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BEREBHEXHRETAIE (B-ray-Induced X-ray Spectrometry: BIXS)
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é Example of the Observed X-ray Spectra for @
m Tritium-Exposed Stainless Steel (SS 316L) Samples

[Collaboration with JET] 1. Measuring Device]
120 - IAIr(KIoc)I T Sl(Ka):174 keV

/ Sample: SS 316L I‘ [2. Working Gas]
Conditions of _ Ar(Ka):2-96 keV
Tritium Exposure: Ar(KB):Blg
Temp.: 770K |1 [3. SS316L Sample]
g?enszijfeq ggol/fPa | MO(LQ):2'29 keV
Time: 8 hr Cr(Ka):5-4l

- Mn(K_)=5.90
Cr(K;)=5.95
Fe(K,,)=6.40
Energy of X-rays, E / keV Fe(KB):706

Example of X-ray spectrum induced by p-rays emitted N!(Ka):7'48
from the surface and bulk of SS316L sample. Ni(K;)=8.26

Both of bremsstrahlung and characteristic X-ray peaks appears in the
spectrum.
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(% Application of BIXS to Measurements of Ad- and
Absorbed Tritium

Configuration of divertor tiles(Mk I1A) Poloidal distribution of tritium in
and the measuring spots surface layers (<1um)
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Measuring spot

Inner Divertor Tiles

/l

, / f Change in the intensity of Ar(K,) X-rays with

\ ‘ . the measuring spots (89 spots)

/ zoreuow — Distribution of tritium retained in surface
layers of the JET divertor tiles was

SR OUE ] examined by BIXS, where a complete

HZ-DTE1/1BN6

HZDTELIBNT set of poloidal tiles was employed. 9
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2 Simulation Procedures of the Observed X-ray Spectra (1/3)

1. p-Ray Spectrum of Tritium

The energy distribution of B-particles, N(E), | IIIIIIIIIIIIIIIIII' |
emitting from tritium nuclei can be approximated AN ATT
by the following equations: SN LA T,

IliNs==YZENRNANNR
N(E)={af1-exp(-@)]} P.(tot) E (tot) (E..-E.)?>--(1)

R
a=(4137C)[ E(tot)/ P (tot)], --(2) 11/ N
IIIHIIIIIIILIIIII

AN,

/NG

E.(tot) : total energy of an electron.
g . 2 4 6 8 10 12 14 16 18
Ee : klnetIC energy Energy of B-particles, E / keV

E. .. : maximum energy of B-rays,

C : speed of light

Fraction of B-particles, F / -

dN/dE(Normalized at 2.5 keV)

E (tot)= E(rest) + E, B-ray spectrum of tritium and
and fraction of (-particles
P (tot)=[( E.)* + 2E(rest) E ]°>/C




25 Simulation Procedures of the Observed X-ray Spectra (2/3)

2. Conversion of g-Rays to Bremsstrahlung
X-Rays

On the assumption that the Wyard's equation is valid
for tritium B-rays having successive energy
distribution, the bremsstrahlung X-ray spectrum can
be given by the following equation:

N(K)/dk=(a/1.25)[4(1-K/E,) + 3(K/E)In(K/E )k, -(5)

K (k<E,) : energy of bremsstrahlung X-rays
 : radiation yield

w~Z E (ZE, +800), ---(6)
Z . atomic number of a material containing
tritium

Intensity of bremsstrahlung, | / arb. units

'8 10 12 14 16 18
Energy of X-rays, E / keV

Bremsstrahlung X-ray spectrum
emitted from an unit thickness.




3. Attenuation of Bremsstrahlung
X-Rays in the Tritiated Material

Attenuation of the intensity of brems-strahlung
X-rays generated in a given
depth of tritiated water can be basically
expressed by the following equation:
1(K)=1,(K)exp[-£(k)d], -—=(7)
|, (K) : intensity of bremsstrahlung X-rays
converted at a given depth in
tritiated water
1(k) : intensity of bremsstrahlung X-rays
emitted from the surface of tritiated
mateial
L(K) - mass absorption coefficient depending
on photon energy (u(k) =4406.8k28%7)
d; : traveling distance measured from the
surface
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Energy of X-rays, E / keV

Final bremsstrahlung X-ray spectrum

The discontinuity appeared around 12 keV.
This is due to unclear mass absorption
coefficients in the vicinity of the absorption
edges (L, and L) of gold.

(Range of B-rays in tritiated water : 0.6 pm)
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Comparison of the observed spectrum with Tritium depth profile assumed to reproduce
the simulated one. the observed X-ray spectrum
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SS316L (15x15%x0.5 mm3)
1) kKEZEHH ©, @, @
(2) 7S XATBEERH: @
QUEST 75 XV ERE: -
201685EF-E
(EZFHESER)
BETXHR
EBESREE : 393 ~ 673K
F|IZEEZTE : <1x10°Pa

b1 F o LS RBRER (I RERER)
JFOLARDESR : 1.3kPa
M F O LIRE  0.5%KU5%-T

MU F LA : BIXSRArFHER)

Bare SS316L samples ]
Plasma expo.] (Air expo. after
at 393 Kin | degassing at
QUEST 673 K in vacuo

L 2

[ Degassing at a given temp. [ Degassing at

(T=393~673K) 673 K in vacuo

]

| 1

[ Tritium exposure at a given temp. J

(T=393~673K,t=4h,P=1.3 kPa, C=0.5 or 5%-T)

|

Cooling down Recovery of :
[at oo temp. ™ residual tfitium ®P Evacuation (~18 h)

]

3

[BIXS Measurements}
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Counting rate, N / counts min™ (AE)™

0.05
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Sample: QUEST Plasma Exposure
Tritium Exposure Conditions:
Exposure temperature: 393 K
Pressure of tritium gas: 1.3 kPa
Exposure time: 4 hr
Tritium Concentration: 0.5%-T
Measurement Time: 100 hr

—e—: Obs.| |

0.5%-T |

Ar(Ky)

0.02 cpm

° ° e s i -
A B ... 1 M
2 4 6 8 10 12 14 16 18

Energy of X-rays, E / keV

Counting rate, N / counts min™ (AE)?

0.05

0.04

0.03

0.02

0.01

0.00

| To5AIKREZH K |

Sample: Bare SS316L
Tritium Exposure Conditions:
Exposure temperature: 393 K
Pressure of tritium gas: 1.3 kPa |
Exposure time: 4 hr
Tritium concentration: 5%-T
Pre-heating temp. : 393 K
Measurement Time: 100 hr

Ar(Kep) ]
I ]
_ ¥ 0.11 cpm |
L 5%-T

0 2 4 6 8 10 12 14 16 18

Energy of X-rays, E / keV

EREHTMERBER -F)FOLBEZEL-EICEBINXEBARIML
(MNEVHESR 393 K. M) F LBREEE: 393 K)

- TS5ARERRAM : 122 MBg/m?2, TSXIRBFEFA: 66.9 MBg/m?
TSARBEAMDORFEIRBEAHD2MEEE: REBEOZE(?)
-FIBXIREENIBHTHEL: MERNEADBFEEFRELL,
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Sample: QUEST Plasma Exposure Sa_lr_nple: Bare SS316L N

‘T/'_\ Ar(K,, ») Tritium Exposure Conditions: :'\ Tritium Exposure Conditions:

L Exposure temperature: 623 K L 40 Exposure tem_perature: 623 K

3 40 Pressure of tritium gas: 1.3 kPa 3 40F Pressure of tritium gas: 1.3 kPa 7]
- Exposure time: 4 hr - Exposure time: 4 hr

E Tritium concentration: 5%-T g Tritium' concentration: 5%-T

Measurement Time: 60 hr 30k Pre-heating temp. : 673 K

@ 30 - *UE) ' Measurement Time: 50 hr

c

2 5%-T 3 . .
= 23.3 cpm S Lol 5%-T |
< " < 4.40 cpm

Q 1 = -

© Fe(K, &

a 1.0 ( ) 2 o 10} Ar(Ka,B) i 2
c [ Cr(K, c :

= Ky 14.2 GBq/m = s Fe(K.) 2.0/ GBq/m
S | k., 1N ) e | i o) . .
O oo ../-J.\-r—.-".wﬁnr n . . O o0 a—é&——&ﬂn . . . L . .

0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Energy of X-rays, E / keV Energy of X-rays, E / keV

Cr(K,) 056 EREEHTMEER - M)F O LKERE Cr(K,)

Fe(K,) (MNEAHES 673 K. RUFOLMEEE: 623 K) Fe(K ) =0.65
TSATBERY
Ar(K )DsRE: 5fFLlLE
IR EXIRE — O DI : Cr(K, ), Fe(K, p)

cr(K )/Fe(K,) : TSXIRZRE < RIEFaH
CRERIFILEREIESV., EINMILEL, 18
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é - Sample Plasma exposed SS316L |
g | | —m—Ar(K,p)
S —0—:Cr(K,)
S 8t ‘Fe(K,) 7
~ —w—:Ni(K,)
0
S T '
<
S
24T ]
'n
c
)
£ 2f ]
X
m /
)
al 0 \ — W
300 400 500 700

Temperature of heating and tritium exposure, T / K
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TJS5AIKREBEZHABTON)FOLREEZLTIE
—INEBEREEZLTIL. H ABREEEZEFE (393 K)—
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07— T T T T I » == 8 '-l—
Sample: Bare SS316L I\ J ? Ij -L\jj X H%E% /A1 : 393 K

Tritium Exposure Conditions: ]

Exposure temperature: 393 K

Pressure of tritium gas: 1.3 kPa

Exposure time: 4 hr 7]
Pre-heating temp. : 393 K
Measurement Time: 100 hr

'1_' 393 KINEBER,
00 | =) | 393 K T-BREE
Ar(K, ) trace

&Lﬁiﬁ-—-
1
0.00 -

0 2 4 6 8 10 12 14 16 18
Energy of X-rays, E / keV

» N =| rh:bs“ <
BEAFEL !
73 X&Euﬂ 52, A .
Sample: Bare SS316L
Tritium Exposure Condition: ]
Exposure temperat re: 393 K | . |
Pressure of tritium gas: 1.3 kPa

0.15 Exposure time: 4 hr 400 500 600 700
Ar,) T pre-heating temp. : 673 K

Measuremen t Time: 48 hr _ Heating temperature, T / K

T T T T T
| Tritium exposure temperature: 393 K

0.15 -

iy
o

o

(o]

T T
1

©

»
T

1

Counting rate, N / counts min™ (AE)™*

©

~
T

1

©

N

T T
([ J

1

0.20 ————1————

Intensity of Ar(K,, ) X-rays, | / counts mint

o
o

& [g;g Eﬂ”%ﬁfﬁ] A, FIFH LRRR A RARERENFEC
w1 1] 2 | TUmBSRRECEESND,

ot s -
4 2. 623 KCOMMHRI LY RIFBA B

Energy of X-rays, £ / keV. ':i%)_‘"] L7=. E']'é\ [&% . [&llﬂ(:%ﬂbélﬁ P4
Sample: non-exposed SS316L T AEDEHEERELTND,

Counting rate, N / counts min™ (AE)™*
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Intensity, Ifa. u.

BT
T

Intensity, ffa. u

Intensity, '/ a. u.

1 1 1! 1 1 1 1
T35 T30 TS T2 TI5 TI0 TOS  TOO

8590 B35 3390 875 870 2865 BE0 B55 350 345

_I 1 1 PR | 1 L] 1

=] 595 530 535 30 575 570

Binding enreqgy, Eg/ eV Binding enregy, Eg / eV Binding enregy, £z / eV
< NiZp (80= sputEred) >

60D R/INYR) G (B nmD R/ R) 7)) O REIKREXIKRECEL.
= Cr: 573 KCERBIRREDCriAHIELIRH 1=,

= Fe: B R CTERIKREDFe A ZBDHBMN ., 573 KTIXIXIETT.

= Ni: Z;R CERIRDNINEFRIND
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T5RAIKBEEABTOMNFHOLEREEELT L
—INEESEEBETE(673K). T RABREEEEZZT{E—

<08

—
-1

< 6 . . 110* "=
k= 110 =
g Sample: Bare SS316L ] S
%) Vacuum heating: 673 K = - 2
c — . />

3 : heated at 393 K i ? o 3
2 (m: heated at in vacuo) PY % . e 2
= D

= 4}t g c < 105 RN .
g ' £ . g

/
? ’ = &
= 7 F=E 10° X
3 / 5 & .. 3
\x-/ 2 F 7z g "? n é
S , 5 S
s - 3 =
- e} , -
2 6.1 times =T - ] n 109 | | ® : Ar(K,g) X-ray intensity | 2
g T— """" I |— - - = Reference Data of Solubility | g
E 0 | 1 . 1 . 1 [ 1 . 1 . 1 10—1§
400 500 600 1.5 2.0 2.5 3.0

Exposure temperature of tritum gas, T/ K Reciprocal temp., T /1000 K*

Degassing temperature: 673 K

N)FOLREBEIEIHABREZIED

Solubility of tritium in SS316L.:
S [at.fr.Pal?] =5.8x10% p¥2 exp(-13.1 [kJ/mol]/RT)

(Ref.) F. Reiter, K.S. Forcey, and G. Gervasini, “A COMPILATION OF
TRITIUM-MATERIAL INTERACTION PARAMETERS IN FUSION
REACTOR MATERIALS”, EUR 15217 EN, (1993)
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Counting rate, N / counts min™ (AE)*
o o
o
ol o

0.00
0.15F  Ar(K,p) Cr(Ka) Cl]
0.10 | j Fe(ka)§ ]
P I
0.05 L ‘I l i Evacua. temp.: 673 K _
[ ' liells  T-exposed temp.: 393 K |
0.00 MW IM—-&—--I—_.I-

i Evacua. temp.: 393 K  _

B ArKap) T-exposed temp.: 393 K |
L

Ar(K, Bl |
"(Kap) Pre-treatments: .

Air exposure after
annealed at 673 K

Fe(K,) In vacuo.
Cr(K,) Evacua. temp.: 393 K

S % —=——use-0

! ga 'y T-exposed temp.: 393 K 1
I ! I ! I

0 2 4 6 8 10 12 14 16 18

Energy of X-rays, E / keV
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AEHE I aL—avIitkYEESINTFR)FOLRESS M
— HRBERE: 623K —

A

O g™ == == Vs 2016.09.06
5.0 T T T T T T T T T 7 7Z Q H%E% Eit*}l- 1.0 T T - : . , |( | )
Sa_mple: QUEST Plasm_e_l Exposure Ar(K,, 5) Sample: QUEST Plasma Exposure
Ar(K,, ») Tritium Exposure Conditions: Tritium Exposure Conditions: i
a0l Exposure temperature: 623 K | T T T T

Exposure temperature: 623 K
8 Fe(K,, e
g (K Pressure of tritium gas: 1.3 kPa
Exposure time: 4 hr
Measurement Time: 60 hr

Pressure of tritium gas: 1.3 kPa
Exposure time: 4 hr
Measurement Time: 60 hr

0 e—ohs] |

Sample: Plasma-exposed SS316L |

e
2

0.6 -
Cr(K,)

20 e

Relative tritium concentration, C / -

8 | & ‘E‘ Nl(Ka)

8 10 12 14 16 18
Energy of X-rays, E / keV

3 . s &Nk o 50 100 150 200 250
A 1 o,
M‘k — Depth, d /um

0 2 4 6 8 10 12 14 16 18 Depth profile used for analysis of the x-ray spectrum observed for
Energy of X-rays, E / keV plasma-exposed sample.

2
$S316LH TORHR D i HHiF & 14.2 GBg/m

=0.22 um (5 7kev) ] EEH,;%E'EKH ------------------------------------------------------

Counting rate, N / counts mint (AE)*
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Tritium is unusual in not emitting a gamma ray

in addition to the B-particle. No electromagnetic [Target Atom]
radiation comes from the nucleus.

[Tritium Atom] &e“'
*
-parti
B-particle s
s&xa“\““

However, the B-particle produces radiation as

it plows through the nearby matter. There are

two kinds of radiation: bremsstrahlung and » -
characteristic x-rays.

Characteristic X-rays

Penetration power of X-rays induced by B-rays is remarkably
higher than that of original B-rays !




Application of BIXS to Evaluation of Tritium @'
Retained on/in Materials

N (Surface)>>N.. (Bulk] N (Surface)<<N_ (Bulk]

- Surface >

1.2x10° Bg/cm?2

(Bulk)
(~0 Ba)

(Sample 1) (Sample 2)

Sample 1: most of tritium is retained on a sub-surface layer.
Sample 2: surface activity of tritium is low, but uniformly distributes in the bulk.

Thus, surface activity of sample 1 is much higher than that of sample 2, but the total
amount of tritium in sample 1 is much lower than that of sample 2.

If we have measured these samples by using a conventional 3-ray detection method,
we may misunderstand about safety of tritium.

Escape depth of B-rays is very short in a solid material, whereas penetration depth
of X-rays induced by B-rays is about 1000 times longer than that of 3-rays.

Thus, utilization of X-rays is advantage for evaluation of tritium retention in a sub-
surface layer and/or bulk.
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X-ray intensities depend on
(1) amount of tritium

(2) depth profile of tritium
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Source: Tritium
\ *H--->He+e +v +Q
\ Maximum Energy: 18.59 keV
Average Energy: 5.70 keV
\ Max Intensity: 2.50 keV
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FEEXER D
@(Ma): \
1.77 keV
Ar(K,, p):
2.96, 3.19 keV
Ti(K,, p):
4.51,4.93 keV
Cr(K,, p):
9.41, 5.95 keV
Fe(K,.p):
6.40, 7.06 keV
Ni(K,, )
7.48, 8.26 keV
Cu(K,,p)
8.05, 8.91 keV
W(L,):
k 8.40 keV /
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Cr(K-Abs. Edge): 5.9888 keV
Cr(Lgs 4): 0.654 keV

Fe(K-Abs. Edge): 7.1112 keV
Fe(Lgs4): 0.792 keV

Ni(K-Abs. Edge): 8.3316 keV
Ni(Lgs 4): 0.941keV

BERIIFEHOIRIILF—KEFE
14, (Cr) = 9579 E -276143

(1.00 <E <5.99 keV)

1, (Fe) = 13885 E 2829
(1.00 <E < 7.11 keV)

1, (Ni) = 14616 E -271803
(1.00 <E < 8.33 keV)
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= Cr: 673 KCERBIRREDCrAAH IR,

= Fe: 573 KCERBIRREEDFeNHIELIED . 673 KCTREITIETT.

= Ni: ERDIRETERIRONMNE SN, EELRICHF-TEREMWMEEN—BIHX



