )
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Beam loss
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Calculation model for Loss points of Magnets

Bending 1 Two points
700 e — 700

e00 - 600

500 ~ 500

400 ~ = 400
i i i | i
2100 2200 2300 2400 2100 2200 2300 2400
- FE . ar X . b R
B \Water Tip.7 ZE DB EN B D5,
Al BRIZTF A .
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Calculation model for loss points in treatment

room
Tip.7 ZH DR EN B BEE. . Fe
BRlIZT A . E Water
FETRS A E A %, Treatment room Al
‘ |C{water), Collimator
1000 —— s
'® |socenter ( water 35cm®
1800 = o
o =
1700 + =
1Eﬂu i i i i | | i | | i | |

1300 1400 1500 1600 1700 1800

1"

1200 1400 1500 1600 1700

Pl | 1ven o e

3400
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3000 =

| T
Gantry room

|C{water), Collimator
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Tip.6 EfEDCEZ ICERT 2EEIX TR &
A CxRL, BEEN—ETCTEDL T

I3 &,
70324 py 220+4c20
70325 py 220+c20+c21
70326 py 2204c20+c21+c22
70327 py 220+c20+c21+c22+c23
70328 py 220+4c204c21+c22+c23+c24

10°
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Attenuation

in concrete wall

L 1 o

amin = 1.0000E-10 [MeV]
emax = 1.0000E+04 [MeV]
xmin = 2.0450E+03 [em]

xmax = 2.2950E+03 [cm]
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| The COMET experiment

A particle physics experiment atJ-PARC
Hadron Experimental Facility

O Tocatch evidence for new “high-energy” physics beyond the Standard Model of
elementary partices through “forbidden™ process of muon

Stegpal

Search for mu —e conversion
O never occurin the Standard Model
O Could ocour with new physics at a probabilityof ~7(0-1=

Need huge number of muons (> 102 s1)

“0

= Use J-PARC high-power proton beam
Quantum%
_ -

ﬁih&i &

electimn
neutring m-utn-m:- ||:-|.|1.:|n-n |

I"t | electron LGN tau
pa o 2F _j = : Can probe 10000 TeV scale physics
E ’&rﬂ ﬁ ﬁ ; much higher energy than LHC (13 TeV)

Change flavor

Meutrino n::smllatmn

DHITS WOURESHLUE 2025, DOBET



| |-PARC -

Main Ring
3—30 GeV
In our case

3—8 GeV

Hadron Experimental
Facility

"B-GeV bunched slow extraction”
a spedal operation of the accelerator

Frimary proton,
mnzarparaber] bngdrom beanas
AESE -,...l
P HI2S spring Y. UCHIYAKA



Proof of concept
Study beam & BG
Risk & cost reduction increase beam power
: 3.2 kW — 56 kw
Early physics outcome Exchange production target

graphite — tun gsten

Superconducting solenoid magnets
“from the cradle to the grave”.

Facility must be designed considering
future upgradability (modification work)

LS4
DHITS WORKSHOP 2025, DOBET



I Innovative muon source

Conventional method
e.g., MLF, PS|

To next tar get or
to neutron facility

o

Thin target
(40 mmrt graphite)

Multiple beamlines

Capture magnet
(150 rrer)

108 s
Mom. selection with
dipole and slits

=
o
o
=
=

New method
e g, COMET, MuZe, muon collider

To a beam dump

A dedicated beamline

Thick target
(700 mmtgraphite
or 70 mm-t tungsten)

Capture sclenoid

Mo, selection with
curved solenoid and collimator

A big challenge from the facility point of view

205
JPS HI2S spring. Y. UCHYARA

since the birth of conceptin 1989



COMET beam room
under construction =4 _ﬂ i
(as of Dec. 2024) ;'-.:-ﬁa S

k -
Sl B

Muon
Transport



| The pion production system &
the simulation

COMET beam room

Geometry implemented in PHITS

Pion capture solenoid
-——-F

Collimator
shield

Wall shield ' Beam dump

Interaction of high ener gy particles (up to 8 GeV),
Huge number of secondary particles,
Major time consumption in the simulations,

LS4
DHITS WORKSHOP 2025, DOBET



| Pion production

The backward pion production at 8 GeV in different target
materials have not been experimentally studied.

O No dataavailable, Large difference in different physics models.
O Yields of other secondary particles, especially anti-proton, as well,

Pion production Anti-proton produdion
: - — g = .| Geantd
Mevlcls St tabor M 4T Mpat 3m I ﬁgenmm\ =I:_r____.= -—r'="_"*_
CEM MARS 0.061 £ 0.001 | DT e e B
CEM/TEQGEEM MARS L1538 + 0401 B SR G
LACESM MARS 0144 4+ 0001 e
LAGSSY Geant 0.1322 £ 00007 e U .. SR
';'GEP_E-ERT Gieant 00511 £ D.O002 i "" T |-.|. Chatha, ..:fL.r.L. y nvx‘:.mzanl:-.la'rr;ﬁﬂ
ETED_BERT (reant (L0440 £ (L0002 £ ¥
2 ] L TN B I : PRENTI AN L
i B a 10 12 14

s GeY

We've started discussing an experimental measurement of
these hadronic interaction in the framework of NAG1/SHINE experiment @ CERN

LS4
DHITS WORKSHOP 2025, DOBET



| “Official” COMET simulation

= . 9aRooTracker 4 o ie proons on

MARS Fluka |

Simulating COMET
‘with ICEDUST

This functionality 'L
was originally
implemented but
not used now,

\ 4

Standalone simulation
(MARS & PHITS)

Proton
pulse

Muon | pion
beam

Truth hits
in detector

| Detector
active time

1| Resampling of truth hits |
| tobuild bunch events J}

for bunch

SimDetectorResponse
Gas avalanches, crystal showers,
and electronics simulation

9107 aun ‘Japiry ‘g

LS4
DHITS WORKSHOP 2025, DOBET



?3-?5.?1;4 e~

DHITS WORKSHOP 2025, TOSET ,

e

Main purposes
O Simulate detector response
O Evaluate signal acceptance and BG |evel

Features

O Detailed apparatus, especially detectors
O Event-based simulation

O Mixing activities (G4 outputs) in an event




| Magnetic field

Aeld map by OPERA
mmu:_ Fanld sirength along the beam axes (k=0 mm, y =0 mmj
E & =
3000 A i T
Il 1 i
BO00— :
- = h
B -y e
00— 'l e
- .'H T R LT
2000 | B
= !
- Feldmap | B = ——d i S
I files are U
[ separatedin
-0l— regons.
- Fundamental element of COMET
| | l | O Superconducting sclenoid magnets
Lt L1 N ) | 1| | i "f th ~ dl t th “".
00 6000 <40 200 0 2000 e e SRR
Field map files are as large as ~10 GB.
O Owverheadfor memory consumption & loading
time
AESIA24

PHITS WORKSHOP 2025, DOMET




| Particle tracking with G4

1 1w 10 100 1w w0t w0t 10
Time (nsec) Beam bunch comes every 1.3 ps.

1.6x107 POTbunch
251012 POT's

(1POT =1 promnontarget=1sounce)

To simulate an event with pileup
backgrounds, we need to superimpose
many bunches.

n P
. LN
m u o
o' Y
1.3 s
—
& & &
Measurement ¢
wirdow

OS24

DHITS WORKSHOP 2025, DOBET



| Radiation calculation

Design fadility using MC simulation codes:

| " PHITS . MARS

Fa-mim == Arey s Tierses s Bos

® Superconducting coils: i N -
heat load, neutron / \
fluence L2 N
] | 500 i <
® Airdose outside the T et 10t
beam roomduring " = '""“'-‘*‘-‘35‘5%::,& L —|
operation B _ -EF*“'?{?
- | .;. e _-:--_‘_IE:EE_T‘":'.'—':" | = ] 5
® Residual dose during ~500 BndiR | &
maintenance work i
@ ctc. (target, detector BG) o -
-1500
10?

A
S -1500 -1000 -500 O 500 1000 1500

IS 2025 spring, Y. LCHMARA Z [cm]

Meutron flux [nfem?fsec]



| Geometry in PHITS

Simplified geometry
Whole building




| Comparisons

~2 s/POT

Using HPC cluster (e.g KEKCC) we
can generate up to O(10'°) POT

Resampling can be applied, but
statistically incorrect and biased
for the event-based analysis.

HullBY -6 s/POT (w/ EGS5)

Slow and difficult to accumulate high

statistics:

« using "sumtally” but file handling
limits the number (O(100))

« O(107) POTis a practical limit

Try “variance reduction technigues”
especially weight-window method
to increase effective statistics.

2-step calculation may be difficult
(too large dump file),

PHITS WORKSHOP 2025, DOMET
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| Weight window

Weight window was calculated by t-wwg (no iteration)

O 40x40=40 cm? xyz mesh fo JO00=2000==000 cm® sngce
Uxall=4l) am= XyzZ mesn 1or ~LUUU= 00U U000 dm= space,

O Reduce (kill) <0.1 MeV particles at 4/

5 pro

-

]
-

ability.

MNeutron flux, 100 history

500

—1000

13500 1000 =500 0 S0 000

e e
However,

IS4

PHITS WORESHOP 2025, COMET
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Paricia e 1 ]

200

—10Q0

1 1 1 1 1 1 1 1 151 1 1 || - 1 | 1 1 1 1 1 1 1 1 1 1 1
T T T T T T

-1500 1003 500 0 i) 1030
z [em]

execution times got 50 times longer.
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| Impact on coils

@ 3.2 kw

__'{:I" T ' | I T | T | _|
L 4
. " : —— ct33s
gt —— Oct3M
E ! —<— Apr33s
E‘EE ; i — & — Apr335 emin=1E-11
= ' L I Apr3ds EGS on
£ . 'q —=— Jun335{cld '
: Ml s
E':' R ff' i ll" =
8 : ,".j%ﬁ‘{ ' '
a3 ;
- o i ‘“‘ih?{ -
ST N Ry 9
Y N OB I
P {g:.fg J"Ew =
§] l 1 | | 15 i-;‘._m}hm

0 20 40 &0 80 100
Serial Mum. of Region

10-20% dependence on neutron cutoff energy.

K reTElrg
P HI2S spring. Y. UCHIYAKA

Divide CS coil into 6x12 cells

Requirement is <40 W in total
(capacity of refrigerator for Phase |).

Total heat lcadis 17 W
factor 1.5 lower than MARS result

Fluence limitis @ < 107 cm-
(Radiation damage to thermal path (Al)
causes degradation of thermal condudtivity

from ~1078 c-2)

150 days operation leads to
@ = 1.1%10"° an 2 (0.1 mev)



| Residual dose after Phase-|

After 150 days beam time @ 3.2 KW + 180 days cooling

with graphite target
DCHAIM-PHITS _ glnpf_ :

10°
=
{107 3
] o
E
=  Beamirradiation;
104 & History: 1=10°
& ~50 h with 32 cores
(CpenMFP)

107 Residual dose:
History: 1.2x1010
~120 h with 80 cores
(CpenMPI])

107

PHITS WORKSHOR 2025, TOMET
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| e*tracking with EGS5

Often fell into (quasi-)infinite loops

O Only happen when mapped-field in complex geometry is applied,
O Wewere suffered from this and had given up to use EGS,

We have debugged recently

O |dentified several peints going into the loop (egs_elmgfd.f),
O Proposing bug-fixes, but some are not real solutions (killing the particle). = Adopted in v335.
O More fundamental sclutions are awaited,

We finally succeed in running COMET simulation with EGS!

O However, there arestill some cases going into infinite loop,

Electron background from target

100
- N
.
b!‘i- a0
4
i F of
FE =
L o
’ 50 |
v -

"1m j 1 i

200 =100 0
z [cm]  [om]

sinasherr SR Heat load on tar get was overestimated by 25% w/o EGS (kerma approx.)




| Electron flux

v334 (w/ our patch)

~100 #
5 |
- —200 [ :

an0 -

ann 2 £00 GO0 A00
£ [om] £ [em]

334F. EEETSEBHBOEEHOEBE TR FERICE 2T 5.

=y

F0FSAENE

Faricie “ux omi'zec]



I Conclusions

Geant4 based simulation is the official simulation
of COMET

O Event-based analysis with mixing (superimposing) many events
O for detailed study of the experiment, especially detectors.
O High statistics generation is possible using HPC.

PHITS is a useful tool to design facility.

O Shielding design,

O High-power targetry,

O Radiation level of detectors
O with statistical analysis.

2RERIA24
PHITS WORESHOP 2025, COMET



22

| Research system

We have collaborated in radiation calculation

for COMET for several years.
This year, we concluded an NDA
to promote the study

W
S
MR

RY UL AT RER T

Calculate dose for given shielding designs

O to evaluate the feasibility of experiment
O to optimize the design
O to consider maintenance scenario for Phase

Using PHITS simulation

O Asan alternative to MARS & Geantd simul atia
O More functionalities (& more potential for future developmme
O To cross check results

AFESIA2A
PHITS WORKSHOP 2025, DOMET



| Tungsten target . £3

Heat load: how to cool it?
Residual dose: how to exchange?
DPA? (See “problem” slides)
max. 313°C
rgtpe | oo,

t"m ﬁ ; 1:49 . 1::@1 E Eﬂ";ﬁ% L
W target 388 294 75.8%

Air cooling (40 m/s)
SEEMS Eﬂigh

— -

After 150 days beam operation @ 3.2 kW + 180 days mnhng

Water cooling for

phase |l (56 kW)

An order higher residual dose
with tungsten,

Handlingis already difficult
with 3.2 kW heam, but not
impossible.

What to do with 56 kw?

=20 ] 200 400



| Beam dump detailed L4

Civide central blocks into cells smaller than physical blocks

with “lattice” functionality. Radiation from a central block
10°
G F
; 10%
_, —=0 =
:_EJ = 10#
100
10"
=211
—150 —1p0 -51 0 T -150 -100 -50 @ 50 100 150 W
% [umn] % [cmj
Center of dump: ~0.4 Sw/h,
1.5 m away. ~1 mSv/h.
Impossible to access dump after Phase-l.
O Dismantling blocks isimpossible,
O Remote handling scheme is necessary,
FALFE TR

PHITS WORKSHOP 2025, TOMET
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| 8GeV bunched SX @ J-PARC MR “~

B8
e o A Slow extraction (0.5 s, duty cycle~25%)
e Ty &
Kankd i i L
- . -l"‘-Il ! A N."-. Ll';\L
I i W
(RS @ g
SR '| =0 he]
i i, Afilled and & emiply 1-.'|I 'E_
& L Y
i 1 2
s . ;
A b —
4 2
Special operation of accerelators i~
to get unique beam '
L e
Cannot simultaneously run with i
other experiments at MR [
1 .
Measurement
window

Key parameters

1. Extraction efficiency (>99.5%)
2. Spillduty factor (=/70%)
3. Extinction (<10-19)

LS4
DHITS WORKSHOP 2025, DOBET



| Dedicated primary beamline

C-line dedicated to COMET experiment

O We build a dedicated production target and a beam dump, as wel|

®

ME (300eY proton synchrotran)

Hadron
Experimental
Facility (HEF)

. A-Line | /| VP ars B
‘b--n-ll--r-.-l- # S . A, ; '-'l I-H -lli-i'- .-f'__‘ J’E

- -n--«--m.x-wm

0 “J EEI 30 40 50
el T 11 Jems

Construction of C-line was completed in 2022

LS4
PHITS WORKSHOP 2025, TOMET
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Global Muon Detector Network (GMDN)

Nagoya (Japan) ~ Hobart (Astr[a)

T

X — Asymptotic Viewing Directions
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tmusakama@hsesyll :~/phits_sakama_work/all-fpp-corel7-2024apri7y

$ /usr/local/phits333/bin/phits_MacIfort_OMP < 20Z24maylefull-units-neu-fpp-gd.inp
TETRAHEDRAL-MESH GEOM. check has been started by 1tgchk= 1

et TETF& THTEPcFrTIﬂH ERROR: intersection found 1in itet= 1 between

1elem = Jjelem 2 291¢

bt TETEA INTERSECTION intersection found in itet baetweean
ielem = 3929739 jelem _ 1<
**#* TETRA INTERSECTION ERROR: in itet between
1elem = 4113878 'I|.111—

*** TETRA INTERSECTION LRnUh. intersection found in itet= 1 between
'i_.:_'-'|_r'_1-" = 4116848 jelem = 5522919

*** TETRA IWTEFHE{TIHL EFPﬂP: intersection found in itet= 1 between
1elem = 41181728 jelem 522919

*++ TETRA IHItHﬁtLlluh - 3{; intersection found in itet= 1 between

b) tEtrEhEdra| I'T'IESh B lelem = 4213546 jelem
*** TETRA INTERS [’TIHh f'?f: lnzwfiecfiﬁﬁ found 1n 1tet between
1elen 435352 5522

B = 4454574 e .-.'_I'I'I

*** TETRA INTERSECTION T;i?{: Lnt LI_Lqu'h found 1n 1tet= 1 between

‘_,_— b 1|_

1elem = o jelem

#** TETRA INTERSECTION ERROR: found in itet= 1 between

l'..':'l.l‘-_'"-"' = ':\I:ﬁllll__.ll ':|_- .'_L1|'|-| - "'I" __.'__:'" i

*** TETRA INTERSECTION ERROR: "- d 1n 1tet= 1 between
a) tetrahedral mesh A ielem = 5522874 jelem = 552

*** TETRA INTERSECTION ERROR: 1itersection found in itet= 1 between
C [ i B (]

1elem = 5522875 jelem

*** TETRA INTERSECTION IFFIh more than 1@ times. Omitted further report

This contact point occurred the mesh error vs+ TETRA GEOMETRY ERROR: tetrahedral-mesh geometry itet= 1 is not compatible

icntl = 8: Draw geometry by gshow option
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IV. PH ITSE-I-%[g FEﬁ/\G) %E;Fﬁﬁ |“ ﬂ-\g E y g ﬁ?f:'fg) HQ D ﬂaj‘gﬁu (= AT e Track Detection using [T-track] tally for FPP R TR Sy S

i : amin = 1,0000E-10 [MaV]
no.=1, ie=1, iz=1 emax = 2 0000E+01 [MaV]
Zmin = -8.0000E+02 [cm]
: l ; | ’ f ' zmax = -B.0000E+02 [cm]
i e = 1 part. = neutron
-] . g -]
1000 , E - . =
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5 — o L
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@ J n,L‘\ IE- n . 3 - B - EHHHI-HQDDHEUE-mﬂ-
=
i L
L] &
-1000 |- - N -
L] L]
L ] = - = = -]
i | | | i | |
-1000 0 1000
X [cm]
calcutated by PHITS 3.34 plotied by A, 4.57
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Ray station : Monte carlo dose engine for proton PBS planning
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end to end test

» Pencil, Wobbler,SOBP beam
(PDD,OCR)

> E—ATSH > tREMEEZTBIR

» Pencil beam — SOBP beam

> D> ~NE#r (PDD,OCR)

> 1> ERAT - DVHER

» RT-PHITS (CT-DICOM data)
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e type = 2 # TR)ILF—DMRAR(H D A 210)
egd0 = 210 # I=JLF—[MeV/u]
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ISOBPE—LADEFY >4 (SOBP=50,60,70,80)

» SOBPDHEE ccecceee BFI\SA—SPUYSHEIEBETZHBRE
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®PDD : E—AFLEH(O5%iGREEHE) oo j 09 W
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51 O%8B3 SOBPE—/LADEFT >
| SOBP : PDD > B> IR E

- SOBP | 2mm/2% Tmm/1%
50 96 72
60 96.6 65
70 78.9 53
80 97 57

SOBP 70 meas. -~ calc. ——

Relative dose

] SOBP 80 meas. ooo calc.
04 | SOBP 50 meas. coo calc, = ' 0.98 .' »
SOBP 60 meas. cale. 0.96 (g :
SOBP 70 meas. c0o  calg, = 0.94
02 F 0.92
SRR Q0 MEs: go. (Sul. = 0.9 SEHEIRTE TV, ..
D 1 [ [ [ i r'..L D.EB
0.86
0 50 100 150 200 250 10 180 210 210

depth(mm) depth(mm). MEDIPOLIS



fERQ SOBPE—LDOEHM (OCR) ( proximal/lso/ distal )

1SOBP : OCR Gamma pass rate ‘
1.1 .SGEP axis 3mm/3% | 2mm/2% | 1Tmm/1%
size(mm)
1.05 X 82 58 33
50
’ y 80 62 40
§ - X 83 60 33
B 0.95
. y 81 60 30
% 0.9 X 88 84 69
oY 70
0.85 y 78 70 52
20 X 87 83 73
0.8
120 -80 40 O 40 80 120 y 81 7 43

axis(mm)
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® Energy o VyITJ4q)L5— o BIEZR
® Wobblers®E e L>>TJ45—._ ® MLCangle
o HIELIFER Mmm:mm&m%m
iREESRM
| BFUSIRME | BRERF
Energy 210 210
Wobbler 115 115,122,126
BRELI 3.7 3.7 IHTEOCRIC DU\ T D HHh
Ridge 50,60,70,80  50,60,70,80 I 7335 (3 > AR
Range shifter 0 0,60,120
Field Size 15x15 15x15
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Gamma pass rate : 3mm / 3%

SOBP Wobbler Range SOBP Wobbler Range
size(mm) | size(mm) | shifter(mm) size(mm) | size(mm) | shifter(mm)
60 60
115 115
120 120
50 70
122 o0 122 °9
120 120
60 60
115 116
120 120
60 80
60 60
122 122
120 120
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2 Pencil beam, wobbler beamTHEER << &> TUL\AH.

BIRBENEED.
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M SEOWREIEIA
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MBAFDE—LSAVERETA T3y

nspred & nedisp: RIEHFOYEPRTOAE - IRILTF—DHEEZEETL-HDA T3,
MESFE —LOE—LSAVEHEHOE, AR REED, [Parameters] 223 V[Z AN

E—LSA RO EMIEIL nspred =2 & nedisp = 1
(FDEASR E TlEIL(0)

15
nspred=0, nedisp=0
.E'_:T nspred=2, nedisp=1
5 10 -
e
2 |
= )
F
o i rﬁffff
D I | | i —
8.0 8.2 8.4 8.6

z [cmj

200MeV /u B FHREKICR S LI-EORWEED RS M (TS0 28 —OHEENK) A ¥ MEDIPOLIS I
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dmax(2) = 20.0 # High energy transport [MeV] (Neutron)

dmax(12) = 500 # High energy transport [MeV] (Electron)

dmax(13) = 500 # High energy transport [MeV] (P ositron)

dmax(14) = 500 # High energy transport [MeV] (Photon)

ascatl = 13.6 # (D=13.6) S2 parameter in Lynch formula for nspred = 2

ascat2z = 8.80E-02 # (D=0.088) e parameter in Lynch formula for nspred = 2

negs = 1 # (D=0) =1 EGS photon and electron segmpostr -4 I ASERRR 1
nucdata = 1 # (D=0) 0:no, 1:Neutron nuclear data library SRR [dnegs R

v emin(i), ifIFIDES

BERFDOAYR II RN F— IBEELIZIRILF—LIT O®EEXITHEEL, St ERMZERMBELIZLMGE ©,
BWNVEMSMREEEVNELT IHETERNRELTD,

v dmax(i), Al FIDE S

MEESA7SVERNTEET DR FIRILEF—D LR
JENDL-4 O/HERG EB I RILF—RT —3514 73 )& ES5 581258 E
4= MEDIPOLIS



emin(1) = 0.001 # Cut-off energy [MeV] (Proton/ Neutron/ others/ Electron/ Positron/ Photon)

KRENBLRILETEH

v ImmRL T DR ERETIRINREZETRE LT-LY — emin(12, 13)=0.001*
VKRN KREVDTHRAEMNTERMZERELZLY - emin(12, 13)= 1.0
VEIRILTF—DOATF-BEF -HEFEHEELIZLY — dmax(12-14) =1.0e5%*
v JENDL-4.0/HET—%354 7 3JZFALT-LY — dmax(1,2)=200.0

S Labla)i it
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PHITSIZ . Bertini, JAM, JQMD, INCL,
INC-ELFELV S RIGETILASH Y KRIZ
ILTCaA——HRENDFEIEMTEET,

inclg (D=1) INCLEZERTHE800NYEB AT T 3w
ejamnu (D=20.) JAM~@QYYE Z T ILF—(MeV)
ejampi (D=20.) NAF o AR REDIAMAOYIYE XTI
F— (MeV)
eqmdnu (D=20.) JOMDA~@EIYE X T ILF— (MeV)
eqmdmin (D=10.) JOMDER O FRIFIILF— (MeVin)
ejamgmd (D=3000.) R4 B OIQMDMMSIAMQMD A ML) &
A LHIIHF— (MeVin)
incelf (D=0) INC-ELFEERT B 0OPMUEAA T3
dmax(i) (D=emini)) i-th#l FOSA TS —HAO LEIRILX—

(D R ORI,
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S &0 70 an an 100 110
— axis
Q
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[A%]

Ridge-filter:60 mm

Wobbler# £ :115,122.126 mm

Range shifter :0,60,120 mm

BHEFTA4X: cm?

AITE R :

(D R ORI,
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Gamma pass rate : 3mm /3%

Field

size(cm?)

SOBP Wobbler Range
size(mm) | size(mm) | shifter(mm)
50

60
70

80
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[ 1st step ] l
PDD

Mono peak 3
A
7
]
3
B
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®

OCR

ST

[ 2nd step ]

2nd step ] l
PDD
SOBP -n
A
7
]
3
M
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=
OCR
Beam model SERL POLIS |




E—LET)T TDTry & Error...

[ 1st step ]

Mono peak

PDD

OCR

SR

AEMEED
BRE

FEN

[ 2nd step ]

-+

_____________@___________

é[ 2nd step ]

SOBP

PDD ) x

g OCR

Beam model SgRE O

MO,



E—LETYT TDTry &Error...

Mono peak
—  PDD —
ST REEED =
\ﬁﬁ
GRS
[ 2nd StEp ]

[ 2st step ]

SOBP

PDD

OCR
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S~ R
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Beam model SERX @
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hHEFNRETHEIEICDOLNT...

Pencil beam spot scanning < Broad beam

AAPM TG 158: Measurement and calculation of doses outside the treated volume from
external-beam radiation therapy

[ The dosimetric advantage to the patient is even more pronounced when scanning proton therapy is
employed. This technique improves the dose conformality relative to scattered proton therapy and

thereby reduces the integral dose to the patient. It also reduces the dose associated with neutrons
produced in the treatment head. |
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Ridge-filter:50,60mm

PEflC/count

.
50mm

(pass rate)

1Tmm/1% =97.1
\LmeIZ% = 1Dﬂj

~\

1.2

1

0.8

0.6

0.4

0.2

S0

1.02

1
0.98
0.96
0.94

poz ¥
198 208

100 150
depth{mm)

218

200

238

250

MEMEC/count

-
60mm

(pass rate)

1mm/1% = 89.7
.&Emmﬂ% = 1nnj

~N

1.2

1

0.8

0.6

0.4

0.2

S0

1.02

1
0.98
0.96
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d%y
= e
dEAQ  |,[2m0,(6)2

DDXs of Al{c.p) 230MeV/u

o

(En — Ec(8))°
- 20.(8)?

—_—
Dﬂ

DDX[mb/stMeV]
=

=
K

100

200

proton energy [MeV]

300

- Rrrimee(-)

E. = E, + & — 2,/ E,£;co5(0)

N, :0.613
N, :0.402
N, :0.221
o.(15°) :121.5
E.(15%) :53.6
T, :3.07
T, :14.82
e, :0.231
e, :0.406

2 T.Kato . T.Kurosawa , and TNakamura,
Nucl. Instrum. Meth. A480, 571 (2002).



Kalbach®absorptive breakup model

d%0,,(E, 0) P (E)

. (ab)
- = oap(E,0) — _ P (6)
dFE df) |l Pl‘_;:*”” (E)dE

[

DDXs of Al(a.“He) 230MeV /u

% C .Kalbach ,Phys. Rev. C 95,
’ 014606 (2017) 17.

g BT L ¥ — Dokl F AS D
R 1 |  absorptive breakup®DDDXIZ& 3 & 9
e (SRS nT=K

=

B | Uﬂbt E_’? CD“‘E’EEHE

PHAAIMDSIVVIE Y |
=
-

dab = Nap * F(Eine)
‘He : N, = 0.34
t:N_,=0.19

10”
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J R.Wu®breakup model

DDX[mb/st/MeV]

ﬂ'E
o 2 2mE 1/2
dmnlﬂﬂnﬂm)
DDXs of Al{o,"He) 230MeV /u
10— —
]
lﬁal_ 'l.i'*.'--. > M
10% '
3

V@) = 5 [ eI (55-7)

um;'&:ﬁﬁﬁﬁﬂ /2 gar
= il _ a—Br 1
b =C(52) ——@-e?)
-:r=—'z;fﬁ f=12fm™!

| % J.R.Wu, C. C. Chang , and H. D.

Holmgren , Phys. Rev. Lett 40 (1978)
1013.
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Background — Relativistic QMD

* QMD explicitly calculates the interaction of every single particle in the system; such a simulation can
therefore be used to calculate particle multiplicities and fragment yields in each reaction explicitly.

« Various QMD code (TUQMD, ImQMD, RQMD, URQMD, and JQMD) were developed and successfully
reproduced secondary particle yields. However, in these codes, nuclei were disintegrated spuriously or
excited during time evolution, mainly owing to the nonrelativistic description of the Hamiltonian, which
uses;

= 1
= = -
= 2 £o09; —F
H = E \/Piz"l-m,--f'V, 3 i
. Sos - JaMD
{ ! — A
TE_ﬂ-T':— A-JOMD |
By contrast, the relativistic Hamiltonian is written as, § 3
= 05)
I-I!.:‘.'l"l-f' Sum of geomatrical radil . '
H = E :JP:E + m + 2m;V;, | RQMD approach o3k “ e :
Currert Geartd employs this too. 0.2 h*ﬁ'c‘l'LEI .'x et .ISIJUI'IBUSH" E:I"T'.HTFEd
(since 20157) E ‘ “_ [ in non-relativistic approach
where, the particle mass is no longer a constant but is : N |
effectively changed (the effective mass). % 2 4 . it vk

D. Mancusi, K. Niita, T. Maruvama, and L. Sihver, Stability of nuclei in peripheral collisions in the JAERT quantum molecular dynamics model, Phys. Rev. © 79, 014614 ("'DD‘%"J
T Ogawa, T. Safo, 5. Hashimoto, K. Niita, Cluster formation in relativistic nueclens-nucleus collisions, Phys. Rev, C 98, 024611 (20138).



Background - RQMD.RMF

* Typical QMD models are based on the Skyrme interaction model, which is in a category of the non-
relativistic nuclear model.
» Recently, relativistic mean field (RMF) model based QMD, named RQMD.RMF has been proposed by

Nara et. al. (Phys. Rev. C100, 054902 (2019). and Phys. Rev. C102, 024913, (2020)), which is a model with
the full covariant manner including self-consistent scalar and vector potentials.

* However, the evaluatmn was limited for heavy nucleus-nucleus collision at high energy (e.g.
AutAu,2.5<V(s NN )<20 GeV). In addition, the nuclear model is not tested globally (they just used own

parameter sets, no rho-meson interaction, inconsistent meson self-energy, etc. ).

The motivation of this study is to develop the general-purpose
RQMD.RMF model and to assess its performance with the ground state
properties and the light-ion fragmentation for hadron therapy energy range.

J




RelatIVIS'[IC QMD https://arxiv.org/pdf/2503.19395

The relativistic version of QMD model, RQMD model, motion are given by,
15 formmulated based on the constraint Hamiltonian "-\
dynamics[39-41|, which reduce the number of degrees of f."ﬁ.'
freedom in the relativistic phase space (BN — 683, T, (5)
42|, World lines are given I.'II |q:§'ri| B, (7)), meaning that {ir
position and momentum of s-th particle as a function of . N
the time 7[43]. The constraints ¢, ¢ € 1 ~ 2N is assumed P‘ - Z;,l 'ﬂj&: (6)
to be invariant, dr " Bt
k=1 J
ey ﬂfiu + Ecﬁ (1) where the Lagrange multipliers Ap has an analytical so-
dr lution,
on the physical space, where f-',;_" = {o, #¢ } 1= the Pois- TPy
son brackets for four-vectors: M= (2pUL) Ep"" (7)
e
{ @} = Z FﬂﬂT = # ﬂq—k (2) with U, = (1,0), where p;* includes the vector potential
e kR Y as pf — B, The constraint K is taken by on-mass
P e oy shell condition:
Kxlg.pu) =10 (k€ (1~ N}) Ke=pi —mi®, ke(l~N), (8)
& xelg" . pu) =0 (kE(N+1~2N-1)) (3)
Xan (9", Pua 7] =10 [k =2N) where m} = my — £, 4 includes the scalar potential X, ..
z : The equations of motion in RQMD iz obtained by sub-
“']“K only ¢y depends on 7. Assuming {K,, K;} = 0, stituting Eqe.(7) and (8) into Eqs.(5) and (6).
we have
' The single particle eneray is,
By ; J
"Jl' =_r‘ﬁ'1"\|F_l‘ ii] I"‘I.I:ikllll'r_Fl_Ell:l +':mi_—ui:|i+1’|
V= L Mg ]E" LP: 5 .+ (SE)
and A =0 for k€ (N +1 ~ 2N). We define the con- Y " B TS B LA it

: . 2N
straint Hamiltonian as 3,7, Apg, then, the equations for RME model. 5

D Mmenst, K- Niin, T, Manvama, and L. Siliva, Smabiliey ofnuclel npaipheml colliions o the TATR] qumum mokalar dmamies mode L Phos, Bew O 79, 004614 ¢20059).
R Many md I, Aiche lin, Mioleculr dynamics descri pion of m exponcding o' plismawich the Nambu —Jono-Lasginge mode | and spplicotions to heovy ion coll ions at ensgies avodlabk ot the BNL Relativistic Heave Jon Caollider md the CERN Lage Hadeon Collide
SPovs Rev CHT, 034912 (20135



https://arxiv.org/pdf/2503.19395

Relativistic mean field (RMF) theory

Lagrangian; Mean field of mesons (and photon)

- 3_ a 1 _ o
L =0[if — my — geer — gush — g7 - p— eQ Ay Euler-Lagrarge equations gmy + Jamy + ady = = gy ;fjpu,
JEi
! 2 1 44 1 5 1 .
+3 (Bua) — 30 — R — R s + ealwin? ko i = g Zfﬁﬁlﬁj,
1 1 1 — Py
—< [n‘,y}ﬂ + Emim,,u" + ?:-3[r...-,,,r...»"'}'i Expectation with : s .
1 2 1 4 Gaussian packet LT P =HpZﬂﬂ.{ﬂfl.j%J'P{_f:
=7 (Bl + gmop - o o 1
1 i
L 2 ed, = ahe —¢rf (—L'L )
= 3 (Bl (12) e § Ry \vin)'

From the {00} component of energy-momeantum tensor leadsto the Hamiltonian,

— | | L1 L _ Representative parameter sets
o =Z ( p:' - r:.l:' - EL‘:"‘ - EE“'.‘ . }11 4 EE‘.'_.I-.' ] - fﬂ'ﬂf‘ (— F'I'FEEIL — T.I.ﬂﬂ-l 1 _J'EIZL[.""J-I-'"'P:IEJ .
1 ' TALLE | Paramatar sois of selatieistic mean fiekl mock] naxd in this stacy. § Lot in Mek'.
h & WS WSy WwT] WL sl suom) WL W) oWunes| WLoes NLSHn sIoifs] soee (s senclE sEcefs| CrsEna PRLC
w E rE PI - Pl - ELII e GAdE TOOZ BN IONd DULED DR IDOG GUERS QUTED 044 S 5ED 548, 4065 00T I0GER
':c.l_- =TE RS ERE OB 40 INES ZIAE O LS Il IBEE R4 BoEd L -ES LLdT o L6
'”'!.: ] '”'!.n‘l — E‘II g OES DZLD IER4 -HTS RERETOO-ITERZ -IHLG D00 JEHGOD OG0 qon EERIE O EHMT O IGIDd ATID -SHoa
Tty L0 R0 B0 492 0O S0mE S Gl W0 o FEA0 FE00 FE0 Fon SILE O SIdl
PI. fu GEH GEGR IOOT MEFR ILd4AR MEZET O OIZED 125G 12 120G G740 3= 0 REEE O LESD ol
,El = — &g i K] ] K] i K] ] i i i 1] i i ] TI1.X1 rack|
3'-]? momentum de Pen dent term fai, THLO THLO THIO 7964 TEOO TERG 7RG TELOD  TEID  TEID  TELO TEED TELD TEIO TERD  TEAR
'il}!_r.‘. A W B TEF 7.5 75 9861 1001 =fd=E s =5 =S =UTES TF 75 75 T 5L RO
fi=— / ™, m, TEE W@ TR T T T TR Y0 70O TE® Y@ TE T 7@ Y& ek
?_]‘I.-" s Hx = i ] ] ] i ] i i i i BiEE TR TTIL RS i ]
"\-H e i ] ] ] i ] i i i i =S DA 11EE LS i ]
scaI ar n'tEI"'I tial E L — q T + V!U'!D y T i i i i i i i i i i i i i i i i
p 4.1 ST a2 1 “u th, - - - - . - . . . . i dFRLT OITCE T . -
L - - - - - - - - - - = =G I=E 4EE - -

vector potential y* . gmuf+gpri-pf+fzﬂf+ﬂfﬁdﬂf L




Nuclear properties in various RMF models

i : Equation of state in Parameter set | Saturation Bindingenergy | Effective mass | Incompressi | Symmetry
= nuclear matter ; density [fm*] | [MeV] bility [MeV] | energy [MeV]
B (e Ns1 0.168 -15.97 38032 30.07
3 il BiLiL
: e ) P Ns2! 0.168 1597 30.01
mO : 4 o
o — Ns3! 0.168 1501 large o070 37901small 3234
M4
d iy NL1? 0.152 -16.43 0.57 21146 43.49
I —————— NL2¥ 0.146 -17.02 0.67 399.60 45.13
hofithad
1) ¥. Mara,et al., Mome nt urn-de pe ndent pote ntial and collect ve flows Nljij 0.1438 -16.24 0.60 270.80 37.36
within the relatvistic quant um melkc ulardynamics approach bazed on
reativtic mean-fisld theory. Phys. Rev. €, 102024913, Aug 2020, NL3star”’ 0.15 -1631 0.59 257.57 38.64
H PG. Relnhard, etal, Muc lkarground -state propetles ina
relativistic Meson-Flield theory, Z. Phys. 4323 [1986) 13 NLB* 0.148 1577 0.61 420.59 35.00
3) 5.K. Patra, Relativetlc meanfield studyof lght nuckel,
NuclPhys.A 559 (1993) 173-192 NLC* 0.149 -15.77 0.63 I 223.86 | 3533
4] G4, Lalazksk, etal., & MNew Parameterzation for the Lagranglan 7 m "
Density of RelativEtic Mean Fleld Theary. Phys Rev. € 55, 5401987, NLSH 0.146 -16.36 0.60 355,61 5Ma 36.13
5 lalazksk etal., The effective force N3 reviied,
Physlett B 671 (2000) 36-41. MD1"Y 0.168 38,77 0.65 379.15 32,099
B) B. D.Sarot and 1. D \Walkcka, The Relativietic Muclear Mary Body
Problem, Adv. Nucl. Phys. 16, 1 [LO86). MD2Y 0.168 -15.86 0.65 380.70 33.13
71 M. ML S harmma, et.al, Rho meson coupling Inthe relativistic 1
rzan fiekd theory ard descriptionof excotlc nuclel, Phys. Lett. B MD3 ) 0.168 -15.70 0.65 381.61 32.77
312, 377(1993).
s]]:.r. SLE-.Lara a] nd H.Tokl, Nucl. Relathvktc mean-field theoy for urstable MDY 0.168 -15.99 I 0.82 II 21046 | 30.07
nuck | with on-lrearoard wierms Phys. 4 579, 557 (1994)
W, s L N TESET e T nrs 1 PRIt ™15 0.145 (1626 large 0.3 agr.71small - 3730

theony with nonlireartems ard dersity-deperdent mesor-nuwckeon

coupling, Phys. Rev. C, 69, 0343 19 {2004) PE 1™ 0.148 -16.27 0.61 281.91 37.60



Model evaluation with ground state properties

1. Charge radius

&

2

R = J(2), () = [ r2p.(r)dr

To compare the charge radii
simulated by QM D with the
experimental data (https //www-

ndslaea.nrg,"radll,."}

Charg e density

i Radius

2. Stability

AE
g .
LA | % Vm-mﬂﬁx il
% :
J
Time
@ - 1 K
I h .#:-_: .
P_g 13K
I

To compare the fluctuation of
binding energy, AE (which is the
difference between the maximum
and minimum binding energy
during 100 [fm/c].

3. Binding energy

sampling from Wood-Saxon profile

1
* ) oo

s

To compare the binding energy just
after the sampling from Wood-5Saxon
profile (parameters are modeled as a
function of (Z,A)) with the
experimental data.

If the absolute difference from the
experiment is less than 0.5 MeV/A,

L =aA%3+p,

r"'-'—Ewalu ated with ten stable nuclei (**C, 2N, %0, P 4°Ca, *Ca, ®3Cu, *Zn, *°Sn, and “"Pb)

*The squared width of the Gaussian wave packet L is modeled as a function of nuclear mass 4 ;
(a,b) = (0.035,0.9)
where the parameters (a, b) are determined to reasonably produce in NL3* [1. charge radii] of
above nuclei. Therefore, the model evaluation is performed in [2. stability and 3. binding energy]
n.\w_v.r_ith a condition that the charge radii are reproduced.

Y the samplingis judged to be
succeeded. The number of trials
required to be a success is counted.

J




Result: Model evaluation with ground state properties

Mean (circles) and the standard deviation (bars) with 100 times QMD sim.

1. Charge radius i

a

%

R=G), (%) = [ r*pc(r)dr

To compare the charge radii
simulated by QM D with the
experimental data (https:// www-

nds.laea.nrg,.fradlll.f]

0.3

Charg e density

I, e 0.2
4 Radius

0.1

0.0 {--1-

Charge radius difference [fm]

.

-0.2

JEE 14N 150 31p 40(:3 %Ea E'EI:LI Qﬂznllﬂ__c;niﬂﬂpb

NS1
NS.2
NS3
NL1
NLZ
NL3
NL3star
NLB
NLC
NLSH
MD1
MD2
MD3
MD4
™1
PK1

HBH B MM FEH FH 4 HBH RO HBH HBH HBH HBH HH O HH HH

f/-rEua luated with ten stable nuclei (*C, **N, *%0, *1P, *°Ca, *3Ca, ®*Cu, *Zn, **°Sn, and *“*Pb) )

*The squared width of the Gaussian wave packet L is modeled as a function of nucdlear mass A ;
L=aA¥3*+b, (a,b)=(0.03509)

where the parameters (a,b) are determined to reasonably produce in N13* [1. charge radii] of

above nuclei. Therefore, the model evaluation is performed in [2. stability and 3. binding energy]

a\yhu'rth a condition that the charge radii are reproduced. _/1

The charge radii canbe
reproduced within 0.2 [fm]



Result: Model evaluation with ground state properties

Mean (circles) and the standard deviation (bars) with 100 times QMD sim.

2. Stability = s
< AL = $ NS1
" T g o v Q $ Ns2
‘ E.Wﬁm ' S 025 -
g — l $ NL1
l_' +
a e g 0.20 & NL2
dr = =0 Op $ N3
s X1 ok The QMD sim. is stable for  §  ni3star
dr = e 37 g, 0.15 } heavier nuclei. # NLB
: & NLC
To compare the fluctuation of ? -
binding energy, AE (which is the 0.10| 1! % i\ = g NLSH
difference between the maximum f i i 5 " - MD1
and minimum binding energy sk 3 o g " T i MD2
during 100 [fm/c]) is monitored. ' g _* i* ? MD3
L % o ; ia § MD4
R D : TR R AR 2P i m
e models with relatively sma ‘ 3 PR
incompressibility such as NS2 (210 12¢ 1IN 160 MpNCy Vs M0y MZ26125H MNP
MeV) and NLC(224 MeV) are stable

in the time evolution.



Result: Model evaluation with ground state properties

Mean (circles) and the standard deviation (bars) with 100 times QMD sim.

3. Binding energy

' 1
‘ PO T eo—am

To compare the binding energy just
after the sampling from Wood-5axon
(WS) profile (parameters are modeled
as a function of (Z,A)) with the
experimental data.

If the absolute difference is less than
0.5 MeV/A, the samplingis judged to
be a “success”. The number of trials to
obtain the “success” result is counted.

Number of trials to success the sampling

The less trials means the nuclear
binding energy can be reproduced with
the position sampling from WS shape
efficiently.




Model evaluation with ground state properties

450 - -
® the nuclear binding energy can be reproduced
. with the position sampling from WS shape
400 A . efficiently for whole nuclear mass range.
0 ® ®

3501  NLSH * '

MNamely, in these parameter sets, the reasonable

Incompressibility [MeV]

300 -
PKl;I.Ml binding energy can be given from the width of the
NLB.. Gaussian wave packet L yielding the reasonable
2501 NL3star charge radius.
. ..Ns2
200 - NLC ¢

l:> - lower incompressibility
0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 . independ ent of effective mass

Effective mass



Short summary in ground state properties

* The relativistic mean field (RMF) models can create the ground state
nuclei for a wide mass range in QMD simulation ==,

NS2 parameter set seems to be most stable.

»

Use for
fragmentation analysis

* The stability analysis in time evolution showed that the parameter sets with
relatively small incompressibility maintain the binding energy within 0.1 MeV

for time range of 100 [fm/c].

* The binding energy is also reasonable by position sampling from Wood-Saxon

profile modeled with (Z, A).



Fragmentation analysis

* To compare fragmentation simulated in QM D with experimental datal?)

. 1) C. Divay et al., Phys. Rew. C 95, 044602 (20 17).
EKPEI‘I ments 2) I Dudouet et al, Phys. Rev, C 88, 024606 {2013),

: 3y C, Zeltlin, et al., Phys.Rew.C 76, 014911 (2007).
Carbon ion beam

50 MeV/ull, 95 MeV/u?!, - differential cross section, total cross section
290 MeV/u? |, 400 MeV/u?, - total cross section (limited angle range)

GANIL Exp 1, 2. T R I HIMAC Exp 3).
Targets (H, C, O, Al Ti) S Tl R _ Targets(H, G, Al, Cu, Sn, Pb)

OO inju

=il sy
| i Hal

- %
Ve 4 Im Rl | il T

BT

o il :: LT g ] I-l-...rl.l.l - :\'ﬂ?k m IS{-‘-'LE-E

RQMD.RMF simulation | : SOl

RMF model parameter:nN82 " : i w
Parameter tuning R= 4 [fm], T_max ~ 60 [fm/c] (event 107) s E = = - -
b_max =b_sigma * 1.2 (for light nuclei) =i =

* 1.05 (for others) w3 i :-;i:.;: w14
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B LMD
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C-ion, 290 MeV/u
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Mean absolute error [b/sr]

Mean absolute error [mb]
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Summary

* ROMD.RMF model can simulate the fragmentation very well for hadron
therapy energy range and considering target mass range.

* This study shows that the RQMD.RMF model give us a valuable framework
for advancing the precision and effectiveness of hadron therapy.

* The present study used only NS2 parameter set for fragmentation analysis.
However, other parameter sets are also applicable for the various research

purposes. This model is expected to be implemented in the next future release
of Geant4 version.
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