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Modern dosimetry

Want to estimate risk to health 2> measures stochastic effect of radiation on tissue

Calculate via

. - simulated human Protection Quantities
Physical quantities ohantoms .
e Effective Dose

*  Fluence /
e Absorbed dose * Used to set limits on exposure

Not currently measurable -

i |
External Human body is too complex!
radiation
Calculate from absorbed Compare operational VS
dose and simple phantom to protection

Operational Quantities
Gy e E.g. Ambient dose equivalent H*(10)

Calibrate detectoron | «  ysed as practical measurement of dose
known dose to relate

measurement to dose Measurable

Detector
measurements
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Modern dosimetry — operational vs

protection

* To find operational quantities need to know the fluence as a function of energy
- most modern dosimeters optimised for this

e Operational quantities like H*(10) want to be conservative estimates, but are
they?

10°%
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o
N

Dose per fluence / pSv cm?
=
o

10°

ICRP dose conversion coefficients
—— ICRP116-AP

ICRP116-PA

—— ICRP116-LLAT
—— |RCP116-RLAT
== |RCP74-H*(10)

- e ————

AP dose higher

/ than H*(10) here!

—> Especially for fast neutrons (E, > 1 MeV),

may underestimate dose!

- Effective dose requires measurement of
fluence AND direction of radiation field to
apply effective dose conversion
coefficients

1078
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1076 1074

Energy / MeV

1072

10°

4 = need a detector that can do both
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Modern dosimetry — Effective dose

Gold standard for protection — why?
- weights dose to different tissues by risk for that tissue

- weights dose based on type of radiation, e.g. y, a, neutron

ICRP: Conversion coefficients per fluence for 6 geometries from
simulated human phantoms weighted by tissue & type of radiation
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AP PA LLAT RLAT ROT 1SO
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nFacet 3D detection principle

* Neutrons detected via capture after moderation
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nFacet 3D detection principle

* Longitudinal segmentation allows for sampling of neutron energy,
based on stopping power

O | ...
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nFacet 3D detection principle

* Transverse segmentation provides directional information of the

neutron field
O | ...
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nFacet 3D detection principle

* Full 3D segmentation allows for energy sampling & direction
reconstruction in 3D
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The nFacet 3D detector system

System dimensions
System weight

Number of cube elements

Multi-mode system (gamma) neutrons,Jmuon) with directionality and source identification capabilities

25x25x 27 cm3

16 kg
64

Neutron energy range

Capture eV - 20 MeV
Elastic 450 keV — 50 MeV

Field of view

4 Pi

Neutron sensitive detector /
moderator

LiF:znS(Ag) / PVT
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Gamma-ray energy range (CS)
Gamma-ray energy resolution
Gamma-ray sensitive detector
Waveform Digitisation

Interface
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60 keV — 4 MeV
~20% at 1 MeV
PVT

33 MS/S

Python
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nFacet 3D - online monitoring guantities

nFacet Dashboard

Rates over time Rates on faces and in core

e = ——

Neutrons

count |
e i 11 -

_——

oPirection in polar angles roicx Countin X planes ""* CountinY planes roiiez - Count in Z planes

e
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Measurement campaigns
NPL 2017/

e Reference data in low ‘\f; :
scatter facility at NPL §°

* Measured 2°2Cf, .
AmBe, AmLi

* Used for system
validation &
Monte Carlo
development
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Mean energy < 1 MeV

AmLi nentron energy distribution

NPL 2017 . i

Y planes

p ‘IU.U2 \ ‘%f 4000 é’
* Sum count rates in Vean energy ~1 MeV
p | a n e S t O p r O b e s C£:252 neutron energy distribution - Y i”“ o
stopping power -
* Use simple exponential
dependence ~ e¥* to -
model detector WL | I

penetration

Plane number

Mean energy > 1 MeV

AmBe neutron energy distribution .

* First validation of the o
concept .

Y planes
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Measurement campaigns IPNDV
IPNDV 2019 -

e Exercise with International
Partnership for Nuclear Disarmament
Verification at SCK CEN :

* Measured mixed-oxide (MOX) fuel
assemblies with 79% 23°Pu and 96%
239py respectively, with significant
RaBe background

* Measurements in operational
conditions = demonstration of
system at TRL /

* Results previously presented at
IleI\Z/IM/ESARDAJoint Annual Meeting
1
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https://resources.inmm.org/annual-meeting-proceedings/nfacet-3d-fission-neutron-measurements-segmented-scintillation-detector

IPNDV 2019 IPNDV

INTERNATIONAL PARTNERSHIP FOR

EX p e rl me nta | Set U p & b dC kg roun d Nuclear Disarmament Verification

* Proximity of RaBe pile and
assemblies in room next door
generates large neutron

»

100 cm radiator

nFacet .gﬂ' fuel assembly

221 cm

160cm | 20 em background
60 om e Background subtraction method

ight 77.1 cm) used to extract MOX neutron
flux 0.95 m 19m

1

226.4 cm (squvare)

nFacet at height 91 cm from floor to top of detector housing
Roof about 5.7 m height
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R

PNDV 2019
Results

+z . Z
+y Position 1
r'd
+X , ,

N

. IPNDV

~ NTERNATIONAL PARTNERSHIP FOR
[a Nuclear Disarmament Verification

Position 2

* Source identification via source
profiles metric — can discriminate
between fission/thermal/fast sources

4.01
Reference
3.5 —— Thermal
— Fission
301 ‘ —— Fast (5 MeV)
2.51
2.04
1.5
I
1.01
0.5
0.0 ~ = ; : ‘
79 9 9% 9% 9%
Cd shielding CHy + PDb shielding bare Cd shielding CHs + Pb shielding
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45°

\

\

| 0° 8
- 96% Pu-239, bkg sub, Pasition 1 }
+  Background, Position 1
- 96% Pu-239, bkg sub, Position 2
» Background, Position 2
= Source location, Position 1
= Source location, Position 2 3150

\l\7 :

——

270°

* Direction reconstruction at
degree level accuracy

e Slight ¢ bias due to vertical
acceptance

* Further detail available in the
IPNDV report 0



https://www.ipndv.org/reports-analysis/working-group-6-belgian-measurement-campaign/

Measurement campaigns
NPL 2021

* Measured monoenergetic
neutrons from proton
accelerator incident on target

E, Reaction Distance
144 keV | ‘Li+p 2> ’Be+n 433 cm
1.2MeV | T+p—=2>3He+n 485 cm

* Large distances needed due to
rate causing detector saturation

* Also made y measurements
using Cs sources

17
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NPL 2021

144 keV

X planes

Y planes

Z planes

Monoenergetic neutron data for further validation of simulation

—_— 120000 TON0
OO0 100000 GO0
. G0000 0000 ) SO
Z qoo0 £ 40000
g = GO0 B
£ 30000 = (&= 0000
10000
20000 20000
10000 20000 100N
v 1] 1 2 3 U i 2 U 1] 1 2 ]
Plane number Plane number Plane number
1.2 MeV
X planes Y planes 7 planes
TO000
S0000 60000
60000
) 50000
50000 60000
z z 240000
= 40000 = =
=l Z 40000 :;3[)(3()()
= o O-
& 30000 & =
20000
20000 20000
10000 10000
0 0 i 3 3 0 0 i 3 v ] i 3 3
Plane number Plane number Plane number
06/04/2022 nr1315@ic.ac.uk

18

8000

7000

6000

1000

3000

2000

5000

1000

3000

2000

1000

National Physical Laboratory

JUNOD JUIAT]

JUNOD JUOAT]



N P I— 2 OZ 1 National Physical Laboratory
Neutron field direction 144 keV neutrons

0 45° 135°

xxxxx

JII&).;G[

|||||

Junod

Background

Clear difference in response
in presence of source vs pure
background measurement
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NPL 2021

Direct and scattered

e Can use cube rates & efficiency
to extract scattering
component via comparison
with MC prediction

* Can clearly separate
components from different
directions

144 keV scattered component

0.20
0.15

0.10

0.05
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Cube level counts for real & simulated data
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Development of an effective dose measurement

* nFacet 3D encodes energy & direction of radiation field in cube count
distribution

* Now, aim to produce accurate results
—> Adopt a neural network approach

Use source fluence as the target

200 keV input - Apply effective dose coefficients after prediction

o
=]
B

Input: 1D €003 4 layers 128

array of E (neurons under Xt .
8 S - outpu

cube counts ¢ optimisation) P

e
o
e

o
o
)

| “
20

30 40
Cube ID

|\H
0

It
o
S

10

Aim for < 20% error

mull H
50 60
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Development of an effective dose measurement
Targets

* Energy is encoded in stopping power

* Finite number of detector voxels
limits resolution of stopping power
and therefore energy resolution

— Must bin fluence

252Cf 252Cf

Relative yield
o o

Relative count

0% 1o-2 1074 1077
Energy / MeV Energy / MeV



Development of an effective dose measurement
Fluence binning scheme

* Binning scheme is
determined by energy
resolution of the
detector

* For NN, resolution
determined by ability to
distinguish inputs

- Require at least 75% of
cubes separated by at
least 30 in training inputs

06/04/2022
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Development of an effective dose measurement
Training metric

ICRP dose conversion coefficients [ICRP 116]

600

* Key metric in training is the o Binning
error on effective dose i ittt o Py S

* Binning introduces an error g. S Binning /}/ /
to dose £ overestimatys / //

 Stop network training when : //
dose error on validation data D ///
stops improving J//

* In this work focus on AP T nery /ey

dOSE, aim to EXtend to more Dose curves over the bins determined for the nFacet neural

directions in future network. The scatter points indicate the average value of dose
across the bin used to compute dose from a binned fluence.



Development of an effective dose measurement
Prediction on unseen data

Simulated AmBe prediction,

nn64_128 64 32_8

Simulated AmLi prediction,

nn64_128 64 32_8

Simulated 2°2Cf prediction,

nn64_128 64 32_8

Fluence reconstruction has
significant errors

BUT

Effective dose error is < 20% in
all 3 cases

— Proof of NN feasibility!

- Aim to extend to more

directions

—— True AmBe energy bins —— True AmLi energy bins —— True 52Cf energy bins
1.0 Predicted AmEeg:nergy bins Predicted Amugeynergy bins 07 Pred\c(edrzschgen:’rgy bins
0.8
0.8 0.6
06 05
206 > 9
© g S04
3 3 =
50_4 E;D.d 50.3
0.2
0.2 0.2
0.1
0.0 —— 0.0 0.0
10% 10° 10* 102  10° 102 10%  10° 10°* 1072 10° 102 10% 10 10° 102 10° 102
Energy / MeV Energy / MeV Energy / MeV
Source True AP dose / Binned AP dose / Predicted AP dose / | Predicted vs true
pSv cm? pSv cm? pSv cm? error
AmBe 427.0 425.7 431.2 1.0%
AmLi 175.4 178.7 186.4 6.2%
232Cf 350.4 354.5 331.2 -5.4%
06/04/2022 nrl315@ic.ac.uk
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summary

* Modern dosimetry requires measurement of energy & direction of
radiation to meet the gold standard of protection

* nFacet 3D encodes energy in stopping power & direction in count
distribution

* Capabilities have been demonstrated in an operational environment
at SCK CEN - system at TRL 7

* Neural network approach validated with effective dose prediction
<20 % error

* Further analysis work focuses on refinement of NN work



IPNDV 2019
Experimental setup

Top view

»

100 cm radiator

nFacet .?m' fuel assembly

221 cm
160 cm 50 e
-
y 60 cm
X

226.4 cm (squ'are)

nFacet at height 91 cm from floor to top of detector housing
Roof about 5.7 m height
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Z
ight 77.1 cm) L.

Measurements at 2 distances
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Side view

50 cm

37 cm

Source Shielding Distance
79% 23%Pu | Bare, Cd, CH, + 1.9 m
Pb
96% 23%Pu | Bare, CD, CH, + 0.85m
Pb
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Measurement campaigns
NPL 2021 — shadowcone measurements

nFacet 3D Source
Shadowcone -
Full exposure Shadowcone Direct component

- Shadowcone measurements allow for extraction of direct
component for calibration against a known source
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NPL 2021
Direct and scattered component

Can use cube rates & efficiency
to extract scattering
component via comparison
with MC prediction

Enables more accurate dose
determination in complex
environments

144 keV scattered component

0.20
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Future work

Neutron scatter analysis

* Can record both neutron
scatter (ES) & capture on °Li
(NS) in a gamma trigger mode

e  Scatter ES signal
e  Capture NS signal

Reconstructed path

A

06/04/2022

AmBe

NS and ES time difference
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Characteristic
decay time
~50us

Time difference / ps

Time between coincident ES & NS signals for AmBe source
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Future work
Gamma analysis

* nFacet capable of measuring y = look at y dosimetry

e Data taken in NPL 2021 campaign of Cs sources including data to
analyse ability to separate multiple sources

1 source Two sources, 45° separation Two sources, 180° separation
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