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Activation foil measurements at
MAST Upgrade



115In activation foil (HM12-C)

115In foils properties: 
● Diameter, Thickness 25 mm, 4 mm
● Volume 1.9635e-06 m3

● Mass 14.35 g
● Isotopic fraction 0.9571 % 115In and 0.0429 % 113In
● Number of 115In atoms 7.2075 🞨 1022

● Atomic density n 3.6708 🞨 1028 m-3

● Half-life 4.486 h
● Position (centre) R = 201.17 cm, Z = 10 cm



115In activation campaign at MAST U:

Indium activation foils used on 4 days in October of MU01: 8th, 15th, 22nd and 28th 

Reference
pulses

TRANSP
runs for
reference
pulses

Gamma-rays
measurements



Activation

Rate at which activation interactions occur in the foil:

Á average flux [m-2 s-1]
V foil volume [m3]
§ macroscopic cross-section averaged over neutron spectrum [m-1]

Assumptions:
● Foil is so thin that Á is not perturbed,
● Á is constant,
● Target burn-up is negligible.

Rate of target nuclei being activated

¸   = ln(2)/t1/2 decay constant [s-1].



115In activation

95 %, E° = 0.336 MeV 
        (branching ratio 46 %)
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Average cross-sections:

Threshold at about En = 0.35 MeV



Activation after single irradiation

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

Activation after and irradiation time ti 

A = ¸N activity
A1 saturated activity (t = 1)



Counts on detector (after single 
irradiation)

Post-irradiation detector counts with measuring time between [t1, t2]: 

² detector efficiency (at appropriate energy)
B background counts

Saturated activity: Neutron flux from measured counts:



Activation after multiple irradiation

ti-1       ti                               ti+1 

Irradiation phase:

Post-irradiation phase:

since 



Neutron rates for the 8th of October

Neutron flux is not constant
during irradiation!



Activation with non constant neutron flux

Rate of target nuclei being activated

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

● Exact numerical solution with time 
dependent Yn(t)

● Approximate solution with time 
independent Yn = <Yn(t)>

0.3 % difference in the final activation.



Estimate of the neutron flux at the 
activation foil

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 
activation foil

● 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 115In foil.

TRANSP/NUBEAM calculates the axis-symmetric
neutron emissivity in toroidal tubes:
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Direct neutron flux at the activation foil

x

y

central
column

shadowed
regions

activation
foil

d

Isotropic neutron emission from each 
volume 

with the exception of the emission 
from the shadowed region. 

Ri



Direct neutron flux at the activation foil

● Non-flux averaged neutron emissivity at a fixed time in the discharge (assumed to be representative 
for the whole plasma discharge) for reference plasmas

● Activation foil at           rad, x = 201.17 cm, z = 10 cm 

x

y

Total flux: 1.639 🞨 1012 [m-2 s-1]
(44863U14 at 400 ms)

Shadowed region removed
Shadowed region included



Estimated total activation on Oct, 8th

● 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 Zeff = 1.5;  

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

● Start of activation foil °-rays measurements at 
t = 16250 s (after the start of the 1st pulse). 

t 
=

 1
6

25
0 
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Estimated counts at the detector

● Uncertainty in the TRANSP/NUBEAM neutron emissivity is assumed to be 10 % (input profiles);
● Uncertainty in the cross-section from FENDL is 15 %;
● Detector absolute efficiency at 0.336 MeV is ² = 0.076 (8% uncertainty);
● Branching ratio is BR = 0.46;

● Averaged self-attenuation of 0.336 MeV °-rays in 115In foil is kSA = 0.82; 

● Correction factor for over-estimate of neutron rate due to GC approximation in TRANSP/NUBEAM 
kGC = 0.4 - 0.65; 

● Neutron attenuation in thin flange is fn = 0.96. 

Expected counts:

Measured counts:

kGC = 0.4

kGC = 0.65



On- and off-axis NBI heating

L-mode plasmas in double-
null divertor configuration 
with a 600 kA plasma 
current.

Selected since they exhibited 
time intervals free of the 
typical MHD instabilities 
affecting the fast ions.

No fast ion anomalous 
diffusion.

Scaling factor to match 
TRANSP and NCU is:

k = 0.4



Scaling factor in MAST and MAST U

M. Cecconello et al 2019 Nucl. Fusion 59 016006



Fission chamber

Material + Thickness Purpose

Lead (t=45mm) Block γ rays

HDPE (t=50mm) Slow neutrons to thermal energies (<1eV)

Cadmium (t=0.5mm) Block incident thermal neutrons

Aluminium (t=12mm) Structural support

● Two 235U 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:



Fission chamber: MAST vs MAST-U

MAST SS only, quiescent, high density, 750 kA, ENBI = 60 keV, Te(0) = 1 keV, ne(0) = 6 x 1019 m-3

MAST U SS only, quiescent ?, high density, 750 kA, ENBI = 65 keV, Te(0) = 1.1 keV, ne(0) = 4 x 1019 m-3

Reactivity: <σv> = 1.8 x 10-24 m3/s
<σv> = 2.1 x 10-24 m3/s

Fission
Chamber



MCNP modelling: neutron source

Parametric MAST U                       TRANSP basedParametric MAST U               TRANSP based
                                          44863U10 400 ms



MCNP modelling: neutron flux at 
fission chamber location (F2 tally)

Original Point Source(*) 
(source neutrons / 
neutron cm-2 🞨 105)

43644 MCNP Source 
(source neutrons / neutron 
cm-2  10🞨 5)

MU01 MCNP Source 
(source neutrons / neutron 
cm-2  10🞨 5)

7.85 5.38 5.12

(*)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

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



Conclusions

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 
geometry and predicted count rates

● ´² is the same for both NC and NCU

● the solid angles Ω (collimators) are not, but

● assuming constant, unit emissivity allows the 
comparison of the solid angles by using an

● analytical expression for the count rates allows 
to compute the expected ratio between the solid 
angles:



Field of view/Solid angle...
TRANSP neutron emissivity

Detector efficiency for 2.45 MeV neutrons
including the effect of DAQ thresholdTrasmission of neutron

through flange and detector
casing

Integration over the
poloidal cross-section

Impact
parameter

… dependent on the 
impact parameter

Predicted neutron count rates



Measured neutron count rates

Number of single neutron events
in the given time interval

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



Measured counts at the detector

HP-Ge BE3825 detector

Measured counts: Delayed gamma-rays 
from induced neutron 
capture



BEGe efficiency

● Efficiency calculated with Canberra 
LabSOCS software (based on 
MCNP)

● Detector absolute efficiency at 
0.336 MeV is ² = 0.076189 (8% 
uncertainty)



Delayed gamma-rays from induced 
neutron capture



Broad Energy Ge detector



Backward activation calculation

Measured counts:

Then the number of nuclides that have decayed is:

and the number of nuclides at the start of the measurements is

from which one can estimate the number of activated nuclides at the 
end of the irradiation

which means that R as quoted in Scott's presentation is:

and since the irradiation time is 4.67 s, this gives the following
value which is close to the one reported by Scott.

s-1

INCORRECT




