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Abstract

If nuclear or radioactive materials are out of control (materials out of regu-
latory control, MORC), authorities must deal with the threatening situation.
Gamma-ray sources out of control can have various degrees of shielding.
When located in a building the building material shields the source. Infor-
mation on the shielding of an identified source will provide data to estimate
the radiation hazard and assist in securing the source. In a Nordic joint
project, a method to assess shielding mass thickness of common building
materials in cases with hidden Cs-137 point sources have been studied
and experimentally investigated using mobile gamma spectrometry. The
method uses detection of Compton scatted photons of different energies in
relation to primary photons to obtain approximate information about the
mass thickness of shielding material between the source and the detector.
These ratios follow the expression of exponential functions of shield mass
thickness, provided the shield is composed mainly of materials where
Compton interaction dominates. The shielding thickness assessment
method is based on previous detector response calibration measurements
for well-known shielding geometries, thus determining function parame-
ters. In the experiments, attempts to determine shield thickness from a
measured pulse height distribution using various Nal(Tl) spectrometers
and applying the exponential function produced values within £50% of the
true value. When applying the method to a HPGe spectrometer, the differ-
ence between measured and actual values was less than +10%.
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different ROIs. Furthermore, the shielding geometry in the experiment is somewhat different
from the geometry for which the model was developed. Exactly how it may affect the validity
of the model has not yet been possible to investigate.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Report from team: IRSA 2 L Nal(TI)-detector GO1

Describe shield material: - Simple full concrete wall 20 cm

Observed data without gamma spectrometry

Shield Shield Shield Source  pimass 1ot
thickness material mass detector . mass

. N N thickness N
observed density thickness distance Kg/m? thickness
(m) kg’ (am?)  m) €I g
[ 0.20] _2271.00] 454.20[ __10.00] 1243 466.63

Measured by gamma spectrometry ~ Calculated by the "knowledge library" model
Shield

Back 4 M " Total mass Deviation
ackgroun easure Net count ROI */PR thickness N from
ROI countrate  gross count " thickness
rate (/s) ratios by model observed
(Is) rate (/s) aim? by model
k) ey
A 271.67 12.319 24949  237.06 -47.8
B 109.26 4.954 317.75  305.32 -32.8
C 73.46 3.331 360.76  348.33 -23.3
PL 34.96 1.585 245.57|  233.14 -48.7
PC 1.79
PR 22.05 Average 293.39 _ 280.96 -38.1

Report from team: IRSA 2 L Nal(Tl)-detector G02

Describe shield material:  Simple full concrete wall 20 cm

Observed data without gamma spectrometry

Shield Shield Shield Source  pirmass ot
thickness material mass detector . mass

. N N thickness "
observed density thickness distance Kg/m? thickness
(m) (kg/m®) __(kg/m?) (m) MY g
[ 0.20] _ 2271.00] 454.20[ __10.00] 1243 466.63

Measured by gamma spectrometry ~ Calculated by the "knowledge library" model
Shield

Back d M " Total mass Deviation
ackgroun easure Net count ROl */PR thickness . from
ROI countrate  gross count " thickness
rate (/s) ratios by model observed
(Is) rate (/s) (kg/m?) by model %
g (kg/m?)
A 262.35  13.901 278.26, 265.83 -41.5
B 106.61 5.649 360.09  347.66 -23.5
[} 73.13 3.875 412.95  400.52 -11.8
PL 35.77 1.896 42438 411.95 9.3
PC 1.96
PR 18.87 Average 368.92 _ 356.49 -21.5

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Report from team: IRSA 2 L Nal(Tl)-detector GO1

Describe shield material: Simple full concrete wall 20 cm

Observed data without gamma spectrometry

Shield Shielq Shield Source Air mass Total
thickness ~ material  mass detector - mass

. N N ickness N
observed  density thickness  distance e thickness
(m) kgm’) __kgm?) (m) &™) gm
| 0.20] 2271.00]  454.20] 20.00] 24.86  479.06

Measured by gamma spectrometry  Calculated by the "knowledge library” model
Shield

Back d M d Total mass Deviation
ackgroun! easure Net count ROI */PR thickness N from
ROI countrate  gross count y thickness
rate (/s)  ratios by model observed
(Is) rate (/s) /2 by model
(kg/m®) (kg/m?) o
A 6596  11.972 24270 217.84 -52.0
B 30.47 5.531 353.30 328.44 =27.7
C 19.67 3.570 384.67  359.81 -20.8
PL 9.40 1.706 319.19,  294.33 -35.2
PC 0.51
PR 5.51 Average 324.96___300.10 -33.9

Report from team: IRSA 2 L NiI(TI)-deteclor G02

Describe shield material: = Simple full concrete wall 20 cm

Observed data without gamma spectrometry

Shield Shielq Shield Source Air mass Total
thickness ~ material  mass detector - mass

. N N ickness N
observed  density thickness  distance Ka/m? thickness
(m) b’ (kgm?) m) O™ g
| 0.20]  2271.00]  454.20| 20.00] 24.86  479.06

Measured by gamma spectrometry ~ Calculated by the "knowledge library" model

Shield -
Back d M d Total mass Deviation
ackground MeaSUIeC ot count ROI*/PR thickness - from
ROI countrate  gross count y thickness
rate (/s)  ratios by model observed
(Is) rate (/s) Kg/m? by model
(kg/m®) (kg/m?) o
A 7159  15.659 306.62 281.76 -38.0
B 30.98 6.776 418.76  393.90 -13.3
(63 20.41 4.465 461.81 436.95 -3.8
PL 9.65 2111 532.13|  507.27 1.7
PC 0.53
PR 4.57 Average 429.83 _ 404.97 -10.8

Fig B.2.9 Tables comparing true shielding thickness values (denoted as observed data) with calculated
values based on measured ROI net count rate ratios in the 2x2 litre IRSA detector when using the Lund
University exponential model for a 4 litre Nal(Tl)-detector for the calculation (denoted as calculated by
the “knowledge library” model). The ROIs (A, B, C, PL ad PR) are defined in Table B.2.2.

Table B.2.3 Coefficients @ and b in the expression for determining the shield mass thickness x =
In(g/a)/b where q is the respective measured count rate ratios of ROIs A/PR, B/PR, C/PR and PL/PR,
as obtained in the experimental measurements by IRSA/GR compared to the coefficients in the Lund
University (LU) model.

ROI A/PR ROI B/PR ROI C/PR ROI PL/PR
Team Nal(T1)
detector a b a b a b a b
volume
LU 4 litre 432 0.0042 1.85 0.0031 1.17 0.0029 1.24 0.0010
IRSA 2 litre 4.65 0.0022 1.67 0.0026 0.82 0.0032 1.02 0.0012
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The Lund University (LU) model thus does not appear to exactly reproduce the mass thickness
of the shielded wall. There seems to be a systematic underestimation. Assuming that there is
still an exponential relationship between the shield thickness and the ratios between the count
rates in the respective ROI, values of the coefficients ¢ and b in the LU model have been
calculated from the measurement data for the IRSA/GR 2 liter Nal(TI)-spectrometer. The
values are given in Table B.2.3 in comparison with the corresponding values for LU.

The coefficient b given in Table B.2.3 indicates that the slope of the exponential is less sharp
for the lower energy ROI ratios A/PR and B/PR for the 2-liter detectors, than for a 4 liter
detector. For the ROI ratio PL/PR (left to right area) of the full energy peak, the slope b is
about the same.

B.2.5 Conclusion

We seemed to find a certain underestimation (10 - 40%) in the determination of the mass
thickness of the shielding wall when using the coefficients a and b from the LU model when
measuring with 2-liter Nal(T1) detectors. This may be due to several things, including the fact
that the lower detector volume compared to 4 liters for the LU model has a slightly different
efficiency distributed over the photon energies used. Based on the IRSA/GR measured pulse
height distributions, new values of the coefficients a and b have been calculated, which
indicates a slightly less sharp slope on the curve in the exponential model for a 2 liter Nal(T1)
detector. However, the experimental data are very limited. More experimental measurements
under similar conditions for 2 liter and 4 liter detectors are required to verify this.

B.2.6 Reference

Jonas M.C. Nilsson, Robert R. Finck, Christopher R&af, Investigation and optimization of
mobile Nal(Tl) and 3H-based neutron detectors for finding point sources, Nuclear instruments
and methods in Physical Research A 786, pp 127-134, 2015.
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B.3 Report from Geological Survey of Norway (NGU) shielding measurements for
SHIELDMORC 2020

The measurements were done by NGU at the Institute for Energy Technology (IFE) in Kjeller,
Norway on Wednesday, October 21st, 2020.

B.3.1 Description of shielding set-up and geometry

The source used was Cs-137 with an activity of 2.4 GBq. The measuring equipment was kept
55 m away from the source. The detectors were oriented directly towards the source. Given
the terrain topography roughness of the area, 2-3 m vertical variation from source to detector
is estimated. It was a cold and foggy day with an average temperature of 4.5 °C (1.1 — 7.6 °C)
with a wind speed of about 1 m/s and an air humidity of 80-85%. The concrete tiles used for
shielding had a weight range between 9.39 — 9.66 kg and size 29.5x29.5%5 cm. We used their
average weight 9.55 kg in the calculation of their density, which then was determined to 2195
kg/m’.

B.3.2 Description of measuring equipment

We used a RSX-5 spectrometer with 16-litre (4x4) Nal(T1l) detector. The detector, consisting
of four crystals, was directly looking towards the source. The spectrometer was installed
vertically and recorded 1024-channel spectra. The sampling interval was 1 second. We

measured for ca. 5 minutes for the source with shielding configurations and 39 minutes for the
background without the source.

Table B.3.1 Shielding thickness and measurement distance used in the shielding experiment by NGU,
using a 4x4 litre Nal(Tl) detector and a 1024-channel analyzer. The source was Cs-137 with an
activity of 2.4 GBq.

Detector Source placement and shielding Distance Acquisition time
16 L Nal(Tl) Background, no source 2314 s
16 L Nal(Tl) Source behind 5 cm concrete tiles 55m 287 s
16 L Nal(Tl)  Source behind 10 cm concrete tiles 55m 361s
16 L Nal(Tl) Source behind 15 cm concrete tiles 55m 302s
16 L Nal(Tl)  Source behind 20 cm concrete tiles 55m 291s
16 L Nal(Tl)  Source behind 25 cm concrete tiles 55m 212s
16 L Nal(Tl) Source behind 30 cm concrete tiles 55 m 271s

The area used for the measurements was not ideal. We conducted this experiment at the end of
October when the spectrometer was available after our regular field season. We measured near
an open area at IFE in Kjeller, Norway. Unfortunately, it snowed two days before the planned
acquisition date. We had to postpone the measurements by a day. However, the ground
remained wet, prohibiting us from driving the car inside the area. Therefore, we performed the
measurements from the side of road, which had a slight inclination causing a vertical variation
of 2-3 m of the detectors compared to the source. Few vehicles were driving occasionally
around ten meters away from the source, but no jumps or artifacts were observed in any of the
ROIs in the post processed data. We performed the measurement with concrete tiles shield of
thickness from 5 cm to 35 cm (Table B.3.1). For the shielding configuration of 35-cm-
thickness, the measurements were very similar to the background measurements. Therefore,
we assumed the source was not detected by the instrument and we did not report the result.

B.3.3 ROI set-up

The ROI setup for the experiment using the Cs-137 source was chosen to match the setup
used by the Lund University model. The setup is listed in Table B.3.2.
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Table B.3.2 The ROI setup for the NGU shielding experiment

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

B.3.4 Results

Calculated wall shield thickness from the measurements with the 16 L Nal(Tl) detector
compared to true values is given in the Excel-tables shown in Fig B.3.1. The calculation was
based on the Lund University “knowledge library” model with ROI A, B, C and PL in relation
to PR (the right part of the 662 keV full energy peak, see definition of the ROI windows in Fig
3 in the main report) where the ROI channel intervals were set according to Table B.3.2.

The 16 litre Nal(TI) detector showed about 10% overestimation of the shield thickness for
concrete blocks of thickness 10 - 20 cm compared to the true value when using the Lund
University model for a 4 litre Nal(Tl) detector using ROI C.. For smaller (5 cm) and larger (25
- 30 cm) shield thickness, the overestimation was between 7 and 27% using ROI C. Other
ROIs showed larger deviations in general. This may be caused by a somewhat different shape
of the efficiency curve for the 16 liter detector as a function of energy compared to a single 4
liter detector. The 16 liter detector consists of four 4 liter detectors mounted close together.
Compton photons that may escape from a single 4 liter detector may be absorbed to a greater
extent in the combination of four detectors. This is, however, a hypothesis that has to be
confirmed by more detailed efficiency measurements of the 16 liter system. There could also
be some variations due to differences in the local weather condition and the terrain at Kjeller
and Lund.

For all shield thickness, there seems to be a systematic overestimation when applying the LU
model coefficients for the 16 liter detector. Assuming that an exponential relationship between
the shield thickness and the ratios between the count rates in the respective ROI, still exist,
new values of the coefficients @ and b have been calculated from the measurement data for the
NGU 16 liter Nal(Tl)-spectrometer. The values are given in Table B.3.3 in comparison with
the corresponding values for LU.

The coefficients b for all four ratios (A/PR, B/PR, C/PR and PL/PR) given in Table B.3.3 is
generally larger than the corresponding values for the LU model 4 liter detector, indicating
that there is a difference in the detector efficiency between the two systems. Therefore, a 16
liter system should be calibrated separately if one wants to achieve a higher accuracy with the
method for determining shield thickness.
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Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 16 litre Nal(Tl)-spectrometer. Comparison with observed data.

Calculation of shield mass from gamma sp yona Cs-137
point source with a mobile 16 litre Nal(Tl)-spectrometer. Comparison with observed data.

Report from team: NGU

Describe shield material: ~ concrete tiles

Observed data without gamma spectrometry

shield Shleld} Shield Source  airmass Total
thickness material mass detector thickness 2SS
observed density thickness distance thickness

(kg/m?)

(m) kg/m® (kg/m?)  (m) (kg/m?)
0.05] 219500] = 109:75[ __5500] 6837  178.12

Measured by gamma spectrometry  Calculated by the "knowledge library" model

Shield -
Back q M " Total mass ass Deviation
ackgroun: easure Net count ROI*/PR thickness N from
ROI countrate  gross count ! thickness
rate (/s)  ratios by model observed
(Is) rate (/s) a/m? by model
(kg/m®) (kg/mQ) o
A 2722 4674  1952.00 7.450 129.76 61.40 -44.1
B 929 1829 900.00 3.435 199.63 131.27 19.6
C 459 996 537.00 2.050 193.33 124.96 13.9
PL 168 633 465.00 1.775 358.58 290.22 164.4
PC 5 35 30.00
PR 17 379 262.00 Average 220.33 151.96 38.5

Report from team: NGU

Describe shield material:  concrete tiles

Observed data without gamma spectrometry

Shield Shlelq Shield Source Air mass Total
thickness material mass detector N mass
. . ) thickness N
observed density thickness distance Ka/m? thickness
(m) b)) _(gm’) ) K™ g
[ 0.10] _ 2195.00] © 219:50] __55.00] 68.37  287.87
Measured by gamma spectrometry ~ Calculated by the "knowledge library" model
Total mass Shield Deviation
Background Measured \ o oot ROI%PR thickness | oo from
ROI countrate  gross count N thickness
rate (/s)  ratios by model observed
(Is) rate (/s) Ka/m? by model %)
(kg/m?) (kg/m?) o
A 2722 4009.00] 1287.00 11.000 222.53 154.17 -29.8
B 929 1480.00 551.00 4.709 301.41 233.05 6.2
C 459) 768.00 309.00 2.641 280.75  212.38 -3.2
PL 168| 396.00 228.00 1.949 452.06  383.70 748
PC 5 18.00] 13.00
PR 17 234.00 117.00 Average 314.19 245.82 12.0

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 16 litre Nal(Tl)-spectrometer. Comparison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 16 litre Nal(Tl)-spectrometer. Comparison with observed data.

Report from team: NGU

Describe shield material:  concrete tiles

Observed data without gamma spectrometry

shield Shleld} Shield Source  airmass Total
thickness material mass detector thickness 2SS
observed density thickness distance thickness

(kg/m?)

(m) kg/m® (kg/m?)  (m) (kg/m?)
0.15] _219500] = 32925[ _5500] 6837  397.62

Measured by gamma spectrometry  Calculated by the "knowledge library" model

Report from team: NGU

Describe shield material:  concrete tiles

Observed data without gamma spectrometry

shield Shleld} Shield Source  airmass Total
thickness material mass detector thickness 2SS
observed density thickness distance thickness

(kg/m?)

(m) kg/m® (kg/m?)  (m) (kg/m?)
020] 219500] = 439:00[ __5500] 6837  507.37

Measured by gamma spectrometry  Calculated by the "knowledge library" model

Total mass SMeld Deviation Total mass S"eld Deviation
Background  Measured Net count ROI*/PR thickness ass from Background  Measured Net count ROI*/PR thickness mass from
ROI countrate  gross count ! thickness ROI countrate  gross count . thickness
rate (/s)  ratios by model observed rate (/s)  ratios by model observed
(Is) rate (/s) B by model (Is) rate (/s) B by model
(kg/m*) (ka/m?) o (kg/m*) (ka/m?) o,
A 2722 3682 960.00 18.824 350.44 282.08 -14.3 A 2722 3515 793.00 36.045 505.13 436.76 -0.5
B 929 1298 369.00 7.235 439.93 371.57 12.9 B 929 1204 275.00 12.500 616.30 547.94 248
C 459 633 174.00 3.412 369.04 300.68 -8.7 C 459 559 100.00 4.545 467.97 399.61 -9.0
PL 168 278 110.00 2.157 553.54 485.18 474 PL 168 221 53.00 2.409 664.14 595.77 35.7
PC 5 " 6.00 PC 5 7 2.00
PR 17 168 51.00 Average 428.24 359.87 9.3 PR 17 139 22.00 Average 563.39 495.02 12.8
Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137 Calculation of shield mass from gamma sp yona Cs-137

point source with a mobile 16 litre Nal(Tl)-spectrometer. Comparison with observed data.

point source with a mobile 16 litre Nal(Tl)-spectrometer. Comparison with observed data.

Report from team: NGU

Describe shield material:  concrete tiles

Observed data without gamma spectrometry

shield Shleld} Shield Source  airmass Total
thickness material mass detector thickness 2SS
observed density thickness distance thickness

(kg/m?)

(m) kg/m® (kg/m?)  (m) (kg/m?)
025] 219500]  54875[ _ 5500] 6837  617.12

Measured by gamma spectrometry  Calculated by the "knowledge library" model

Shield -
Back q M " Total mass ass Deviation
ackgroun easure Net count ROI*/PR thickness N from
ROI countrate  gross count ! thickness
rate (/s)  ratios by model observed
(Is) rate (/s) Ka/m? by model >
(kg/m?) (ka/m?) o
A 2722 3434 712.00 89.000 720.33 651.96 18.8
B 929 1151 222.00 27.750 873.56 805.20 46.7
C 459 522 63.00 7.875 657.48 589.11 74
PL 168 192 24.00 3.000 883.50 815.14 48.5
PC 5 6 1.00
PR 17 125 8.00 Average 783.72 715.35 30.4

Report from team: NGU

Describe shield material:  concrete tiles

Observed data without gamma spectrometry

Shield Shielq Shield Source Air mass Total
thickness material mass detector thi mass
" . ) ickness N
observed density thickness distance I thickness
(m) b)) _(gm’) ) __*I™) gm)
[ 0.30]  2195.00]  658:50[  55.00] 68.37  726.87
Measured by gamma spectrometry  Calculated by the "knowledge library" model
Total mass Shield Deviation
Background  Measured Netcount ROI*PR thickness | oo from
ROI countrate  gross count ! thickness
rate (/s)  ratios by model observed
(Is) rate (/s) Ka/m? by model %)
(kg/m?) (kg/mQ) o
A 2722 3392 670.00 223.333 939.38 871.02 323
B 929 1129 200.00 66.667 1156.30 1087.93 65.2
C 459 507 48.00 16.000 901.93 833.56 26.6
PL 168 179 11.00 3.667 1084.17 | 1015.81 54.3
PC 5 5 0.00
PR 17 120 3.00 Average 1020.44 952.08 44.6

Fig B.3.1 Tables comparing true shielding thickness values (denoted as observed data) with calculated
values based on measured ROI net count rate ratios in the 16 litre NGU detector when using the Lund
University exponential model for a 4 litre Nal(T1)-detector for the calculation (denoted as calculated by
the “knowledge library” model). The ROIs (A, B, C, PL ad PR) are defined in Table B.3.2

Table B.3.3 Coefficients a and b in the expression for determining the shield mass thickness x =
In(q/a)/b where ¢ is the respective measured count rate ratios of ROIs A/PR, B/PR, C/PR and PL/PR,
as obtained in the experimental measurements by NGU using a 16 litre Nal(T1)-detector compared to

the coefficients in the Lund University (LU) model.
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ROI A/PR ROI B/PR ROI C/PR ROI PL/PR
Team Nal(T1)
detector a b a b a b a b
volume
LU 4 litre 4.32 0.0042 1.85 0.0031 1.17 0.0029 1.24 0.0010
NGU 16 litre 1.92 0.0062 1.03 0.0054 0.92 0.0036 1.33 0.0013
B.3.5 Conclusion

We observed that average deviation from the true shield mass thickness against Lund
University knowledge library is larger (30 to 45 %) for 5 cm, 25 cm and 30 cm shields than
for 10 - 20 cm. The shields of 10, 15 and 20-cm thickness yield around 10 % average
deviation for actual shield mass thickness. PL window (left part of the full energy peak)
always gave the largest deviation and the C window (the energy part with Compton scattering
27-58 degrees) gave the smallest deviation.

The b coefficient in the exponential expression for determining shield thickness from ROI net
count rate measurements is generally somewhat larger when calculated for the 16 liter Nal(T1)
detector than the coefficient given in the Lund University “knowledge library” model for a 4
liter detector. This indicates that the 16 liter system should use coefficients a and b that are
individually determined for this system.
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B.4 Report from Radiation and Nuclear Safety Authority, Finland (STUK)
shielding measurements for SHIELDMORC 2020

The Radiation and Nuclear Safety Authority, STUK, Finland made the measurements in
November-December 2020.

B.4.1 Description of shielding set-up and geometry

The source used was Cs-137 with an activity of 18500 MBq. The shield was made from 50 x
50 x 5 cm concrete slabs with increasing number of slabs towards the detector and one slab
thick on the sides and the back. Inner dimensions were 40 x 50 x 50 cm (W x L x H) and the
source was placed 5 cm away from the inner front wall. (Fig B.4.1). The shield was built on a

wooden pallet for easy movement between various distances. The density of the concrete slabs
was 2196 kg/m’.

Fig B.4.1. The concrete 5 cm slabs used by STUK as shielding material in the SHIELDMORC 2020
experiment. The front shielding wall is facing left. The shielding construction was mounted on wheels
so that it could be moved to different distances from the detector. In the picture the shielding wall is
built with 6 concrete slabs to a thickness of 30 cm.

B.4.2 Description of measuring equipment

A 4 litre Nal(Tl)-spectrometer (Environics RanidPort Mobile) with 1024 channels was used in
the experiment. The Nal(Tl) crystal was oriented with its long side towards the source
location. The sampling interval was 1 second. Consecutive measurements were summed to
achieve higher statistical accuracy. The distance between the detector and the source varied
from 10 to 40 m in steps of 10 m. The combination of shield thickness and source distance
used in the experiment is summarized in Table B.4.1.
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Table B.4.1 Shielding thickness and measurement distance used in the shielding experiment by
STUK, using a 4 liter Nal(T1) spectrometer. The source was Cs-137 with an activity of 18500 MBgq.
The acquisition times given in the table will provide less than 1% statistical uncertainty in the full

energy peak area. Actual acquisition times in the experiment were longer than those given.

Detector Source placement and shielding Distance Acquisition time
4 L Nal(Tl)  Background, no source -

4 L Nal(TT) Source behind 10 cm concrete tiles 10 m 2.3s
4 L Nal(TT) Source behind 20 cm concrete tiles 10 m 32.5s
4 L Nal(TT) Source behind 30 cm concrete tiles 10 m 46.5 s
4 L Nal(TT) Source behind 10 cm concrete tiles 20m 93s
4 L Nal(TT) Source behind 20 cm concrete tiles 20m 146.5 s
4 L Nal(TT) Source behind 30 cm concrete tiles 20m 209.2 s
4 L Nal(TT) Source behind 10 cm concrete tiles 30m 23.2s
4 L Nal(TT) Source behind 20 cm concrete tiles 30m 372.0s
4 L Nal(TT) Source behind 30 cm concrete tiles 30m 511.5s
4 L Nal(TT) Source behind 10 cm concrete tiles 40 m 46.5 s
4 L Nal(TI) Source behind 20 cm concrete tiles 40 m 720.7 s
4 L Nal(TI) Source behind 30 cm concrete tiles 40 m 999.7 s

B.4.3 ROI set-up

The ROI setup for the experiment was chosen to match the setup used by the Lund University
model. The setup is listed in Table B.4.2.

Table B.4.2 The ROI setup for the STUK shielding experiment. 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 Number of
(keV) (keV)+ 1.5keV interval 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

B.4.4 Results

Results of the calculated concrete shield thickness from the measurements with the 4 Nal(TI)
detector by STUK, using the Lund University model with ROI A, B, C and PL in relation to
ROI PR (the right part of the 662 keV full energy peak) compared to the true values is shown
in the Excel-tables, Fig B.4.1.

The calculated shielding thickness values from the measured ratios ROI A/PR, B/PR, C/PR
and PL/PR showed 5 - 25% underestimation of the shield thickness for concrete blocks of
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thickness 20 - 30 cm compared to the true value. For 10 cm shielding thickness the underesti-
mation was 5 - 60%, with the largest value obtained at the shortest distance 10 m from the
source. This may be explained by the relatively high activity of the source, producing about
10% dead-time at this distance with 10 cm concrete shielding, as it may have distorted the
pulse height distribution to some extent at this high count rate.

Calculation of shield mass thick from gamma sp y on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Report from team: STUK

Describe shield material:  concrete garden path slab 50 x 50 x 5 cm x n to thickness

Observed data without gamma spectrometry

Shield Shield Shield mass Source Air mass Total

thickness ~ material h detector ; mass
observed  density t:'clknfss distance t:|c/kn2ess thickness
(m) (kgim?) <M (m) (kam) (gm?)
| 0.10]  2196.00) 219.60| 10.00] 12.43 232.03
by gamma sp y Ci by the ge library” model
Total mass Shield Deviation
ROl coumrate. s souny NelcOUM  ROIPR. thckness IS0 from
g rate (/s) ratios by model by model  OPserved
(Is) rate (/s) (kg/m?) Y m<>2 el (%)
(kg/m®)
A 1331.80] 126857.70] 125525.90 3.936 -22.18 -34.61 -115.8
B 514.00] 97357.00] 96843.00 3.036 159.84 147.41 -32.9
C 232.50] 67318.70] 67086.20 2.103 202.27 189.84 -13.6
PL 90.40] 42326.00] 42235.60 1.324 65.76 53.33 -75.7
PC 2.50 3222.10 3219.60
PR 58.70] 31952.00] 31893.30 Average 101.42 88.99 -59.5

Report from team: STUK

Describe shield material: concrete garden path slab 50 x 50 x 5 cm x n to thickness

Observed data without gamma spectrometry

Shield Shlelq Shield Source Air mass Total
thickness ~ material mass detector thickness Mass
observed  density thickness  distance thickness

2
(m) (kgm’) ___(kgm?)  (m) KM gim?)
[ 0.20]  2196.00]  439:20[ 70.00] 1243  451.63

Measured by gamma spectrometry Calculated by the "knowledge library" model

Total Shield Deviation
Background Measured . mass mass
ROI countrate gross count 2:; i?;;m zﬁ;s/PR thickness thickness :l?smerved
(Is) rate (/s) by model by model
(kg/m’)  (kgm?) "
A 1331.80] 56769.00] 55437.20 12.630 255.42 242.99 -44.7
B 514.00] 27564.00] 27050.00 6.162 388.16 375.73 -14.5
C 232.50]  14637.30] 14404.80 3.282  355.64  343.21 -21.9
PL 90.40) 7906.40]  7816.00 1.781 361.85  349.42 -20.4
PC 2.50] 532.00! 529.50
PR 58.70 4448.20 4389.50 Average 340.27 327.84 -254

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Report from team: STUK

Describe shield material concrete garden path slab 50 x 50 x 5 cm x n to thickness

Observed data without gamma spectrometry
Shield Shield Shield Source
thickness ~ material mass detector . N
observed  density thickness  distance t:n:/knzess ttlclknfss
(m) (kg _(kgim?) _(m) (kgm?)  (om)

[ 0.30] 2196.00] = 658:80| 10.00] 1243 671.23

Airmass  Total mass

Measured by gamma spectrometry Calculated by the "knowledge library" model
Shield

Back Measured Total mass mass Deviation
ackgroun gross Netcount ROI*PR thickness N from
ROI d count " thickness
count rate rate (/s) ratios by model observed
rate (/s) () /2 by model (%)
kgm’) omy
A 1331.80] 36737.30] 35405.50 43.944 552.30 539.87 -18.1
B 514.00] 12997.40] 12483.40 15.494 685.57 673.14 22
Cc 232.50]  4880.40 4647.90 5.769 550.16 537.73 -18.4
PL 90.40f  1933.50, 1843.10 2.288 612.38 599.95 -8.9
PC 2.50] 105.50 103.00
PR 58.70) 864.40 805.70 Average 600.10 587.67 -10.8

Report from team: STUK

Describe shield material: ' concrete garden path slab 50 x 50 x 5 cm x n to thickness

Observed data without gamma spectrometry

ickness ; thickness SeCOT thickness 1.
observed  density Kg/m? distance b thickness
(m) bgm) ™) ) 9™ g

2,
g/m®)
[ 0.10] __2196.00] """219:60[ __20.00] 2486  244.46

Measured by gamma spectrometry Calculated by the "knowledge library" model

Shield

Total mass Deviation
Background Measured ot oont ROI*PR thickness | oo from
ROI countrate  gross count " thickness
rate (/s) ratios by model observed
(/s) rate (/s) /2 by model %)
(kgm’) oea (%
A 1331.80] 31376.40 30044.60 6.243 87.66 62.80 -71.4
B 514.00! 16286.30 15772.30 3.277 184.46 159.60 -27.3
C 232.50! 9841.00 9608.50 1.997 184.28 159.42 -27.4
PL 90.40] 7605.30 7514.90 1.562 230.54|  205.68 -6.3
PC 2.50 655.20 652.70
PR 58.70) 4871.30 4812.60 Average 171.74 146.88 -33.1

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Report from team: STUK

Describe shield material: concrete garden path slab 50 x 50 x 5 cm x n to thickness

Observed data without gamma spectrometry

Shield Shlelq Shield Source Air mass Total
thickness ~ material mass detector . mass
y . ) thickness .
observed  density thickness  distance (kgjm?) thickness
g/m

(m)

(kg/m®) (kg
[ 0.20] _2196.00]

m®) (M) (kgim?)
439‘20| 20.00] 24.86 464.06

Measured by gamma spectrometry Calculated by the "knowledge library" model

Total Shield Deviation
Background Measured N mass mass
ROI countrate gross count 2:; i?;;m zﬁ;s/PR thickness thickness :l?smerved
(Is) rate (/s) by model by model o
(kg/m?)  (kg/m?) %)
A 1331.80] 14638.70] 13306.90 15.817 309.01 284.15 -356.3
B 514.00] 5583.20 5069.20 6.025 380.90 356.04 -18.9
C 232.50 2834.10]  2601.60 3.092 33515  310.29 -29.4
PL 90.40] 1694.20 1603.80 1.906  430.07  405.21 77
PC 2.50] 123.60 121.10
PR 58.70 900.00 841.30 Average 363.78 338.92 -22.8

Report from team: STUK

Describe shield material concrete garden path slab 50 x 50 x 5 cm x n to thickness

Observed data without gamma spectrometry
Shield Shield Shield Source
thickness ~ material mass detector
observed  density thickness  distance

Airmass  Total mass
thickness  thickness
(kg/m?®)  (kg/m?)

(m) (kg/m®) _ (kg/m?)  (m)
| 0.30]  2196.00]  658.80] 20.00] 2486  683.66
Measured by gamma spectrometry Calculated by the "knowledge library" model
Backgroun Measured Tgial mass i::lsd Deviation
ross Netcount ROI*/PR thickness N from
ROI d count " thickness
count rate rate (/s) ratios by model observed
rate () s) (kgm?y IO (o)
(kg/m”)
A 1331.80] 10347.00 9015.20 55.684 608.67 583.81 -11.4
B 514.00 2985.10 2471.10 15.263 680.73 655.87 -0.4
c 232.50]  1104.30 871.80 5.385 526.41 501.55 -239
PL 90.40] 496.80 406.40 2510 705.25 680.39 33
PC 2.50] 26.70 24.20
PR 58.70) 220.60 161.90 Average 630.26 605.40 -8.1
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Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Report from team: STUK

Describe shield material: ' concrete garden path slab 50 x 50 x 5 cm x n to thickness

Observed data without gamma spectrometry

Report from team: STUK

Describe shield material: concrete garden path slab 50 x 50 x 5 cm x n to thickness

Observed data without gamma spectrometry

Shield Shield Shield mass SOUC®  Ajrmass 1ot Shield Shield Shield Source Armass 101
thickness material . detector . mass thickness ~ material mass detector . mass

. thickness N thickness . " . ) thickness .
observed density alm? distance Ka/m? thickness observed density thickness  distance Ka/m? thickness
(m) kgt 9™ m) I egim?) (m) (gim®) __(kgm?)  (m) I hgm?)
2196.00 219.60 30.00 3729  256.89 [ 0.20]  2196.00] = 439:20[ 3000] 3729  476.49

Measured by gamma spectrometry Calculated by the "knowledge library" model

Measured by gamma spectrometry Calculated by the "knowledge library" model

Total mass Shield Deviation Total Shield Deviation
Background  Measured Netcount ROI*PR thickness Ioo> from Background Measured Netcount ROI*PR oo° mass from
ROI countrate  gross count rate (/s) ratios by model thickness observed ROI countrate gross count rate (/s) ratios thickness thickness observed
(Is) rate (/s) (kgim?) by model ) (Is) rate (/s) by model by model %)
¢ (kg/m’) (kgm?)  (kgm?)
A 1331.80 14065.10 12733.30 7.835 141.75 104.46 -52.4 A 1331.80 7222.40 5890.60 17.796 337.08 299.79 -31.7
B 514.00! 6582.20 6068.20 3.734 226.53 189.24 -13.8 B 514.00] 2578.90 2064.90 6.238 392.11 354.82 -19.2
C 232.50! 3831.20 3598.70 2214 219.98 182.69 -16.8 C 232.50 1275.00 1042.50 3.150 34147  304.18 -30.7
PL 90.40) 3070.50 2980.10 1.834 391.21 353.92 61.2 PL 90.40] 746.10; 655.70 1.981 46847 431.18 -1.8
PC 2.50 257.40 254.90 PC 2.50] 51.00: 48.50
PR 58.70) 1683.90 1625.20 Average 244.87 207.58 5.5 PR 58.70 389.70! 331.00 Average 384.78 347.49 -20.9

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Report from team: STUK

Describe shield material concrete garden path slab 50 x 50 x 5 cm x n to thickness

Observed data without gamma spectrometry

Report from team: STUK

Describe shield material:  concrete garden path slab 50 x 50 x 5 cm x n to thickness

Observed data without gamma spectrometry

Sr_1ield Shield. Shield Source Airmass  Total mass Shield Shielq Shield mass Source mass Total
thickness mate.rlal mass dglector thickness  thickness thickness mate.rlal thickness dgtector thickness  1ass
observed  density thickness  distance 2 2. observed density 2 distance 2 thickness
(m) (kg/m®) __(kg/m®) (M) (kghm’) (kg (m) (kg/m®) (kg/m’) (m) kgm) (gim?)

[ 0.30] 2196.00] = 658:80| 30.00] 3729  696.09 [ 0.10] __2196.00] """219:60[ __40.00] 4972 269.32

Measured by gamma spectrometry Calculated by the "knowledge library" model

Measured by gamma spectrometry Calculated by the "knowledge library" model

Backgroun Measured Tgial mass i:?sd Deviation Background Measured T?tal mass S:?Sd Deviation
ross Netcount ROI*/PR thickness N from Netcount  ROI*/PR thickness N from
ROl dcount " thickness ROI countrate  gross count " thickness
count rate rate (/s) ratios by model observed rate (/s) ratios by model observed
rate (/s) Ka/m? by model ) (Is) rate (/s) /2 by model
I (g > kom) gmzy
A 1331.80 5524.80 4193.00 62.303 635.42 598.13 -9.2 A 1331.80 8139.00 6807.20 7.489 131.01 81.29 -63.0
B 514.00 1556.20 1042.20 15.486 685.40 648.11 -1.6 B 514.00! 3650.80 3136.80 3.451 201.14 151.42 -31.0
Cc 232.50 589.90: 357.40 5.311 521.62 484.33 -26.5 C 232.50! 2127.40 1894.90 2.085 199.20 149.48 -31.9
PL 90.40] 264.20 173.80 2.582 733.63 696.34 5.7 PL 90.40) 1527.20 1436.80 1.581 242.83 193.11 -12.1
PC 2.50] 13.40 10.90 PC 2.50 132.40 129.90
PR 58.70) 126.00 67.30 Average 644.02 606.73 -7.9 PR 58.70) 967.60 908.90 Average 193.55 143.83 -34.5
Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137 Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data. point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.
Report from team: STUK Report from team: STUK
Describe shield material: concrete garden path slab 50 x 50 x 5 cm x n to thickness Describe shield material concrete garden path slab 50 x 50 x 5 cm x n to thickness
Observed data without gamma spectrometry Observed data without gamma spectrometry
Sr.]ield Shield_ Shield Source Air mass Total Sr_1ield Shield_ Shield Source Airmass  Total mass
thickness ~ material mass detector thickness Mass thickness ~material mass detector thickness  thickness
observed density thickness  distance 2 thickness observed density thickness  distance 2 2.
(m) (kg/m®) __ (kg/m?) (M) (ko/m) gim?) ™) ko) (kgim?)  (m) (kg/m®)  (kg/m?)
[ 0.20]  2196.00]  439.20] 20.00] 4972  488.92 | 0.30]  2196.00]  658.80] 20.00] 4972 708.52
Measured by gamma spectrometry Calculated by the "knowledge library" model Measured by gamma spectrometry Calculated by the "knowledge library" model
Total Shield - Shield -
Background Measured mass mass Deviation Backgroun Measured Tt_ﬂal mass Deviation
Net count  ROI*/PR N . from gross Net count ROI*/PR  thickness N from
ROI countrate  gross count rate (/s) ratios thickness thickness observed ROI d count countrate rate (Is) ratios by model thickness observed
(Is) rate (/s) by model by model o rate (/s) (Is) Kg/m? by model )
kgm®) g’y kI gmy
A 1331.80 4603.90 3272.10 20.124 366.34 316.62 -27.9 A 1331.80]  4450.20 3118.40 80.371 696.05 646.33 -1.9
B 514.00] 1602.00 1088.00 6.691 414.72 365.00 -16.9 B 514.00 1187.50 673.50 17.358 722.22 672.50 21
C 232.50 781.20! 548.70 3.375 36526  315.54 -28.2 C 232.50 442.00 209.50 5.399 527.34 477.62 -275
PL 90.40] 429.90 339.50 2.088  521.07| 471.35 7.3 PL 90.40] 190.80 100.40 2.588 735.63 685.91 4.1
PC 2.50] 27.60 25.10 PC 2.50] 8.60; 6.10
PR 58.70 221.30 162.60 Average 416.85 367.13 -16.4 PR 58.70) 97.50 38.80 Average 670.31 620.59 -5.8

Fig B.4.2 Tables comparing true shielding thickness values (denoted as observed data) with calculated
values based on measured ROI net count rate ratios in the 4 liter STUK detector when using the Lund
University exponential model for a 4 liter Nal(Tl)-detector for the calculation (denoted as calculated by
the “knowledge library” model). The ROIs (A, B, C, PL ad PR) are defined in Table B.4.2
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For all shield thickness, there seems to be a systematic underestimation when applying the LU
model coefficients for the STUK detector. Assuming that an exponential relationship between
the shield thickness and the ratios between the count rates in the respective ROI exist, new
values of the coefficients ¢ and b have been calculated from the measurement data for the
STUK 4 liter Nal(TIl)-spectrometer. The values are given in Table B.4.3 in comparison with
the corresponding values for LU. The coefficient b values are somewhat higher for the STUK
detector, except for the ROI ratio C/PR, but too far-reaching conclusions about differences in
the coefficient b cannot be drawn because the experimental data from STUK is not suffi-
ciently extensive.

Table B.4.3 Coefficients a and b in the expression for determining the shield mass thickness x =
In(q/a)/b where ¢ is the respective measured count rate ratios of ROIs A/PR, B/PR, C/PR and PL/PR,
as obtained in the experimental measurements by STUK using a 4 litre Nal(T1)-detector compared to
the coefficients in the Lund University (LU) model.

ROI A/PR ROI B/PR ROI C/PR ROI PL/PR
Team Nal(Tl)
detector a b a b a b a b
volume
LU 4 litre 432 0.0042 1.85 0.0031 1.17 0.0029 1.24 0.0010
STUK 4 litre 1.57 0.0052 1.32 0.0035 1.20 0.0022 1.18 0.0011
B.4.5 Conclusion

The LU model applied on measurement data from the STUK 4 litre Nal(TI) spectrometer gave
an underestimation 5 - 25% underestimation of the shield thickness for concrete blocks of
thickness 20 - 30 cm compared to the true value when the dead time of the spectrometer was
kept low.

The b coefficient in the exponential expression for determining shield thickness from ROI net
count rate measurements, when calculated for the STUK 4 litre Nal(Tl) spectrometer seams to
be just a little larger than the coefficient given in the Lund University model for the same type
of detector. This indicates that the principle of using a “knowledge library” with an exponen-
tial expression can be used to determine approximate values of shield thickness if the gamma
spectrometers pulse height distribution is calibrated for the situation in question.
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B.5S Report from Swedish Radiation Safety Authority, (SSM) shielding
measurements for SHIELDMORC 2020

The Swedish Radiation Safety Authority made the shielding measurements in Barsebick in
Sweden in October 2020.

B.5.1 Shielding set-up and geometry

Three Cs-137 point sources with a total activity of 1070 MBq were used together for the
shielding experiment. Wood shielding in 9 cm thick beams and concrete tile shielding with
tile dimensions 20 x 13.3 x 5 cm (W x L x H) were used. The densities were 526 kg/m’ for
the wood beam and 2270 kg/m’ for the concrete tiles. The shields were built in a trailer (Fig
B.5.1).

The wood shielding wall thickness was built to 9, 18, 27 and 36 cm. The concrete wall
thickness was built to 5, 10, 15, 20, 25 and 30 cm. Fig B.5.2 shows the set up before the
shielding wall was built, showing the position of the three point sources placed in a plastic
cup. When the shielding wall was built, the sources ended up about 3 cm behind the wall. Fig
B.5.3 shows the concrete wall built with tiles to 5 cm thickness.

Fig B.5.1. The trailer in which the radiation sources and the shielding material was set up for the SSM
SHIELDMORC 2020 experiment.
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Fig B.5.2. Concrete 5 cm tiles used around the three Cs-137 point sources and four clay tiles above
the sources before the front wall was set up. The sources are placed in the plastic cup.

P

Fig B.5.3. A shielding wall built with five concrete slabs of thickness 5 cm in front of the Cs-137
sources. Up to six layers of concrete tiles were used in the experiment to a total thickness of 30 cm.
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B.5.2 Measuring equipment

Two 4 liter Nal(Tl)-spectrometers with 1024 channels and one 120% HPGe-spectrometer with
8192 channels were used in the experiment. The Nal(TIl) detectors were oriented with their
long sides towards the source location. The acquisition intervals were in the order of 600 -
2300 s. The source - detector distance was 50 m in all set-ups. The combinations of shield

material, shield thickness, detectors and acquisition times are given in Table B.5.1.

Table B.5.1 Detectors, shielding material and thickness, distance between source and detector and
acquisition times applied in the shielding experiment by SSM. The total activity of the three Cs-137
sources used in all experiments was 1070 MBq.

Detector Source placement and shielding Distance Acquisition time
4L Nal(T1) (L) Background, no source 1422 s
4L Nal(TD) (L))  Source, unshielded 50 m 2073 s
4L Nal(T1) (L) Source behind 9 cm wood 50 m 842 s
4L Nal(T1) (L) Source behind 18 cm wood 50 m 951s
4L Nal(T1) (L) Source behind 27 cm wood 50 m 931s
4L Nal(T1) (L) Source behind 36 cm wood 50 m 1543 s
4L Nal(T1) (L) Source behind 5 cm concrete tiles 50m 934 s
4L Nal(TI) (L))  Source behind 10 cm concrete tiles 50 m 2862 s
4L Nal(TI) (L))  Source behind 15 cm concrete tiles 50 m 1636 s
4L Nal(T1) (L) Source behind 20 cm concrete tiles 50 m 2067 s
4L Nal(TI) (L))  Source behind 25 cm concrete tiles 50 m 2307 s
4L Nal(T1) (L) Source behind 30 cm concrete tiles 50 m 1556 s
4L Nal(T) (R)  Background, no source 1458 s
4L Nal(T) (R)  Source, unshielded 50 m 2202 s
4L Nal(T) (R)  Source behind 9 cm wood 50 m 832s
4L Nal(TD) (R)  Source behind 18 cm wood 50 m 954 s
4L Nal(TD) (R)  Source behind 27 cm wood 50 m 931s
4L Nal(TD) (R)  Source behind 36 cm wood 50 m 1548 s
4L Nal(TI) (R)  Source behind 5 cm concrete tiles 50 m 953 s
4L Nal(TI) (R)  Source behind 10 cm concrete tiles 50 m 1654 s
4L Nal(TI) (R)  Source behind 15 cm concrete tiles 50 m 1631s
4L Nal(TI) (R)  Source behind 20 cm concrete tiles 50 m 1935 s
4L Nal(T) (R)  Source behind 25 cm concrete tiles 50 m 2286 s
4L Nal(T) (R)  Source behind 30 cm concrete tiles 50 m 1562 s
120 % HPGe Background, no source 1346 s
120 % HPGe Source unshielded 50 m 3784 s
120 % HPGe Source behind 9 cm wood 50 m 787 s
120 % HPGe Source behind 18 cm wood 50 m 891s
120 % HPGe Source behind 27 cm wood 50 m 901 s
120 % HPGe Source behind 36 cm wood 50 m 1501 s
120 % HPGe Source behind 5 cm concrete tiles 50 m 667 s
120 % HPGe Source behind 10 cm concrete tiles 50 m 1630 s
120 % HPGe Source behind 15 cm concrete tiles 50 m 1566 s
120 % HPGe Source behind 20 cm concrete tiles 50 m 1996 s
120 % HPGe Source behind 25 cm concrete tiles 50 m 2210s
120 % HPGe Source behind 30 cm concrete tiles 50 m 1520 s
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B.5.3 ROI set-up

The ROI setup for the experiment was chosen to match the setup used by the Lund University
model. The setups for the detectors are is listed in Table B.5.2 - B.5.4

Table B.5.2 The ROI setup for the SSM shielding experiment using a 4 liter Nal(Tl)

detector (L).

ROI Energy node Energy interval ~ Channel Number of
(keV) (keV) £ 1.5keV interval 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 B.5.3 The ROI setup for the SSM shielding experiment using a 4 liter Nal(TI)

detector (R).

ROI Energy node Energy interval ~ Channel Number of
(keV) (keV)+ 1.5keV interval 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 B.5.4 The ROI setup for the SSM shielding experiment using a 120% HPGe detector.

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

A 74.5-241.8 205 - 663 459
2422 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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B.5.4 Results

The calculated concrete shield thickness values based on SSM measurements with the two 4
Nal(Tl) detectors (L) and (R) and using the Lund University “knowledge-library” model
compared to the true values are shown in the Excel tables, Fig B.5.2a and B.5.2c. The
correspondence between the calculated shield thicknesses from the net count rate ratios ROI
A/PR, B/PR, C/PR and PL/PR and the true values improved as the shield thickness increased.
The calculated values showed about 25 - 30% underestimation of the shield thickness for a
single layer of 5 cm concrete tiles. For 10 - 20 cm thickness the underestimation was about
10%. For 25 - 30 cm the calculated thickness values from the ROI ratio measurements were
close to the true values.

The calculated wood shield thickness values from the ROI count rate ratios measurements in
the two 4 liter Nal(Tl) detectors (L) and (R) compared to the true values are shown in the
Excel tables, Fig B.5.2b and B.5.2d. For 9 - 18 cm wood shielding there is an underestimation
of 50 - 100%. For 27 - 36 cm wood shielding the underestimation is 25 - 30%.

The calculated concrete shield thickness values from the measurements with the 120% HPGe
detector using the Lund University “knowledge-library” model with net count rate ratios ROI
A/P, B/P, C/P compared to the true values are shown in Fig B.5.2e. The calculated values
showed an overestimation of about 20% for 5 cm thickness and about £5% for 10 - 30 cm
thickness.

The calculated wood shield thickness values from the measurements with the 120% HPGe
detector compared to the true values are shown in Fig B.5.2f. The shielding thickness values
obtained from measurements were within about +£10% of the true values for all wood
thickness 9 - 36 cm.

For both wood and concrete, there seems to be a systematic underestimation when applying
the Lund University “knowledge-library” model coefficients for the two SSM 4 liter Nal(TI)
detectors(L) and (R) for the thinner shields. As the shield thickness increases, the
correspondence between calculated and true values becomes better. For the 120% HPGe
detector there seems not to be any systematic deviation using the Lund University model
compared to the true shield thickness.

Assuming that an exponential relationship between the shield thickness and the ratios between
the count rates in the respective ROI exist, new values of the coefficients @ and b have been
calculated from the measurement data for the SSM detectors. The values are given in Table
B.5.5 for the Nal(Tl) detectors (L) and (R) and in Table B.5.6 for the 120% HPGe detector in
comparison to the corresponding values for the Lund University “knowledge-library” model.
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Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

ROI

3320w

Report from team: SSM

Describe shield material:  concrete blocks

Observed data without gamma spectrometry

Shield Shlelq Shield Source Air mass Total
thickness material mass detector thi mass

p N N ickness N
observed density thickness  distance Kag/m? thickness
(m) (kgm’) __ (kghm®)  (m) *km)  egm?)
[ 0.05]  2271.00] 11355 50.00] 6215  175.70

Measured by gamma spectrometry ~ Calculated by the "knowledge library” model
Shield

Total mass Deviation
Background Measured Net count ROl */PR thickness by mass from
countrate  gross count ! thickness
rate (/s)  ratios model observed
(Is) rate (/s) (kg/m?) by model o
9 (kg/m?)
668.09 1221.50 553.41 6.926 112.38 50.23 -55.8
254.71 500.53 245.82 3.076 164.05 101.90 -10.3
122.60 275.58 152.98 1.915 169.83 107.68 -5.2
47.33) 159.40 112.07 1.403 123.17 61.02 -46.3
0.00
32.86 112.77 79.91 Average 142.36 80.21 -29.4

ROI

3320w

Report from team: SSM

Describe shield material:  concrete blocks

Observed data without gamma spectrometry

Shield Shlelq Shield Source Air mass Total
thickness material mass detector thi mass
p N N ickness N
observed density thickness  distance Ka/m? thickness
(m) kg/m® (kg/m®)  (m) kg™ (gim?)
0.10 2271.00 227410| 50.00' 62.15 289.25

Measured by gamma spectrometry ~ Calculated by the "knowledge library” model

Total mass Shield Deviation
Background Measured Net count ROl */PR thickness by mass from
countrate  gross count ! thickness
rate (/s)  ratios model observed
(Is) rate (/s) (kg/m?) by model o
9 (kg/m?)
668.09 1015.60 347.51 10.338 207.75 145.60 -35.9
254.71 399.38 144.67 4.304 272.35 210.20 -7.4
122.60 211.30 88.70 2.639 280.43 218.28 -3.9
47.33) 102.20) 54.87 1.632 274.88 212.73 -6.3
0.00
32.86 66.48 33.62 Average 258.85 196.70 -13.4

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

ROI

320w

Report from team: SSM

Describe shield material:  concrete blocks

Observed data without gamma spectrometry

Shield Shielc! Shield Source Air mass Total
thickness material mass detector . mass
y N 5 thickness N
observed density thickness distance a/m? thickness
(m) kom’) __(kgm?)  m ___*I™)  gm?)
[ 0.15]  2271.00] © 34065] _ 50.00] 62.15  402.80
Measured by gamma spectrometry  Calculated by the "knowledge library" model
Total mass Shield Deviation
Background Measured Net count ROI */PR thickness by m?ss from
countrate  gross count . thickness
rate (/s)  ratios model observed
(Is) rate (/s) Ka/m? by model (%)
kem?)  om?y
668.09] 898.13] 230.04 16.115 313.45 251.30 -26.2
254.71 340.69 85.97 6.023 380.76 318.61 -6.5
122.60 168.84, 46.24 3.240 351.18 289.03 -15.2
47.33] 73.52 26.19 1.835 391.76 329.61 -3.2
0.00
32.86 47.14 14.28 Average 359.29 297.14 -12.8

ROI

320w

Report from team: SSM

Describe shield material:  concrete blocks

Observed data without gamma spectrometry

Shield Shielc! Shield Source Air mass Total
thickness material mass detector . mass
y N 5 thickness N
observed density thickness distance Ka/m? thickness
(m) kg/m® (kg/m?) (M) (kg/m?) (kg/m?)
0.20] 2271.00 454.20 50.00 62.15 516.35

Measured by gamma spectrometry  Calculated by the "knowledge library" model

Back d M " Total mass :]t::lsd Deviation
ac tgrotun easure t Net count ROI */PR thickness by thickness from
countrate  gross count . (/s) ratios model | observed
(Is) rate (/s) (kg/mz) by mozde (%)
(kg/m")
668.09] 840.79] 172.70 28.726 451.08 388.93 -14.4
254.71 310.22 55.51 9.233 518.59 456.44 0.5
122.60 146.84, 24.24 4.032 426.63 364.48 -19.8
47.33] 59.76| 12.43 2.068 511.24 449.09 -1.1
| 0.00
32.86 38.88 6.01 Average 476.89 414.74 -8.7

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

ROI

I3R0a>

Report from team: SSM

Describe shield material:  concrete blocks

Observed data without gamma spectrometry

Shield Shlelq Shield Source Air mass Total
thickness material mass detector thi mass
p N N ickness N
observed density thickness  distance Kag/m? thickness
(m) kg/m® (kg/m?) (M) koM gim?)
0.25) 2271.00 567.75 50.00] 62.15 629.90

Measured by gamma spectrometry ~ Calculated by the "knowledge library” model

Total mass Shield Deviation
Background  Measured Net count ROI*/PR thickness by mass
countrate  gross count ! thickness
rate (/s)  ratios model observed
(Is) rate (/s) (kg/m?) by model "
9 (kg/m?)
668.09 815.84' 147.75 60.429 628.15 566.00 -0.3
254.71 295.26 40.54 16.583 707.47 645.32 13.7
122.60 135.69 13.09 5.354 524.43 462.28 -18.6
47.33) 52.99 5.66 2315 624.26 562.11 -1.0
0.00
32.86 35.31 245 Average 621.08 558.93 -1.6

ROI

3320w

Report from team: SSM

Describe shield material: ~ concrete blocks

Observed data without gamma spectrometry

Shield Shlelq Shield Source Air mass Total
thickness material mass detector thi mass
p N N ickness N
observed density thickness  distance Ka/m? thickness
(m) kg/m® (kg/m®)  (m) kam) (gim?)
0.30 2271.00 681430| 50.00' 62.15 743.45

Measured by gamma spectrometry ~ Calculated by the "knowledge library” model

Total mass Shield Deviation
Background  Measured Net count ROI*/PR thickness by mass
countrate  gross count . thickness
rate (/s)  ratios model observed
(Is) rate (/s) 2 by model
(kg/m”) (kg/m?) o
[ 668.09] 803.48] 13539 124.207 799.60| © 737:54 8.3
254.71 289.87] 35.16 32.253 922.07 859.92 26.2
122.60 130.58 7.98 7.320 632.28 570.13 -16.3
47.33) 50.24 291 2.670 766.83 704.68 3.4
0.00
32.86 33.96] 1.09 Average 780.22] 718,07 5.4

Fig B.5.2a Tables comparing true shielding thickness values for concrete tiles 5, 10, 15, 20, 25 and 30 cm
(denoted as observed data) with calculated values based on measured ROI net count rate ratios in the 4
liter SSM Nal(TI)-detector (L) when using the Lund University exponential model for a 4 liter Nal(T1)-
detector for the calculation (denoted as calculated by the “knowledge library” model). The ROIs (A, B, C,
PL and PR) are defined in Table B.5.2
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Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

ROI

3320w

Report from team: SSM

Describe shield material:  Wood

Observed data without gamma spectrometry

Shield Shlelq Shield Source Air mass Total
thickness material mass detector thi mass
p N N ickness N
observed density thickness  distance Kag/m? thickness
(m) kg/m® (kg/m®) (M) kam) (gim?)
0.09 526.00 47.34 50.00] 62.15 109.49

Measured by gamma spectrometry ~ Calculated by the "knowledge library” model
Shield

Total mass Deviation
Background Measured Net count ROl */PR thickness by mass from
countrate  gross count ! thickness
rate (/s)  ratios model observed
(Is) rate (/s) (kg/m?) by model o
_ g (kg/m?)
668.09 1369.40' 701.31 5.317 49.43 -12.72 -126.9
254.71 570.66 315.95 2.395 83.32 2117 -55.3
122.60 311.70 189.10 1.434 70.07 7.92 -83.3
47.33) 216.94 169.61 1.286 36.31 -25.84 -154.6
0.00
32.86 164.77 131.91 Average 59.78 -2.37 -105.0

ROI

3320w

Report from team: SSM

Describe shield material:  Wood

Observed data without gamma spectrometry

Shield Shlelq Shield Source Air mass Total
thickness material mass detector thi mass
p N N ickness N
observed density thickness  distance Ka/m? thickness
(m) kg/m® (kg/m®)  (m) kg™ (gim?)
0.18) 526.00 94.68' 50.00' 62.15 156.83

Measured by gamma spectrometry ~ Calculated by the "knowledge library” model

Total mass Shield Deviation
Background Measured Net count ROl */PR thickness by mass from
countrate  gross count ! thickness
rate (/s)  ratios model observed
(Is) rate (/s) (kg/m?) by model o
9 (kg/m?)
668.09 1218.97I 550.88 6.110 3 20.38 -78.5
254.71 498.56 243.85 2.704 122.49 60.34 -36.3
122.60 274.40 151.80 1.684 125.48 63.33 -33.1
47.33) 171.47) 124.14 1.377 104.66 42.51 -55.1
0.00
32.86 123.03 90.17 Average 108.79 46.64 -50.7

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

ROI

JRow>»

PR

Report from team: SSM

Describe shield material:  Wood

Observed data without gamma spectrometry

Shield Shielc! Shield Source Air mass Total
thickness material mass detector . mass
y N 5 thickness N
observed density thickness distance Ka/m? thickness
(m) kg/m® (kg/m?) (M) (kg/m?) (kg/m?)
0.27] 526.00 142.02| 50.00| 62.15 204.17

Measured by gamma spectrometry  Calculated by the "knowledge library" model

Total mass Shield Deviation
Background Measured Net count ROI */PR thickness by m?ss from
countrate  gross count . thickness
rate (/s)  ratios model observed
(Is) rate (/s) Ka/m? by model (%)
kem?)  om?y
668.09] 1109.10 441.01 7.229 122.58 60.43 -57.4
254.71 442.86) 188.14 3.084 164.86 102.71 -27.7
122.60 242.26] 119.66 1.961 178.17 116.02 -18.3
47.33] 137.13) 89.80 1.472 171.52 109.37 -23.0
0.00
32.86 93.87 61.01 Average 159.28 97.13 -31.6

ROI

JRow>»

PR

Report from team: SSM

Describe shield material:  Wood

Observed data without gamma spectrometry

Shield Shielc! Shield Source Air mass Total
thickness material mass detector . mass
y N 5 thickness N
observed density thickness distance Ka/m? thickness
(m) kg/m® (kg/m?) (M) (kg/m?) (kg/m?)
0.36] 526.00 189.36' 50.00| 62.15 251.51

Measured by gamma spectrometry  Calculated by the "knowledge library" model

Total mass Shield Deviation
Background  Measured Net count ROI */PR thickness by m?ss from
countrate  gross count . thickness
rate (/s)  ratios model observed
(Is) rate (/s) Ka/m? by model (%)
kem?)  om?y
668.09 1035.11 367.02 8.303 155.57 93.42 -50.7
254.71 405.29 150.57 3.406 196.93 134.78 -28.8
122.60 219.63] 97.03 2.195 216.98 154.83 -18.2
47.33] 115.62 68.29 1.545 219.86 157.71 -16.7
0.00
32.86 77.07 44.20 Average 197.33 135.18 -28.6

Fig B.5.2b Tables comparing true shielding thickness values for wood blocks of thickness 9, 18, 27 and 36
cm (denoted as observed data) with calculated values based on measured ROI net count rate ratios in the 4
liter SSM Nal(TI)-detector (L) when using the Lund University exponential model for a 4 liter Nal(Tl)-
detector for the calculation (denoted as calculated by the “knowledge library” model). The ROIs (A, B, C,
PL and PR) are defined in Table B.5.2
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Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Report from team: SSM

Describe shield material:  concrete blocks

Observed data without gamma spectrometry

Shield Shlelq Shield Source Air mass Total
thickness material mass detector thi mass

p N N ickness N
observed density thickness  distance Kag/m? thickness
(m) (kgm’) __ (kghm®)  (m) *km)  egm?)
[ 0.05]  2271.00] 11355 50.00] 6215  175.70

Measured by gamma spectrometry ~ Calculated by the "knowledge library” model

Total mass Shield Deviation

Background Measured . N mass
Net count ROI*/PR thickness by thickness from

ROl ?/Zl;m rate ?;(:Z:;’ unt rate (/s) ratios model2 by model oabserved
(kg/m?) (kg/mz) o
A 631.10 1217.40 586.30 7.339 126.17 64.02 -43.6
B 226.11 470.87| 244.76 3.064 162.72 100.57 -11.4
C 111.50 265.37 153.87 1.926 171.88 109.73 -3.4
PL 42.97| 154.95 111.98 1.402 122.56 60.41 -46.8
PC 0.00
PR 29.25 109.14) 79.89 Average 145.83 83.68 -26.3

Report from team: SSM

Describe shield material:  concrete blocks

Observed data without gamma spectrometry

Sr_\ield Shleld_ Shield Source Air mass Total
thickness material mass detector . mass
p N N thickness N
observed  density thickness  distance (kg/m?) thickness
g/m

(m) kg/m® (kg/m?)  (m) (kg/m?)
070] _2271.00] © 227:40]__50.00| 6215  289.25

Measured by gamma spectrometry ~ Calculated by the "knowledge library” model

Total mass Shield Deviation
Background Measured Net count ROl */PR thickness by mass from
ROI countrate  gross count ! thickness
rate (/s)  ratios model observed
(Is) rate (/s) (kg/m?) by model o
9 (kg/m?)
A 631.10 1000.47| 369.37 10.797 218.10 155.95 -31.3
B 226.11 370.28 14417 4.214 265.57 203.42 -10.4
C 111.50 201.14 89.64 2.620 278.03 215.88 -4.9
PL 42.97| 99.02 56.05 1.638 278.61 216.46 -4.7
PC 0.00
PR 29.25] 63.45' 34.21 Average 260.08 197.93 -12.8

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Report from team: SSM

Describe shield material:  concrete blocks

Observed data without gamma spectrometry

Shield Shlel§ Shield Source Air mass Total
thickness material mass detector . mass
y N 5 thickness N
observed density thickness distance a/m? thickness
(m) kom’) __(kgm?)  m ___*I™)  gm?)
[ 0.15]  2271.00] © 34065] _ 50.00] 62.15  402.80
Measured by gamma spectrometry  Calculated by the "knowledge library" model
Total mass Shield Deviation
Background Measured Net count ROI */PR thickness by m?ss from
ROI countrate  gross count . thickness
rate (/s)  ratios model observed
(Is) rate (/s) Ka/m? by model (%)
kem?)  om?y
A 631.10 874.18 243.08 17.293 330.25 268.10 -21.3
B 226.11 310.36 84.25 5.994 379.22 317.07 -6.9
C 111.50 158.87 47.37 3.370 364.79 302.64 -11.2
PL 42.97| 69.47 26.50 1.885 418.94 356.79 4.7
PC 0.00
PR 29.25 43.31 14.06 Average 373.30 311.15 -8.7

Report from team: SSM

Describe shield material:  concrete blocks

Observed data without gamma spectrometry

Shield Shlel§ Shield Source Air mass Total
thickness material mass detector thickness ~ Mass
observed density thickness distance thickness

2,
(m) kg/m® (kg/m?) (M) (kg/m?) (kg/m?)
020] 2271.00] 45420 ___50.00] 6215  516.35

Measured by gamma spectrometry  Calculated by the "knowledge library" model

Total mass Shield Deviation
Background Measured o\ o0t ROI*/PR thickness by 2> from
ROI countrate  gross count . thickness
rate (/s)  ratios model observed
(Is) rate (/s) Ka/m? by model (%)
(kg/m”) (kg/m?)
A 631.10 809.88 178.78 29.502 457.43 395.28 -13.0
B 226.11 280.10 53.99 8.909 507.07 444.92 -2.0
C 111.50 135.18 23.68 3.907 415.76 353.61 -22.1
PL 42.97| 55.91 12.94 2135 543.50 481.35 6.0
PC 0.00
PR 29.25 35.31 6.06 Average 480.94 418.79 -7.8

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Report from team: SSM

Describe shield material:  concrete blocks

Observed data without gamma spectrometry

Shield Shielq Shield Source Air mass Total
thickness material mass detector thickness  Mass
observed density thickness distance 2 thickness
(m) kg’ (kgmd) ) _ FI™) gy
[ 0.25]  2271.00] © 567.75] __50.00] 6215  629.90
Measured by gamma spectrometry  Calculated by the "knowledge library" model
Total mass Shield Deviation
Background Measured o o ROJ#/PR  thickness by oSS from
ROI countrate  gross count N thickness
rate (/s)  ratios model observed
(Is) rate (/s) (kgim?) by model %)
9 (kg/m?)
A 631.10] 785.45| 154.35 60.097 626.84 564.69 -0.5
B 226.11 267.55 41.44 16.134 698.63 636.48 12.1
(o} 111.50 124.85 13.35 5.198 514.26 452.11 -20.4
PL 42.97| 49.20 6.23 2.426 671.00 608.85 72
PC 0.00
PR 29.25] 31.82 2.57 Average 627.68 565.53 -0.4

Report from team: SSM

Describe shield material: ~ concrete blocks

Observed data without gamma spectrometry

Shield Shielq Shield Source Air mass Total
thickness material mass detector thickness  Mass
observed density thickness distance 2 thickness
(m) kg’ (kgmt) ) _ *I™) gy
[ 0.30] _ 2271.00] © 681:30] _50.00] 6215  743.45
Measured by gamma spectrometry  Calculated by the "knowledge library" model
Total mass Shield Deviation
Background Measured o o ROJ#/PR  thickness by oSS from
ROI countrate  gross count N thickness
rate (/s)  ratios model observed
(Is) rate (/s) (kgim?) by model %)
9 (kg/m?)
A 631.10] 770.70] 139.60  139.600 827.51 765.36 12.3
B 226.11 259.86 33.75 33.747 936.68 874.53 284
(o} 111.50 118.84 7.34 7.337 633.10 570.95 -16.2
PL 42.97| 45.63) 2.66 2.660 763.21 701.06 2.9
PC 0.00
PR 29.25] 30.25 1.00 Average 790.12 727.97 6.9

Fig B.5.2¢ Tables comparing true shielding thickness values for concrete tiles of thickness 5, 10, 15, 20,
25 and 30 cm (denoted as observed data) with calculated values based on measured ROI net count rate
ratios in the 4 liter SSM Nal(TI)-detector (R) when using the Lund University exponential model for a 4
liter Nal(T1)-detector for the calculation (denoted as calculated by the “knowledge library” model). The

ROIs (A, B, C, PL and PR) are defined in Table B.5.3
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Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(TI)-spectrometer. Comparison with observed data.

ROI

3320w

Report from team: SSM

Describe shield material:  Wood

Observed data without gamma spectrometry

Sr_\ield Shleld_ Shield Source Air mass Total
thickness material mass detector thickness mass
observed density thickness distance thickness

2.
(m) kg/m® (kg/m®) (M) kam) (gim?)
009] _ 520.00] 4784 50.00 6215  109.49

Measured by gamma spectrometry ~ Calculated by the "knowledge library” model

Total mass Shield Deviation
Background Measured Net count ROl */PR thickness by mass from
countrate  gross count ! thickness
rate (/s)  ratios model observed
(Is) rate (/s) (kg/m?) by model o
g (kg/m?)
631.10 1377.96 746.86 5.572 60.61 -1.54 -103.3
226.11 542.49] 316.38 2.361 78.61 16.46 -65.2
111.50 301.56 190.06 1.418 66.30 4.15 -91.2
42.97| 213.6—6| 170.69 1.274 26.67 -35.48 -174.9
0.00
29.25 163.2?' 134.03 Average 58.05 -4.10 -108.7

3320w

Report from team: SSM

Describe shield material: Wood

Observed data without gamma spectrometry

Shield Shlelq Shield Source Air mass Total
thickness material mass detector thi mass
. N N ickness N
observed density thickness distance Ka/m? thickness
(m) kg/m® (kg/m®) (M) ko/m) (kgim?)
0.18 526.00 94.68| 50.00 62.15 156.83

Measured by gamma spectrometry ~ Calculated by the "knowledge library" model
Shield

Total mass Deviation
Background Measured Net count ROl */PR thickness by mass from
countrate  gross count ! thickness
rate (/s)  ratios model observed
(Is) rate (/s) (kgim?) by model %)
g (kg/m?)
631.10 1216.51 585.41 6.357 91.96 29.81 -68.5
226.11 468.29 242.18 2.630 113.45 51.30 -45.8
111.50| 263.83 152.33 1.654 119.39 57.24 -39.5
42.97 169.34 126.37 1.372 101.31 39.16 -58.6
0.00
29.251 121.34/ 92.09 Average 106.53 44.38 -53.1

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a mobile 4 litre Nal(Tl)-spectrometer. Comparison with observed data.

ROI

JRow>»

PR

Report from team: SSM

Describe shield material:  Wood

Observed data without gamma spectrometry

Shield Shielc! Shield Source Air mass Total
thickness material mass detector . mass
y N 5 thickness N
observed density thickness distance Ka/m? thickness
(m) kg/m® (kg/m?) (M) (kg/m?) (kg/m?)
0.27] 526.00 142.02| 50.00| 62.15 204.17

Measured by gamma spectrometry  Calculated by the "knowledge library" model

Total mass Shield Deviation
Background Measured Net count ROI */PR thickness by m?ss from
countrate  gross count . thickness
rate (/s)  ratios model observed
(Is) rate (/s) Ka/m? by model (%)
kem?)  om?y
631.10 1099.00 467.90 7.432 129.17 67.02 -52.8
226.11 413.95 187.84 2.984 154.18 92.03 -35.2
111.50 232.70] 121.20 1.925 171.71 109.56 -22.9
42.97| 134.87 91.90 1.460 163.07 100.92 -28.9
0.00
29.25 92.21 62.96 Average 154.53 92.38 -35.0

ROI

JRow>»

PR

Report from team: SSM

Describe shield material:  Wood

Observed data without gamma spectrometry

Shield Shielc! Shield Source Air mass Total
thickness material mass detector . mass
y N 5 thickness N
observed density thickness distance Ka/m? thickness
(m) kg/m® (kg/m?) (M) (kg/m?) (kg/m?)
0.36] 526.00 189.36' 50.00| 62.15 251.51

Measured by gamma spectrometry  Calculated by the "knowledge library" model

Total mass Shield Deviation
Background  Measured Net count ROI */PR thickness by m?ss from
countrate  gross count . thickness
rate (/s)  ratios model observed
(Is) rate (/s) Ka/m? by model (%)
kem?)  om?y
631.10 1016.50 385.40 8.411 158.64 96.49 -49.0
226.11 377.25 151.14 3.299 186.56 124.41 -34.3
111.50 208.52 97.02 2117 204.55 142.40 -24.8
42.97| 112.14, 69.17 1.510 196.74 134.59 -28.9
0.00
29.25 75.07 45.82 Average 186.62 124.47 -34.3

Fig B.5.2d Tables comparing true shielding thickness values for wood blocks of thickness 9, 18, 27 and 36
cm (denoted as observed data) with calculated values based on measured ROI net count rate ratios in the 4
liter SSM Nal(TI)-detector (R) when using the Lund University exponential model for a 4 liter Nal(Tl)-
detector for the calculation (denoted as calculated by the “knowledge library” model). The ROIs (A, B, C,
PL and PR) are defined in Table B.5.3
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Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a 120% HPGe-sp . Comparison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a 120% HPGe-sp: te parison with observed data.

Report from team: SSM

Describe shield material:

Observed data without gamma spectrometry

Shield Shlelq Shield Source  Air mass Total
thickness ~ material mass detector . mass
. N N thickness N
observed  density thickness  distance (kg/m?) thickness
g/m

(m) kg/m® (kg/m?) (m) (kg/m?)
0.05] 2271.00]  113185] 50.00 6215  175.70

Measured by gamma spectrometry  Calculated by the "knowledge library" model

Total mass Shield -
Background Measured Netcount ROI*PR thickness mass Deviation
ROI countrate  gross count rate (/s) ratios by model thickness  from
(Is) rate (/s) Kgim? by model observed (%)
(kg/m?) (kg/m?)
A 136.59 257.59 121.00 8.430 184.20 122.05 75
B 39.95 81.05) 4110 2.863 204.25 142.10 251
(63 18.33 40.11 21.78 1.517 198.48 136.33 20.1
P 1.25 15.60! 14.35 1.000 -100.0
0.00 Average 195.64 133.49 17.6

Report from team: SSM

Describe shield material:

Observed data without gamma spectrometry

Shield Sh|elq Shield Source  pi mass Total
thickness ~ material mass detector . mass
. N N thickness N
observed  density thickness  distance (kg/m?) thickness
g/m

(m) kg/m® (kg/m?) (m) (kg/m?)
0.10] _ 2271.00]  227:40[_50.00 6215  289.25

Measured by gamma spectrometry  Calculated by the "knowledge library" model

Total mass Shield -
Background Measured Netcount ROI*PR thickness mass Deviation
ROI countrate  gross count rate (/s) ratios by model thickness from
(Is) rate (/s) a/m? by model observed (%)
(kg/m?) (kg/m?)
A 136.59] 211.70 7511  12.532 272.30 210.15 -7.5
B 39.95' 63.39 23.44 3910 304.78 24263 6.8
C 18.33] 30.11 11.78  1.965 327.74 265.59 17.0
P 1.2?' 7.24 599 1.000
| 0.00 Average 301.61 239.46 5.4

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a 120% HPGe-sp! . Comparison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a 120% HPGe-sp . Comparison with observed data.

Report from team: SSM

Describe shield material:

Observed data without gamma spectrometry

Shield Shlelq Shield Source i mass Total
thickness ~ material mass detector . mass
. N N thickness N
observed  density thickness  distance (kg/m?) thickness
g/m

(kg/m2

(m) kg/m® (kg/m?)  (m) )
0.15] _ 2271.00]  340:65[50.00 6215  402.80

Measured by gamma spectrometry  Calculated by the "knowledge library" model

Total mass Shield -
Background Measured Net count ROI*PR thickness mass Deviation
ROI countrate  gross count rate (/s)  ratios by model thickness from
(Is) rate (/s) Kgim? by model observed (%)
(kg/m?) (kg/m?)
A 136.59 186.00! 49.41  20.303 379.52 317.37 -6.8
B 39.95 52.68 12.73  5.229 398.54 336.39 -1.3
C 18.33 24.01 568 2.332 413.45 351.30 3.1
P 125 3.68| 243  1.000
| 0.00 Average 397.17 335.02 -1.7

Report from team: SSM

Describe shield material:

Observed data without gamma spectrometry

Shield Shlelq Shield Source i mass Total
thickness ~ material mass detector oo Mass
observed  density thickness  distance thickness

(kg/m?)

(m) kg/m® (kg/m?) (m) (kg/m?)
2271.00]  454:20[_50.00 ] 6215  516.35

Measured by gamma spectrometry  Calculated by the "knowledge library" model

Total mass Shield -
Background Measured Netcount ROI*PR thickness mass Deviation
ROI countrate  gross count rate (/s) ratios by model thickness from
(Is) rate (/s) Kgim? by model observed (%)
(kg/m?) (kg/m?)
A 136.59 172.56 35.97 35.838 505.80 443.65 -2.3
B 39.95 47.57 762 7.587 518.62 456.47 0.5
C 18.33 20.87 254 2526 453.40 391.25 -13.9
P 1.25 2.25) 1.00 1.000
0.00 Average 492.61 430.46 -5.2

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a 120% HPGe-sp! . Comparison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a 120% HPGe-sp! . Comparison with observed data.

Report from team: SSM

Describe shield material:

Observed data without gamma spectrometry

Shield Shlelq Shield Source i mass Total
thickness ~ material mass detector iy oo Mass
observed  density thickness  distance thickness

(kg/m?)

(m) kg/m® (kg/m?) (m) (kg/m?)
0.25] 2271.00]  567.75] 50.00 6215  629.90

Measured by gamma spectrometry ~ Calculated by the "knowledge library" model

Total mass Shield -
Background Measured Netcount ROI*PR thickness mass Deviation
ROI countrate  gross count rate (/s) ratios by model thickness from
(Is) rate (/s) Kgim? by model observed (%)
(kg/m?) (kg/m?)
A 136.59 167.31 30.72 80.058 684.41 622.26 9.6
B 39.95 44.97 5.02 13.070 694.06 631.91 11.3
C 18.33 19.52 119  3.089 554.01 491.86 -13.4
P 1.25 1.63) 0.38 1.000
0.00 Average 644.16 582.01 25

Report from team: SSM

Describe shield material:

Observed data without gamma spectrometry

Shield Shlelq Shield Source i mass Total
thickness ~ material mass detector iy ocs  Mass
observed  density thickness  distance thickness

(kg/m?)

(m) kg/m® (kg/m?) (m) (kg/m?)
0.30] _2271.00]  681:30] 50.00 6215 74345

Measured by gamma spectrometry  Calculated by the "knowledge library" model

Total mass Shield -
Background Measured Netcount ROI*PR thickness mass Deviation
ROI countrate  gross count rate (/s) ratios by model thickness from
(Is) rate (/s) Kgim? by model observed (%)
(kg/m?) (kg/m?)
A 136.59 164.80 28.21 183.501 868.73 806.58 18.4
B 39.95 43.41 3.46 22476 868.94 806.79 18.4
C 18.33 18.58 025 1.596 223.80 161.65 -76.3
P 1.25] 1.40 0.15 1.000
0.00 Average 653.83 591.68 -13.2

Fig B.5.2e Tables comparing true shielding thickness values for concrete tiles of thickness 5, 10, 15, 20, 25
and 30 cm (denoted as observed data) with calculated values based on measured ROI net count rate ratios in
the SSM 120% HPGe-detector when using the Lund University exponential model for a 123% HPGe-
detector for the calculation (denoted as calculated by the “knowledge library” model). The ROIs (A, B, C

and P) are defined in Table B.5.4
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Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a 120% HPG parison with observed data.

Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a 120% HPG . parison with observed data.

Report from team: SSM

Describe shield material:

Observed data without gamma spectrometry

Shield Shielq Shield Source  Air mass Total
thickness ~ material ~ mass detector mass
. N N ickness N
observed  density thickness  distance Kg/m? thickness
(m) kg/m® (kg/m?) m __ *Im™) egim?)
0.09 526.00 47.34] 50.00 62.15 109.49

Measured by gamma Sksctriatesttyy the "knowledge library" model

Report from team: SSM

Describe shield material:

Observed data without gamma spectrometry

Shield Shielq Shield Source  Air mass Total
thickness ~ material ~ mass detector mass
. N N ickness N
observed  density thickness  distance Kg/m? thickness
(m) kg/m® (kg/m?) m __ *I™) egim?)
0.18 526.00 94.68| 50.00 62.15 156.83

Measured by gamma Sksctriatesttyy the "knowledge library" model

Total mass Shield Total mass Shield
Background Measured Netcount ROI*PR thickness mass Deviation Background Measured Netcount ROI*PR thickness mass Deviation
ROI countrate  gross count . 0s) ratios by model thickness  from ROI countrate  gross count . is) ratios by model thickness  from
(Is) rate (/s) Kgim? by model observed (%) (Is) rate (/s) Ka/m? by model observed (%)
koM egm?) koM e gm?)
A 136.59 290.02 153.43 6.313 119.94 57.79 221 A 136.59 259.10 122.51 7.428 156.07 93.92 -0.8
B 39.95 95.86 5591  2.300 133.65 71.50 51.0 B 39.95 81.48 4153 2518 162.78 100.63 6.3
C 18.33 47.73 29.40 1.209 85.20 23.05 -51.3 C 18.33 41.28 2295 1.391 155.17 93.02 -1.8
P 1.25 25.55) 2430 1.000 P 1.25 17.74 16.49  1.000
0.00 Average 112.93 50.78 7.3 0.00 Average 158.00 95.85 1.2
Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137 Calculation of shield mass thickness from gamma spectrometry on a shielded Cs-137
point source with a 120% HPGe-sp: . Comparison with observed data. point source with a 120% HPGe-sp . Comparison with observed data.
Report from team: SSM Report from team: SSM
Describe shield material: Describe shield material:
Observed data without gamma spectrometry Observed data without gamma spectrometry
Shield Shielq Shield Source  air mass Total Shield Shielq Shield Source  air mass Total
thickness ~ material mass detector mass thickness ~ material mass detector . mass
. N N ickness N . N N thickness N
observed  density thickness  distance Kg/m? thickness observed  density thickness  distance Kg/m? thickness
(m) kgm) _ (kgm?)  (m)  *I™) gy (m) kgm) _ (kgm?)  (m)  *I™) gy
0.27| 526.00 142.02| 50.00 62.15 204.17 0.36 526.00 189.36] 50.00 62.15 251.51
Measured by gamma Sksctriatesttyy the "knowledge library" model Measured by gamma Sksctriatesttyy the "knowledge library" model
Total mass Shield Total mass Shield
Background Measured Netcount ROI*PR thickness mass Deviation Background Measured Netcount ROI*PR thickness mass Deviation
ROI countrate  gross count . 0s) ratios by model thickness  from ROI countrate  gross count is) ratios by model thickness  from
(Is) rate (/s) Kgim? by model observed (%) (Is) rate (/s) Kq/m? by model observed (%)
koM egm?) koM egm?)
A 136.59 233.88 97.29 8.554 187.44 125.29 -11.8 A 136.59 216.40 79.81 10.098 224.32 162.17 -14.4
B 39.95 72.00 32.05 2817 199.08 136.93 -3.6 B 39.95 65.21 2526 3.195 239.68 177.53 -6.2
C 18.33 35.22 16.89 1.485 187.67 125.52 -11.6 C 18.33 31.62 13.29 1.681 249.76 187.61 -0.9
P 1.25 12.62 11.37  1.000 P 1.25 9.15) 7.90 1.000
0.00 Average 191.40 129.25 -9.0 0.00 Average 237.92 175.77 -7.2

Fig B.5.2f Tables comparing true shielding thickness values for wood blocks of thickness 9, 18, 27 and 36
cm (denoted as observed data) with calculated values based on measured ROI net count rate ratios in the
SSM 120% HPGe-detector when using the Lund University exponential model for a 123% HPGe-detector
for the calculation (denoted as calculated by the “knowledge library” model). The ROIs (A, B, C, and P) are

defined in Table B.5.4

Table B.5.5 Coefficients @ and b in the expression for determining the shield mass thickness x =
In(g/a)/b where q is the respective measured count rate ratios of ROIs A/PR, B/PR, C/PR and PL/PR,
as obtained in the experimental measurements by SSM using two 4 liter Nal(T1)-detectors (L) and (R)
compared to the coefficients in the Lund University (LU) “knowledge-library” model.

ROI A/PR ROI B/PR ROI C/PR ROI PL/PR
Team Nal(T1)
detector a b a b a b a b
volume
LU 4 liter 432 0.0042 1.85 0.0031 1.17 0.0029 1.24 0.0010
SSM (L) 4 liter 2.81 0.0048 1.42 0.0039 1.11 0.0026 1.14 0.0012
SSM (R) 4 liter 2.92 0.0048 1.38 0.0040 1.10 0.0026 1.13 0.0012
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Table B.5.6. Coefficients a and & in the expression for determining the shield mass thickness x =
In(q/a)/b where q is the respective measured count rate ratios of ROIs A/P, B/P and C/P, as obtained in
the experimental measurements by SSM using a 120% HPGe-detector compared to the coefficients in
the Lund University (LU) “knowledge-library” model for a 123% HPGe-detector.

ROI A/P ROI B/P ROI C/P
Team HPGe
detector a b a b a b
efficiency
LU model 123% 3.68 0.0045 1.52 0.0031 1.02 0.0020
SSM 120% 3.50 0.0047 1.50 0.0033 1.01 0.0019
B.5.5 Conclusion

Results for the HPGe detector agrees surprisingly well with the data supplied from the Lund
University “knowledge library” model. The deviation between the model and observed results
were generally less than 10 per cent in all measurements (slightly more for 5 cm and 30 cm
concrete shielding). However, the detector used is very similar to the detector used by Lund
University in the development of the knowledge library.

The discrepancies between model and measurement results were larger for the Nal(TI)
detectors, and in particular when less shielding was applied.
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If nuclear or radioactive materials are out of control (materials out
of regulatory control, MORC), authorities must deal with the
threatening situation. Gamma-ray sources out of control can have
various degrees of shielding. When located in a building the
building material shields the source. Information on the shielding of
an identified source will provide data to estimate the radiation
hazard and assist in securing the source. In a Nordic joint project, a
method to assess shielding mass thickness of common building
materials in cases with hidden Cs-137 point sources have been
studied and experimentally investigated using mobile gamma
spectrometry. The method uses detection of Compton scatted
photons of different energies in relation to primary photons to
obtain approximate information about the mass thickness of
shielding material between the source and the detector. These ratios
follow the expression of exponential functions of shield mass
thickness, provided the shield is composed mainly of materials
where Compton interaction dominates. The shielding thickness
assessment method is based on previous detector response
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