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02 Ex-core Neutron irradiation Facility

09 Thermal Neutron Prompt Gamma Activation Analysis
01 Residual Stress Instrument

08 High Resolution Powder Diffractometer

07 Four Circle neutron Diffractometer

06 Bio-Diffractometer

05 Bio-diffractometer with neutron image plate Camera
04 Thermal neutron Triple-Axis Spectrometer

03 Neutron Radiography Facility

ffeE SHSH, EW 2E

2018 status total 19 instruments

Fully or Optional Operation: 9
— Commissioning: 5
— Out of Service: 1
— Operated by outsiders: 2
Activation station belong to other division:2

10 Guide Test Station
11 Vertical type REFlectometer

12 Cold Neutron Activation Station

13 High Intensity Powder Diffractometer

14 40m Small Angle Neutron Scattering instrument

15 Disk-Chopper Time-of-Flight spectrometer

18 KIST Ultra-Small Angle Neutron Scattering instrument
17 Bio-REFlectometer

16 18m Small Angle Neutron Scattering instrument

19 Cold neutron Triple-Axis Spectrometer

og
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5,U%°+n 2> X+Y+2~3n+200 MeV

Fission Energy

= 200 MeV/fission

= 2x108 eV/fission

= 2x108 x 1.6x10°1° J/fission
= 3.2x101 J/fission

30 MW = 3x107 W = 3x107 J/s

~ 1018 fission/s

A XHEN A= ~102 fission/s
U235 AFE 3.14 kg/day = 1 ton/y

M ELO| A2 10,000 ton/day

15

Wikipedia “nuclear fission”
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3,000 ~ 4,000 MW

LHE X2 O]
1004} O] & SGXt M=%

X 2 2% aging test

(acceleration test)
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NIST

PERIODIC TABLE

G . . Institute
'i"" Atomic Properties of the Elements st oo

Frequently used fundamental physical constants Physics Standard
For the most accurate values of these and other constants, visit physics.nist goviconstants Laboratory Reference Data
1 second = 9 192 631 770 periods of radiation coresponding to the transition physics.nist.gov www.nist.govised
belween!heMohyperﬁnelevalso‘lmgwrdswwoi‘”Cs 1 1 1 7
speed of light in vacuum c 289 792 458‘“m s {exact) D Solids |1|3 |V4 V5 V|6 V1| A 1
::m:mslanl : ?.:g;x:g“.és {h = hi2n) D Liquids |é, A : A = A AURE ot
ary charge 6022 x = | T9 ¢ |-
aledronr:\yass m, 9.1094 x 10> kg 0 cases o L c Yo 7N‘s:ﬂ 2 1S
me¢ 0510 MV [ artificially =
i Berylium proton mass m 16726 x 107 kg Prepared 0n Carton
St ek Fine-structure constant a 1/137.036 et J2oN0r:
saor | sanr Rydberg constant R, 10973732 m” wawi| Wy st
n 5,012’5 Bici 320 i3 107 13_%,|14_ %15 'S
" s R.hc 136057 eV 2 W70 2
Na Mg constant k 1.3807 x 102J K’ I 1
3 Sodum Mogrestm Aluminum Silcon Phosphons
”?:97”" 23080 3 4 5 6 7 8 9 10 1 12 ’5'_“";3“ f\'"’,"l‘ e
5_:@‘1 %}f, s v VB viB VIB Vil 1 1B 118 ”;‘f;b;’ ";_‘,’;‘3," ":‘Dj’ab‘;
19 %5,|20 's,|21 ‘D, |22 .’F; 23 ‘F,|24 ’s,|25 s, |26 '0.[27 °F,,|28 _’F. 29 s,[(30 's,|31 P32 P, [33 ‘s,
2,0 K |Ca|Sc| Ti Cr [Mn | Fe | Co | Ni u|Zn | Ga| Ge | As
!6 4 Potassium Calcum Scardium Titanium Vanadum | Cheomium | Mangenese on Cobait Niceed Zic Galium Germanum Arsenic
o 33,0863 40018 | 24955912 | 47.867 509415 | 519961 | 54938045 | 56245 | 53933195 | sasen 63546 6533 63.723 7264 74.92160 79.904
(Aries [ames’ wisses’ | g’ | ane’es’ | pasd’ss | pepc’ss’ | pagad’ss? | aged’e? | apdle’ apees | (aaaCes? | apaestes |iagse Cesep’ |agaa®esTen’ [agaaastes’ |agaaesTe®
43407 6.1132 65615 68281 67462 67665 74340 79924 78810 76399 7.7764 93942 59933 76994 97685 97524 118138
37 B, 383 'S, 39Y’D,, 4OZ |41 ‘0, 42M 'S, 43T'S.,, 44R 145 °F,, 46Pd‘$° 47A'S‘,, 48Cd'5° 491 Pl SOS P, |51 ‘3, . 153 %P,
r r o [+ u n n
5 Rubidum Strontum Yerium Zircoriam Niobium | Molybdenum | Technetium | Ruthenum Rhodum Paladum &\9 Cadmium Tn Antmony
85,4678 8152 8350585 | 91224 | 9290538 9596 (68) 10107 | 10250850 | 10642 | toressz | 1i24n | 11ests | mero | 270
B | B | v [ty | e | Giow RS Gae | Whes | BI | N | v [ n et e
55(: S SGB 'S, 72 %, 73T F.|74 O, 75R S 750 0, 7TI‘F,= 78P 0,|79 s, BOH 'S, 81T’IP,‘4 Bi) b’P, SSB‘_Sy,
] a a e S r t u i \
6| Ccosum Baum Hafum | Tanaum | Tungster | Rhenum | Osmum om | Patnum God wugy Thalum Lead Bismuth Rado
1329054519 | 187.327 17849 | 18004783 | 18384 | 1sA207 19023 197247 | 195084 | 195966589 | 20059 | 204333 2072 | 20895040 @
1Xol6s [Xepss” et ‘sa’ss” | (ejar‘sa’ss” | ixapt s tee” | (xojersa’es” (xo)« “sa’es” | (xeper'sa’se” | xepar'sa’ss mu sc “Be fpxejut‘saes  [Molo (Hoks” : Halsp >
38939 52117 / 68251 7.5496 7.8640 7.8335 4352 89670 59583 104375 6.1082 7.4167 7.2855 8414 107485
87 ’5.,|88 s, | |104 °F,2[105 106 107 108 109 110 111 112 113 114 115 116 117 118
Fr | Ra Rf | Db | Sg | Bh [ Hs | Mt | Ds | Rg | Cn | Uut |Uuq|Uup [Uuh|Uus |Uuo
7 Francum Radum Rutherk Duboum | Seaborgum | Bohrium Hassum L Da Sum| Rosnigenium | C: > Ununtiom
(223) (m)x (2“5512 2 (268) @7 (272) @) (@78) (281) {280) (285) (284) (289) (288) (293) (294) (204)
[RajTs [Re)7s’ Rajs*“e0*75™]
40727 52763 602
,ml H G'oulnd-sml 57 '0,,|58 '6{|59 “,[60 °1,|61 °H,|6 7|63 's;,|64 '0;[65 ‘Hl,|66 1|67 ‘I,|68 °H,|69 °F,|70 's,|71 O,
s La | Ce | Pr | Nd | Pm Sm Eu | Gd Dy |Ho | Er [Tm| Yb Lu
Symbol Lanthenum ymiumi Neodymi Z Europum | Gadclinium Tertbium | Dysprosium | Holmium Erblum Thedium Yierbium
=1 “ 13890547 | 140.116 | 14090765 | 144242 (145) 15036 151,964 15725 | 15892535 | 162500 | 16490032 | 167.259 | 16893421 | 173054 mssea
Ce pajass’ | paprsos® | xepres’ | preier'ss’ | preprss® | prepes’ | pxejeres’ | preer’soss’ | praplss® | pxepe®ss? | prewtsst | prepr'ss’ | (xepsees | prepees? | projeetsss®
Namo-—1 _ o m 55769 55387 5473 5.5250 5582 5643 56704 61498 | 58538 | 5389 | eo21s 6.1077 5.1843 62542 54250
o 4140116 g 89 0,90 °F, 91P‘K.-,. 92 93N’Lm 94P ) 92 *Sia 9(6: 097ty | 98Cf‘1¢ 99E T 1(":0 H, 1% ’dFia ‘Wﬁ 'S, (103 P77
2
Vot | (Xeletsdbs z| Ac a| U p| Pu|{Am|Cm s | Fm o| Lr
55387\ % Ackoim Thodum | Protactinium | Uranium \epwnum Americium m Fenmium Nobefum | Lewrencium
o <| @n 20203806 | 23103588 | 23802801 (244) (@3) (2&!) @47 (@51) (252) (@s7) (259) (@59) (@62)
Grounc-state Ragars’ | (Rojea'rs’ | (Rajsfears’ | RaisPoars’ lknw‘sm Re)sfs | Ralsns | Rasrears’ | Rajef7st | R [ Rest7s | Rajeens? | Repstst | Rost s [(Rapst 7700
Configuration E’W (°V) 53807 63057 589 61939 6.2857 60260 59738 59914 6.1979 62817 6.3676 650 658 665 497
"Based upon ’C. () indicates the mass number of the longest-ived isotope. For a description of the data, visit physics.nist.gov/data NIST SP 966 (September 2010)
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Nuclide Chart “
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HIGHLY STABLE
"MAGIC NUMBER” NUCLIDES

Different modes of radicactive
decay bead nuclides different

ways in the chart; | decays
leave them where they are

e
10]
44
K
FE
F
K
%0
50

Stability (measured in half-lives)
ecreases the further away you go

froe the central black "lne of stabslity™
-

-

NUMBER OF PROTONS, 2

NUMBER OF NEUTRONS. N

NUCLIDE HALF-LIFE (SECONDS)
100 10 10 Unknown
EEEEEE = =)

HELIUM -u8
.

n.\:(m&,l 9 %gxl‘ —¢— ¢ [(32x10')

HAtHS 7 2 EEt e S 7t LHE S E 70 B EX

radiation-dosimetry.org
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* Electric charge : 0
=MXI ol
> exfs H20 80| >urg | SO Ol8
o -C LTI,
* Magnetic moment : Yes _ siolz X} 2 |
> XA =E dHF0 80| - SRS
. - HRAle 2
« Spin:% >ZE24dTo g -
P N - - BRI AT
e Mean lifetime : 879.4 s
* Neutron energy : <meV ~ >GeV SO SO Ey =T
o o T : temperature(kelvin)
> O X|0f 2} CfYot A2 &E AF2(300K) : 0.025 eV
Name Cold Thermal Epithermal Cadmium int::(r)n\/(:ji(ate Fast
Energy(eV) <0.025 0.025 0.025~0.4 0.4~0.5 1 O(;lONOOO >1,000,000
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* Neutron wavelength > IX}/2Xt 0jM #+x 70| HE

A[A] = 9.045/,/E[meV]
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Uranium

Protactinium - —

Thorium = H-” El‘ﬁ . X-l XH%I: 'lX")
o] - HORM MR I
B e SCERED

- aiM .5~ 10 MeV
-H|E}:0.02 ~ 3 MeV

Astatine

-Zt0rM £ 0.05 ~ 3 MeV

Polonium

Bismuth * H|_|'7|:||-7|

Leng - 238 : 4.468 x 10° y

Thallium -235U:7.04x 108y

Mercury OH = EI ol

Wikipedia “decay chain”



A X} HEAH AlSH .

The range of alpha particle in the air: 2~ 8 cm

To vacuum
pump —
Unknown Proton
— radiation otons

I

3

|11\

s _— /
— e - g
:I — > To amplifier,

-
'—f I - to oscillograph
Po —
Source Be

Po 412 2| E, =5.4 MeV

/

L
=

| Paraffin wax

o*+ Bel 5 C2+n+5.7MeV (EMX = SE < ~0.01%)

S| 2|, WS a|st
Wikipedia “Discovery of the neutron”



Nuclear Binding Energy :
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%_' Fusion
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" Nucleon Binding Energy i
.’ i
o W | | 1 l | | l ] 1 L l
i} 20 40 &0 BO 100 120 140 160 180 200 220 240

Number of nuc leons i nucleus, A
(@] rel == . .
- Ao HEk <« A +S IR 2 E S (nuclear binding energy)
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>~ HF o ;
SR EA S :
= Alpha-induced reactions (RaBe, PoBe, AmBe, ...)

- °Be(a, n)2C + 5.7 MeV (Neutron yield : 15 x 10° n/s/Ci)

= Spontaneous fission (2°2Cf)

252Cf(sf) 134Te + 115Pd + 3n + 212 MeV

Neutron yield : 4.4 x 10° n/s/Ci (2.4 x 1012 n/s/g)
= Neutron-induced fission (HANARO, Power reactors)
- 235UY(n,f) B34Te + %9Zr + 3n + 185 MeV

= Fusion reactions (neutron generators, KSTAR, ITER)

- d(d,n)®He + 3.3 MeV, t(d,n)*He + 17.6 MeV

Ci: Of &% 370971 9| /X7t 21|5t= HrAts
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e >, i WL AR et

192 15193 "L..j 94 F, ‘95 °S,.4 96A 03 9‘7 ‘HT,... 98 1,199 “N,;[100 *W,1101 °F, 1102 's, (103 P

] ] ¥
U | Np/| Pu | Am/|Cm |Bk{| Cf |'Es [Fm |Md | No | Lr
Uranium Neplunum Piutonium Nnencurq Curum ae«du‘} CeMornium | Binsteiaum | Fermium | Mencelevium | NobeSum | Lewrencium
zmozen | @i | @4 ey @) | r@ant | @y | es2) (257) (259) (259) (262).
RasPsars’ | Rasssarst | Reisfrst | firaisnst | musecrs’ fRn w’u Rs“7s® | Mreist"'7s® | Ropsers | Repst et | (Reps™7e’ RSt 787702
5.1639 62657 \| 60260 |/ 59738 V| sweta |/ eror9 \| 62817 |/ e3676 6.50 6.58 6.6 497
4 4 \

~ PR
_________

‘ ‘ ‘ + neutrons

9,PU%* : 920 n/g
96CM?>0 : 1.6x10%% n/g

9gCf?°2 1 2.4x10%%2 n/g

U8+ 14xn > o,Cf252 7t > 25 MS$/g (7HE HI 4 &4

|_—|—)

AXE M3 XY : 252¢f, AmBe, RaBe S

31



%7 0| & 58Xt 2 :

* Proton neutron(p, n) grs
HFHE7| e

I':|2

7t% 7| (eg. cyclotron) O| &

=Y
- AXNHD I E 2 J A (T E Be AHE)

2
—
Li7 (p,n) lin-log
; Be® (p,n) lin-log
o | W ' '
§ ¢ Proton —_—
Iz Deuteron — — —
A I I I e«=— = -4
[ 10 | === E
| = =
i S g~
1 i = 2
ey 2 o z
..,._‘m a g 10,2 1 /// -
c 4P
S 4
5 !/’
10 M L
z
nnnnnnn gy [ { 103 |
. o) . Lithium =——s—
’Li(p, n)°Be - 1.65 MeV Beryllium —e—
F—— - - 2R |  — — S i 2 1 1 Tantal
1Med 26 M BMeV e 26 M v e 104 1 1 L
nnnnn oy 20 40 60 80 100

Energy [MeV]

%Be(p, n)°B - 1.85 MeV
(p, n) Neutron production yield

JANIS Book of proton-induced cross-sections
Scientific diagram
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SR

- BN Z oY, MEAR IR 480l 58
- AR A V= hE

Reaction Melting Thermal Radioactive Gamma to
point Conductivity products neutron ratio
’Li(p,n) 'Be 7
o Be 0.4
[Eh:1.9 MeV] 181 °C 71 W/(mK) [E,, 1.9 MeV] @E, TMeV
°Be(p,n) °B o 'Be 0.25
[E:2.1 MeV] 12877°C 210 W/(mK) [Eth:13.4 MeV] @E, 7MeV

RFT30

30 MeV Cyclotron

Radioisotopes production

QUXFZIOI LI REALY K| QO 2 T 7| 7|t

SRR 0 E

= (up to 2023)
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Photoelectric effect)
At =2 BtS

A
A2k (Compton scattering)

At =2 HS
M7 (Pair production)
SISESIE L WU ECIN0 ([E PN

22 (>1.02 MeV)

1%



Incident photon, Ej Transmitted photon,

&WWW Enr =E,

- photoelectron

I. characteristic X-ray
L -= K transition

| Hucl&us@ |
c L 7
v oV WWEd photon

N~/ Er = Eq
A Iy
§ ol ]
o o recoiled electron
o
- T "““--..._h__h
e T N A T al ™ %)ﬂ‘ .........
o A

“\.. scattered photon

E, < E,

A. TRANSMITTED
UMNAFFECTED
No interaction

B. PHOTOELECTRIC
ABSORPTION
Collision with a tightly
bound inner-shell electron

C. RAYLEIGH
SCATTERING
Elastic collision with a
bound outer-shell electron

D. COMPTON
SCATTERING
Inelastic collision with
weakly bound outer-shell
electron

42

X-M Of| 4 X| 7} MR} A X| 22k 0f| L K| Q] 2 (>1.02 MeV)7} U= ZR0|=

K- KA A (pair production) 244 &4 ACf S|, gLt

Internet search image



Cross section (barns/atom)

r—y =
saI-E

-1

Gtoi, experiment

Cooh
(1)
10
/ \
'fcincuh s "“,'.:;“
10_2_ VA ] h\l/}'-l [
10 108 105 107 109 10"
Photon energy (eV)
Fig. 3-1. Total photon cross section Oy, in carbon, as a

Sfunction of energy, showing the contributions of
different processes: T, atomic photo-effect (electron
ejection, photon absorption); O, . coherent scai-
rering (Rayleigh scattering—atom neither ionized
nor excited); Oi.op , incoherent scattering
(Compton scattering off an electron); K, , pair
production, nuclear field; k., pair production,
electron field; O ph » photonuclear absorption
(nuclear absorption, usually followed by emission
of a neutron or other particle). (From Ref. 3; figure
courtesy of J. H. Hubbell.)

(Cross Section)

43

108 .
M
W
S_, X A%, |
(]
2 o
| i
: B coh 2
S
g 102 | -
w AL Oy
2t . Kn -
= / N/ %ph
© 100 - // /— OO
| /7 Cincoh "' \ Ke |
/ ¥ o N
10—2 7 4 | L 1 x '°\h | \4
10 108 105 107 109 10"
Photon energy (eV)

Fig. 3-2. Total photon cross section 0y, in lead, as a
function of energy. See Fig. 3-1.(From Ref. 3;

figure courtesy of J. H. Hubbell.)

X-Ray Data Booklet
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X-rays (100 keV)
—m— Thermal neutrons

100

(6/,w2) ‘18101200 UoneNUSNE SSEe

Atomic number
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Thermal Neutron Cross Section of the Elements

This chart shows the thermal-neutron absorption cross-sections (¢.) of selected elements”

\ The cross-section of an element is expressed by the area of each bubble.
/ =200 ___‘__\
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N © VO SN S QA cf
P S P PR PEFE N PR RXPAUP P OER Cpe OO
O\/'\ mQOOO’“OO\)QQOQOOQ‘,a.,,\x‘.\\.. =
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N Q.0 0 9Q V0O OVOVO QO V000 Q Q9 ~ < A - All of e cross Secton data & 101 a natural sample
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M H==H}I S
X d=4S
n+3He - 3H +1H +0.764 MeV
Abundance
Element | Isotope (%)
n+°%L —%He +3H +4.79 MeV 3He 0.0002
He
a 99.9998
n+ 1B —7Li* + 4He 6; 7.59
Li :
— ’Li + *He + 0.48y + 2.3 MeV (93%) 10L|; 2(2).:)
] .
S 7Li + 4He + 2.8 MeV (7%) - =
155G 14.80
Gd 157
n + 1>°Gd — Gd* + y-ray — conversion electron G 05

n + 1°’Gd — Gd* + y-ray — conversion electron
n+ 23U — fission fragments + ~160 MeV

n + 23°Pu — fission fragments + ~160 MeV
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5Li + n — 4He + 3H + 4.8 MeV

0.3 mm thick
20 % efficient

A 4

Neutrons in
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Scintillator
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S 8%t

S dE a0

= 7ZnS:5LiF

n +°Li -> “He + t + ~5 MeV

Resolution from 150 um to 300 um,
Thermal stopping power of 20%

High light yield (10° photons / neutron)

* GadOx (Gd,0,S:Tb)

Gd + n -> e-, energy £ 71 keV per neutron capture on
average

Resolution ~10-20 pum

Thermal stopping power up to 80%

Low light yield (103 photons / neutron)
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3He S/ X} A&7|

H.V

nheutron

cathode

3H\<1H

| | -
anode 11 B Slgnal

3He detector =
Preamplifier

n+3He —3H + 'p + 764 keV
o =5333@1.8A [barn]

~25,000 ions and electrons produced per neutron (~4 X 101> C)
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H.V

nheutron

4He\<<:}u

cathode

— Signal

11
anode 1

10BF; detector =
Preamplifier

n + 3BF; — “He + “Li + 2.3 MeV
o =3837@1.8 A [barn]

~65,000 ions and electrons produced per neutron (~1 X104 C)




He, BF, S4%t ZE7I

Various He-3 and
BF3 Proportional Counters

AS7| U2 YALEIE SR IHR Y > W 9K 2T



*He 8%t 2&71 :

3x10°*
Vertical configuration, V1,V2,V3 scans of NaCl (2 2 0)

i

Intensity

Angle 20

Horizontal configuration scan H1. H2. H3 of NaCl (2 2 0)

3x10*

2x10*

Intensity

Angle 20

A= &34t 7t2 S
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Carbon Black Boron Binder

20-50 um
Al Substrate
2| 0| XHX| ST MZ7|=2 0|8%10 GFoM, MM I ™EAHO| 22 4 B8 Hl=

o
EEA: HEEY 4 Ho HY|HEd FO

"
HEQIL): 2 AQIX} 7F = 2 A9} substrate ZH0j| Z%H2] £
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10 =4t 7|vt SEX EE "

Al substrate

|
= [T
0.02 mm gold p}ulcd tungsten wire
SEI 10.0kV X15,000 14m WD 8.0mm S  —
Fabrication of the boron coating layer by sputtering L= . [

Detector assembly
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Typical “aircraft cruising altitude"

1

Class A Airspace

Class E Airspace

Class B, C, D, G, E... Airspace

< 0.5n/cm’s g
— Altitude ~ Skm ,
— / n
n
Denver ~1.6k
s, 2

High energy primary cosmic ray

(proton, electron or heavy ion)
Altitude ~36km

Terrestrial cosmic shower starts —_'LZ—H\‘ %é’,’ x"'?‘l_-l 7 H HEI-
—_— n
} P 1
—o:tlgitugl: ~19km .
nlcm's <
H o
neutron flux (for E>10MeV) K| KO Bk
< 3nlem’s -
Altitude ~13km /n/ : ﬁ
Altitude ~ 9km i = A
0.1n/cm?’s < / . Hl %:fl‘” T 320 X"
neutron flux (for E>10MeV) P e ~2,000 n/cm?2h

Altitude ~ Okm
0.001n/em’s < =

—  Miami ~0km neutron flux (for E>10MeV)| N 7H SdA
< 0.004n/cm’s ~20 n/cm?h

Neutron flux for E>10MeV ~ Neutron flux for 10MeV>E>1MeV
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AXIOS-MAX: THEORY OF XRF - GETTING ACQUAINTED WITH THE PRINCIPLES



