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Abstract
For measuring radioactive waste drum, the segmented gamma scanning (SGS) is a quick and effective procedure. The 
accuracy of reconstructed radioactivity in the drum is directly impacted by SGS efficiency matrix. To overcome the chal-
lenges of restricted experimental source and excessive workload in existing SGS efficiency calibration methods, a new SGS 
efficiency calibration method is presented. The point source efficiency function calculates the non-attenuation efficiency of 
each voxel in the calibrated segment. The voxel attenuation efficiency is corrected by the linear attenuation coefficient for 
segments’ absorption. The attenuation efficiency for the segment is calculated as the weighted average of all voxel attenu-
ation efficiencies in a segment. The waste drum sample is filled with a random mixture of 0.33 g·cm−3 aluminium silicate 
fibre, 0.64 g·cm−3 wood fibre, 1.84 g·cm−3 polyvinyl chloride plastic and a point source 60Co of 1.244 × 105 Bq. The SGS 
system and the waste drum sample are used to complete SGS experimental measurement, efficiency calibration and activ-
ity reconstruction. Result shows that the relative deviations of reconstructed activity are − 15.39–30.98% for the extreme 
case where just a point source 60Co is placed at 16 positions in the drum with different heights and eccentric distances. This 
relative deviation rang of reconstructed activity meets the needs of most users. Compared with other methods which have 
complicated computational processes, the main benefit of this work is to present a low-performance and easy-to-implement 
additional alternative to commercial software or existing approaches.

Keywords  Radioactive waste drum · Efficiency calibration · Segmented gamma scanning · MLEM algorithm · 
Reconstructed activity

1  Introduction

The material, the radioisotope and the radioactivity of the 
waste drum are important for discrimination and categoriza-
tion of radioactive waste drum in the waste disposal. Accord-
ing to the national standard, it is necessary to measure the 
gamma radiation of the radioactive waste drum. Because 
of its nondestructive, fast and low-cost benefits, segmented 
gamma scanning (SGS) has been frequently employed to 
assay the radioactive waste drum [1–3]. SGS technique 
decreases transverse heterogeneity by spinning the waste 
drum at a constant speed, allowing the basic assumption that 

homogeneous distribution of materials and radioisotopes in 
the segment to be met [4]. It uses longitudinal segmenta-
tion to represent vertical heterogeneity distribution of waste 
drum. The waste drum is measured by SGS system to iden-
tify radioisotope and calculate radioactivity.

The efficiency calibration is an important work in SGS 
measurement, which directly impacts the accuracy of recon-
structed activity. Because of the diversity of materials and 
radioisotopes in the drum, it is difficult to complete the effi-
ciency calibration experimentally [5, 6]. The shell-source 
calibration method is an equivalent calibration method [7, 
8], in which multiple experiential line sources with the same 
activity are evenly placed in the drum to simulate the uni-
form distribution of radioactivity. When the radioactive level 
and the content of each segments are different, the shell-
source calibration method is also limited. Monte Carlo 
simulation is a feasible method in theory, but it is limited 
to a great amount of calculation and long-time simulation 
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[9, 10]. Those methods have better computational accuracy, 
whilst have complicated computational processes [2, 11].

The point source efficiency function can calculate the 
point source efficiency of different gamma energy at differ-
ent positions in three-dimensional space and it has been suc-
cessfully applied to the volume source passive efficiency cal-
ibration [12, 13]. During SGS measurement, the gamma ray 
emitted from the segment is absorbed not only by the current 
segment, but also by the adjacent segment before entering 
the detector. The non-attenuation efficiency of every voxel 
in the segment is calculated by the point source efficiency 
function. The voxel attenuation efficiency is corrected by 
the linear attenuation coefficient for segments’ absorption. 
The attenuation efficiency for the segment is calculated as 
the weighted average of all voxel attenuation efficiencies 
in a segment. In this work, a new SGS efficiency calibra-
tion method based on the point source efficiency function is 
proposed. The accuracy and the effectiveness of this method 
are evaluated by experimental measurement and analysis. 
Compared with existing SGS efficiency calibration meth-
ods limited experimental source, large workload and com-
plicated computational processes, this method improves the 
convenience of SGS efficiency calibration.

2 � Methods

2.1 � Activity reconstruction equation

In SGS measurement, materials and gamma isotopes in the 
segment of drum are homogeneously distributed by spinning 
the drum at a constant speed. The waste drum is divided 
into N segments, the transmission source and the detector 
are stepped up vertically, and each segment is measured by 
the detector. SGS measurement includes the transmission 
measurement and the emission measurement.

(1) Transmission measurement.
The transmission measurement for a waste drum is 

achieved by the transmission source and the detector. The 
linear attenuation coefficient of gamma ray in each segment 
is calculated by Eq. (1).

where E is the energy of gamma ray, N0(E) is the intensity 
of initial gamma ray, Nj(E) is the intensity of gamma ray 
that transmitted through the j’th segment (1 ≤ j ≤ N), μj(E) 
is the linear attenuation coefficient of gamma ray in the j’th 
segment, d is the diameter of the waste drum. In the j’th 
segment, the relationship between μj(E) and E is shown in 
Eq. (2).

(1)�j(E) = −
1

d
ln[

Nj(E)

N0(E)
]

where ai(i = 0,1,..,4) are parameters.
(2) Emission measurement.
The emission measurement for a waste drum is achieved 

by only the detector. The activity reconstruction equation for 
SGS measurement is shown in Eq. (3).

where εij(E) is the detection efficiency of the detector at the 
i’th position for the j’th segment (1 ≤ i ≤ N, 1 ≤ j ≤ N), Aj(E) 
is the activity of the j’th segment, pi(E) is the projection at 
the i'th position, pi(E) = ni(E)/[f(E)t], ni(E) is the net area 
of full-energy peak, f(E) is the branching ratio at E, t is the 
measurement time of one segment.

2.2 � Efficiency calculation method

The detection efficiency εij(E) is an important element for 
accurately establishing activity reconstruction equation 
from Eq. (3). A new SGS efficiency calibration method is 
presented in this work and it includes four steps: (1) calcu-
late the linear attenuation coefficient by the transmission 
measurement; (2) calculate the non-attenuation efficiency 
of every voxel by the point source efficiency function; (3) 
calculate the linear attenuation length of gamma ray in the 
segment; (4) calculate the attenuation efficiency with the 
linear attenuation coefficient, the non-attenuation efficiency 
of voxel and the linear attenuation length. Efficiency calcula-
tion steps in reconstructing activity of the drum are shown 
in Fig. 1.

(1) Point source efficiency function.
The gamma point source is placed in the detection space 

in front of SGS system. Detection efficiencies of multiple 
evenly spaced points in this space are experimentally meas-
ured. The position of the point source is (x, y, z). According 
to detection efficiencies of different spatial locations and 
different gamma energies, the point source efficiency func-
tion model (Eq. 4) is adopted to determined parameters by 
fitting [14].

where ε(x, y, z, E, bi) is the point source efficiency, bi 
(i = 1,2,…,9) are parameters of function.

(2) Linear attenuation length of gamma ray in the 
segment.

(2)�j(E) = a0 + a1 exp(−E∕a2) + a3 exp(−E∕a4)

(3)

⎡⎢⎢⎢⎢⎢⎢⎣

�11(E) �12(E) ⋯

�21(E) �22(E) ⋯

⋮ ⋮ ⋮

�1j(E) ⋯ �1N(E)

�2j(E) ⋯ �2N(E)

⋮ ⋮ ⋮

�i1(E) �i2(E) ⋯

⋮ ⋮ ⋮

�N1(E) �N2(E) ⋯

�ij(E) ⋯ �iN(E)

⋮ ⋮ ⋮

�Nj(E) ⋯ �NN(E)

⎤
⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎣

A1(E)

A2(E)

⋮

Aj(E)

⋮

AN(E)

⎤
⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎣

p1(E)

p2(E)

⋮

pi(E)

⋮

pN(E)

⎤⎥⎥⎥⎥⎥⎥⎦

(4)�(x, y, z,E, bi) =
e−b1(b2x

2+b3z
2)e−b4y+b5 ln(E)+b6

b7 + b8y + b9y
2



253An efficiency calibration method of segmented gamma scanning in reconstructing radioactive…

Vol.:(0123456789)1 3

A drum is divided into N segments and each segment 
is divided into K voxels. Before being measured by the 
detector, gamma rays emitted from the voxel are inevitably 
attenuated by one or more segments. In each segment, the 
attenuation length of gamma rays emitted by the k’th voxel is 
Tkj (1 ≤ k ≤ K) and the calculation model is shown in Fig. 2.

When the i’th segment is measuring by the detector, the k’th 
voxel (point G) in the j’th segment is projected onto the i’th 
segment (point B) in Fig. 2a. Point A is the centre of the front-
ing surface of the detector. L1 is the distance between point B 
and point A. Point O2 is the centre of the i’th segment. L2 is the 
distance between point O2 and point A. θ is the angle between 
L1 and L2. L1 is divided into L3 (outside line section AD) and 
L4 (inside line section BD) by the drum wall. R is the radius of 
the drum. L5 is the distance between point A and point G. φ is 
the angle between L1 and L5. L6 is the distance between point 
G and point E and is the total attenuation length of gamma ray 
in the drum. The coordinates of points A, B, C, G, and O2 are 

(0, yH, 0), (x, y, 0), (0, y, 0), (x, y, z), and (0, y0, 0), respectively, 
with O1 as the coordinate origin. The lengths of L1–L6, as well 
as the values of the angle θ and φ, can be computed using the 
trigonometric relationship.

When the detector detects the j’th segment at the i’th seg-
ment height, the attenuation length of the k’th voxel emitting 
gamma rays in the j’th segment can be determined in each 
segment using the voxel coordinates (x, y, z), the total length 
of gamma rays attenuation in the drum (L6, line segment GE), 
the angle φ and the individual segment height h in Fig. 2b.

When j = i, the voxel emitting gamma rays are only attenu-
ated in the current segment. The attenuation length is calcu-
lated as

When j > i, the voxel emitting gamma rays are attenuated 
in multiple segments. Starting from the j’th segment where 

(5)Tkj = L6

Fig.1   Activity reconstruction of 
the drum

Fig.2   The calculation model of 
attenuation length
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the k’th voxel is located, the attenuation lengths in the seg-
ments are orderly calculated as

Until the gamma rays transmit through the waste drum, 
the attenuation length in the last segment is calculated as

When j < i, the voxel emitting gamma rays are attenuated 
in multiple segments. Starting from the j’th segment where 
the k’th voxel is located, the attenuation lengths in the seg-
ments are orderly calculated as

Until the gamma rays transmit through the waste drum, 
the attenuation length in the last segment is calculated as

(3) Segment efficiency calculation.
The non-attenuation efficiency of every voxel in the seg-

ment is calculated by Eq. (4) that is εijk(E) = ε(x, y, z, E, bi). 
The voxel attenuation efficiency is corrected by the linear 
attenuation coefficient for segments’ absorption. The attenu-
ation efficiency for the segment is calculated as the weighted 
average of all voxel attenuation efficiencies in this segment. 
The detection efficiency of detector to the j’th segment at the 
i’th detection position is calculated as

(6)Tkj =
z − (j − i) ⋅ h + 0.5 ⋅ h

sin�

(7)Tk[j−1] =
z − (j − 1 − i) ⋅ h + 0.5 ⋅ h

sin�
− Tkj

(8)Tk[j−2] =
z − (j − 2 − i) ⋅ h + 0.5 ⋅ h

sin�
− Tk[j−1] − Tkj

(9)Tkj� = L6 −

j∑
l=j�+1

Tkl

(10)Tkj =
|z| − (i − j) ⋅ h + 0.5 ⋅ h

sin�

(11)Tk[j+1] =
|z| − [i − (j + 1)] ⋅ h + 0.5 ⋅ h

sin�
− Tkj

(12)Tk[j+2] =
|z| − [i − (j + 2)] ⋅ h + 0.5 ⋅ h

sin�
− Tk[j+1] − Tkj

(13)Tkj� = L6 −

j�−1∑
l=j

Tkl

(14)�ij(E) =
1

K

K∑
k=1

�ijk(E) exp{−

N∑
j=1

[�j(E)Tkj]}

where εijk(E) is the non-attenuation efficiency of the k’th 
voxel in the j’th segment at the i’th detection position, μj(E) 
is the linear attenuation coefficient of gamma energy E in the 
j’th segment, Tkj is the linear attenuation length of gamma 
ray in the j’th segment.

2.3 � Iterative calculation

Amongst various iterative algorithms for reconstructing 
radioactivity, the maximum likelihood expectation maxi-
misation (MLEM) algorithm is a common choice [15, 16]. 
Equation (3) is solved by the MLEM algorithm to calculate 
the radioactivity Aj(E). The iterative format of MLEM algo-
rithm is expressed as Eq. (15).

where kis the number of iteration, A(k + 1) jand A(k) jare the 
new and current estimates respectively, εij is the detection 
efficiency of the detector at the i’th position for the j’th seg-
ment, pi is the projection value.

3 � Experiments

3.1 � SGS system and waste drum sample

The SGS system mainly consists of the transmission source, 
the transmission source collimator, the waste drum rotating 
platform, the HPGe detector, the detector collimator and the 
detector shield, amongst other components. Figure 3 shows 
the dimensions of each component. The transmission source 
is 152Eu, and it has a 2.484 × 108 Bq activity. The HPGe 
detector's relative detection efficiency for 1.332 MeV is 50% 
and the energy resolution (FWHM) is 1.9 keV. The transmis-
sion source collimator, the detector collimator and the shield 
are made of lead. The transmission source and detector are 
always on the same horizontal axis, with a line connecting 
them running through the waste drum’s centre.

Figure 4a shows the waste drum sample, which is filled 
with a random mixture of alumina silicate fibre (density is 
0.33 g·cm−3), wood fibre (density is 0.64 g·cm−3) and poly-
vinyl chloride plastic (density is 1.84 g·cm−3). The whole 
waste drum is divided into nine segments during the SGS 
measurement. Due to a paucity of experimental sources, the 
radioisotope in the drum for the emission measurement is 
only a point source 60Co (activity is 1.244 × 105 Bq), which 
emits gamma rays with energies of 1.173 MeV (99.87%) 

(15)A
(k+1)

j
=

A
(k)

j

N∑
i=1

�ij

N�
i=1

�ij

pi
N∑
l=1

�ilA
(k)

l
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and 1.332 MeV (99.982%). Figure 4b and c show the posi-
tion distribution of the point source 60Co in the drum, with 
heights of 13.5 cm, 31.5 cm, 49.5 cm and 67.5 cm, respec-
tively, and eccentric distances of 0 cm, 6.5 cm, 14.5 cm and 
17.5 cm, for a total of 16 positions.

3.2 � Measurement steps

Step 1: Construct the 200 L waste drum sample with the 
alumina silicate fibre, wood fibre, polyvinyl chloride plas-
tic and a point source 60Co.

Step 2: Put the waste drum on the rotating platform. The 
transmission source and the detector are set in the detec-
tion position of first segment.

Step 3: Rotate this platform at a steady speed.

Step 4: Turn on the transmission source. The detector 
obtains a transmission spectrum for the first segment with 
120 s.

Step 5: Turn off the transmission source. The detector 
obtains an emission spectrum for the first segment with 
180 s.

Step 6: Lift the transmission source and the detector up 
to the detection position of second segment. Repeat step 4 
and step 5 to complete the second segment measurement.

Step 7: Repeat step 4, step 5 and step 6 until complete 
nine segments measurement of the waste drum.

Step 8: Change the position of the point source in the 
drum.

Step 9: Repeat step 4, step 5, step 6, step 7 and step 8 to 
complete SGS measurements of the point source at 16 posi-
tions in the drum.

Fig.3   The SGS system

Fig.4   The waste drum sample and the position distribution of the point source 60Co
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Step 10: Fall the transmission source and detector down 
to the initial position.

Measurement steps of the waste drum is shown in Fig. 5.

3.3 � Measurement data

(1) Transmission measurement data.
In transmission measurement, the point source 152Eu 

emits main six gamma rays with energies of 0.122 MeV 
(28%), 0.344 MeV (26.2%), 0.779 MeV (12.7%), 0.964 MeV 

Fig.5   Measurement steps of the 
waste drum

Fig. 6   The spectrum in transmission measurement
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(14.23%), 1.112 MeV (13.35%) and 1.408 MeV (20.57%). 
According to measurement steps of the waste drum in Fig. 5, 
a spectrum before placing the waste drum on the rotating 
platform is obtained and shown in Fig. 6a, and nine spec-
trums for measuring nine segments after placing the waste 

drum on the rotating platform are obtained by the detector 
in transmission measurement. As an example, the spectrum 
for the first segment in transmission measurement is shown 
in Fig. 6b. Net counts of characteristic peaks correspond-
ing to these six gamma energies are calculated with these 

Table 1   Net counts of 
characteristic peak of six 
gamma energies in transmission 
measurement

0.122 MeV 0.344 MeV 0.779 MeV 0.964 MeV 1.112 MeV 1.408 MeV

No sample 203,904 161,678 47,210 48,495 42,086 55,618
1st 1504 6007 4807 6134 6195 10,623
2nd 1273 4294 3412 4310 4467 7414
3rd 14,302 31,472 15,905 17,983 16,673 25,009
4th 16,324 35,015 17,310 19,294 17,579 26,389
5th 1364 5658 4846 6088 6188 10,193
6th 19,753 39,459 18,611 20,811 19,119 28,133
7th 209 386 169 216 262 569
8th 16,740 34,906 19,328 19,253 18,086 26,562
9th 16,941 35,143 17,348 19,314 18,141 26,847

Fig.7   The spectrum in emission measurement when the height of 60Co is 13.5 cm and the eccentric distance of 60Co is 0 cm in the drum
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ten spectrums in transmission measurement and shown in 
Table 1.

(2) Emission measurement data.
According to this waste drum sample, a point source 

60Co is placed at 16 positions in the drum. For each point 
source position, nine spectrums for nine segments are 
obtained by the detector in emission measurement, for a 
total of 144 spectrums. As an example, when the height of 
60Co is 13.5 cm and the eccentric distance of 60Co is 0 cm, 
nine spectrums are measured by the detector, there are two 
characteristic peaks of 1.173 MeV and 1.332 MeV in the 

spectrum measured by the detector for 1st–3rd segments 
and not characteristic peak in the spectrum measured for 
4th–9th segments. Spectrums measured by the detector for 
1 s–3rd segments are shown in Fig. 7, where Fig. 7a is the 
spectrum measured for 1st segment, Fig. 7b is the spec-
trum measured for 2nd segment, Fig. 7c is the spectrum 
measured for 3rd segment. Net counts of characteristic 
peak 1.173 MeV and 1.332 MeV are calculated with these 
spectrums for each point source position in emission meas-
urement and shown in Tables 2 and 3, where h is the height 
of 60Co and r is the eccentric distance of 60Co in the drum.

Table 2   Net counts of 
characteristic peak 1.173 MeV 
in emission measurement

h (cm) r (cm) Positions of detector

1st 2nd 3rd 4th 5th 6th 7th 8th 9th

13.5 0 727 977 224 0 0 0 0 0 0
13.5 6.5 701 974 216 57 0 0 0 0 0
13.5 14.5 871 1125 381 44 0 0 0 0 0
13.5 17.5 953 1322 557 0 0 0 0 0 0
31.5 0 0 48 1093 1390 1266 196 0 0 0
31.5 6.5 0 72 1236 1417 1197 121 0 0 0
31.5 14.5 0 67 1178 1564 1121 123 0 0 0
31.5 17.5 0 156 1379 1725 1028 97 0 0 0
49.5 0 0 0 0 0 951 1445 1130 142 0
49.5 6.5 0 0 0 0 966 1453 1170 120 0
49.5 14.5 0 0 0 45 1066 1682 1255 175 0
49.5 17.5 0 0 0 49 1043 1763 1214 171 0
67.5 0 0 0 0 0 0 38 1150 1425 1104
67.5 6.5 0 0 0 0 0 59 1105 1480 1207
67.5 14.5 0 0 0 0 0 83 1218 1611 1215
67.5 17.5 0 0 0 0 0 66 1211 1702 1210

Table 3   Net counts of 
characteristic peak 1.332 MeV 
in emission measurement

h (cm) r (cm) Positions of detector

1st 2nd 3rd 4th 5th 6th 7th 8th 9th

13.5 0 771 881 271 0 0 0 0 0 0
13.5 6.5 651 956 271 49 0 0 0 0 0
13.5 14.5 842 1145 377 0 0 0 0 0 0
13.5 17.5 886 1289 555 0 0 0 0 0 0
31.5 0 0 0 1066 1268 1090 194 0 0 0
31.5 6.5 0 82 1054 1394 1108 131 0 0 0
31.5 14.5 0 76 1164 1459 1058 140 0 0 0
31.5 17.5 0 141 1318 1526 1023 93 0 0 0
49.5 0 0 0 0 50 859 1494 1072 142 0
49.5 6.5 0 0 0 41 923 1519 1149 137 0
49.5 14.5 0 0 0 0 967 1544 1199 147 0
49.5 17.5 0 0 0 36 1043 1608 1139 141 0
67.5 0 0 0 0 0 0 33 1055 1490 1139
67.5 6.5 0 0 0 0 0 45 1053 1464 1167
67.5 14.5 0 0 0 0 0 58 1182 1501 1132
67.5 17.5 0 0 0 0 0 64 1178 1633 1134
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4 � Results and discussion

4.1 � Linear attenuation coefficient of segment

According to these net counts of characteristic peak of 
six gamma energies in Table 1, Eq. (1) is used to calcu-
late linear attenuation coefficients of different energies in 
each segment of drum. The linear attenuation coefficients 

of 0.122  MeV, 0.344  MeV, 0.779  MeV, 0.964  MeV, 
1.112 MeV, and 1.408 MeV in the nine segments of the 
drum are shown in Fig. 8. Those linear attenuation coef-
ficients in Fig. 8 are fitted with Eq. (2) and the parameters 
of function are obtained and shown in Table 4.

Gamma energies emitted from the drum are 1.173 MeV 
and 1.332 MeV, as determined by analysing the spectrum 
of emission measurement. When these two energies and 
function parameters in Table 4 are entered into Eq. (2), lin-
ear attenuation coefficients of 1.173 MeV and 1.332 MeV 
in the nine segments are calculated and shown in Table 5.

4.2 � Efficiency matrix

The centre of the front surface of the HPGe detector is used 
as the origin to establish the rectangular coordinate system. 
The spatial area of 60 cm (length) × 60 cm (width) × 50 cm 
(height) is chosen to arrange the points at a 5 cm interval, and 
the point sources 137Cs and 60Co are placed on the points to 
measure the experimental efficiency of the point source in the 
spatial area. Those experimental point source efficiency are 
fitted using Eq. (4), and parameters of function are obtained 
as b1 = 1.516, b2 = 0.006, b3 = 0.037, b4 = 0.028, b5 = − 0.374, 
b6 = − 3.151, b7 = 154.079, b8 = − 3.567, b9 = 0.065. The point 

Fig.8   Linear attenuation coef-
ficients of gamma rays in the 
nine segments

Table 4   Parameters of function

Seg-
ment’s 
number

a0 a1 a2 a3 a4

1st − 0.009 0.065 2.642 0.066 0.185
2nd 0.021 0.049 1.172 0.051 0.172
3rd − 149.228 149.252 21,017.706 0.046 0.188
4th − 163.317 0.045 0.187 163.339 25,929.463
5th 0.009 0.047 1.767 0.067 0.200
6th − 13.590 0.042 0.185 13.611 2217.468
7th − 0.006 0.131 3.712 0.000 0.000
8th 0.014 0.024 0.272 0.024 0.272
9th − 105.197 105.219 15,439.619 0.043 0.189

Table 5   Linear attenuation 
coefficients of 1.173 MeV and 
1.332 MeV in nine segments

Energy (MeV) 1st 2nd 3rd 4th 5th 6th 7th 8th 9th

1.173 0.033 0.039 0.016 0.015 0.033 0.014 0.090 0.015 0.014
1.332 0.030 0.037 0.015 0.014 0.031 0.013 0.086 0.014 0.013
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source efficiency function of the HPGe detector is established 
with Eq. (4) and these function parameters.

A segment is divided into 828 voxels and the size of every 
voxel is 3 cm × 3 cm × 3 cm. The point source efficiency εijk(E) 
in the centre of voxel is calculated by this point source effi-
ciency function. Equation (14) is used to calculate the attenu-
ation efficiency of a segment by combining the point source 
efficiency εijk(E), the attenuation length Tkj, and the linear 
attenuation coefficient μj(E). Attenuation efficiency matri-
ces of 1.173 MeV and 1.332 MeV are calculated as shown in 
Tables 6 and 7, respectively.

4.3 � Reconstructed activity and relative deviation

According to these net counts of characteristic peak 
1.173 MeV and 1.332 MeV in Tables 2 and 3, the projection 
data pi(E) of each segment is obtained in emission measure-
ment. The projection data, as well as attenuation efficiency 
matrices of 1.173 and 1.332 MeV are entered into Eq. (3). The 
MLEM algorithm is used to solve Eq. (3) and the activity of 
60Co in the drum are reconstructed as shown in Table 8.

The larger the eccentric distance of the 60Co point source 
in the segment, the larger the reconstructed activity, as seen 

in Table 8. The fundamental reason for this is that when 
the point source approaches the near surface of detector, 
the detection distance shortens and the medium attenuation 
weakens, resulting in an increase in the detector count. The 
lower the end effect, the more precise the detector's detec-
tion of gamma rays, and the more accurate the reconstructed 
activity are when the point source is placed closer to the 
centre segment of the drum from the vertical direction. The 
point source 60Co is positioned in the drum at 16 distinct 
heights and eccentric distances, with relative deviations of 
reconstructed activity ranging from − 15.39 to 30.98%, with 
the majority of relative deviations being less than 15%.

The effect of the different heights and eccentric distances 
on the reconstructed activity of the point source 60Co in the 
drum is investigated, and relative deviations of reconstructed 
activity in Table 8 are presented in Fig. 9. Where Fig. 9a 
shows the effect of the eccentric distance on the relative 
deviation of reconstructed activity of 1.173 MeV, Fig. 9b 
shows the effect of the height on the relative deviation of 
reconstructed activity of 1.173 MeV, Fig. 9c shows the effect 
of the eccentric distance on the relative deviation of recon-
structed activity of 1.332 MeV, and Fig. 9d shows the effect 

Table 6   The attenuation efficiency matrix of 1.173 MeV

Positions of 
detector

Positions of segment

1st 2nd 3rd 4th 5th 6th 7th 8th 9th

1st 4.68 × 10−5 2.84 × 10−5 1.22 × 10−5 3.51 × 10−6 0 0 0 0 0
2nd 3.10 × 10−5 4.26 × 10−5 4.18 × 10−5 1.55 × 10−5 2.91 × 10−6 0 0 0 0
3rd 9.52 × 10−6 2.91 × 10−5 6.32 × 10−5 4.43 × 10−5 1.20 × 10−5 2.50 × 10−6 0 0 0
4th 1.77 × 10−6 1.10 × 10−5 4.35 × 10−5 6.46 × 10−5 3.19 × 10−5 1.33 × 10−5 1.72 × 10−6 0 0
5th 0 2.67 × 10−6 1.55 × 10−5 4.30 × 10−5 4.67 × 10−5 4.40 × 10−5 6.34 × 10−6 1.04 × 10−6 0
6th 0 0 3.55 × 10−6 1.31 × 10−5 3.20 × 10−5 6.62 × 10−5 1.54 × 10−5 9.19 × 10−6 3.60 × 10−6

7th 0 0 0 2.46 × 10−6 1.22 × 10−5 4.14 × 10−5 2.36 × 10−5 4.08 × 10−5 1.59 × 10−5

8th 0 0 0 0 2.94 × 10−6 9.31 × 10−6 1.54 × 10−5 6.51 × 10−5 4.46 × 10−5

9th 0 0 0 0 0 1.05 × 10−6 6.28 × 10−6 4.48 × 10−5 6.49 × 10−5

Table 7   The attenuation efficiency matrix of 1.332 MeV

Positions of 
detector

Positions of segment

1st 2nd 3rd 4th 5th 6th 7th 8th 9th

1st 4.88 × 10−5 2.95 × 10−5 1.27 × 10−5 3.65 × 10−6 0 0 0 0 0
2nd 3.24 × 10−5 4.42 × 10−5 4.28 × 10−5 1.60 × 10−5 3.06 × 10−6 0 0 0 0
3rd 1.00 × 10−5 3.02 × 10−5 6.47 × 10−5 4.53 × 10−5 1.25 × 10−5 2.65 × 10−6 0 0 0
4th 1.91 × 10−6 1.15 × 10−5 4.45 × 10−5 6.59 × 10−5 3.32 × 10−5 1.38 × 10−5 1.82 × 10−6 0 0
5th 0 2.81 × 10−6 1.59 × 10−5 4.40 × 10−5 4.84 × 10−5 4.51 × 10−5 6.67 × 10−6 1.10 × 10−6 0
6th 0 0 3.69 × 10−6 1.36 × 10−5 3.33 × 10−5 6.75 × 10−5 1.60 × 10−5 9.40 × 10−6 3.68 × 10−6

7th 0 0 0 2.61 × 10−6 1.27 × 10−5 4.24 × 10−5 2.45 × 10−5 4.11 × 10−5 1.62 × 10−5

8th 0 0 0 0 3.09 × 10−6 9.63 × 10−6 1.60 × 10−5 6.55 × 10−5 4.56 × 10−5

9th 0 0 0 0 0 1.12 × 10−6 6.56 × 10−6 4.51 × 10−5 6.64 × 10−5
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of the height on the relative deviation of reconstructed activ-
ity of 1.332 MeV.

The relative deviation of reconstructed activity increases 
with the rise of the eccentric distance, as seen in Fig. 9a 
and c. It is primarily due to that as the eccentric distance of 
the point source in the drum increases, the share of attenu-
ation of the point source decreases at the proximal end of 
the detector and increases at the distal end during rotational 
measurement, resulting in a larger net peak area of the spec-
trum and a larger value of the reconstructed radioactivity, 
as well as a larger relative deviation. Figure 9b and d show 
that when the height of the point source in the drum grows, 
the relative deviation of reconstructed activity reduces at 
first, then increases. Compared with the reconstructed activ-
ity for the bottom and top segments of the waste drum, the 
intermediate segment is less affected by the end effect and 
the reconstructed activity is more accurate with less relative 
deviation.

Previous studies have shown that the relative deviation 
range are generally − 80 to 300% for the extreme case where 
the radioisotope is a point source in the drum [17]. In this 
work, a single point source is randomly placed at different 
heights and eccentric distances in the drum and the relative 
deviation of reconstructed activity is less than 31%. This 
work reduces the relative deviation range to some extent. 
In general, the drum is dispersed with radioisotopes in 
numerous areas during the actual radioactive waste drum 

SGS measurement, which is closer to the ideal state of uni-
form distribution of isotopes than this work, so the analysis 
results could be better. As a result, this method proposed 
in this work can more easily and conveniently achieve the 
SGS efficiency calibration and this relative deviation rang of 
reconstructed activity meets the needs of most users.

5 � Conclusion

An efficiency calibration method of SGS in reconstructing 
radioactive waste drum activity is proposed. The non-atten-
uation efficiency of every voxel in the segment is calculated 
by the point source efficiency function. The voxel attenua-
tion efficiency is corrected by the linear attenuation coef-
ficient. The attenuation efficiency of segment is calculated 
as the weighted average of all voxel attenuation efficien-
cies. Combined with this efficiency calibration method, the 
experimental results show that the relative deviations of 
reconstructed activity are − 15.39–30.98% for the extreme 
case where the radioisotope is a point source in the drum. 
Compared with other methods which have complicated com-
putational processes, this method proposed in this work can 
more easily and conveniently achieve the SGS efficiency 
calibration and this relative deviation rang of reconstructed 
activity meets the needs of most users. For gamma non-
destructive measurement of radioactive waste drum, this 
method has some reference relevance.

Table 8   Reconstructed activity 
and relative deviation of 60Co in 
the drum

Height (cm) Eccentric dis-
tance (cm)

1.173 MeV 1.332 MeV

Reconstructed 
activity (Bq)

Relative devia-
tion (%)

Reconstructed 
activity (Bq)

Relative 
deviation 
(%)

13.5 0 1.196 × 105 − 3.86 1.135 × 105 − 8.82
13.5 6.5 1.155 × 105 − 7.16 1.071 × 105 − 13.93
13.5 14.5 1.415 × 105 13.68 1.352 × 105 8.63
13.5 17.5 1.630 × 105 30.98 1.492 × 105 19.86
31.5 0 1.192 × 105 − 4.23 1.053 × 105 − 15.39
31.5 6.5 1.207 × 105 − 3.03 1.097 × 105 − 11.86
31.5 14.5 1.210 × 105 − 2.79 1.134 × 105 − 8.87
31.5 17.5 1.309 × 105 5.17 1.194 × 105 − 4.10
49.5 0 1.147 × 105 − 7.80 1.103 × 105 − 11.34
49.5 6.5 1.160 × 105 − 6.78 1.150 × 105 − 7.62
49.5 14.5 1.321 × 105 6.14 1.177 × 105 − 5.45
49.5 17.5 1.326 × 105 6.57 1.210 × 105 − 2.76
67.5 0 1.310 × 105 5.23 1.317 × 105 5.80
67.5 6.5 1.382 × 105 11.01 1.326 × 105 6.57
67.5 14.5 1.453 × 105 16.78 1.347 × 105 8.23
67.5 17.5 1.474 × 105 18.45 1.390 × 105 11.69
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