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15| activation foil (HM12-C)
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15|n foils properties:

* Diameter, Thickness 25 mm, 4 mm

* Volume 1.9635e-06 m?

* Mass 14.35g

 |sotopic fraction 0.9571 % °In and 0.0429 % *3In
* Number of **In atoms 7.2075 X 10%

¢ Atomic density n 3.6708 X 1022 m3

* Position (centre) R=201.17cm,Z=10cm

. Half-life 4.486 h ﬁ.
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5In activation campaign at MAST U:
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Indium activation foils used on 4 days in October of MUO1: 8", 15%", 22" and 28"
Pulse Pulse Time SSAt SW 4t EC At EC Of FC At | ECYield | Scaling
Time (s) (s) (s) (s) (s) (s) (x 10713) Factor
45212 11:56:00 AM 0 0.340 0.340 0.728 0.323 0.405 0.548 1.712
45214 12:4400PM| 2880 0.343 0.703 0.323 0.380 0.276 0.916
45215 01:42:00PM| 6360 0.600 0.700 0.100 0.600 0.1456 0.000
45216 02:14:00PM| 8280 0.556 0.597 0.760 0.160 0.600 1.152 3.478
45218 02:43:00PM| 10020 0.277 0.600 0.717 0.105 0.612 0.3458 1.120
45219 03:03:00PM| 11220 0.600 0.298 0.719 0.100 0.619 0.8672 2.645
45220 03:42:00PM| 13560 0.299 0.706 0.403 0.303 0.07365 0.000
45221 04:02:00PM | 14760 0.599 0.300 0.707 0.104 0.603 05276 1.652
2.7145 3.034 4122 3.93585

Reference 44863 0.7054
45006 0.3419

pulses 45083 0.109

Gam ma_rays y-ray Start time End time

ts spectra

measuremen Start 04:2650 PM| 16250

End 102767.65
| Reference | Estimated i

TRANSP S%t%p Pulses | Flux (Um2s) m(t;r)"e

runs for SW 45083012 1.152E+11 0.4

reference sS 45006U13| 1.097E+12 0.4

pulses SS +SW 44863U10| 1.639E+12 0.4
SS + SW 45212003 1560E+12 0.4




Activation
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Rate at which activation interactions occur in the folil:

R =¢VX ¢  average flux [m2 s?]
V  foil volume [m?]
>} macroscopic cross-section averaged over neutron spectrum [m]

Assumptions:

» Foil is so thin that ¢ is not perturbed,
* (¢ is constant,

» Target burn-up is negligible.

Rate of target nuclei being activated

AN (1)
dt

= R— AN(t) A = In(2)/t,» decay constant [s7].
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15In activation
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Incident neutron data/ TENDL-2019 I In115
I MT=4: (z,n’) | Activation products

10

r Indium 115 ground state production
r Indium 115 1st metastable state production

0.1+

0.011

Cross-section (b)

0.001 -

1E-4—

1E-5

T T T T
01 0.5 1 5 10

Incident energy (MeV)

Threshold at about E, = 0.35 MeV
I

115In_|_n _>115m In

15mTy 15 In 4~ 95 %, E, = 0.336 MeV
(branching ratio 46 %)

115mIn _>115 Sp + 6_ 5 %

Average cross-sections:

<o>=0.3074 barn FEn€(2;3] MeV

<Y >=<oc>n=11285 1/m ﬁ.



Activation after single irradiation
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Number of target nuclei being activated after and irradiation time ¢; (assuming N = 0 at
the start of the irradiation):

Ale)

Activation after and irradiation time ¢;

A(tz) = A (1 — B_Ati)

= AN activity
%0 saturated activity (t = oo)




Counts on detector (after single
L Irradiation)

Post-irradiation detector counts with measuring time between [t1, t,):

C = cA(t;) [? e tt)dt + B € detector efficiency (at appropriate energy)
' B background counts
AOO —At; At; — At —At
CIGT(I—e ’L)e Z(e 1—e 2)—|—B
Saturated activity: Neutron flux from measured counts:
AMC —B

Ay = _ ( ‘ ) b = A_OO

€ (1 — e i) erti (=M1 — e—At2) YV

2B
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Activation after multiple irradiation
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A{'?J A T = ﬁ%dl‘ﬂ-‘rlbu PL-O-‘FE
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Irradiation phase: N (t;) = N(t;_;)e Mti—ti-1) 4 % [1— e At—ti-0]  since At —ti-1) ®2x107° <1

Q

N(ti—1) + R(t; —ti—1)

Post-irradiation phase: N (tj;1) = N(t;)e  Mtit1—t) Mtiz1 —ti) =86 x 1072 < ii
TN

]
N(t)[1—Atix1 — ti)] "
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Neutron rates for the 8™ of October

UPPSALA
UNIVERSITET

Ch. 1: — /ANU/FC/DETECTOR! /NEUTRONS DG 45212
Ch. 2: — /ANU/FC/DETECTOR] /NEUTRONS DG 48214
Ch. Zx —— /ANU/FC/DETECTOR] /NEUTRONS DG 45215
Ch. 4z — /AN FC/DEFEDTDRI HEUTRONS_DC 435316
Ch. & —— JANUJFC/DETECTORT HEUTRONS DG 46218
Ch. 8 — JANU/FC/DETECTOR I /WEUTRONS DG 46227
L | T T T ‘ T T T T T T T T T _I
an0— —
0/ . Neutron flux is not constant
i . during irradiation!
? pai i) ; ;
2 L o
; — —
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3 — J ¥ —
L ., 4
10— —
i i _
50— /\ ‘ h “ \u ]
B T T b At '“I |J' ; ] ]
S S v :
a.o I 4 | 1 1 1 | 1 L | 1 1 | 1 1 1 | 1

oo 0.z o4 o8
time [s]

o
t
o




Activation with

A
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Rate of target nuclei being activated

AN (1)
dt

— R(t) — AN(2)

Assuming that the neutron flux is equal to
the neutron rate (unit area) and ignoring
units:

 Exact numerical solution with time
dependent Y, (¢)

* Approximate solution with time
independent Y, = <Y, (t)>

0.3 % difference in the final activation.

non constant neutron flux

Flux

Population M(t)
s ka 3
o m Wt oW W
4] [ [4:] [3:] [4:]

n .
1]

L)
t t

[=] 5] Ra Ra Fa [4%)
L LI B e e L e

[T 5 T o TR L N L I 1%
T

Pulse 45006




Estimate of the neutron flux at the
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Two different approaches:

 TRANSP/NUBEAM for direct neutron flux with the addition of the scattered
contribution either from “best guess” or MNCP,

* MCNP to provide the flux per simulated particle at the activation foil and at the

FC which is then scaled to match the neutron counts on the absolutely
calibrated FC.




Estimate of the neutron flux at the
g activation foll

TRANSP/NUBEAM used to estimate the 2.5 MeV direct neutron flux (with 44/44 energy fractions),
Scattered neutron flux (ideally via MCNP) or assumed to be a certain % of the direct one,
Attenuation due to the 0.7 mm thick SS thin flange,

Neutron/~-ray self-shielding in the *°In foil.

i €<RZ‘, Zz)

TRANSP/NUBEAM calculates the axis-symmetric
neutron emissivity in toroidal tubes:

e(Ri, Zi) Z; \

[cm3s]

Ve volume




Direct neutron flux at the activation foll
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foil
y A ////?
R. 7 2 Isotropic neutron emission from each
=(fi, Zi) volume
/ d
7 // A
. S AV = _90‘/6
N // » // - ASO 27T
\\\\\ / SO//\/&;/////’:/,//,
/ ! ///i, _— > AV
‘ x ¢ = Zz’,j e(Ri, Zi; p5) And?
/ /  central

column
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Direct neutron flux at the activation foll
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* Non-flux averaged neutron emissivity at a fixed time in the discharge (assumed to be representative

for the whole plasma discharge) for reference plasmas
Pulse 44863 at 0.4 s

 Activation foil at ¢ = Orad, x = 201.17 cm, z = 10 cm e
AV AV ]
8000 1es08 | Total flux: 1.639 X 102 [m? s!] -
I (44863U14 at 400 ms)
"_:'.'l. BOO000 .
% a-:u-:u-:u-:u-:u:— .
> - 4 4000 =
L 400000 — .
2000
200000 | .
[ Shadowed region removed
[ Shadowed region included
:.:. ‘ ! 0 1 2 3 4 5 B
© toroidal angle (rad)
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1.42+07

1.2e+07
[ EMWDF/BE-VIL1 /In115 / MT=4

Radioactive nuclides

4e+06

2e+06

MAST-U Activation 10 Oct 2021 - Indium sample mass: 14.3532 [g]

Be+0E

Ge+0E

[T T
[ | — Tota
[| — =snE

SWHBI

<F==1.1285 m" in[2, 3] MeV

45214

45215

35%&:&%&

45219

45218

45@

45220

45221

t=16250 s

»

L] 5000

10000
time (5)

15000

Estimated total activation on Oct, 8™

Based on TRANSP/NUBEAM runs for
reference pulses scaled to match the neutron
rates of the actual pulses;

Individual contributions from SS and SW
NBIs;

44/44 energy fractions for the SS NBI;
Assumed Z. = 1.5;

Scattered neutron flux at 10 % of direct one
with averaged cross-section in [0, 2] MeV,;

Start of activation foil v-rays measuremen
t = 16250 s (after the start of the 1 pulse
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Estimated counts at the detector
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* Uncertainty in the TRANSP/NUBEAM neutron emissivity is assumed to be 10 % (input profiles);
e Uncertainty in the cross-section from FENDL is 15 %;

* Detector absolute efficiency at 0.336 MeV is ¢ = 0.076 (8% uncertainty);

* Branching ratio is Br = 0.46;

* Averaged self-attenuation of 0.336 MeV ~-rays in *°In foil is ks4 = 0.82;

* Correction factor for over-estimate of neutron rate due to GC approximation in TRANSP/NUBEAM
kGC =04 - 0.65;

* Neutron attenuation in thin flange is f, = 0.96.

Expected counts: Ng = ef,Brksakcco NTRANSP
Ng = (1.340.2) x 10° koo = 0.4
Ng = (2.1+0.4) x 10° koo = 0.65
Measured counts: Ng = (1.740 £ 0.004) x 10°




On- and off-axis NBI heating

UPPSALA
UNIVERSITET
£ (x 10" em™ s e(x 107 em™ g1
00 1.0 20 30 40 50 6.0 0 005 0.1 015 0.2 0.25 0.3 0.35
L-mode plasmas in double- i e e L A B At S S 22 —= “
null divertor configuration SNy N\ C X\ ] 5 5355
with a 600 kA plasma s01- | r sof | % 3 fgfst
current. = 18 & &
5] 0 | — | o = e _| < g T
. - N NS 1IN f 4 8%
Selected since they exhibited E NS 3 ey 2 7 g
time intervals free of the TN - : - 4Tt
typical MHD instabilities A =7 RS | A A v A PO E
affecting the fast ions. 0 50 100 150 200 0 50 100 150 200
R (cm) R (cm) 2
. #45238, 1=10.350 #45083, 1 =0.500 E '-:
No fast ion anomalous e e e e R e A R 2
diffusion. 150 3 i ® NcUo | ] S g
£ 3 10~ — Lintxk | =z .
125F 4 : — VOXxk| ] = |
Scaling factor to match g 100E_— E g 7sE . 3
TRANSP and NCU is: Y gsL M = = ] 2
SE: = w1 o °r % 5 z
50 NCU — F B =
k=04 F|— Lintxk ] 250 i 3 E
5E | — VOXxk E : ] il r
) S I R N NI SIS ) S I RN NV N S B E =
05 06 07 08 09 1 1.1 1.2 05 06 07 08 09 1 11 12 f E

impact parameter p (m) impact parameter p (m)




NC measured Count Rate (x 10°s™)
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0.10

0.00

Scaling factor in MAST and MAST U

#29904, B=-04 T, £=132 keV ST
0.6 T, E=65keV

#45506, B =

0.50 1.00 150
R (m)

— Figure 5 — Example of the relation rp|V B|/B calculated for MAST (#29904, solid line)

W e
5.0 O Scenario 1, # 29904 - @  Scenario 6, # 29880, pre -
@  Scenario 6, # 29980, post L7 ! 20r @  Scenario 6, # 29880, post L7 ]
©  Scenario 6, # 29980, pre I O  Scenario 1, # 29904 I
4.0+ L’ ’ 15 7
. o 15E o ’ -
0\’5 s — Q ’B ’
20k \@ oo % \?Q, ]
2 Ba BH E L7 o
T At I T
. - ;2 2a0
ST O I my
, /. Q@ - ] e: @ . ,: @
S @ ° '55“ © 051 i
1.0F Fg” - o ’
. ’ ,.’ - ’
0.0 z 1 1 1 1 1 0.0 1 1 1
0.0 1.0 20 3.0 4.0 5.0 0.0 0.5 1.0 L5 2.0
TRANSP predicted Count Rate (x 10° s™) TRANSP predicted count rate (x 10° Hz)
Scenario kne kpp
S1 0.69 + 0.01 0.72 4+ 0.02
S2 0.70 £ 0.01 0.71 £0.01
S3 0.59 + 0.01 —
S4 0.68 + 0.01
S5 0.64 + 0.01 —
S6 (pre) 0.63 +0.01 0.57 £ 0.01
S6 (post) 0.64 +0.01 0.56 +£0.02

M. Cecconello et al 2019 Nucl. Fusion 59 016006

and MAST-U (#45006, dahsed line) equilibria at t = 240 ms along the major radius for
Z =0 m for fast ions with equal v/ E/B? and with A = —0.8.

e



Fission chamber
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* Two 2%U fission chambers (Centronic FC765/1670/235) for 2.45MeV neutron measurements.

« Absolute calibration at NPL combined with MCNP model of MAST Upgrade to transfer the calibration
at location on MAST Upgrade (Mid-plane Sectors 1 and 11).

» Shielding:
Tritiated Target FISS'Onaggamber
Lead (t=45mm) Block y rays Shielding Assembly
HDPE (t=50mm) Slow neutrons to thermal energies (<1eV) B ™
Van de Graaff . |
Cadmium (t=0.5mm) Block incident thermal neutrons Generator 3.27 MeV Proton 2.45 MeV Neutron
Beam Beam
Aluminium (t=12mm) Structural support




Fission chamber: MAST vs MAST-U
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MAST SS only, quiescent, high density, 750 kA, Ens = 60 keV, T¢(0) = 1 keV, ne(0) = 6 x 10** m™
MAST U SS only, quiescent ?, high density, 750 kA, Enei = 65 keV, Te(0) = 1.1 keV, ne(0) = 4 x 10** m3

Reactivity: <ov>=1.8x 10 m3/s
<ov>=2.1x102mds

Ch. 11— /AHE/DENSITY 45006 B/SS/BEAMPOWER 45006 C/PLASMA CURRENT _ 45005 Ch. 1: — /ANU/FC/DETECTOR | /NEUTRONS_DC 45005
i — R AT R LASi4A CURRENT 20904 B L A TR
2000 = T T T T T T T T T T T T T T T T T T 10 T T T T T T T T T
L 20— C
250.0— = =
I oo Chamber
- 15— :
200.01— [ £
L t 300—
T B rC
i+ + =
=" |
5 150.0— C
¥ L 10— E‘ L
L) & r
o - |- ‘;; |-
=00 : F
L r o ooo—
] L
100.01— - ® -
F 05— C
50.0— 100 —
oo 00 F
| | all 1 | 1 1 I 1 1 I 1 1 1 C
0.8 0.5 ) az Qi 0.8 a | 1
time [s] Time, [s] o2
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Parametric plasma source
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MCNP modelling: neutron flux at
g fission chamber location (F2 tally)

Original Point Source(*) 43644 MCNP Source MUO1 MCNP Source
(source neutrons / (source neutrons / neutron (source neutrons / neutron
neutron cm? X 10°) cm? X 10°) cm2 X 10°)

7.85 5.38 5.12

Using more accurate MCNP source results in a 5 % difference in the flux ...

(*)neutron source was a point at the centre of the vessel which emitted spherically
out to the fission chamber which was taken to be at a radius of 2.5m




Conclusions
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TRANSP/NUBEAM modelling of the activation in relatively good agreement
with experimental measurements of the Indium foil.

FC calibration transfer from beam-target facility to tokamak environment not as
simple as expected.

MAST Upgrade calibration to proceed with neutron activation system coupled to
MCNP and TRANSP/NUBEAM modelling.

In-situ calibration with neutron source pending results from current calibration
campaign with In foils.




Additional material




Comparing NC and NCU collimation
sadl geometry and predicted count rates

—r;FZEn Zi ) QU piRij, Zi ;) . < Nou

025 —=— NCUx 2.4 x1.15| 4

02r

e ne is the same for both NC and NCU

* the solid angles Q (collimators) are not, but §015
(@]
e assuming constant, unit emissivity allows the _
comparison of the solid angles by using an >
 analytical expression for the count rates allows 0.05 |
to compute the expected ratio between the solid
angles: S
0 0.2 04 0.6 0.8 1 1.2
impact parameter (m)
vne = k(a,b, L) fpsf k(a’b’L)%2.76
VNCU—k D L fpé‘f k(D’L)




Predicted neutron count rates
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TRANSP neutron emissivity
Field of view/Solid angle...

... dependent on the
Impact parameter
\ »

HZ BN O(p; R, 7))
»

Integration over the

poloidal cross-section \
A
va(p) =
v
4

Impact /
parameter

Trasmission of neutron
through flange and detector
casing

Detector efficiency for 2.45 MeV neutrons
including the effect of DAQ threshold




Measured neutron count rates
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Number of single neutron events

/ in the given time interval

»
N (t;)
At

vne(ts) = p
[N

\ Correction factor to account for pile-up
and DAQ dead time (typically 1.05 — 1.10)




Measured counts at the detector
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Measured counts: Ng = (1.740 £ 0.004) x 10° Delayed gamma-rays
from induced neutron
capture

1 ‘ 417.01 keV 109759 oy 1293.90 kev
2 — Foreground (7785603 counts)

J 336.35 B2 In(n.g) Inn.g) Live Time: 8.652¢+4 5

In1i5m Real Time: 8.652c+4 5

le+54
] 13836 keV 818.95 keV
7 In(n.g) In(n,g)
2423 kev
- 1507.94 keV
263.01 keV In(n.g) 2112.60 keV

] b. In(n,g)
271.73 ke P34 keV' g
& 391.80 fev
E 46334 keV
= . In(n.g
gl L Lo kev 706.17 keV
=g
5] 780.09 k 972.83 keV 123588 ke )
= ] 1090.§4 keV 1752.81 keV
£ 1 In(n,g)
£
R
] 1710.73 kg v
143230 keV
| 1601.55 keV
let+3q

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T »
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 ll({(r)) 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 1700 1750 1800 1850 1900 1950 2000 2050 2100 2150

Energy (ke

| AR
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BEGe efficiency
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0.125——— T —T
o1 TR b
« Efficiency calculated with Canberra > .
LabSOCS software (based on 5 L f.‘
MCNP) %‘ N\

» Detector absolute efficiency at 2 i i "-$ Z
0.336 MeV is € = 0.076189 (8% g 005 ¢ 1
uncertainty) = F L '

0.025 # e
_‘ .
ﬂ -.. ] ] 1 1 | 1 i i ] ] i 1 1 1 | i
0 500 1000 1500 2000

energy (keV)




Delayed gamma-rays from induced
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Sad neutron capture

Journal of Radioanalytical and Muclear Chemistry (2022) 331:535-545 541
Table 3 Delayed gamma rays - ; , - ,
E (keV) I 05 Pp feE, - £(=107%) {&p, Hmb) ik} it (D)
induced by neutron capture o %) [[I'-::Lllr:n;.f Tl {og ) (T} gy
1 It-n'.ln
138.3 329 39403 176+1.5 053004 5344019
4169 277 30+1 135+6 0494002 449402
4633 (.83 089+ 008 4.0+04 048005 1330008
B18.7 11.5 14.0+0.5 6343 0.55+0.03 18.6+07
1097.3 562 64 7+1.9 201 +13 0.52+0.02 912402
1203.6 Hd.4 Onhd+29 437 +20 0.52+0.02 137+3
1507.6 1010 10.7+0.4 483425 048 +0.02 16.2+05
1752.2 246 294001 1224006 0.50+0.02 399+012
21118 15.5 1734006 TRO+39 050 +0.02 252+07
1 Ii.'\m_ln
1624 372 191 +0.7 T48+38 0.20+0.01 16.5+0.8

£is the gamma-ray energy./y, the gamma-ray intensity, Py, /eE, - f, the net count in the gamma-ray peak
divided h} the full-energy-peak efficiency and the gamma-ray self-absorption factor, {ﬂ'ﬁ ) the neutron
spectrum-averaged isotopic cross section for gamma ray production by Eq. (4), {# ) is the neutron spec-
trum-averaged cross section for the reaction calculated by means of Eq. (6) and o, is the isotopic cross
section for gamma ray production from thermal neutron capture [14].




Broad Energy Ge detector
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* Energy range from 3 keV to
3 MeV combines the spectral
advantages of Low Energy and
Coaxial HPGe detectors

* Detection efficiencies and
energy resolutions are optimized
in the 3 keV to 662 keV energy
region where most tightly-
grouped gamma lines of interest
are located

* Flat, non-bulletized crystals offer
optimum efficiencies for samples
counted close to the detector

* Thin, stable entrance window
allows the detector to be stored
warm with no fear of low energy
efficiency loss over time

* Equipped with Intelligent
Preamplifier

* USB 2.0 Serial Interface

S AN\ SR\ \ . W



Backward activation calculation
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Measured counts: Ng = (1.740 £ 0.004) x 10°

: : N
Then the number of nuclides that have decayed is: Np = ?E
EDR
: : Np

and the number of nuclides at the start of the measurements is Ng = ; YO——

J— e_ m,27 tm,
from which one can estimate the number of activated nuclides at the Ng
end of the irradiation Nr = o—Mtm,1—ti2)
which means that R as quoted in Scott's presentation is: RReyp = );\](\ZI —

1—e— ,2— 04,1

INCORRECT W

and since the irradiation time is 4.67 s, this gives the following RRexp = 1.1618 x 10° s A.
value which is close to the one reported by Scott. "
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