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Abstract

The NKS-supported research project COMBMORC 2021-2022 aimed to de-
velop combined methods within mobile gamma spectrometry to search for ra-
diation sources that have come out of the authorities' control (Material Out of
Regulatory Control, MORC). In 2022, mobile gamma spectrometry teams from
the Nordic countries conducted a joint field experiment in southern Sweden.
The experiment was to test region-of-interest (ROI) based methods to deter-
mine ratios between detector recordings from Compton scattered and primary
radiation along a road past a Cs-137 source to determine the distance, shield-
ing and activity of the source. The assessment used two newly developed Ex-
cel applications (SSC and SODAC). On average, the distance determination
was underestimated by 20 £ 3 per cent at source-detector distances of 30 - 90
m. The shield thickness determination was overestimated on average by 4 + 9
per cent for building material thicknesses 0 - 330 kg/m?.
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Shield and air mass thickness vs ROI count rate ratios, HPGe-spectrometer
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Shield and air mass thickness vs ROI count rate ratios, HPGe-spectrometer
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Fig D4-42 (M2). Shield mass thickness determination by the LU DetectiveX HPGe spectrome-
ter using the ROI count rate ratio method with exponential (top diagram) and polynomial
(bottom diagram) models. The true shield mass thickness is 372 kg/m?, including 31 m of air
between the source and the detector.
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Fig D4-43 (M3). Shield mass thickness determination by the LU DetectiveX HPGe spectrome-
ter using the ROI count rate ratio method with exponential (top diagram) and polynomial
(bottom diagram) models. The true shield mass thickness is 170 kg/m?, including 61 m of air
between the source and the detector.

Setup M4 was not measured due to technical problems with the detector
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Shield and air mass thickness vs ROI count rate ratios, HPGe-spectrometer
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Shield and air mass thickness vs ROI count rate ratios, HPGe-spectrometer
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Fig D4-45 (M5). Shield mass thickness determination by the LU DetectiveX HPGe spectrome-
ter using the ROI count rate ratio method with exponential (top diagram) and polynomial
(bottom diagram) models. The true shield mass thickness is 207 kg/m?, including 91 m of air
between the source and the detector.
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DS5. Results from source distance measurements, using SODAC

The distance to a Cs-137 point source was determined using the Excel program
SODAC for five different setups with different distances and shielding (M1 - M5), as
described in the main report. All measurements were made standing still (semi-
stationary) at various locations along the road that passes the radiation source.

It turned out that some trees between the radiation source and the measuring car
shielded the photon fluence from the source at specific points along the road. These
measurement points have been identified, and the data has been removed from the
analysis.

Correcting the two 4-litre Nal(T1)-detectors response for the angular dependence of
the oblong detector for count rates from the source at different incident angles proved
necessary during the analysis. How the correction is determined is reported in the text
of the main report.

Measurement data from two detectors, the 3x3 Nal(TI)- detector and the DetectiveX
HPGe-detector, were not corrected for varying angular response since the length and
width of their active volumes are approximately equal. The near-equal dimensions
result in an approximately uniform angular response for source photons that is
important for assessing the source distance.

In the SODAC analysis, the actual shield thickness has been used in the distance
determination (and not the one obtained through SSC) because it produces a more
accurate picture of any distance determination deviations than a possibly distorted
assumption of the shield thickness would do.

Results from the Excel program SODAC showing which "intensity curve" (primary
photon fluence from the source as a function of distance along the road) best fits the
measurement data along the road for the five setup distances are reproduced in the
following figures:

4 litre front Nal(TI)-detector ~ Fig A5-11 to A5-15
4 litre rear Nal(Tl) detector Fig A5-21 to A5-25
3"x3" Nal(T1)-detector Fig A5-31 to A5-35
DetectiveX HPGe-detector Fig A5-41 to A5-45

Results from the distance and activity determination with SODAC are summarized in
the following tables:

4 litre front Nal(TI)-detector =~ Table A5-1
4 litre rear Nal(Tl) detector Table A5-2
3"x3" Nal(Tl)-detector Table A5-3
DetectiveX HPGe-detector Table A5-4

For the front and rear 4 litre Nal(TI)-detectors, the distance determination for setup
M1 to M5 (except M4) deviated from the actual distance by -50% to 0% (rounded
values) with an average deviation of -21 + 11%. When calculated for the actual
distances, the source activity was, on average, overestimated by 70 + 23%.
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For the 3"x3" Nal(Tl)-detector, the distance determination for setup M1 to M5 (except
M4) deviated from the actual distance by -61% to -17% (rounded values) with an
average deviation of -34 £+ 11%. When calculated for the actual distances, the source
activity was, on average, overestimated by 81 £ 30%.

For the DetectivX HPGe-detector, the distance determination for setup M1 to M5
(except M4) deviated from the actual distance by -28% to 0% (rounded values) with
an average deviation of -13 + 6%. When calculated for the actual distances, the source
activity was, on average, overestimated by 18 £ 7%.

Table D5-1. Results from the LU 4 litre Nal(Tl) front detector, applying the SODAC routine
to obtain the source distance and activity for a Cs-137 point source. The distance is adjusted
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for the varying angular efficiency for the detector. The activity is calculated from the full
energy peak count rate for the adjusted and the actual distance, using the actual shield
thickness. The actual point source activity is 606 MBq in all setups.

Setup Actual SODAC obtained Deviation
Distance  Shield |Distance Distance Activity Activity | Distance  Activity
to source  mass angular at at at adjusted at adjusted

thickness efficiency adjusted actual | rounded (at actual)
adjusted distance distance distance
%
m kg/m? m m MBq MBq %
Ml 61 air only 40 60 286 779 0 -52.8
(28.6)
M2 31 333 25 30 938 1417 0 54.8
(134)
M3 61 94 45 60 481 987 0 -20.6
(62.9)
M4 61 333 - - - - - -
)
M5 91 94 45 55 351 1316 -39 -42.1
(117)
Average -10£10  -15+24
(86 +24)

- Not measured

Table D5-2. Results from the LU 4 litre Nal(T1) rear detector, applying the SODAC routine to
obtain the source distance and activity for a Cs-137 point source. The distance is adjusted for
the varying angular efficiency for the detector. The activity is calculated from the full energy
peak count rate for the adjusted and the actual distance, using the actual shield thickness. The
actual point source activity is 606 MBq in all setups.

Setup Actual SODAC obtained Deviation
Distance  Shield |Distance Distance Activity Activity | Distance  Activity
to source  mass angular at at at adjusted at adjusted

thickness efficiency adjusted actual | rounded (at actual)
adjusted distance distance distance
m kg/m’ m m MBq  MBq % %
M1 61 air only 35 60 761 761 0 25.6
(25.6)
M2 31 333 20 20 392 971 -33 -35.3
(60.2)
M3 61 94 25 35 190 710 -42 -68.7
(17.1)
M4 61 333 - - - - - -
)
M5 91 94 35 45 209 1292 -50 -65.5
(113)
Average 32+11 -36+22
(54 £22)

- Not measured

Table D5-3. Results from the LU 3"x3" Nal(Tl) detector, applying the SODAC routine to
obtain the source distance and activity for a Cs-137 point source. No adjustment for photon
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angles of incidence is made in the distance determination. The activity is calculated from the
full energy peak count rate for the obtained and the actual distance, using the actual shield
thickness. The actual point source activity is 606 MBq in all setups.

Setup Actual SODAC obtained Deviation
Distance  Shield | Distance Activity Activity | Distance  Activity
to source  mass at at rounded at obtained

thickness obtained actual (at actual)
distance distance distance
m kg/m* m MBq MBq % %
Ml 61 air only 35 201 756 -42 -66.8
(24.8)
M2 31 333 25 796 1204 -17 31.4
(98.7)
M3 61 94 50 551 874 -17 9.1
(44.2)
M4 61 333 - - - - -
)
M5 91 94 35 139 1564 -61 =77
(158)
Average 34+11  -30+£25
(81 +30)

- Not measured

Table D5-4. Results from the LU DetectiveX HPGe detector, applying the SODAC routine to
obtain the source distance and activity for a Cs-137 point source. No adjustment for photon
angles of incidence is made in the distance determination. The activity is calculated from the
full energy peak count rate for the obtained and the actual distance, using the actual shield
thickness. The actual point source activity is 606 MBq in all setups.

Setup Actual SODAC obtained Deviation
Distance  Shield | Distance Activity Activity | Distance  Activity
to source  mass at at rounded at obtained

thickness obtained actual (at actual)
distance distance distance
m kg/m? m MBq  MBgq o, %
Ml 61 air only 55 531 663 -8 -12.4
9.4)
M2 31 333 30 745 745 0 22.9
(22.9)
M3 61 94 50 397 628 -17 -34.5
(3.6)
M4 61 333 - - - - -
)
M5 91 94 65 333 813 -28 -45.0
(34.2)
Average -13+£6 -17+£15
(18 £7)

- Not measured

SODAC source distance results, LU 4 litre Nal(Tl)-detector (front)
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Angular efficiency corrected count rates and adapted fluence curve
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Fig D5-11. LU. Setup M1. The true source distance is 61 m
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Fig D5-12. LU. Setup M2. The true source distance is 31 m
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Fig D5-13. LU. Setup M3. The true source distance is 61 m

The figures show SODAC determined source distance results for the
LU 4 litre Nal(TI)-detector (front), corrected for varying angular effi-
ciency. Tree-shielded measurement locations have been excluded.

SODAC source distance results, LU 4 litre Nal(Tl)-detector (front)
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For Setup M4, not enough measurement data was available to enable
determination of the source distance by the SODAC routine.

Angular efficiency corrected count rates and adapted fluence curve
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Fig D5-15. LU. Setup M5. The true source distance is 91 m

The figures show SODAC determined source distance results for the
LU 4 litre Nal(T1l)-detector (front), corrected for varying angular effi-
ciency. Tree-shielded measurement locations have been excluded.

SODAC source distance results, LU 4 litre Nal(Tl)-detector (rear)
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Angular efficiency corrected count rates and adapted fluence curve
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Fig D5-21. LU. Setup M1. The true source distance is 61 m
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Fig D5-22. LU. Setup M2. The true source distance is 31 m

Angular efficiency corrected count rates and adapted fluence curve
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Fig D5-23. LU. Setup M3. The true source distance is 61 m

The figures show SODAC determined source distance results for the
LU 4 litre Nal(Tl)-detector (rear), corrected for varying angular effi-
ciency. Tree-shielded measurement locations have been excluded..

SODAC source distance results, LU 4 litre Nal(TI)-detector (rear)
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For Setup M4, not enough measurement data was available to enable
determination of the source distance by the SODAC routine.

Angular efficiency corrected count rates and adapted fluence curve
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Fig D5-25. LU. Setup M5. The true source distance is 91 m

The figures show SODAC determined source distance results for the
LU 4 litre Nal(Tl)-detector (rear), corrected for varying angular effi-
ciency. Tree-shielded measurement locations have been excluded.

SODAC source distance results, LU 3"x3" Nal(Tl)-detector
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Measured count rates and adapted fluence curve
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Fig D5-31. LU. Setup M1. The true source distance is 61 m
Measured count rates and adapted fluence curve
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Fig D5-32. LU. Setup M2. The true source distance is 31 m
Measured count rates and adapted fluence curve
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Fig D5-33. LU. Setup M3. The true source distance is 61 m

The figures show SODAC determined source distance results for the
LU 3"x3" Nal(Tl)-detector. Tree-shielded measurement locations have
been excluded.

SODAC source distance results, LU 3"x3" Nal(Tl)-detector
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Setup M4 was not measured with the 3"x3" Nal(TI)-detector.

Measured count rates and adapted fluence curve
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Fig D5-35. LU. Setup M5. The true source distance is 91 m

The figures show SODAC determined source distance results for the
LU 3"x3" Nal(TI)-detector. Tree-shielded measurement locations have
been excluded.

SODAC source distance results, LU DetectivX HPGe-detector
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Measured count rates and adapted fluence curve
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Fig D5-41. LU. Setup M1. The true source distance is 61 m
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Fig D5-42. LU. Setup M2. The true source distance is 31 m
Measured count rates and adapted fluence curve
1.2
1.0
0.8
2
5 Distance (m)
206 —50
K} A Measured
&
0.4
0.2
0.0
-300 -200 -100 0 100 200 300
Distance along road (m)

Fig D5-43. LU. Setup M3. The true source distance is 61 m

The figures show SODAC determined source distance results for the
LU DetectiveX HPGe-detector. Tree-shielded measurement locations
have been excluded.

SODAC source distance results, LU DetectivX HPGe-detector
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Setup M4 was not measured with the DetectiveX HPGe-detector

Measured count rates and adapted fluence curve
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Fig D5-45. LU. Setup M5. The true source distance is 91 m

The figures show SODAC determined source distance results for the
LU DetectiveX HPGe-detector. Tree-shielded measurement locations
have been excluded.

D6. Summary and conclusion

Overall, it can be concluded that the Nal(TI) detectors, when applying the SODAC
routine, underestimate the distance to the radiation source by 20 - 30% and
overestimate the activity of the source by 70 - 80%.

The deviations from actual values increase as the shield thickness increases and the
distance to the radiation source increases. These deviations may be caused by the low
energy resolution in a Nal(Tl) detector. Photons scattered at small angles in the shield
in front of the source are recorded as primary photons in the full-energy peak in the
pulse height distribution of the detector. Compared to primary-only photons, this
small-angle Compton scattering causes the count rate in ROI PR and ROI P to
increase, leading to calculated shorter distances and higher activity when applying the
SODAC routine. The deviations may be corrected by introducing a distance
modification factor in the SODAC routine when the measuring instrument is a
Nal(T1) detector. Further experiments are needed to investigate the effects of longer
source distances.

The high-resolution HPGe detector registers almost no Compton-scattered photons in
the full-energy peak. The absence of Compton photons in the full energy peak implies
that the detector should give a more accurate result for primary photons from the
radiation source (net count rate in ROI P), which should lead to a more limited
deviation in determining the distance and activity of the radiation source with the
SODAC routine. That is also the case. When using the HPGe-detector, the source
distance is underestimated on average by 13 + 6%, and the activity is overestimated
by 18 = 7%. Why these residual deviations exist should be investigated in future well-
controlled experiments.



NKS COMBMORC Final Report 2022 Page 133 (194)



NKS COMBMORC Final Report 2022 Page 134 (194)

Appendix E. Results from team NGU, Geological Survey of Norway,
Norway

E1. Measuring equipment

The measuring system was a Radiation Solutions (Canada) RSX-5 gamma
spectrometer with 4x4 litre Nal(TI) crystals. The spectrometer was mounted inside a
Toyota HiAce van and positioned behind the front right passenger seat in the rear
compartment. It was oriented vertically, as shown in Figure El-1, with the four
“downward” crystals facing the right side of the car. One “upward” crystal was
situated on the other side of the four downward crystals, facing left, so the four
“downward” crystals mostly shielded it from radiation from the right side. In the
analysis, the summed signals from the four “downward” crystals with 16 litres were
used for shielding, distance and activity assessments (detector 1). The “upward” (left)
crystal (detector 2) was not used in the experiment. The signals from all the crystals
were processed in an onboard spectrometer and exported via TCP/IP to a laptop in the
front cabin of the vehicle, running RadAssist (RSI) software. The RadAssist software
controls data acquisition, monitoring, and analysis of measured data and allows
secondary software packages to access the same live data stream from the device.

' —
Fig E1-1: Mobile gamma spectrometry car used by NGU and placement of the RSX-5
detector system inside the car. The four 4-litre Nal(Tl) crystals (usually referred to as
“downward” when used in an aeroplane) were placed sideways so that the most sensitive part
of the crystals was facing to the right. A fifth 4-litre Nal(Tl) crystal (usually referred to as
“upward”’) was facing the left side of the car.

E2. Detector efficiency calibration

The 4x4 litre Nal(T1)-detector was calibrated for counting efficiency at 662 keV in an
earlier NKS field experiment (NKS-AUTOMORC, 2018) using a Cs-137 point source
with activity traceable to calibration sources from Eckert & Ziegler with 3% relative
expanded uncertainty (k=2). When placed in measurement position in the car, the
detector efficiency for 662 keV photons from the right side (the apparent detector area
for total photon absorption) was 0.104 m? with 8% relative expanded uncertainty
(k=2).
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E3. Detector calibration for shield mass thickness determination, using SSC

The response of the 4x4 litre Nal(TI) detector as net count rates in ROI A, B, C and
PL relative to ROI PR and ROI P was measured for different shield mass thicknesses
described earlier in the report. The measurement data was entered into the Excel
program SCC. The relationship between the net count rates for the ratios ROI A, B, C,
and PL/PR for the exponential model is shown in Fig E3-1-a and the polynomial
model in Fig E3-1-c. Corresponding relationships for the ratios ROI A, B, and C/P are
shown in Figs E3-1-b and E3-1-d.

The coefficients for fitting the exponential model to observed data are given in Table
E3-1. The coefficients for fitting the five-degree polynomial model to observed data
are given in Table E3-2.

The exponential and five-degree polynomial models represent the measured net count
rate ratios for the different shield mass thicknesses quite well.

Table E3-1. NGU 4x4 litre Nal(T1)-detector. Coefficients a and b in an exponential model for
determining shield mass thickness according to the description in the main report. The unit of b
is m*/kg.

ROI ratio a b

ROI A/PR 3.54 0.00454
ROI B/PR 2.16 0.00366
ROI C/PR 1.57 0.00256
ROI PL/PR 1.53 0.000879
ROI A/P 1.34 0.00397
ROI B/P 0.822 0.00310
ROI C/P 0.597 0.00199

Table E3-2. NGU 4x4 litre Nal(TI)-detector. Coefficients ao - as (kg/m?) in the five-degree
polynomial model for determining shield mass thickness according to Eqn 3 in the main report.

ROI ratio das as a3 ar ai dao
ROI A/PR 2.008 -24.48 89.94 -54.43 -14.18 0
ROI B/PR 0.1464 6.985 -92.45 350.23 -210.8 0
ROI C/PR -25.54 62.37 14.84 63.50 51.75 0
ROI PL/PR -39330 128300 -160800 97720 -28370 3155
ROI A/P 1.152 2.448 -80.02 269.9 -26.16 0
ROI B/P -188.9 965.4 -1625 903.1 374.9 0
ROI C/P 110.6 -276.1 -267.0 386.6 565.6 215.2

E4. Results from shield thickness measurements, using SSC

The shield mass thickness measurements in front of the Cs-137 point source for setups
M1 to M5 are not analyzed with SSC, but the SSC models are shown in Fig E3-1-a-d.
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Shield mass thickness vs ROI count rate ratios, Nal(Tl)-spectrometer Shield mass thickness vs ROI count rate ratios, Nal(TI)-spectrometer
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Fig E3-1-a-d. NGU 4x4 litre Nal(T1) spectrometer. Models of shield mass thickness as a function of ROI net count rate ratio obtained from fitting measured
data to exponential functions (a, b) and five-degree polynomial functions (c, d), valid for Cs-137 point sources behind shields of standard building material
(wood and concrete) with mass thickness between 20 and 730 kg/m?. Values have been measured at a source-detector distance of 10 m.
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ES. Results from source distance measurements, using SODAC

The distance to a Cs-137 point source was determined using the Excel program
SODAC for five different setups with different distances and shielding (M1 - M5), as
described in the main report. All measurements were made standing still (semi-
stationary) at various locations along the road that passes the radiation source.
Unfortunately, it turned out that some trees between the radiation source and the
measuring car shielded the photon fluence from the source at specific points along the
road. These measurement points have been identified, and the data has been removed
from the analysis.

Correcting the detector response for the angular dependence of the oblong detector for
count rates from the source at different incident angles proved necessary during the
analysis. How the correction is determined is reported in the text of the main report.

In the SODAC analysis, the actual shield thickness has been used in the distance
determination (and not the one obtained through SSC) because it produces a more
accurate picture of any distance determination deviations than a possibly distorted
assumption of the shield thickness would do.

Results from the Excel program SODAC showing which "intensity curve" (primary
photon fluence from the source as a function of distance along the road) best fits the
measurement data along the road for the five setup distances are reproduced in
Figures E5-1 to E5-5.

Results from the distance and activity determination with SODAC are summarized in
Table E5-1. The source distances for four setups (M1, M2, M3, MS5) were
underestimated from 8% to 33% with an average underestimation of 17 + 6%, and the
source activity was overestimated by 104 +41%.

The reason for the deviations from actual values is not fully understood. The low
energy resolution in a Nal(Tl) detector and the increased distance to the source
compared to the calibration distance for shield thickness may be the cause. Photons
scattered at small angles in the shield in front of the source register in the full-energy
peak in the pulse height distribution of the detector. These photons cause the count
rate in ROI PR and ROI P to increase compared to primary-only photons, which may
affect distance and shield thickness determination at longer distances. Further experi-
mental investigations of the detector's response at longer source distances and thicker
shielding are needed to understand the deviations better.
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Table E5-1. Results from the NGU 4x4 litre Nal(T1) detector, applying the SODAC routine to
obtain the source distance and activity for a Cs-137 point source. The distance is adjusted for
the varying angular efficiency for horizontally oriented 4 litre Nal(TI) detectors. The activity
is calculated from the full energy peak count rate for the adjusted and the actual distance,
using the actual shield thickness. The actual point source activity is 606 MBq in all setups.

Setup Actual SODAC obtained Deviation
Distance  Shield |Distance Distance Activity Activity | Distance  Activity
to source  mass angular at at at adjusted at adjusted

thickness efficiency adjusted actual | rounded (at actual
adjusted distance distance distance)
m kg/m? m m MBq MBq % %
Ml 61 air only 30 40 258 704 -33 -57.4
(16.2)
M2 31 333 25 30 1234 1234 0 104
(104)
M3 61 94 40 55 687 858 -8 13.4
(41.6)
M4 61 333 45 50 1337 2121 -17 120
(250)
M5 91 94 50 65 519 1266 -28 -14.4
(109)
Average -17+6 33+ 34
(104 £ 41)

SODAC source distance results, NGU 4x4 litre Nal(Tl)-detector




NKS COMBMORC Final Report 2022 Page 139 (194)

Angular efficiency corrected count rates and adapted fluence curve
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Fig E5S-1. NGU. Setup M1. The true source distance is 61 m
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Fig E5-2. NGU. Setup M2. The true source distance is 31 m
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Fig E5-3. NGU. Setup M3. The true source distance is 61 m

The figures show SODAC determined source distance results for the
NGU 4x4 litre Nal(Tl)-detector, corrected for varying angular effi-
ciency. Tree-shielded measurement locations have been excluded.

SODAC source distance results, NGU 4x4 litre Nal(Tl)-detector
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Angular efficiency corrected count rates and adapted fluence curve
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Fig E5-4. NGU. Setup M4. The true source distance is 61 m
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Fig E5-5 NGU. Setup M5. The true source distance is 91 m

The figures show SODAC determined source distance results for the
NGU 4x4 litre Nal(TIl)-detector, corrected for varying angular effi-
ciency. Tree-shielded measurement locations have been excluded.

E6. Summary and conclusion

The 4x4 litre Nal(Tl) detector system was calibrated for determining shield mass
thickness using ten setups with Cs-137 point sources and varying shield thicknesses.
Four ROI-models were used, two exponential and two five-degree polynomial
models. The models, programmed in the SSC Excel routine, represent the measured
net count rate ratios for the different shield mass thicknesses quite well.

When determining the distance to a radiation source with the SODAC routine in four
different cases with spacing from 30 to 90 m, the distances were, on average,
underestimated by 17 = 6%. The calculated activity was, on average, overestimated by
104 + 41%. The reason for the deviations from actual values is not fully known.
Further experimental investigations of the detector's response at longer source dis-
tances and thicker shielding are needed to investigate the reason more in-depth.
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Appendix F. Results from team STUK, Radiation and Nuclear Safety
Authority, Finland

F1. Measuring equipment

Team STUK used two four-litre Nal(Tl) detectors mounted inside an MB Sprinter van
called SONNI2, a radiological emergency response vehicle developed by STUK. The
vehicle has identical detector packages (Environics RanidPort Mobile) mounted
vertically on the floor near the opposing walls of the vehicle (Fig. F1-1). The
detectors are moderately collimated with 20 mm steel plates that cover the 180-degree
view facing the inside of the vehicle. This type of collimation gives a distinct
difference between the signals from the two detectors, and the radiation source can be
localized to either the right or left side of the vehicle. However, the COMBMORC
experiments only used Cs-137 sources on the right side of the measuring vehicles, so
all data reported here are from the right-hand side detector.

RanidPort mobile

Figure F1-1. Two four-liter Nal(Tl) detectors mounted inside the MB Sprinter van marked as
RanidPort Mobile on the top view. Three optional seats are shown in the pictures that were
not installed on the vehicle during measurements.
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F2. Detector efficiency calibration

The two 4 litre Nal(Tl)-detectors were calibrated for counting efficiency at 662 keV in
an earlier NKS field experiment (NKS-AUTOMORC, 2018) using a Cs-137 point
source with activity traceable to calibration sources from Eckert & Ziegler with 3%
relative expanded uncertainty (k=2). When placed in measurement position in the car,
the right side detector efficiency for 662 keV photons from the right side (the apparent
detector area for total photon absorption) was 0.0229 m? with 8% relative expanded
uncertainty (k=2).

F3. Detector calibration for shield mass thickness determination, using SSC

The response of the right side 4 litre Nal(Tl) detector as net count rates in ROI A, B,
C and PL relative to ROI PR and ROI P was measured for different shield mass
thicknesses described earlier in the report. The measurement data was entered into the
Excel program SCC. The relationship between the net count rates for the ratios ROI
A, B, C, and PL/PR for the exponential model is shown in Fig F3-1-a and the
polynomial model in Fig F3-1-c. Corresponding relationships for the ratios ROI A, B,
and C/P are shown in Figs F3-1-b and F3-1-d.

The coefficients for fitting the exponential model to observed data are given in Table
F3-1. The coefficients for fitting the five-degree polynomial model to observed data
are given in Table F3-2.

The exponential and five-degree polynomial models represent the measured net count
rate ratios for the different shield mass thicknesses quite well.

Table F3-1. STUK 4 litre Nal(TI)-detector (right side). Coefficients a and b in an exponential
model for determining shield mass thickness according to the description in the main report.
The unit of b is m*/kg.

ROI ratio a b

ROI A/PR 3.85 0.00430
ROI B/PR 2.05 0.00361
ROI C/PR 1.33 0.00281
ROI PL/PR 1.33 0.00118
ROI A/P 1.56 0.00356
ROI B/P 0.833 0.00287

ROI C/P 0.540 0.00208
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Table F3-2. STUK 4 litre Nal(T1)-detector (right side). Coefficients ap - as (kg/m?) in the five-
degree polynomial model for determining shield mass thickness according to Eqn 3 in the main
report.

ROI ratio as as as a ai ao
ROI A/PR 5.614 -68.74 281.4 -392.9 186.0 0
ROI B/PR 9.2284 -73.09 155.4 30.94 -55.02 0
ROI C/PR 33.344 -248.1 573.0 -367.3 213.7 0
ROI PL/PR 12700 -44400 59760 -37980 11930 -1409
ROI A/P 21.59 -155.00 3214 -90.32 36.16 0
ROI B/P -202.2 1036 -1815 1146 294.7 0
ROI C/P 602.83 -504.9 -683.4 450.1 645.7 244.39

F4. Results from shield thickness measurements, using SSC

In connection with the experiment determining the source distance with the SODAC
routine, a determination of the shield mass thickness in front of the Cs-137 point
source was made using the SSC routine when the measuring car was directly opposite
the source, i.e. at the road location with the shortest distance to the source. The results
are given in tables F4-1 to F4-4.

The deviation in the calculated mass thickness from the actual value was between -5%
and 65% for the exponential model, and the polynomial model's deviation was
between -21% and 73%. It is impossible to say that one model gives better values than
the other. On average, the models overestimated the mass thickness by 23 + 12%.

The detailed result from SSC is also reproduced in Figs F4-1 to F4-5, where the
individual net count rate ratios ROI A/PR, ROI B/PR Etc., are plotted along the lines
of the exponential model and the polynomial model. The measurement data show
relatively good agreement for the different ROI ratios for setup M1 and M2. There is
a broader variation between the ROI ratios for setup M3, M4, and M5. These setups
have combinations of more considerable distances and shielding, resulting in poorer
counting statistics, which probably is the cause of the more significant variation.

Table F4-1. Result from the STUK 4 litre Nal(T1) detector determination of shield mass thick-
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Setup Actual Measured Deviation
Distance to  Shield Shield and Shield of measured
source mass air mass mass from actual
(m) thickness thickness thickness value

(kg/m®) (kg/m®) (kg/m’) (o)

Ml 61 0 77.5 1.70 2.2

M2 31 333 372 333 0.1

M3 61 94 220 144 29.6

M4 61 333 328 253 19.7

M5 91 94 306 193 47.9

Average 19.9+8.9

Table F4-2. Result from the STUK 4 litre Nal(T1) detector determination of shield mass thick-

ness by using ROI A, B, C / P net count rate ratios in an exponential model

Setup Actual Measured Deviation
Distance to  Shield Shield and Shield of measured
source mass air mass mass from actual
(m) thickness thickness thickness value

(kg/m?) (kg/m’) (kg/m’) (%)

Ml 61 0 112 35.8 47.1

M2 31 333 377 339 1.6

M3 61 94 258 182 52.1

M4 61 333 389 313 -4.9

M5 91 94 339 225 63.5

Average 31.9+14.0

Table F4-3. Result from the STUK 4 litre Nal(T1) detector determination of shield mass
thickness by using ROI A, B, C, PL / PR net count rate ratios in a five-degree polynomial

model

Setup Actual Measured Deviation
Distance to  Shield Shield and Shield of measured
source mass air mass mass from actual
(m) thickness thickness thickness value

(kg/m’) (kg/m’) (kg/m’) (%)

Ml 61 0 78.6 2.8 3.7

M2 31 333 370 331 -0.6

M3 61 94 201 126 18.6

M4 61 333 322 246 -21.3

M5 91 94 294 191 42.2

Average 8.52 £10.6

Table F4-4. Result from the STUK 4 litre Nal(Tl) detector determination of shield mass thick-
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ness by using ROI A, B, C/ P net count rate ratios in a five-degree polynomial model

Setup Actual Measured Deviation
Distance to  Shield Shield and Shield of measured
source mass air mass mass from actual
(m) thickness thickness thickness value

(kg/m’) (kg/m’) (kg/m’) (%)

Ml 61 0 93.8 18.0 23.8

M2 31 333 408 369 9.8

M3 61 94 254 178 49.3

M4 61 333 419 343 2.4

M5 91 94 358 245 72.9

Average 31.6 +13.1
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Fig F3-1-a-d. STUK 4 litre Nal(Tl) spectrometer. Models of shield mass thickness as a function of ROI net count rate ratio obtained from fitting measured
data to exponential functions (a, b) and five-degree polynomial functions (c, d), valid for Cs-137 point sources behind shields of standard building material
(wood and concrete) with mass thickness between 20 and 730 kg/m?. Values have been measured at a source-detector distance of 10 m.
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Shield mass thickness (kg/m?)

Shield and air mass thickness vs ROI count rate ratios, Nal(Tl)-spectrometer

1000

900

800

700

600

500

400

300

200

100

Measured A/PR
Measured B/PR
Measured C/PR
Measured PL/PR
Expon A/PR
Expon B/PR
Expon C/PR
Expon PL/PR

Q> B O

10.00 100.00 1000.00
Count rate ratio

Shield and air mass thickness vs ROI count rate ratios, Nal(Tl)-spectrometer

1000
900
oTE‘ 800 <©  Measured A/P
B o M B/P
2 700 easured B/
o A Measured C/P
§ 600 ©  Measured PL/P
x Expon A/P
£ 500 P
£ Expon B/P
2 400 Expon C/P
£ e MiniMUM
% R e Ay B E— R P Maximum
& 200 ————Awrage

100

0.10 1.00 10.00 100.00 1000.00
Count rate ratio

a
Shield and air mass thickness vs ROI count rate ratios, Nal(Tl)-spectrometer Shield and air mass thickness vs ROI count rate ratios, Nal(Tl)-spectrometer
1000 1000
900 900
800 <©  Measured A/PR 800
T O Measured B/PR € ©  Measured A/P
o 700 A Measured C/PR P 700 o Measured B/P
2 ° " A Measured C/P
§ 600 Measured PL/PR Q 600
£ Polyn A/PR < Polyn A/P
;‘::’ 500 Polyn B/PR E 500 Polyn B/P
@ Polyn C/PR @2 100 Polyn C/P
g 400 Polyn PLIPR g Minimum
E 300 - Minimum g 300 - Maximum
5 - Maximum & —— Average
200 Average 200
100 100
0 0
0.10 10.00 100.00 1000.00 0.10 1.00 10.00 100.00 1000.00
Count rate ratio Count rate ratio
C

Fig F4-1-a-d (M1). Shield mass thickness determination by the STUK 4 litre Nal(Tl) spectrometer using the ROI count rate ratio method with exponential
(a, b) and polynomial (c, d) models. The true shield mass thickness is 75.8 kg/m? including 61 m of air between the source and the detector.
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Shield and air mass thickness vs ROI count rate ratios, Nal(Tl)-spectrometer
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Fig F4-2-a-d (M2). Shield mass thickness determination by the STUK 4 litre Nal(Tl) spectrometer using the ROI count rate ratio method with exponential
(a, b) and polynomial (c, d) models. The true shield mass thickness is 372 kg/m?, including 31 m of air between the source and the detector.
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Shield and air mass thickness vs ROI count rate ratios, Nal(Tl)-spectrometer
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Fig F4-3-a-d (M3). Shield mass thickness determination by the STUK 4 litre Nal(Tl) spectrometer using the ROI count rate ratio method with exponential
(a, b) and polynomial (c, d) models. The true shield mass thickness is 170 kg/m?, including 61 m of air between the source and the detector.
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Fig F4-4-a-d (M4). Shield mass thickness determination by the STUK 4 litre Nal(Tl) spectrometer using the ROI count rate ratio method with exponential
(a, b) and polynomial (c, d) models. The true shield mass thickness is 409 kg/m?, including 61 m of air between the source and the detector.
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Shield and air mass thickness vs ROI count rate ratios, Nal(Tl)-spectrometer
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Fig F4-5-a-d (M5). Shield mass thickness determination by the STUK 4 litre Nal(Tl) spectrometer using the ROI count rate ratio method with exponential
(a, b) and polynomial (c, d) models. The true shield mass thickness is 207 kg/m?, including 91 m of air between the source and the detector.
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F5. Results from source distance measurements, using SODAC

The distance to a Cs-137 point source was determined using the Excel program
SODAC for five different setups with different distances and shielding (M1 to M5), as
described in the main report. All measurements were made standing still (semi-
stationary) at various locations along the road that passes the radiation source.
Unfortunately, it turned out that some trees between the radiation source and the
measuring car shielded the photon fluence from the source at specific points along the
road. These measurement points have been identified, and the data has been removed
from the analysis.

The detectors in the STUK vehicle are mounted vertically. Vertical mounting implies
that the detectors' sensitivity is approximately the same for all angles in the horizontal
plane (except in the direction towards the vehicle where there is lead shielding). No
correction, therefore, needs to be made for different incident angles of photons from
the outside of the vehicle, as is necessary for horizontal (horizontally oriented) 4 litre
Nal(T1) detectors.

In the SODAC analysis, the actual shield thickness has been used in the distance
determination (and not the one obtained through SSC) because it produces a more
accurate picture of any distance determination deviations than a possibly distorted
assumption of the shield thickness would do.

Results from the Excel program SODAC showing which "intensity curve" (primary
photon fluence from the source as a function of distance along the road) best fits the
measurement data along the road for the five setup distances are reproduced in
Figures F5-1 to F5-5.

Results from the distance and activity determination with SODAC are summarized in
Table F5-1. The source distances for the five setups (M1 to M5) were correct for
setup M2 (30 m) and underestimated from 8% to 33% for the other four setups, with
an average underestimation of 18 & 7%. The source activity was overestimated by 181
+ 70%.

The reason for the deviations from actual values is not fully known. It may be due to
the low energy resolution in a Nal(Tl) detector and the increased distance to the
source compared to the calibration distance for shield thickness. Photons scattered at
small angles between the source and the detector are recorded as primary photons in
the full-energy peak in the pulse height distribution of the detector. These photons
cause the count rate in ROI PR and ROI P to increase compared to primary-only
photons, which may affect the calculation of distance and shield thickness for longer
distances. Further experimental investigations of the detector's response at longer
source distances and thicker shielding are needed to draw more definite conclusions.
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Table F5-1. Results from the STUK 4 litre Nal(Tl) detector, applying the SODAC routine to
obtain the source distance and activity for a Cs-137 point source. The Nal(Tl) detector is
vertically mounted and the angular efficiency variation is small. Therefore, no adjustment for
photon angles of incidence is made in the distance determination. The activity is calculated
from the full energy peak count rate for the measured and the actual distance, using the actual

shield thickness. The actual point source activity is 606 MBq in all setups.

Setup Actual SODAC obtained Deviation
Distance  Shield | Distance Activity Activity | Distance  Activity
to source  mass at at rounded at obtained

thickness obtained actual (at actual
distance distance distance)
m kg/m? m MBq MBq % %
Ml 61 air only 50 535 848 -17 -11.7
(39.9)
M2 31 333 30 1564 1564 0 158
(158)
M3 61 94 55 886 1108 -8 46
(82.8)
M4 61 333 40 1212 3307 -33 100
(446)
M5 91 94 60 562 1687 -33 -7.2
(178)
Average -18+£7 57+32
(181 £ 70)

SODAC source distance results, STUK 4 litre Nal(Tl)-detector
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Fig F5-1. STUK. Setup M1 (M6). The true source distance is 61 m
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Fig F5-2. STUK. Setup M2 (M7). The true source distance is 31 m
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Fig F5-3. STUK. Setup M3 (M&8). The true source distance is 61 m

The figures show SODAC determined source distance results for the
STUK 4 litre Nal(TI)-detector. Tree-shielded measurement locations
have been excluded.

SODAC source distance results, STUK 4 litre Nal(Tl)-detector
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Fig F5-4. STUK. Setup M4 (M9). The true source distance is 61 m
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Fig F5-5. STUK. Setup M5 (M10). The true source distance is 91 m

The figures show SODAC determined source distance results for the
STUK 4 litre Nal(Tl)-detector. Tree-shielded measurement locations
have been excluded.

F6. Summary and conclusion

In determining the mass thickness of the radiation shield with the SCC routine, two
models have been used that describe the net count rate relationships between
registrations from scattered radiation and primary radiation, an exponential model and
a polynomial model. Both models give roughly the same results and overestimate the
shield mass thickness by 23 + 12% (standard error of the mean).

When determining the distance to a radiation source with the SODAC routine in four
different cases with spacing from 30 to 90 m, the distances were, on average,
underestimated by 18 + 7%. The calculated activity was, on average, overestimated by
181 + 70%. The reason for the deviations from actual values is not fully known.
Further experimental investigations of the detector's response at longer source dis-
tances and thicker shielding are needed to investigate the reason more in-depth.
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Appendix G. Setup of detector response calibration for shielded
sources

G1. Shielding configuration

As the first part of COMBMORC 2022, a response calibration for Cs-137 point
sources was performed to determine the mass thickness of a radiation shield from the
pulse height distributions of gamma spectrometers. The net count rates in regions of
interest ROI A, B, C, PL, PR and P, as described in the main report, were measured
for Cs-137 sources behind ten setups with different shield thicknesses. The
measurement data was entered into the Excel routine SSC, where it constituted a
“knowledge library”, which was used to determine the mass thickness of unknown
radiation shields in setup M1 to M5 using the ROI method described in the main
report.

The distance between the source and detector in the response calibration was 10 m.
The SSC routine adds the air mass thickness for the 10 m distance to the mass
thickness of the shield, and the air distance corresponds to 12.43 kg/m?. However,
there is also a 1 mm steel plate in the trailer sidewall, which in mass corresponds to 6
m of air. To correct for the steel wall, 10 + 6 = 16 m was input to the SSC calibration
sheet at the line “Input distance to source (m)”. The steel wall is included in the mass
thickness given in Table G1 for the calibration setup.

Pictures of the shielding construction for response calibration are shown in Fig G1 to
G3.

An example of input data to the SSC routine from a 4-litre Nal(Tl) detector is shown
in Fig G4.

Table G1. The shielding configuration in the detector response calibration for determining the
pulse height distribution energy regions ROI A, B, C, PL/PR and ROI A, B, C/P net count
rate ratios valid for a Cs-137 point source with 662 keV primary photons as a function of
shield mass thickness. The mass thickness given in the table includes the air between the
source and the detector and 1 mm of steel plate in the sidewall of the trailer.

Setup number Material Mass thickness (kg/m?)
Cl1 Air only 19.89
C2 4.5 cm wood 43.38
C3 9 cm wood 66.87
C4 13.5 cm wood 90.36
Cs5 5 cm concrete 139.0
Co 10 cm concrete 258.1
C7 15 cm concrete 377.2
C8 20 cm concrete 496.3
C9 25 cm concrete 615.4

C10 30 cm concrete 734.5
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Fig G1. Setup C4 for shield thickness calibration of the different team's mobile gamma
spectrometers. The setup is mounted on a trailer showing the shielding material from the side.
The Cs-137 source is inside the clay brick cave. The shield consists of three layers of 4.5 cm
wooden beams producing a wall thickness of 135 mm in two directions, left and right. The
mass thickness of the wooden wall is 70.7 kg/m”. The sidewalls of the trailer consist of 1 mm
steel.

Fig G2. Setup C10 for shield thickness calibration of the different team's mobile gamma
spectrometers. The Cs-137 source is placed inside the clay brick cave. The shield consists of
six layers of 5 cm concrete blocks producing a wall thickness of 300 mm in two directions,
left and right. The mass thickness of the concrete wall is 714.6 kg/m>.
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el D %
Fig G3. Setup C10 for shield thickness calibration of the different team's mobile gamma
spectrometers. View obliquely from behind and above. The source is placed in the cave below
the clay bricks. The shield consists of six layers of 5 cm concrete blocks producing a wall
thickness of 300 mm in two directions, left and right. The mass thickness of the concrete wall
is 714.6 kg/m”.

Known shield material Aironly  Wood Wood Wood Concrete Concrete Concrete Concrete Concrete Concrete
Known shield thickness (cm) 0 4.5 9 13.5 5 10 15 20 25 30
Known shield density (kg/m3) 0 522 522 522 2382 2382 2382 2382 2382 2382
Mass thickness (kg/m2) 0 23.49 46.98 70.47 119.1 238.2 357.3 476.4 595.5 714.6
Input distance to source (m) [ 16 16 | 16 | 16 [ 16 | 16 | 16 | 16 | 16 | 16 |
Total mass thickness (kg/m2) | 19.888 43.378 66.868 90.358 138.988 258.088 377.188 496.288 615.388 734.488
Input measured background (cps)

ROI A 940.168] 940.168] 940.168| 940.168] 940.168| 940.168| 940.168] 940.168] 940.168] 940.168
ROI B 350.9333| 350.9333| 350.9333| 350.9333| 350.9333| 350.9333| 350.9333| 350.9333| 350.9333| 350.9333
ROIC 164.6626| 164.6626| 164.6626| 164.6626| 164.6626| 164.6626| 164.6626| 164.6626| 164.6626| 164.6626
ROI PL 65.27293| 65.27293| 65.27293| 65.27293| 65.27293| 65.27293| 65.27293| 65.27293| 65.27293| 65.27293
ROI PC 1.78895| 1.78895| 1.78895| 1.78895 1.78895| 1.78895| 1.78895| 1.78895| 1.78895| 1.78895
ROI PR 42.92891| 42.92891| 42.92891| 42.92891| 42.92891| 42.92891| 42.92891( 42.92891| 42.92891| 42.92891
ROI P 109.9908| 109.9908| 109.9908| 109.9908| 109.9908| 109.9908( 109.9908| 109.9908| 109.9908{ 109.9908
Input measured gross (cps)

ROI A 1974.278| 1974.457] 1935.207| 1880.995[ 4258.132] 3101.23| 5686.233| 4498.303| 3910.459 3665.67
ROI B 950.7978| 907.8957| 869.1307| 821.2758| 1941.657| 1334.564| 2416.265| 1751.951| 1437.697| 1270.278
ROIC 518.9547| 506.9434| 494.2725 469.578| 1218.064| 778.0625| 1283.766| 783.7453| 552.1091| 432.1909
ROI PL 433.3828| 379.2853| 325.7564| 314.7804| 771.7684| 412.1687| 638.0333| 328.7744| 185.2303| 123.6178
ROI PC 36.19115] 29.48315| 25.57516[ 22.5796| 58.44444| 25.85353| 40.16041| 17.67116| 8.58723| 4.903827
ROI PR 330.515| 275.2909| 259.0508| 208.8338| 550.0538| 255.8454| 421.8782| 195.5565| 113.4701| 71.3332
ROI P 800.089| 684.0594| 610.3823| 546.1937| 1380.267| 693.8677| 1100.072| 542.0021| 307.2876| 199.8548

Fig G4. Example of input response calibration data to the Excel SSC routine for assessing
shield mass thickness from ROI count rate data from a gamma spectrometer. The data is for
Lund University 4 litre Nal(TI) rear detector.
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Appendix H. Setup for source distance determination

H1. Source configuration

Part of COMBMORC included the experiment in determining the distance, shielding
and activity of a Cs-137 radiation source based on semi-stationary measurements
along a path that runs past the source. In the experiment, the radiation source was
placed in a trailer with two radiation shields of different thicknesses in diametrically
opposite directions. Moving and turning the trailer achieved five different combina-
tions of distances from the road and shield thicknesses. Table H1 shows the combina-
tions (setup M1 to M5) used in the experiment. The setups M6 to M10 are identical to
M1 to M5.

Table H1. Data for setup M1 to M5 for determining Cs-137 source distance, shield mass
thickness and source activity in semi-mobile gamma spectrometry when applying the Excel
routines SODAC and SSC.

Distance . . Mass thickness Activity
Setu Shield material
P (m) (kg/m?) (MBq)
M1, M6 60 60 m air 74.58 606
13 cm concrete 309.7
4.5 cm wood 23.5
M2, M7 30 30 m air 37.3 606
> 370.5
18 ¢cm wood 94.0
M3, M8 60 60 m air 74.6 606
> 168.6
13 cm concrete 309.7
4.5 cm wood 23.5
M4, M9 60 60 m air 74.6 606
> 407.8
18 cm wood 94.0
M5, M10 90 90 m air 111.9 606
> 205.9

H2. Source obstruction by vegetation

The small side road where the trailer with the radiation source was placed had smaller
trees and bushes on the sides. In the subsequent measurement data analysis along the
main road, the teams discovered that primary photons from the radiation source in
some measurement points showed lower photon fluence rates than expected. The
cause was identified as shielding in the vegetation along the sides of the side road.
Determining where the free line of sight between the radiation source and detector
along the main road was obstructed has identified the measurement points affected by
tree shielding. Data from these measurement points were sorted out before the analy-
sis with the Excel routine SODAC was carried out. Table H2 indicates which points
along the main road were affected by the tree shielding.
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Table H2. Road locations where trees or bushes obstruct the line of sight between the source
and the detector. Measurement data from these locations were removed from the distance
analysis in the Excel routine SODAC.

Source distance (m)

Road location (m) 30 60 90
-150
-140
-130
-120
-110
-100
-90 Uncertain
-80 Uncertain
-70 Uncertain
-60 Uncertain
-50 Uncertain Tree
-40 Tree Busch
-30 Tree Tree
-20 Tree Uncertain Busch
-10 Tree Tree Tree
0
10 Tree Tree Tree
20 Tree Tree
30 Tree Tree Bushes
40 Bushes Bushes Bushes
50 Bushes Bushes Bushes
60 Bushes Bushes Bushes
70 Bushes Bushes Bushes
80 Bushes Bushes Bushes
90 Bushes Bushes Bushes

100 Bushes Bushes Bushes
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The lines of sight between the source and the detector in the measurement car (i.e. the
paths of primary photons from the source to the detector) are shown in Fig H2-1 and
H2-2 for the three source distances along the side road that was used in the
experiment.

The lines of sight in the ground view for the source-road distance 30 m, 60 m, and 90
m are shown in Figs H2-3 to H2-5, respectively.

Fig H2-1. Bird's view of locations along the main road for semi-stationary gamma spectrome-
try in determining source distance, shielding and activity. Measurement locations are inter-
spaced by 10 m along the main road. Source locations are at distances 30 m (setup M2), 60 m
(setup M1, M3, M4), and 90 m (setup M5) along the side road perpendicular to the main road.
Lines of sight between the source and measurement locations are indicated with red lines.
(Map from Google Earth).

Fig H2-2. Bird's view of road locations for semi-stationary mobile gamma spectrometry when
determining source distance, shielding and activity, seen from the source locations at 30, 60
and 90 m on the side road. (Map from Google Earth).



NKS/COMBMORC 2022 Final Report Page 162 (194)

Fig H2-3. Source location at 30 m from the main road. Red lines indicate the lines of sight
between the source and measurement locations along the main road with 10 m interspacing.

Trees and bushes obstruct the line of sight for some locations, listed in Table H2. (Photo from
Google Earth).

P

Fig H2-4. Source location at 60 m from the main road. Red lines indicate the lines of sight
between the source and measurement locations along the main road with 10 m interspacing.
Trees and bushes obstruct the line of sight for some locations, listed in Table H2. (Photo from
Google Earth).
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s R R i oo R
Fig H2-5. Source location at 90 m from the main road. Red lines indicate the lines of sight
between the source and measurement locations along the main road with 10 m interspacing.

Trees and bushes obstruct the line of sight for some locations, listed in Table H2. (Photo from
Google Earth).
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Appendix I. ROI regions for gamma spectrometers and teams

Here are reported the settings of regions-of-interest, ROIs, used by participating teams
for their gamma spectrometers.

I1. Generic ROI

Generic ROI is meant to guide how the different ROIs should be chosen for gamma
spectrometers with different conversion gains so that the respective energy intervals
cover roughly the same width.

Table 11 provides examples of ROI selections for different conversion gains and
energy width per channel.

Table I1. Suggested ROIs with energy interval limits given in keV for detecting primary and
scattered photons measured by a gamma spectrometer having 1024, 512 or 256 channels
corresponding to channel widths of 3, 6 or 12 keV/channel. The peak area ROI is suitable for
a Nal(TI) spectrometer and is divided into three sub-components: left peak area (PL), centre
channel (PC) and right peak area (PR), which together constitute the full energy peak area (P).

ROI Energy Compton 3keV/ch ROI 6keV/ch ROI 12 keV/ch  ROI

node scattered width width width
(keV) degree (keV) chs (keV) chs (keV) ch
74

A 77-239 55 80-236 27 86-230 13
242 110

B 245-407 55 248-404 27 254-398 13
410 58

C 413-575 55 416-572 27 422-566 13
578 27

PL 581-659 27 584-656 13 590-650 6

PC 662 1 662 1 662 1

PR 665-743 27 668-740 13 674-734 6

P 581-743 55 584-740 27 590-734 13
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12. DEMA

Table 12. The ROI setup for the DEMA shielding experiment in SHIELDMORC 2020 and
COMBMORC 2021-22

ROI Energy node Energy interval ~ Channel interval Number of
(keV) (keV) channels
74

A 75 - 240 25-80 55
242

B 243 - 408 81-136 55
410

C 441 - 576 137-192 55
578

PL 579 - 660 193 - 220 27

PC 662 663 221 1

PR 666 - 747 222 -249 27

I3. IRSA/GR

Table 13. The ROI setup for the IRSA/GR shielding experiment in SHIELDMORC 2020
and COMBMORC 2021-22.

ROI Energy node Energy interval ~ Channel interval Number of
(keV) (keV) channels
74

A 79 - 238 32-84 53
242

B 247 - 405 87-139 53
410

C 415-573 142 - 194 53
578

PL 582 - 659 197 - 222 26

PC 662 662 223 1

PR 665 - 741 224 - 249 26
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I4. Lund University

Table I4-1. ROI application for the Lund University 4 litre Nal(Tl) spectrometer system
(Ortec Digibase) using a conversion gain of 1024 channels and setting the energy calibration
for Cs-137, 661.66 keV in channel 231 and for K-40, 1460.66 keV in channel 500.

ROI Compton Channel Photon energy keV ~ Number of
scattered numbers channels
degree

Node 32 74.1 1

ROT A 33-88 77.0-239.1.0 56

Node 110 89 242.1 1

ROIB 90-145 245.0-407.4 56

Node 58 146 410.3 1

ROIC 147-202 413.3-575.8 56

Node 27 203 578.8 1

ROIPL 204-230 581.8-658.7 27

ROI PC 0 231 661.7 1

ROI PR 232-258 664.6-741.6 27

Node 259 744.6 1

Table 14-2. ROI application for the Lund University 3"x3" Nal(Tl) spectrometer system
(Ortec Digibase) using a conversion gain of 1024 channels and setting the energy calibration
for Cs-137, 661.66 keV in channel 231 and for K-40, 1460.86 keV in channel 500.

ROI Compton Channel Photon energy keV ~ Number of
scattered numbers channels
degree

Node 36 75.9 1

ROT A 37-91 78.9-240.4 55

Node 110 92 243.4 1

ROI B 93-147 246.4-407.7 55

Node 58 148 410.7 1

ROIC 149-203 413.7-575.0 55

Node 27 204 578.0 1

ROI PL 205-231 581.0-658.6 27

ROI PC 0 232 661.7 1

ROI PR 233-259 664.6-742.2 27

Node 260 745.2 1
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Table 14-3. ROI application for the Lund University DetectiveX HPGe spectrometer system
using a conversion gain of 16383 channels and setting the energy calibration for Cs-137
661.66 keV in channel 3615.87, K-40 1460.86 keV in channel 7979.71, and T1-208 2614.53
keV in channel 14278.57. (A, B, C, D (PLNal), P - variant).

ROI Compton Channel Photon energy keV ~ Number of
scattered numbers channels
degree

Node 412 74.92 1

ROI A 413-1330 75.11-243.04 918

Node 109.2 1331 243.22 1

ROI B 1332-2249 243.40-411.34 918

Node 57.96 2250 411.52 1

ROIC 2251-3168 411.70-579.64 918

Node 27.0 3169 579.82 1

ROI D (PLNal) 3170-3598 580.00-658.38 429

Node 4.89 3599 658.57 1

ROI PL 3600-3615 658.75-661.50 16

ROI PC 3616 661.68 1

ROI PR 3617-3633 661.86-664.61 16

ROI P 3600-3632 658.75-664.61 33

Node 3633 664.79 1

I5. NGU

Table I5. The ROI setup for the NGU shielding experiment in SHIELDMORC 2020 and
COMBMORC 2021-22

ROI Energy node Energy interval ~ Channel interval Number of
(keV) (keV) channels
74

A 77 - 239 26 - 80 55
242

B 245 - 407 82 -136 55
410

C 413 - 575 138 - 192 55
578

PL 581 - 659 194 - 220 27

PC 662 662 221 1

PR 665 - 743 222 - 248 27

746
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Table 16-1. The ROI setup for the SSM shielding experiment in SHIELDMORC 2020 using
a 4 liter Nal(T1) detector (L).

ROI Energy node Energy interval ~ Channel interval Number of
(keV) (keV) £ 1.5 keV channels
74 34

A 78 — 238 35-90 56
242 91

B 244 — 408 92 - 148 57
410 149

C 414 - 576 150 - 205 56
578 206

PL 582 — 659 207 - 233 27

PC 662 662 234 1

PR 665 — 742 235-261 27
745

Table 16-2. The ROI setup for the SSM shielding experiment in SHIELDMORC 2020 using
a 4 liter Nal(T1) detector (R).

ROI Energy node Energy interval ~ Channel interval Number of
(keV) (keV) £ 1.5 keV channels
74 34

A 76 — 240 35-91 57
242 92

B 246 — 407 93 - 148 56
410 149

C 413 - 575 150 - 205 56
578 206

PL 581 — 658 207 - 233 27

PC 662 661 234 1

PR 664 — 741 235-261 27
745

Table 16-3. The ROI setup for the SSM shielding experiment in SHIELDMORC 2020 using
a 120% HPGe detector.

ROI Energy node Energy interval ~ Channel interval Number of
(keV) (keV) £ 1.5 keV channels
74.1 204

A 74.5 -241.8 205 - 663 459
242.2 664 1

B 242.6 — 409.5 665 - 1122 458
409.9 1123 1

C 410.2-577.6 1124 — 1582 459
577.9 1583 1

P 653.5 -669.6 1790 - 1834 45
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Table 17. The ROI setup for the STUK shielding experiment in SHIELDMORC 2020 and
COMBMORC 2021-22. The channel values represent photon energies with an uncertainty
of £ 1.5 keV in relation to the energy nodes recommended by for Lund University model.

ROI Energy node Energy interval ~ Channel interval Number of
(keV) (keV) £ 1.5 keV channels
74

A 74 - 242 22 -69 48
242

B 242 - 410 69-116 68
410

C 410 -578 116 — 163 48
578

PL 578 - 662 163-186 24

PC 662 662 1 1

PR 662 - 746 186 —209 24

746
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Appendix J. Instructions for the Source Shielding Calculator, SSC

J1. About SSC

SSC is used in mobile gamma spectrometry to calculate the mass thickness of a shield
in front of a Cs-137 point source from count rates in regions of interest (ROI) in a
pulse height distribution (measured gamma spectrum). The gamma spectrometer can
be of type Nal(Tl) or HPGe. SSC is an Excel application developed by Lund
University for the NKS/COMBMORC activity. The application is written in Excel
2000. It contains macrocode, which Excel must allow to obtain full functionality. The
application can run on all Windows systems from Windows XP to Windows 10 with
any Excel version. It can also run on all open-source applications Libre Office Calc
versions.

J2. Method in short

SSC uses a “knowledge library” describing how the net (background subtracted)
count rate ratios for scattered to primary radiation vary with the mass thickness of a
shield in front of a Cs-137 point source. The principle of obtaining shield thickness is
based on measurements of count rates in different energy intervals, representing
Compton single and multi-scattering photons in the shield. Count rates from scattered
photons are divided by count rates from primary photons that have passed through the
shield. The ratio increases exponentially with shield thickness. The parameters in the
exponential function can be determined by “calibration” measurements for known
shield thicknesses. The shield material must have atomic numbers between 3 and 25
to allow the principle to work. The ordinary building material used in the Nordic
countries has atomic numbers within this range. SSC can do both the “calibration”
assessment of the exponential parameters given to the “knowledge library” and the
calculation of shield mass thickness from a measured pulse height distribution in an
actual situation using the “knowledge library”.

J3. Regions of interest (ROI) for shield thickness determination

The analysis of mobile gamma spectrometric measurement data from both primary
and scattered radiation uses the relatively simple method of defining a few regions of
interest (ROI) over large energy areas instead of using the entire spectrum (in the
form of all individual channels in the pulse height distribution). It is relatively easy to
implement because all software for gamma spectrometry can output sums of count
rates for selectable energy intervals.

For COMBMORC, six ROIs have been used, which represents Compton scattered
and primary radiation from a Cs-137 point source. Table J1 gives the selected ROI
subdivisions into energy intervals and which photon interaction they generally
represent. The exact selection of ROI regions for each team’s gamma spectrometer is
given in Appendix L.

For a Nal(TI) spectrometer, there is always a substantial spread of photon energies
into adjacent ROIs because of the spectrometers’ low energy resolution.

For an HPGe spectrometer, the higher energy resolution produces less overlap
between primary and Compton scattered photons. The full energy peak ROI P is used
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in its entity and not divided. The Nal(Tl) energy region ROI PL contains only
scattered photons and is for HPGe spectrometers called ROI PLN or ROI D.

Table J1. Generic information on energy regions for Nal(TIl) spectrometers in the COMB-
MORC experiments, assuming a channel width of 3 keV. For other channel widths the energy
regions may have to be somewhat adjusted to the channel division. The energy intervals guide
each gamma spectrometer's final selection of channel regions.

Region designation  Energy interval (keV) Detected photons from the source are

mainly...

ROI A 77— 239 Compton scattered 110 - 180 degrees
and multiple scattered

ROI B 245 — 407 Compton scattered 27 - 58 degrees

ROI C 413 - 575 Compton scattered 0 - 27 degrees

ROI PL 581 — 659 Primary and small angle Compton
scattered

ROI PR 665 — 743 Primary

ROI P 581 — 743 Primary and small angle Compton
scattered

J4. Calibrating the gamma spectrometer for shield thickness assessment

SSC can accept ROI measurement data (count rates) for known shield thicknesses.
After input of measured ROI data, SSC creates an exponential model of shield mass
thickness versus ROI count rate ratios and stores the model parameters in a
“knowledge library”. Three Nal(Tl) spectrometers and one HPGe spectrometer can be
calibrated for shield thickness assessment. Another copy of the SSC Excel file must
be used for the calibration of additional detectors.

Calibration input for up to three Nal(T1) spectrometers uses worksheets InputCalib(1),
InputCalib(2), and InputCalib(3), respectively. Calibration input for an HPGe
spectrometer uses the worksheet InputCalib(4).

JS. Assessing a shield thickness from gamma spectrometric data

SSC can accept ROI measurement data (count rates) from a gamma spectrometer to
assess the shield mass thickness in front of a point source, provided that the
spectrometer calibration parameters have been stored in the SSC “knowledge library”.

Assessing the shield thickness from a Nal(TI) spectrometer ROI count rate data uses
the worksheet Shield(Nal). An HPGe spectrometer uses the worksheet Shield(HPGe).

J6. Dimensions and limitations of SSC

In the current version, SSC is programmed for calibration input from three Nal(T1)
spectrometers and one HPGe spectrometer. In addition, calibration parameters from
previous measurements on shielded sources are stored in the “knowledge library”.
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Shield thickness assessment presumes that the shield is of slab type with an atomic
number between 3 and 25, where Compton scattering is the dominating effect for
gamma radiation with energies between 100 and 1000 keV. The method does not
work for lead shields.

SSC may give wrong shield thickness values if a source is far from a shield of non-
uniform lateral extent. This source-shield geometry is, for example, the case if a
source is in the middle of a house with windows toward the detector. Gamma
radiation passing through the windows will not be Compton scattered to the same
extent as in the thicker walls, and SSC will underestimate the wall thickness.

J7. Calibrating for shield thickness, example of input data

Fig J7-1 shows the SSC shield thickness calibration sheet “InputCalibNal(1)”, which
is for a Nal(Tl) detector. If more than one Nal(Tl) detector, you can also use
“InputCalibNal(2)” and “InputCalibNal(3)”.

For an HPGe detector, use “InputCalibHPGe(4)”.
Inputs should be made in the blank fields close to the marked yellow fields.

Start by filling in “Team and detector”. The description will be stored in the
“knowledge library”.

There are 13 possible calibration setups preprogrammed (marked in blue). At least
two calibration measurements with different shield thicknesses must be input to
generate an input to the “knowledge library”.

Input the distance from the detector to the source (within = 1 m). It will be the same
distance for all measurements if the detector is kept stationary during the calibration
measurements.

Input the background count rates for all ROI representing the site. The background
count rates will be valid for all measurements if the detector is kept stationary during
all calibration measurements.

Input the measured gross count rates for all ROI for the specific shield thickness
setup. SSC will automatically subtract the background count rate to obtain the net
count rate from the source, and SSC calculates the net ROI ratios.



Valid for
Detector number in database

Known shield material
Known shield thickness (cm)
Known shield density (kg/m3)
Mass thickness (kg/m2)

Input distance to source (m)
Total mass thickness (kg/m2)

Input measured background (cps)
ROI A

ROIB

ROIC

ROI PL

ROI PC

ROI PR

ROI P

Input measured gross (cps)
ROIA

ROIB

ROIC

ROI PL

ROIPC

ROI PR

ROI P

NKS/COMBMORC 2022 Final Report

Your Nal(Tl) detector (1) calibrated in COMBMORC

1

Radionuclide: Cs-137 point source

Team and detector:
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[Lund University 4 litre Nal(TI)-detector, rear-(left)-right |

Air only Wood Wood Wood Wood Concrete Concrete Concrete Concrete Concrete Concrete Concrete Concrete
0 4.5 9 {1315 18 3 10 15 20 25 30 35 40
0 522 522 522 522 2382 2382 2382 2382 2382 2382 2382 2382
0 23.49 46.98 70.47 93.96 119.1 238.2 357.3 476.4 595.5 714.6 833.7 952.8
6| 16 16 16 16 16 16 16 16 16 T ]

19.888 43.378 66.868 90.358 138.988 258.088 377.188 496.288 615.388 734.488

940.167956| 940.168] 940.168] 940.168| 940.168| 940.168] 940.168| 940.168| 940.168| 940.168

350.933333| 350.9333| 350.9333| 350.9333] 350.9333| 350.9333| 350.9333| 350.9333| 350.9333| 350.9333]

164.662615| 164.6626| 164.6626] 164.6626 164.6626( 164.6626| 164.6626| 164.6626| 164.6626] 164.6626

65.2729282| 65.27293| 65.27293| 65.27293 65.27293| 65.27293| 65.27293| 65.27293| 65.27293| 65.27293|

1.78895028| 1.78895| 1.78895[ 1.78895 1.78895( 1.78895[ 1.78895| 1.78895| 1.78895[ 1.78895

42.9289134( 42.92891| 42.92891| 42.92891 42.92891| 42.92891| 42.92891| 42.92891( 42.92891| 42.92891

109.990792| 109.9908| 109.9908| 109.9908 109.9908| 109.9908| 109.9908( 109.9908( 109.9908| 109.9908

1974.27751] _1974.457] 1935.207] 1880.995] 4258.132| 3101.23| 5686.233| 4498.303[ 3910.459| 3665.67

950.797788| 907.8957( 869.1307| 821.2758 1941.657| 1334.564| 2416.265| 1751.951| 1437.697| 1270.278

518.954713| 506.9434( 494.2725| 469.578 1218.064| 778.0625| 1283.766| 783.7453| 552.1091| 432.1909

433.382833| 379.2853| 325.7564| 314.7804 771.7684| 412.1687| 638.0333| 328.7744| 185.2303| 123.6178

36.1911532| 29.48315[ 25.57516| 22.5796 58.44444| 25.85353| 40.16041| 17.67116] 8.58723| 4.903827|

330.515008| 275.2909( 259.0508)| 208.8338, 550.0538| 255.8454| 421.8782| 195.5565| 113.4701| 71.3332]

800.088994| 684.0594( 610.3823| 546.1937 1380.267| 693.8677| 1100.072| 542.0021| 307.2876| 199.8548

Fig J7-1. SSC sheet for shield thickness calibration. Data should be written in the empty fields
close to the marked yellow fields. The example shows input from ten calibration measure-
ments. At least two measurements are needed to generate an input to the “knowledge library”.
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Shield mass thickness vs ROI count rate ratios, Nal(Tl)-spectrometer (1)
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Fig J7-2. A plot of ROI quotas is automatically shown in the SSC “InputCalib” sheet diagram
when at least two calibration measurements with different shield thicknesses have been
written into the table’s fields. The straight lines show how the exponential function fits the
given data. The exponential function’s parameters (slope and intercept in the logarithmic
conversion) are stored in the “knowledge library”.

J8. Assessing a shield thickness from a measured pulse height distribution

Fig J8-1 shows a shield thickness calculation sheet. The three sheets “ShieldNal(1),
Shield Nal(2), and ShieldNal(3)” are for measurements with Nal(Tl) spectrometers
and the fourth sheet, “ShieldHPGe(4)” for HPGe spectrometers.
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Provide input data at the yellow fields Error messages
Privide optional input, if the source-detector distance is known
Calculated shield mass thickness is obtained in the green and blue fields
Team and setup Lu, Setup M1, Location 0
Select detector Your NaI(TI) detector (3) calibrated in COMBMORC v
Nr in database: 3 Lund University 3"x3" Nal(Tl)-detector
Measured by gamma spectrometry Method Calculated by exponential model Calculated by polynomial model
Input Input Shield and | Shield only | Deviation [Shield and|Shield only| Deviation
ROI background | measured | Netcount [ ROI*/PR | air mass mass from air mass mass from
countrate | gross count | rate (cps) ratios thickness | thickness | observed | thickness | thickness | observed
(cps) rate (cps) (kg/m?) (kg/m?) (%) (kg/m?) | (kg/m?) (%)
A 178.14 259.81 81.67 10.264 128.37 52.54 69.3 110.30 34.48 455
B 54.36 81.22 26.86 3.376 86.13 10.31 13.6 74.61 -1.21 -1.6
C 22.48 34.51 12.03 1.512 23.94 -51.88 -68.4 43.31 -32.51 -42.9
PL 8.99 18.97 9.97 1.253 42.01 -33.81 -44.6 92.66 16.84 22.2
PR 5.50 13.46 7.96 Average 70.11 -5.71 -7.5 80.22 4.40 5.8
P 14.72 33.44 18.72
Method Calculated by exponential model Calculated by polynomial model
Back gl m d Shield and | Shield only | Deviation |Shield and|Shield only| Deviation
ROI ac gtroutn easure t Net count | ROI */P air mass mass from air mass mass from
conzcn Sr;a € g::tse N (EO:;‘ rate (cps) ratios thickness | thickness | observed | thickness | thickness | observed
* P (kaim®) | (kg/m?) (%) (ka/m?) | (kg/m?) (%)
A 178.14 259.81 81.67 4.363 136.38 60.56 79.9 122.86 47.04 62.0
B 54.36 81.22 26.86 1.435 91.72 15.89 21.0 78.50 2.68 BI5
C 22.48 34.51 12.03 0.643 21.31 -54.51 -71.9 43.72 -32.11 -42.3
P 14.72 33.44 18.72 Average 83.14 7.31 9.6 81.69 5.87 7.7
Option: Observed without gamma spectrometry Observed
Optional- | Optional- ) .
Source Airmass | Shield | Shield Sa:’i'rer':ai’;d Sh';fs‘;”'y
. Gy thlcknezss URIEbTEES mater_lal thickness | thickness
distance (m) | (kg/m?) | observed | density Ka/m? Ka/m?
(cm) (kgim®) | Ka/m) | (kg/m)
61.00 75.82 75.82 0.00

Fig J8-1.The SSC “ShieldNal(3)” calculation sheet to assess shield mass thickness from count
rates in different ROI in the pulse height distribution of a calibrated gamma spectrometer. The
calculation uses the exponential function of shield thickness versus ROI count rate ratios with
function parameters stored in the “knowledge library”.

Input data in the blank fields near the marked yellow areas.
Input Team and Setup number (will only be stored on the same page)

Select detector in the drop-down combo box. If there is a calibration for the selected
detector, data from the “knowledge library” will be shown. Parameters from the
team’s 2020 measurements at the home laboratory are stored in the “knowledge
library”.

Input the background count rates and the gross count rates for the ROIs. In COMB-
MORC, the background is measured at the site when the source is absent. In an actual
situation with a source present, the background must be estimated some other way, for
example, by measuring far from a suspected source.

Input the estimated distance to the source to correct for Compton scattering in the air
between the source and the detector.
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SSC calculates the mass thickness of the shield, assessed individually for the four ROI
ratios ROI A/PR, ROI B/PR, ROI C/PR, ROI PL/PR and for the three ROI ratios ROI
A/P, ROI B/P, ROI C/P. These should, at best, produce approximately the same shield
mass thickness. Suppose there is a significant deviation between the four ROI ratio
assessments. Then, there is something deviant in assuming a uniform slab shield in
front of the source, a wrong detector calibration or insufficient statistical accuracy in
the measurement.

If the shield thickness and material are known (as they will be in COMBMORC), the
correct observed thickness can be input at the marked green fields. The SSC will show
the percentage deviation between the calculated and known shield thickness.

Fig J8-2 shows the four calculated versions of the shield mass thickness obtained from
the four ROI count rate ratios using the exponential model related to ROI PR. In
addition, the four exponential functions are shown as straight lines in the logarithmic
diagram. Maximum and minimum values in the calculation are given as solid red
lines, and the observed (actual) value is shown as a blue line.

The current version of SSC shows four result diagrams for Nal(T1)- detectors, two for
the exponential model (related to ROI PR and ROI P) and two for the five-degree
polynomial model (related to ROI PR and ROI P). For an HPGe-detector, two
diagrams are shown, one for the exponential model and one for the five-degree
polynomial model (related to ROI P).

Shield and air mass thickness vs ROI count rate ratios, Nal(Tl)-spectrometer (1)
1000
900 l
800 / ¢ Measured A/PR
e / O  Measured B/PR
D 700 Measured C/PR
» / © Measured PL/PR
¢ 600
£ I Expon A/PR
._g 500 Expon B/PR
@ / Expon C/PR
g 400 / Expon PL/PR
E T T R R S Minimum
ﬁ / P Maximum
200 l / / Average
100 { of
Q /
0
0.10 1.00 10.00 100.00 1000.00
Count rate ratio

Fig J8-2. Diagram showing the calculated shield thickness result for the four ROI count rate
ratios. Solid, differently coloured lines represent the four exponential functions with parame-
ters from the “knowledge library”. Dotted white-blue lines mark the minimum and maximum
thickness values, and the solid green line marks the average shield thickness from the four
ROl ratios.
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J9. Saving data from SSC

After inputting values to SSC and obtaining the calibration or a shield thickness,
values can be saved in one of the following ways:

(1) On the Excel menu bar, choose “File” and “Save as”. Choose “Microsoft Excel
97-2003 Workbook (*.xls) and provide a file name according to the principle for
COMBMORC, which saves the entire workbook. It is suitable for recalculation
because measured data must not be input again. Note that if saving the workbook as a
* xlIsx file, the macrocode is lost, and no drop-down menu will be available.

(2) On the Excel menu bar, choose “File” and “Save as”. Choose “Comma delimited”
(*.csv) and provide a file name according to the principle for COMBMORC, which
saves the current worksheet data as a comma-delimited file. It does not save the
workbook, and this is suitable if you only want to save input data and the result in
numeric form. The saved file will not display the diagrams.

(3) On the Excel menu bar, choose “File” and “Print”. Choose PDF and provide a file
name according to the principle for COMBMORC, which saves the current worksheet
as a PDF file. This way of saving data is suitable for documenting input data, the
calculated result and the diagrams. However, for a recalculation, data must be input to
SODAC again.

J10. Starting a new calculation

After saving all data, exit the current Excel program and start over again with the file
“SSC.XLS”
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Appendix K. Instructions for the Source Distance and Activity
Calculator, SODAC

K1. About SODAC

SODAC is used in mobile gamma spectrometry to calculate the distance and activity
of a Cs-137 point source from a set of count rate measurements in the full energy peak
along a straight route past the source. The gamma spectrometer can be of type Nal(Tl)
or HPGe. SODAC is an Excel application developed by Lund University for the
NKS/COMBMORC activity. The application is written in Excel 2000. It contains
macrocode, which Excel must allow to obtain full functionality. The application can
run on all Windows systems from Windows XP to Windows 10 with any Excel ver-
sion. It can also run on all open-source applications Libre Office Calc versions.

K2. Method in short

SODAC uses a “knowledge base” describing how the photon fluence (the “intensity”)
curve varies along a straight route for different source distances. The curve that best
fits the measured input data determines the distance. With knowledge of the distance
and the detector efficiency (the effective detector area), the source activity is calcu-
lated, assuming the source is unshielded. If the source is shielded, SODAC underesti-
mates the source activity. The shielding effect can be adapted by giving an estimated
value of the shield thickness. The adoption presumes the shield is a plane slab of
standard building materials.

K3. Unshielded sources

The input measurement data should be the gross count rate (cps) in the full energy
peak measured at least at three locations along the route. In addition, an estimate of
the background count rate (without the source) should be given.

Measurements points should be in a straight line along the route so that the maximum
count rate is found and that measurement points lie before and after the maximum.
Otherwise, the source distance and activity may be underestimated. If the measure-
ment route is curved, wrong distance and activity values will be obtained.

Measurements should be made while standing still at the measurement points. Any
movement during measurements will deteriorate the spatial resolution and impair the
precision of the calculated source-distance value.

K4. Shielded sources

The shielding of a source can be obtained by measuring the net (background sub-
tracted) count rate ratio of scattered to primary radiation. The SSC (Source Shielding
Calculator) application can estimate the shielding thickness from measured scattered
and primary components in the gamma spectrometer's pulse height distribution.

If it is assumed that a slab shield, such as a wall of wood, brick or concrete, shields
the source, the estimated shield thickness can be input to SODAC. A slab shield alters
the "intensity" curve and makes it narrower. The application looks for the most
probable distance (further away) that fits the narrowed curve and then recalculates the
(higher) activity that will produce the same count rate in the detector.
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SODAC can estimate slab shield thicknesses from the variation in primary count rates
along the route if enough well-spaced measurement points related to the source
distance are obtained. An example is given in Fig K6-6 and K6-7.

In the shielding calculations, it is presumed that the slab shield is parallel with the
measuring route. If that is not the case and the angle between the slab shield and the
route is larger than 30 degrees, shielding values obtained by SSC or SODAC may be
in error.

KS5. Dimensions and limitations of SODAC

In the current version, SODAC is programmed for a route length of up to 600 m with
measurement points interspaced at 5 m. The “knowledge base” contains intensity
curves for source distances from 5 to 150 m in 5 m steps. The application will give
wrong distance and activity values for sources closer than 5 m and farther away than
150 m from the road. In future versions, however, it may be possible to alter these
limitations.

Ké6. Example of input data and calculations

Fig K6-1 shows the startup screen.

Start by choosing “Team and instrument” in the drop-down menu. This determines the
efficiency value used for the activity calculation. Values are based on previous
efficiency measurements from COMBMORC 2021 and AUTOMORC 2018. (Fig K6-
2).

Input the background count rate (the full energy peak ROI P cps) representing the site.
(Fig K6-2).

In column 2, start giving gross count rates (cps) from ROI P measured in chosen
points along the road. Road coordinates run from - 300 m to +300 m in 5 m steps.
Data can be input in column 2, starting anywhere, but the spacing between measure-
ment points in steps of 5 m must be correct. The routine automatically adjusts the
highest input value to the road coordinate zero and relocates the other coordinates
accordingly. (Fig K6-3).

After input of the first cps value, an “intensity” curve for a distance of 5 m is shown in
the diagram, which is the start guess. It is probably a wrong guess, but the routine
cannot calculate better until the next measured value is given.

After input of the second cps value, an “intensity” curve for the best fit of the two
values is shown. The road-source distance from the maximum cps point is shown in
the diagram and given at the green marking. In addition, the calculated source activity
is displayed. The calculated distance and activity values may have significant uncer-
tainties, and more input data is needed.
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E3 Microsoft Excel - SODAC-VO1.xls 5 B
I I M R e <0 -|n 7o oA B e E s
|&) Ble Edit View Insert Format Tooks Data Window Help PDF Create! Adobe PDF
B9 =] =
A T B [ ¢ [ o [ F Je[r w Tif & T ® [T € [ ™M [ N Jof P TJaf R TJs[ T ]
| 1 COMBMORC - SODAC - Source distance and activity calculator (Cs-137)
| 2 |copyright (C) 2022, Lund University, LIRF. ITH, for NKS, Some rights reserved, (CC BY-NC-84 4.0), Ver 0.1
3
_751: Select team, detector | Generc Nal(T) detector 4L 7| Generic Nal(T) detector 4 L Don't forget to input the background —
| 6|
| 7 |Given Input Calculated Input Given Input Calculated
Location | Input ROI P [ ROI P net Narmalised Normalised g‘ap:l:;gjlnz Shielg | MPut shield !_inear Mass Exponent C‘alculate‘d Cal({ulla(eid
along the [ count rate | count rate et rate net rate Gountrate material thickness [thickness thickness distance is activity is
8 road (m) {cps) (cps) centered e (cm) (m) (kg/m2) (m) (MBq)
:l -300 #DIV/o! #N/A Wood #N/A #N/A
-295 #DIV/O! #NA Concrete
-290 #DIV/O! #NA Detector Clay brick Goodness fit
-285 #DIV/0! ENA efficiency (m2) Glass #N/A
280 #DIV/0! A Sum #N/A
275 #DIV/O! #NA
270 #DIV/O! #NIA
-265 #DIVIO! #NIA
260 EDIV/0! ENA Measured count rates and adapted fluence curve
-255 #DIV/O! #NA
-250 DIVIOL | #A 12
-245 #DIV/O! #NA
-240 #DIV/0! #NA
235 #DIV/0! #NIA L
-230 #DIV/O! #NA
-225 #DIV/O! #N/A
220 #DIV/O! #UA 08
215 #DIV/0! #NA £
-210 #DIV/0! #NA ] Distance (m)
-205 #DIV/O! #UA 206 —#NA
-200 #DIV/0! #UA = A Measured
-195 #DIV/0! #A &
-190 #DIV/O! #NA 04
-185 #DIV/O! #NIA
-180 #DIV/0! #NA
175 #DIV/O! #NA 02
-170 #DIV/o! #NA
-165 #DIV/O! #NA
-160 #DIV/0! #NA 0.0
155 #DIviol #NIA -300 200 -100 0 100 200 300
-150 #DIV/O! #NA ’
145 EDIV/0! ENA Distance along road (m)
-140 #DIV/0! #NA
-135 #DIV/O! #NA

Fig K6-1. SODAC at startup.

Input can be given at the drop-down menu “Select team and

detector” and at the three columns marked with the yellow heading: “ROI P count rate (cps),

ROI P background count rate (cps), and Shield thickness (cm)”.

il B2 Microsoft Excel - SODAC-VO1.xls
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| 1 |/COMBMORC - SODAC - Source distance and activity calculator (Cs-137)
| 2 |Copyright (C) 2022, Lund University, MRF, ITW, for NKS, Some rights reserved, (CC BY-NC-SA 4.0), Ver 0.1
3
| 4 |Select team, detector |Generic NaI(T]) detector 4L v Generic Nal(Tl) detector 4 L Start New
5 d o A
|6 | 4L (roof top, right side) |
Eaky DEMA NaI{Tl) 4L (roof top, left side) -
[ 7lGiven Input | e A1 ight cetactor right side) '"&‘:}u‘ oD Given Inpat Calctilated
DSA NaI{Tl) 4L (right detector, left side) . . P, alatad
Location | Input ROI P DSAHa!Cﬁ)-’L(\éﬁde(ector, r.ghtslde) background Shield rccelied !.mear Mass r‘ & € 5
along the [ count rate |psa Nar(T) 4L (et detector, left side) bl ate ) thickness |thickness thickness distance is activity is
3 road (m) (cps) DSA NaI(Tl) 33" {right side) 3 (cm) (m) (kg/m2) X (m) (MBq)
L | DSA NaI(T) 3'x3" (eft side) CPsS
9 -300 GR/IRSA NaI(T) 2L (right side) 2.00E+01 Wood #NIA #N/A
0| ooc [ GR/RSA Nal(TT) 2L (eft side) e
e () 2x4L (right side)
[11] -290 tﬁ ;ﬁm) ziqt é;gf‘:;i:? Detector Clay brick Goodness fit
12| -285 LU NaI(Tl) 4L {front, right side) efficiency (m2, Glass #NIA
13| -280 LU NaI(T) 4L (front, left side) ~ [ o021 | Sum A
14| 215 DV | #UA
15| -270 #DIV/0! HNIA
| 16| -265 #DIV/0! #A
260 #DIV/0! HNA Measured count rates and adapted fluence curve
(18] -255 #DIV/0! #N/A
(19| -250 IV | AVA 12
120| -245 #DIV/0! #NA
-240 #DIV/0! #N/A
235 #DIV/0! #A 10
-230 #DIV/O! #NA
-225 #DIV/0! #NA
220 #DIV/0! #NA 08
-215 #DIV/0! #NA 2 n
210 #DIV/0! #N/A g Distance {m)
-205 #DIV/0! #A £ 06 — A
-200 #DIV/O! #NIA = A Measured
195 #DIV/0! #A &
-190 #DIV/0! #NA 04
-185 #DIV/0! #NA
-180 #DIV/O! #NIA
-175 #DIV/0! #N/A 02
-170 #DIV/0! #A
-165 #DIV/0! #A
|37 -160 #DIV/0! #N/A 0.0
38| -156 #Div/ot #NIA -300 200 -100 0 100 200 300
39| -150 #DIV/0! #N/A :
E 145 =DIV/0! ENA Distance along road (m)
| 4 -140 #DIV/O! #NIA
(42| -135 #DIV/ #NA

Fig K6-2. The drop-down menu for choosing team and detector. Example input of back-
ground count rate (20 cps) obtained in ROI P.
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After inputting the third cps value (and additional values), a goodness of fit is
displayed. The range is from 0 to 100 %. The rating of 100 % means that all measured
cps values are precisely on the “intensity” curve. Ratings near zero imply a bad fit of
all cps values except the maximum value forced to 1. The displayed distance and
activity values are probably wrong with a bad fit.

Fig K6-3 shows the result of four cps values with 10 m spacing. The routine has
corrected the maximum input value 250 at road coordinate -20 in column 2 to
coordinate zero and normalized it to 1. The other coordinates are recalculated accord-
ingly and displayed in column 5. The best fit to the data is the “intensity” curve for a
source at 25 m from the maximum point at the road.

Fig K6-4 shows the source's distance and calculated activity in the green-marked
areas up to the right. A goodness of fit is displayed if three or more cps measurement
data have been input. In this figure, two additional cps values have been input,
indicating that a maximum cps value has been found along the route and that the
source likely is located at a 25 m distance perpendicular to the road from the maxi-
mum point.

Fig K6-5 shows the same cps measurement data as in Fig K6-4 but with a larger
(double) interspaced distance between each measurement point, which produces a
broader “intensity” curve. The broader curve indicates a longer distance to the source,
here 35 m, and the longer distance results in a higher source activity, 1600 MBq.
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Fig K6-3. Input of cps values 82, 155, 203, and 25 at road coordinates -50, -40, -30, and -20
m. Input data is normalized, and the maximum value is adjusted to road coordinate zero. The
diagram displays the “intensity” with the best fit of the data, which corresponds to a road-
source distance of 25 m.
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source is calculated to 25 +5 m (Distances are calculated in 5 m steps).
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Fig K6-6. Count rate data at points along the measurement route indicate the presence of a
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values below the fit to the “intensity” curve.
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Fig K6-7. A better fit of the “intensity” curve may be obtained by testing different shield
thicknesses. When the highest value of the goodness of fit is obtained, a value of the shield
thickness is likely found.
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K7. Correction for a detector’s uneven angular efficiency

All participating teams in the COMBMORC experiments except STUK used
horizontally oriented 4 litres, 2x2 litre or 4x4 litre Nal(T1l) detectors. These detectors
all have a long shape, resulting in varying sensitivity for recording photons incident
on the detector in the horizontal plane. The angle-dependent efficiency for a 4-litre
Nal(Tl) detector was determined in connection with the NKS/AUTOMORC
experiments in 2018. Fig K7-1 shows how the angular efficiency varies for different
incidence angles relative to 90 degrees, i.e. directly to the right of the detector when
mounted horizontally in the measuring vehicle. Suppose one does not correct the
measurement data for the lower efficiency of obliquely incident photons relative to 90
degrees. In that case, the photon fluence from a point source will be underestimated
when the source is not directly at 90 degrees. The underestimation can be significant
if the source is in the 20 - 30 degree direction, but there will also be some under-
estimation in the 40 - 60 degree direction. Without correction, this underestimation of
the photon fluence from the source makes the source appear closer to the measure-
ment vehicle than in reality because the measured "intensity curve" (photon fluence
rate) decays more rapidly on the sides of the maximum, as it would for a detector with
uniform angular efficiency if the source were closer to the measurement vehicle.

A correction routine is introduced in SODAC to avoid underestimating the distance to
a radiation source due to the varying angular efficiency of a horizontally oriented
oblong Nal(T1) detector. The routine recalculates the full energy peak areas ROI PL,
PR and P at an assumed angle to the radiation source relative to 90 degrees. Table K7-
1 and Fig K7-2 give values for this conversion for different photon incidence angles.

However, the angles of incidence are not known when the distance to the source is
unknown. There are, thus, two unknown variables to the solution. In SODAC, there is
an option to test distances (with the associated angle corrections) in order to find an
"intensity curve" from the "knowledge library" that provides the best fit to the
angular-corrected measurement data. This solution improves the distance determina-
tion but still entails some uncertainty in the distance at low count rates in the detector
where the statistical variation in the measurement data may be significant.
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Relative angular efficiency

4 litre Nal(T1) spectrometer, back
Relative to 90 degrees
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Fig K7-1. Relative angular efficiency for the 4 litre Nal(T1)-
detector (rear) used in mobile gamma spectrometry by Lund Uni-
versity, measured in the NKS/AUTOMORC experiments 2018.
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Fig K7-2. Relative angular efficiency for a horizontally oriented 4
litre Nal(TIl)-detector assumed in SODAC and based on angular
calibration measurements in NKS/AUTOMORC 20218 (Fig K7-

).
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Table K7-1 Assumed relative angular efficiency for a mobile 4 litre
Nal(T1)-detector with its short side facing forward in the driving direction.
Data are based on angular calibration measurements made by Lund
University 2018, here setting the efficiency at 90 degrees (direction to the
right side of the vehicle and the detector) to 1 and assuming a symmetric
distribution of the angular efficiency.

Angle of incidence for primary Relative efficiency normalized to
photons angel of incidence 90 degrees

0 0.205
10 0.215
20 0.350
30 0.483
40 0.616
50 0.745
60 0.850
70 0.932
80 0.980
90 1.000
100 0.980
110 0.932
120 0.850
130 0.745
140 0.616
150 0.483
160 0.350
170 0.215
180 0.205

KS8. How to find the shield thickness by SODAC calculation

Suppose a slab shield of ordinary building material shields the source, and the shield
is parallel with the measurement route. Then the thickness of the shield may be
assessed by looking at the attenuation of primary photons at different angles from the
source. A thick shield will attenuate more primary photons when penetrating the
shield at large angles than a thin shield. The “intensity” curve caused by the shield can
be identified by measuring the decrease in the count rate from primary photons (ROI
P) at increased distances from the maximum value along the route. As a rule of
thumb, this distance to a measurement point along the route to detect the reduction in
the photon fluence (compared to air attenuation only) should be at least the same as
the road-source distance at the maximum point (i.e. 45 degrees angle to the source).

A minimum of 6 measurement points with good statistics should be obtained on both
sides of the maximum value to detect a reduction of the primary photon fluence due to



NKS/COMBMORC 2022 Final Report Page 186 (194)

a slab shield. At least two points should be chosen at 45 degrees or larger between the
normal to the road and a line from the source to the gamma spectrometer.

It should be noted that the reduced photon fluence from the source at larger distances
along the route from the maximum value needs longer measurement times to obtain
the same statistical accuracy as at the maximum point. At 45 degrees, the measure-
ment time should be about four times longer than at the maximum point.

Fig K6-6 shows an example of count rate data at points along the measurement route
indicating, the presence of a shield in front of the source because measurement points
at larger distances show decreased values below the fitted “intensity” curve.

Fig K6-7. Shield thickness values can be given under the yellow marking “Input
shield thickness (cm)”. By testing how the “intensity” curve fits the data points for
different shield thicknesses, a better fit of the “intensity” curve may be obtained. The
shielding thickness is likely found when the highest goodness of fit is obtained.

KO9. Saving data from SODAC

After inputting values to SODAC and obtaining the distance and activity of the
source, values can be saved in one of the following ways:

(1) On the Excel menu bar, choose “File” and “Save as”. Choose “Microsoft Excel
97-2003 Workbook (*.xls) and provide a file name according to the principle for
COMBMORC, which saves the entire workbook. It is suitable for recalculation
because measured data must not be input again. Note that if saving the workbook as a
* xIsx file, the macrocode is lost, and there will be no drop-down menu.

(2) On the Excel menu bar, choose “File” and “Save as”. Choose “Comma delimited”
(*.csv) and provide a file name according to the principle for COMBMORC, which
saves the “Input” worksheet data as a comma-delimited file. It does not save the
workbook. This alternative is suitable if one only wants to save input data and the
result in numeric form. The saved file will not display the “intensity” curve.

(3) On the Excel menu bar, choose “File” and “Print”. Choose PDF and provide a file
name according to the principle for COMBMORC, which saves the Input worksheet
as a PDF file. It is suitable for documentation to save input data, the calculated result

and the fitted “intensity” curve this was, but for a recalculation, data must be input to
SODAC again.

K10. Starting a new calculation

A new calculation can be started in two ways

(1) Click “Start New” at the top-right of the Input worksheet. All input values are
erased.

(2) Exit the current Excel program and start over again with the file “SODAC.XLS”.
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Appendix L. Formats for measurement data reporting

(1324

Data should be given as comma separated values (csv), row by row, where a “,
(193]

separates each value and a “.” represents the decimal dot. Each file should contain
measurements from one round. Rounds are to be numbered at the end of the file name.

The contents of a csv-file should follow this format:

Value Contains Example:
number

1 Date (dd-mmm-yy) 13-oct-22
2 Time (hh:mm:ss) 11:35:23

3 Acquisition time interval in seconds 1

4 North coordinate in WGS84 decimal value 55.761982
5 East coordinate in WGS84 decimal value 12.931692
6 Counts in the ROI A 152

7 Counts in the ROI B 148

8 Counts in the ROI C 121

9 Counts in the ROI PL 135

10 Counts in the ROI PR 83

11 Counts in the ROI P 238

12 Additional comment, text Location A+30m

The counts given as value numbers 6 - 11 should be the gross number of counts in the
ROI (not the count rate) for the specific radionuclide without any background
subtraction or other type of compensation. Value number 12 is and additional text
comment, for example noting a marked location along the measurement road.
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Appendix M. File naming in the COMBMORC 2022 experiment

The file naming principle for SSC calibration output should be the following:

AAAA SSC CAL N

Where is one of these

AAAA DEMA, DSA, GR, LU, NGU, SSM, STUK

CAL CAL

N 1, 2, 3, etc, optional, if more than one SSC calibration

file output

The file naming principle for SSC shield thickness assessment output should be the

following:

AAAA_SSC DDDDD M N

Where is one of these

AAAA DEMA, DSA, GR, LU, NGU, SSM, STUK

DDDDD HPGE, NAI3I, NAI2L, NAI4L, NAISL, NAI16L

M The setup number for the source placed at the
measurement site “M”

N 1, 2,3, etc, optional, if more than one measurement is

made for the same detector and setup number

The file naming principle for SODAC source distance and activity assessment
output should be the following:

AAAA_SODAC DDDDD M N

Where is one of these

AAAA DEMA, DSA, GR, LU, NGU, SSM, STUK

DDDDD HPGE, NAI3I, NAI2L, NAI4L, NAISL, NAI16L

M The setup number for the source placed at the
measurement site “M”

N 1, 2,3, etc, optional, if more than one measurement is

made for the same detector and setup number

The file naming principle for ROI data output as csv-files from shield thickness
calibration site C should be the following:

AAAA_CAL DDDDD ROI M N.csv

Where is one of these

AAAA DEMA, DSA, GR, LU, NGU, SSM, STUK

DDDDD HPGE, NAI3I, NAI2L, NAI4L, NAISL, NAI16L

M The setup number for the source placed at the
measurement site “C”

N 1, 2,3, etc, optional, if more than one measurement is

made for the same detector and setup number
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The file naming principle for ROI data output as csv-files from road measurements

should be the following:

AAAA ROAD DDDDD ROI SX N.csv

Where is one of these

AAAA DEMA, DSA, GR, LU, NGU, SSM, STUK

DDDDD HPGE, NAI3I, NAI2L, NAI4L, NAISL, NAI16L

M The setup number for the source placed at the
measurement site “M”

SX The road x-coordinate, which is the distance along the
road with origo just opposite the source. S indicates
negative (N) or positive (P) coordinates. Give NX for
distance (m) before the source and PX after the source.

N 1,2, 3, etc, optional, if more than one measurement is

made for the same detector, position and setup number

The file naming principle for Spectral data output from shield thickness calibration

site should be the following:

AAAA CAL DDDDD SPECT M N

Where is one of these

AAAA DEMA, DSA, GR, LU, NGU, SSM, STUK

DDDDD HPGE, NAI3I, NAI2L, NAI4L, NAISL, NAI16L

M The setup number for the source placed at the
measurement site “C”

N 1, 2,3, etc, optional, if more than one measurement is

made for the same detector and setup number

The file naming principle for Spectral data output from road measurements should

be the following:

AAAA ROAD DDDDD SPECT SX N

Where is one of these

AAAA DEMA, DSA, GR, LU, NGU, SSM, STUK

DDDDD HPGE, NAI3I, NAI2L, NAI4L, NAISL, NAI16L

M The setup number for the source placed at the
measurement site “M”

SX The road x-coordinate, which is the distance along the
road with origo just opposite the source. S indicates
negative (N) or positive (P) coordinates. Give NX for
distance (m) before the source and PX after the source.

N 1,2, 3, etc, optional, if more than one measurement is

made for the same detector, position and setup number

Page 189 (194)




NKS/COMBMORC 2022 Final Report Page 190 (194)

The file naming principle for Excel output of SODAC results as xlIs-files from road
measurements should be the following:

SODAC_AAAA DDDDD M.csv

Where is one of these

AAAA DEMA, DSA, GR, LU, NGU, SSM, STUK

DDDDD HPGE, NAI3I, NAI2L, NAI4L, NAISL, NAI16L

M The setup number for the source placed at the
measurement site “M”

The file naming principle for Excel output of SSC results as xlIs-files from shield
thickness measurements at the road location opposite the source should be the
following:

SSC_AAAA DDDDD M.csv

Where 1s one of these

AAAA DEMA, DSA, GR, LU, NGU, SSM, STUK

DDDDD HPGE, NAI3I, NAI2L, NAI4L, NAISL, NAI16L

M The setup number for the source placed at the
measurement site “C”
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Appendix N. Participants in the COMBMORC 2022 experiment

Participants in the NKS COMBMORC 2022 field experiment in Barsebéck, October
11 - 13, 2022 are listed in Table N1. Fig N1 shows a photo of the participants outside
the conference building “Grevinnan”, which was used as headquarter and meeting

place for the teams in the experiments.

Table N1. Participants in the NKS/COMBMORC field experiment in Barsebéck, October 11 -

13, 2022.

Country, Institution*

Name

Finland, STUK
Norway, DSA
Norway, DSA
Norway,DSA
Norway, NGU
Norway, NGU
Iceland, GR
Iceland, GR
Denmark, DEMA
Denmark, DEMA
Denmark, DEMA
Sweden, LU
Sweden, LU
Sweden, LU
Sweden, LU
Sweden, LU

Petri Smolander

Bredo Moller

Per Otto Hetland

Jon Drefvelin

Vikas Baranwal

Frode Ofstad

Gisli Jonsson

Kjartan Gudnason

Marie Lundegaard Davidsdottir
Jan Gert Olsen

Charlotte Alfast Espensen
Mattias Jonsson
Marius-Catalin Dinca
Kerstin Lundmark
Christopher L. Raaf
Robert Finck

* SSM, Sweden did not participate in the COMBMORC 2022 field experiment as originally
planned, because personnel resources could not be made available.
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Fig C1. COMBMORC 2022 participants outside the headquarter “Grevinnan”. From left:
Vikas Baranwal, Frode Ofstad, Jon Drefvelin, Bredo Moller, Per Otto Hetland, Petri
Smolander, Kjartan Gudnason, Gisli Jonsson, Mattias Jonsson, Marius-Catalin Dinca, Robert
Finck, Marie Lundegaard Davidsdottir, Charlotte Alfast Espensen. Photo by Kerstin
Lundmark.
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