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Needs for the Nuclear Data nDPS

Nuclear Data (HL|O| &)

* Not only in nuclear astrophysics
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Nuclear Data (84G|O|H)
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Az ME|E a8 = Ae 7157 7+ et 7= OfF (1% A=, 7157+ DA =
Isotope Decay type Half—-life (yr) | Radiotoxicity (Sv/g)
Se B— 6.5x10" 8.259
Sy B— 29 1.269x10°
7y B— 1.5x10° 1.045
YNb B— 2.0x10* 1.410x10"
T B— 2.1x10° 6.056x107"
107pq B— 6.5x10° 1.048x107°
125Sn B— 1.0x10° 6.306
1291 B— 1.6x107 2.696x107*
H5Cs B— 2.3x10° 8.532x107*
HiCs B— 30 4.190x10"
PlSm B— 89 1.281 x 107

Radiological properties of Long-lived Fission Products 5
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Accelerator-Driven System

It 7| A= O|YA 2 Ibprs

Accelerator
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Spallation
target

Subcritical
reactor

- Sub-critical reactor

exchanger

Turbine
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- Neutron source using a proton accelerator

- Spallation neutron target system

- Transmutation of long-lived MA and fission product

- Fast-neutron reactor
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Nuclear Data Production System

Transmutation of nuclear waste

Short-lived fission product
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Long-lived MA
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- ADSO|A 2] Nuclear datal| Z oA

« Essential information to Minor Actinides and
Fission products

« Reactor structure materials

« Altogether needs fast-neutron induced

information (or reactions)



Nuclear Data Production System
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Nuclear Data Praduction Svetem

NDPS facility at RAON .. 1.+ Nuclear Data Production System at RAON

* Neutron cross sections are the fundamental quantity
not only for basic sciences but also for various application.

Y
o |77

‘@ ..* * By using neutrons, cross section of (n, f), (n, y), (n, xn)

_________ ' 1.:1'- ‘ ) LAMPS
PN S » - — * Nuclear data for fast nuclear reactor systems.

aem

* Nuclear data related to medical isotope production.

- L * Protons and deuterons up to 82.7 MeV and 97.8 MeV.
TOF room

‘ target room | * Beam current ~ 10 pA
. Beam repetition rate 1s < 200 kHz

Pulse width is 1 ns (FWHM)
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* Li(p,n) for quasi-monoenergetic neutrons
C(d,n) for white neutrons




NDPS SCL3-NDPS beamline

DPS

Nuclear Data Production System
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DPS

Nuclear Data Production Syster

Neutron beam

~ Neutron Beam Dump

(50 m away from C target) Neutron

Collimator

C target

Li target
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Nuclear Data Production System

¢ Specification of NDPS

Beam ion Proton, deuteron
Maximum 49 MeV/u for deuteron
Beam energy 83 MeV/u for proton
Maximum

Beam current

~10 pA

C for white neutron

AR Li for monoenergetic neutron
Bunch length ~ 1 nsec

Repetition rate 1-200 kHz

Flight length 5-40m

Neutron flux

~108cm2seclat5m

uadrupole magnet
Quadrup g '/

Steerer magnet 1 Proton or
Beam Diagnostic Chamber e Deuteron
Beam

Monoenergetic Neutron Production
Target Chamber (Li target) |

Dipole magnet

. B g
White Neutron Production b
Target Chamber (C target)

Neutron Collimator

Neutrons 4

11
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1. Dipole magnet (1 ea) 2. Quadrupole magnet (4 ea)  3.Steering magnet (2 ea)
Pole gap 80 mm Aperture 70 mm Pole gap 80 mm
Maximum Max. Max. 2.518T
field LET gradient field 10T field integral mm
Effective Effective length | 300 mm Power 22 W
| h 570 mm
: Quad | Steerin engt Power 0.6 kW
Dipole RHCIVPEIN eenng Power 17.6 kW
magnet magnet magnet

Quadrupole magnet

OPI program for the remote control
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white neutrons

Carbon target
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P pneumatic control lid

3D modeling

Target actuator

Lead block

Phosphor I
actuator

Neutron yield (n/sec/MeV/sr/puA)

Inside of the chamber

49 MeV/u deuteron

Phosphor monitor

view port

MCNPX 2.6 with McDeC code

X
=
]

Neutron yield at around 0° (£2.5°)
49MeV/ud+25 mmC

lllll]llllllllllllllllllllllll[llll

0 10 20 30 40 50 60 70 80

| I
z 90 100
Neutron Energy (MeV)

Neutron intensity at the end of the collimator

~ 108 neutrons/cm?/sec for 10 ppA

13



Lithium target

. 83 MeV proton
Monoenergetic neutrons g .
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pneumatic control lid

3D modeling

Target actuator Inside of the chamber

P_f -

Lithium target

M view port Phosphor monitor

Phosphor ;’- ¥ View port

actuator

Lead block

Neutron yield at around 0° (+2.5°)

5 X107
- MCNPX 2.6 —— E, = 83MeV
|5 Proton +5 mm "L - E, = 60 MeV
—— E, = 40 MeV

0.5

Neutron yield (n/sec/MeV/sr/pA)

'3 AL LA L L l - A i " ekl Aededad Seluidad
0 10 20 30 40 50 60 70 80 90 100
Neutron Energy (MeV)

Neutron intensity at the end of the collimator

~ 10° neutrons/cm?/sec for 10 ppA




[n#/cm?)

- 1.000£-02
7. 743E-04
§.995g-05
4 642E-06
3.S94E-07
2.783e-08
2. 154E-09
1. 668E-10

1.292e-11
1.000£-12

n

<lllllllIIIIIIllllllllllllllIIlIlllllIIIIIlllIlIllIlllllIlllllllllllllllll.lllllllllllll

Neutron Collimator

®=4 cm ®=3cm

10 cm Pb
5 cm 5% borated PE

Fe

=100 cm : =100cm | L=100 cm
: i ®=2cm

=100 cm
®=1cm

Concrete

5% borated PE

§C Target ..

lon beam

&

i

I 3D Drawing

£2021.05
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Detector
n
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Kwangbok Lee “Detection system for low energy experimental facility” (07.21)

Monitoring detectors
Detectors in ToF room (PPAC, GEM or Micromegas) DAQ rack

PPAC (Parallel Plate Avalanche Counter)

PPAC1 PPAC2
+FF
~0.26 umT T
1
i
neutron E §
———— : B
|
‘
(Du 60 mm) :
Drift gas (iso-C,H,, or CFy, ~10 Torr)

From D. Moon (SKKU)

2" £)-301 liquid scintilator |

Pou—
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~ = Neutron Beam Dump

Dose calculation with the concrete thickness change
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Dose calculation with the different hole radius

MCNP simulation with the different beam dump structure

Case-1
10° '
1 04 [} ¢ MCNPX+McDeC 5
1.2x10° -
10° . o MCNPX default
°
~ 10? _ 1.4x10° 4
§ 10 Dose limit for workers % . 1 ooz
[,=) _________________________________ -' _________________________ vi. S 99%e-08
< | [ Dose limit for public < 1.1x10° 4 4 6atm.06
e e S i o
8 10 g - B oo
<2 & 1. ¢ | - 1 668E-10
10 N =T o
L] — A G
107 ’
Ax10° 4 [8%/cm?)
10 '
10—-5 U S E0 0 LA TN A N L O ST MO [ T TR A0 MG W o W U NP0 PR 80 L A7l S O S M Ol O DAY l') 11 210 310 ‘Io 51 G‘o 7l° 8‘0 910 .
0 50 100 150 200 250 300 350 400 o s d.o i
ole radius [cm
Concrete thickness (cm)

3D Drawing

200 cm
300 cm

Simulation results from S. C. Yang (KAERI) _l_ 7

+* Concrete thickness = 330 cm 400 ¢em

- Beam dump =200 cm
- Wall thickness behind the dump 130 cm
% Hole radius =30 cm

% Dump structure — case 1




NDPS &X| DPS.

Nuclear Data Production System

- A S O HAE 2

—8—53MeV+Be-10.0mm
—— 50MeV+Be-10.0mm
40MeV+Be-B.0mm |

Steerer magnet

Quadrupole magnet | | —e—33MeV+Be-7.3mm

Beg diapnastigehpaber 2EL. | ——25MeV+Be-6.3mm |
DPS L L target chamber | - |—-B- 53MeV+C-7 1mm
vt N |- 50Me\V+C-6 5mm

Nuclear Data Produc ystem Dlpole agnet\

[ ]

40MeV+C-4 4mm

LCarbon target chamber

P [ 33MeV+C-3.1mm
[ 25MeV+C-1.9mm
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Nuclear Data Production System

2PN,
-
’ Steerer magnet
ua € magne I~
gt =P A=K C (dn)
Nbpps el -
Nuclear Data Production System Dlp()le agﬁ- - -{‘ _ _
\ o S
e e =
LSt bl Eha ST

Neutron Collimator

Beam Beam Beam

P[)ien;er}nry energy  intensity power : Density Thickness N[e 1;;;22? >
[MeV]  [#/sec] [kw]  Material s [mm]

d 97.8 7.68E+13 1.20 Cc 2.253 25 1.25E+13

p 82.7 9.74E+13 1.29 Li 0.534 2~7 9.21E+11

Repetition rate: 1 kHz ~ 500 kHz, Pulse width: 1~2 ns 19
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Nuclear Data Production System

Time-of-Flight method in NDPS

50 m
-+
Neutron
bNeut‘:'lon (n,f), (n,a) ... production target
g eamp Monitoring (or R.F signal)
€ e e e o o o o oo D ] e o mm mm m m m m m m m m m m m m mm e  — — — — — — —
dete;ctor Flight path length, L !
v .
t] e e e e s s + 10
Flight time, T = tI -t0
Neutron energy Neutron production target
5 1 - Li(p,n) for quasi-monoenergetic neutrons
E, = myc -1

- C(d,n) for white neutrons

20



Cross-section (b)

NDPS ZHX] INbrs

Nuclear Data Production System

Fast-neutron converter

Neutron converter

neutron _
- O . S S S S e S . .. —’ —_— -
charged particle
Neutron-charged particle conversion reaction
10B(n,a) / °Li (n,t) cross section Neutron-induced fission cross section
for low energy neutron for high energy neutron
—— B10 (n,a) 10001 T— | — Th232
1000001 — Li6(nt) || 100 | T it — U235
10000{ - T\ N “J — U238
101 "
1000+ = 4l VA '
c
100+ % 01+
b
101 o 001+
o
17 O 00011
017 1E-4+
oot 1E5 | j
T T T T i T T T 1E-6 t t t t f u T + t t +
126  1E5  1E4  1E3  1E2 B4 1E0  1E E2 1B 1E10 1E9 1E8 1E7 1E6 1E5 1E4 0001 001 01 1 10
Incident energy (keV) Incident energy (MeV)

21
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Nuclear Data Production System

NDPS ZEHK]

MICROMEGAS & PPAC

Parallel Plate Avalanche Counter

PPAC1
X Y X FF

%
z

[ i _ o
1 -~ ]
L& _‘MLJA "
» -'fI L=l
Neutron monitoring detectofs™= =

1=
[}
I =
(=3
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=
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®:= :
1
X 1
\ Cathode
\ 1
\ I
AY 1
A } Cathode
g2 o¢!
B g wl
2 g
E & '
A}
=
—'4
\
\
LY
\
un 007 ,~

Drift gas (1s0-C,H,,, ~10 Torr) 3.1 mm
Neutron monltorlng experlment

. . — 3000 1800 —

Liquid scintillator (Qlong-Qshort) over Qlong vs Qlong 5 140F - -~ Agroup
I ——— —_ [e 1600 B

P — o - Eniries = as00[F - 120 o
ub.—i o] ; Meanx 2507 2 [= - 1400 - B group
g Mean y 01679 P = :% . 100 sum

£ Std D 4021 [ -
& Std DE:: 0.08105 g 2000 L2, A gm“l_) 1200 " r
= Integral  1.072e4+05 :, P . +~ 80—
s = . 1000 o -
g “ 1500 =] -
400 @) - 800 8 60 |-
Q 10001 600 -
n 8 40 .
400 o
s 200 < 20
b & 200 -

s g ] - 0 TR B R

i i S 14 10 an - i) 15 10 -5 0 5 10 15
e - 500 1000 1500 3000 . .
K B Lee (I BS) h P .- vl b by b b by Tlme dlfference (ns)
' ) 500 1000 1500 2000 2500 3000 3500 4000 0 PPAC 1 ADC Chal']l’lel (Ch)
Qlong

~ counts / neutrons at tens of Me‘z 2



Multi-chance fission

First-Chance
Fission |
(Einc > 0 MeV)

L

Second-Chance |
Fission
(Einc = 6 MeV)

E—

h > 239y

Incident
Neutron Third-Chance
Fission

(Er© =2 12 MeV)

Target
Nucleus

Preequilibrium

Prefission L&
Neutron Emission
(Einc = 12 MeV)

N0 X] S/EXHH O0|E ER-S

(Multi-chance fission)

~rn
140)(9"
290py
T >N
1002r — 1
N
139%
. Xe "
200Py — 239Py 2
2 100z 7
S
n
N
. 139%e ", |
240py —» 239py —» B8Py
. gl
. < * og
S " Zr
n n
139%e —" n
) L 4
239py
» N
- 100zr ,

th
n c

hance fission probability

1.0

o
[

o
()

o
»

o
N

Neutron-induced fission cross section of 23°Pu

O,O0

L o —- 1* chance \
F »- == 2™ chance &
[ +—— 3" chance

L == 4" chance

T

T T

239Pu(n,f)

\

—_—

PP Gy N ¥

Incident neutron energy (MeV)

Ibrs
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FREYA model with multi-chance fission and pre-equilibrium neutron emission

Prompt Fission Neutron Spectrum

A —-—— thermal -
[ \\ -——- 4 MeV ]
e 9MeV
El "\\ — 14 MeV |
B 3
WA E
H 3
o 1 ]
i 17
[ 14
B ==
i =
L 10 7
0 12

Qutgoing neutron energy (MeV)
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NDPS A& FH|
@

HIS CIHA =X
O - -

=
1 —/ = L

271e fAsol 8
* Pb, Bi, Th EE= <}E|L
SaA0 ot Zdsto|H X[ (n, xn) BFS S8

«  59Co(n,xn), %Nb(n,xn), 97Au(n,xn), 2°°Bi(n,xn)

}O|E (Np, Am, Cm, etc) = LOI

- Activation experiments induced by light or heavy ions

- Surrogate reactions for (d, py) and fission fragment measurement

24



=
s ChH X 2= X nDPS
ﬂ h E L L ﬂ ﬂ o Nuclear Data Production System
Experimental Fission cross section Fission chamber
R # of fission reactions Si detector
O = — = -
F= 17 # of particles |-|# of nucleus/area
R = number of fission reactions per target nucleus
. : : 2 TO detector ,
| = number of incident particles per unit area ::‘,m}% (MCPor PPAC)

Ao, A |
Y S

ol n.«,,,:%!' % b |
gy (MeV]

Ene

neutron

Th target

Th target

MCP detector Si detector

v
l Th target ( 22 mm Dia. )
Al backing( 0.2 mmT )

Electrostatic mirror

Expected counts -> Simulation

25



Pre-neutron emission fission fragments nDPS

.
Nuclear Data Production System
Experimentally, EP°st and vPost are measured Measurement of energy and velocity of both products

® ‘ Post - n emission FF1 Product masses are readily obtained

post
post 2-Ep,

ml,z _ post\?
# ()
Pre - n emission FF1

Assuming that, on average, velocities are unchanged by
neutron emission, pre neutron-emission masses are obtained

neutron / (momentum conservation)
) ! pre
O —> ‘ — ‘ Compound nucleus pre vP7

m = McN * —pre——pre
1,2 CN vfre+ v;)re
Target \

, Pre - n emission FF2
| — @ pre _ 1 pre . posty?2
1,2 5 M2 \Y1,2
E =5 m %

S @
heutron Post - n emission FF2

Energy of FF before neutron emission

26



Pre-neutron emission fission fragments nDPS

Nuclear Data Production ‘%ystem

The Fission-fragment Spectrometer VERDI Neutron multiplicity measurement

Silicon detector array

U Backing side Deposit side 11.0° .
[] Tos ? National Array of Neutron Detectors (NAND)
Electrostatic mirror
D ission Fragmen DSISO ‘
I:l ' iy Fission Fragment 1 DO“ + g @ @@
5.5 )
. O 8 o

% Mer 9.5° * Energy (E)

B 11.0° — 2 arrays of 16 Si detectors
— Each detector 450 mm?

AMWPCI /§>

53.3 cm 52.9 cm

 Time-of-Flight (v) T 3@1@' Iargl‘l‘ i Q@; Q;D ‘Beam Dump
+ Maximum solid angle coverage (0.5% of 4r) at relatively short flight path (50cm) ~ — Start: Electrons emitted from \\ @0 ég \MWPC2 v % Oy /
0 o . target detected by ) @ ] \ %
* Energy (0.5%) and timing (150 ps) resolution Micro Channel Plate (MCP) @ é&) @ | %
* Energy losses only in target backing and silicon detector dead layer _ Stop: Si detector & @ ﬁ @ @ % ;
: ; 27 1
Eae 2 & @@ %
Pre-neutron Post-neutron NAND Aray a IUAC, New Deli ‘
8 E —— Hambsch 7F _ —e— England and Rider 50 BC501 Ol'ganIC qul.“d SCIntI”atOI‘S
E —— Backing side - | & Hambsch
7 = Deposit side 6 — d :. — gep:jsi;si;e
- —Sum E —— Backing side
6 — E —— Sum .. . . .
: 5| ° Fission fragments were detected by a pair of large area multi-wire
~ 51 = C
£ 4F 2 i: proportional counters (MWPCs) (12.7 cm x 7.62 cm) kept at the fission
% .. E ° 3
S 3 b C . -
g i : oF fragment folding angle at distances of 18.5 and 17.0 cm from the target
1E 1E position.
0 = o T I M T R | 1 el R (1 R O A | 0 L . L | I PR S I
80 100 120 140 160 180 80 100 120 140 160 180
Fission fragment pre-neutron mass (u) Fission fragment post-neutron mass (u)
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NDPSO| A 2] 2E-2V HItH

Experimental setup

Mass distribution & TKE by using GEANT4 simulation

— GEF
—— GEANT4

scintillator
Target : 233U

J 20 MeV | *1 40 Mev
- n A
radius : 50 cm <EAWA
it T 2
gﬂ 50 MeV 2
Si detectors 24 A AP
A IATaVA
/ %1/ Y _/ \\
// FF]_ 5 R o - P R i N i o o
// El, Vl Mass number
neutron > - 20 MeV © . 30 MeV s o 40 MeV
7 T, detector ~ B =
/ 0>J ool -
/ 2 160 160
FF2 ~~ Thtarget :
E2,v2 8 -
¥ 5
2 B e
% ] ;
\ Si detectors = g :
- - I \ ﬁ 1601
scintillator ’

Mass number

TKE 20 MeV 30 MeV 40 MeV 50 MeV 60 MeV 70 MeV
GEF 166.6 MeV | 165.8 MeV | 165.7 MeV | 165.4 MeV | 165.1 MeV | 164.4 MeV
9_3 GEANT4 | 165.9 MeV | 165.7 MeV | 165.6 MeV | 165.7 MeV | 165.4 MeV | 165.1 MeV




Summary nDPS.

Nuclear Data Production System

J/

Steerer magnet

Dipole Magnet \

Quadrupole magnet l SN /
' T ey AL
Beam diagnostic chamber \ 2 : 4* 4
DPS Li target chamber \ J R / o &
e o L2 <
Nuclear Data Production System ] \ g / é’ ] 4

.\ i
&' >
Carbon target chamber ’ >

\
>N
S N

Neutron Collimator\ t * 'cﬂ|'| % =
. STO|E, HEW 5 CtY SBEOf
/ Proton beam dump
NDPS: 2024 &f-& A| %
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Nuclear fission and decay processes

Compound
nucleus
Stagel: Compound nucleus formation to scission 0.1 e
0.08 L  Primary Fission Fragment Yield —— |
Microscopic, Macroscopic approaches: =
DFT, TDDFT, Hartree-Fock-Bogoliubov, AMD, ;i
Langevin...etc
Stage2: De-excitation of fission fragments
Models and codes:
J CYFP, FREYA, GEF, FIFRELYN, GNAS 2

H, EMPIRE, TALYS, CCONE, CGMF,
Yy CoH/BeoH, ..etc

- ol b b by b b b b b b I
------------ i ottt e ———
/d'n Nuclear data library T Independent FPY ——

0.08 |
’
h A'h =

0.06 | M i
Prompt neutron and photon ? TR AT ‘J‘LH‘LM“
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From Pre- to Post-neutron emission Fission Fragment Yield
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Importance of fission for r-process

abundance of elements and importance of measuring the fission fragment distribution

o0 Am Bk Es Md
HOf T T T e e T e 705 ——7-07 w7200  memem 7=]0]
o5l = E Solar >l : [ 7206 ———7=08 mwawnZ=100 weemZ=102 ]
f N I saditfn - .
N 1000 mn-_—up_—_—nn %F 10 g— iii 10__
sl T * ok > srilot :
Q5| e sttt 2 ; a Bdf>p 5[5
aa s W e e = — = (nf) > (ny) = 4 -
901:;:. Iy n dl’lp . ("fl‘) > ("f.l]] ] E 10 25_ E §
TR0 — — — | 1 = f | =
% I 3 2
105} ® 1 = 09 7 & S >~
N 100_ = " v<3 ] i :' e .
N— : : .. . . . . . " VIEQ ] ELL ol ’
0 7 RERVE 20 0 80 100 110 120 130 140 150 160 170

A
FIG. 2 (color online). FFDs from the SPY model for eight
A = 278 1sobars.
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Challenges in fission experiments

» Precise measurement of fission fragment yields over a large range!
« Thousands of isotopes to identify!

« Measurement of neutrons.

« Dynamics of fission with the neutron energies
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Neutron Activation Analysis (NAA)
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summary

RAON will provide great research opportunities not only in nuclear physics, but also in
applied sciences such as nuclear data, material, and bio-medical sciences.

NDPS is under construction for setting up experimental equipments for TOF.
NDPS will be prepared for use in 2023.
Candidates of early stage experiments are under discussion.

Please join the collaboration groups to make the best use of the facility.
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