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a b s t r a c t

A gamma–gamma coincidence measurement method was used for the characterization of 60Co. A two-

dimensional analysis of coincident events allows the careful calculation of the number of counts, when

each of the two g-rays emitted by 60Co is in the photopeak area in each of the NaI(Tl) detectors. The

standard formulas that were applied for absolute calibration of 125I (Eldridge–Crowther formulas) were

modified for the case of 60Co decay. These modified Eldridge–Crowther formulas were applied to the

absolute calibration of 60Co samples measured by the two NaI(Tl) detectors both in coincidence and

normal modes. Measurements were performed for three sources of different activities and for two

positions of each source between the two NaI(Tl) detectors. Results are in good agreement with the

measurements of the same samples done by the 4pb-g method.

Published by Elsevier B.V.

1. Introduction

Photon–photon coincidence counting is one of only a few ways
to make direct measurements of activity in radioactive decays
[1–3]. This method is widely used for the characterization of 125I
by detection of X-ray–g-ray coincident events [4–10]. Because of
the low energies of both X-rays and g-rays in 125I decay (27, 31 and
35 keV), only photopeaks contribute to the observed spectra. Let
us consider 125I source between the two NaI(Tl) detectors. An
NaI(Tl) detector cannot discriminate X-rays with energies 27 and
31 keV from a g-ray with energy 35 keV. Following [5], the count
rate Ni in detector i (i ¼ 1, 2) under the photopeak (which includes
both X-rays and g-rays) can be written as:

Ni ¼ N0½�
ð1Þ
i ð1� �

ð2Þ
i Þ þ �

ð2Þ
i ð1� �

ð1Þ
i Þ�, (1)

where N0 is the disintegration rate of 125I and ei
(j) the probability

of detection of the photon j (j ¼ 1, 2) by the detector i. In the case
of 125I probabilities ei

(j) are products of full peak detection
efficiencies (which coincide with total detection efficiencies) by
emission probabilities. (1�ei

(j)) is the probability that the photon j

is not detected by the detector i.
The coincident count rate (count rate of events detected

simultaneously by both detectors) can be written as

Nc ¼ N0ð�
ð1Þ
1 �
ð2Þ
2 þ �

ð2Þ
1 �
ð1Þ
2 Þ (2)

Using the notations of [5], �ð2Þ1 ¼ K1�
ð1Þ
1 ¼ K1�1 and �ð2Þ2 ¼ K2�

ð1Þ
2 ¼

K2�2. Then Eqs. (1) and (2) can be written as

Ni ¼ N0½ð1þ KiÞ�i � 2Ki�2
i � (3)

and

Nc ¼ N0ðK1 þ K2Þ�1�2. (4)

If the two detectors are identical, then K1 ¼ K2 ¼ K and Eqs. (3)
and (4) can be written as

N1 ¼ N0½ð1þ KÞ�1 � 2K�2
1� (5a)

N2 ¼ N0½ð1þ KÞ�2 � 2K�2
2� (5b)

Nc ¼ 2N0K�1�2. (5c)

Probabilities e1 and e2 may be eliminated from Eqs. (5a)–(5c)
and the disintegration rate N0 can be expressed in terms of N1, N2

and Nc:

N0 ¼
2K

ð1þ KÞ2
ðN1N2 � N2

c Þ
2

NcðN1 � NcÞðN2 � NcÞ
. (6)

Eq. (6) is equivalent to Eq. (13) from [5].
For 125I spectra, the low-energy photopeak in the NaI(Tl)

detector partially overlaps with the summation peak at a higher
energy. Because of this, it is more convenient to measure each
detector’s total count rate Ñ i

Ñ i ¼ N0½�
ð1Þ
i ð1� �

ð2Þ
i Þ þ �

ð2Þ
i ð1� �

ð1Þ
i Þ þ �

ð1Þ
i �
ð2Þ
i �. (7)
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The last term in brackets is the contribution from the
summation peak. In this case, the disintegration rate is equal to

N0 ¼
2K

ð1þ KÞ2
ðÑ1Ñ2 � N2

c =4Þ2

NcðÑ1 � Nc=2ÞðÑ2 � Nc=2Þ
. (8)

Eq. (8) is equivalent to Eq. (7) from [5].

2. Formulas for 60Co decay

There have been many attempts to apply coincident detection
for absolute characterization of isotopes that emit coincident g-
rays of higher energies, in particular for 60Co with two coincident
g-rays with energies 1173 and 1332 keV [11–15]. For 60Co decay,
the branching of the cascade decay 4+-2+-0+ with coincident
emission of two g-rays is close to 100% (99.90%, see [16]).

The direct generalization of Eqs. (1)–(4), however, meets with
some difficulties. The count rate under photopeak j (j ¼ 1, 2) in
detector i (i ¼ 1, 2) is equal to

Nð1;pÞi ¼ N0�
ð1;pÞ
i ð1� �ð2;totÞ

i Þ (9a)

Nð2;pÞi ¼ N0�
ð2;pÞ
i ð1� �ð1;totÞ

i Þ, (9b)

where N0 is the disintegration rate of 60Co into the channel with
two coincident g-rays and Ni

(j,p) the count rate in the detector i of
events in the photopeak of the g-ray j. ei

(j,p) is the probability of g-
ray j detection in the photopeak by detector i and is equal to the
full peak efficiency multiplied by the g-ray j emission probability.
ei

(j,tot) is the total probability of detecting g-ray j by detector i,
including Compton scattered g-rays and is equal to the total
efficiency multiplied by the emission probability for g-ray j.
(1�ei

(j,tot)) is the probability that g-ray j is not detected by the
detector i.

The first difference between the description of 60Co and 125I
decays arises because of the Compton scattering contribution. The
total detection efficiency is different from the full peak detection
efficiency, and for 60Co the number of unknown probabilities is
twice as many as for the 125I case. Another problem relates to the
careful account of the coincident events. Because of these
problems, a summation method, which does not require the
coincident count rate detection, was mainly applied for 60Co
[17–20]. Below we will present formulas for the coincident count
rate in the two detectors and will calculate the activity of the 60Co
source.

There is a summation peak Ni
(1,2) in each detector i

Nð1;2Þi ¼ N0�
ð1;pÞ
i �ð2;pÞi (10)

and two peaks of coincident events in both detectors, where the
energies deposited in each detector are in the single photopeak
areas

Nð1;2Þc ¼ N0�
ð1;pÞ
1 �ð2;pÞ2 (11a)

Nð2;1Þc ¼ N0�
ð2;pÞ
1 �ð1;pÞ2 . (11b)

In Eq. (11a) Nc
(1,2) is the count rate of coincident events

for which the first g-ray is detected by the first detector and
the second g-ray is detected by the second detector; similarly in
Eq. (11b) Nc

(2,1) is the count rate of coincident events for which the
second g-ray is detected by the first detector and the first g-ray is
detected by the second detector.

The coincident events may be presented by a three-dimen-
sional histogram on a two-dimensional plane (see Fig. 1). One
horizontal axis is proportional to the energy deposited in the first
detector, and another horizontal axis is the energy deposited in
the second detector.

The projections of coincident events onto each horizontal axis
are one-dimensional coincident spectra (see Fig. 2). There are four
projections of two coincident peaks.

The count rate of coincident events in the first detector, N1c
(1,p),

when the first g-ray is detected in the area of the photopeak and
the second g-ray with any energy is detected by the second
detector, can be written as

Nð1;pÞ1c ¼ N0�
ð1;pÞ
1 �ð2;totÞ

2 . (12)

Similar formulas can be written for the other three one-
dimensional coincident peaks.

The difference between the spectrum of all events in the
photopeak area and the one-dimensional coincident spectrum in
the same area in a given detector is due to anticoincidence events,
i.e. to the events when the second g-ray is not detected. For
detector 1, this difference, Nð1;pÞ1ac , is given by

Nð1;pÞ1ac ¼ Nð1;pÞ1 � Nð1;pÞ1c ¼ N0�
ð1;pÞ
1 ð1� �ð2;totÞ

1 Þ � N0�
ð1;pÞ
1 �ð2;totÞ

2

¼ N0�
ð1;pÞ
1 ð1� �ð2;totÞ

1 � �ð2;totÞ
2 Þ (13)

Here, (1�e1(2,tot)
�e2

(2,tot)) is the probability that the second
gamma is not detected by either detector.

Similar equations can be written for the three other antic-
oincidence peaks.

We can then calculate the ratio of experimental observables

1� �ð1;totÞ
1

1� �ð1;totÞ
1 � �ð1;totÞ

2

�
Nð2;pÞ1

Nð2;pÞ1ac

¼ Rð2;pÞ1 , (14)

and similar ratios for R1
(1,p)
¼ N1

(1,p)/N1ac
(1,p), R2

(1,p)
¼ N2

(1,p)/Nð1;pÞ2ac , and
R2

(2,p)
¼ N2

(2,p)/Nð2;pÞ2ac

Total detection probabilities ei
(j,tot)(i ¼ 1, 2; j ¼ 1, 2) can be

found from Eq. (14), for example

�ð1;totÞ
1 ¼

Rð2;pÞ2 � 1

Rð2;pÞ1 þ Rð2;pÞ2 � 1
(15)

Using the results of Eq. (15), the photopeak detection prob-
ability of the first g-ray in the first detector, e1

(1,p), can be easily
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Fig. 1. Two-dimensional spectrum for source C3 in the middle position. Channel 1

was assigned to the top detector; channel 2 was assigned for the bottom detector.

Compton tails are clearly seen for each detector.
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found from Eq. (12)

�ð1;pÞ1 ¼
Nð1;pÞ1c

N0�
ð2;totÞ
2

, (16)

and the photopeak detection probabilities for the other three
combinations of g-rays and detectors can be written in a similar
form.

The decay rate N0 can now be calculated in two ways

N̄0 ¼
Nð1;pÞ1c Nð2;pÞ2c

Nð1;2Þc

1

�ð1;totÞ
1 �ð2;totÞ

2

(17a)

Ñ0 ¼
Nð2;pÞ1c Nð1;pÞ2c

Nð2;1Þc

1

�ð2;totÞ
1 �ð1;totÞ

2

(17b)

where detection probabilities are given by Eqs. (15) and (16).
These two solutions can be rewritten in terms of observables

similar to Eq. (6)

N̄0 ¼
ðNð2;pÞ1 Nð2;pÞ2 � Nð2;pÞ1c Nð2;pÞ2c ÞðN

ð1;pÞ
1 Nð1;pÞ2 � Nð1;pÞ1c Nð1;pÞ2c Þ

Nð1;2Þc ðNð2;pÞ1 � Nð2;pÞ1c ÞðN
ð1;pÞ
2 � Nð1;pÞ2c Þ

(18a)

Ñ0 ¼
ðNð2;pÞ1 Nð2;pÞ2 � Nð2;pÞ1c Nð2;pÞ2c ÞðN

ð1;pÞ
1 Nð1;pÞ2 � Nð1;pÞ1c Nð1;pÞ2c Þ

Nð2;1Þc ðNð1;pÞ1 � Nð1;pÞ1c ÞðN
ð2;pÞ
2 � Nð2;pÞ2c Þ

(18b)

The symmetric combination of Eqs. (18a) and (18b) gives the
solution of the problem

N0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
N̄0Ñ0

q
(19)

Eq. (19) was derived under the assumption that both g-rays in
60Co decay are emitted independently. In fact, however, this
assumption is not valid. Both g-rays are emitted in E2 type
transitions with DJ ¼ 2, DP ¼ 0. Because of this, the correlation
function W(cos y) between g-rays is an even function of cos y,
where y is the angle between the two g-rays (see [21])

Wðcos yÞ ¼ 1þ a2P2ðcos yÞ þ a4P4ðcos yÞ (20)

where Pn(cos y) is a Legendre polynomial of n-th order. Since
function W(cosy) is an even function of cos y, if the source is
located in the center of symmetry between the two identical
detectors, the probabilities of the second gamma detection in the
same or opposite detector are equal, and Eqs. (9)–(19) are still
valid.

3. Experimental data and results

Experimental data were obtained with the NIST 203 mm (8 in.)
NaI(Tl) coincidence detector, shown in Fig. 3.

Two NaI(Tl) crystals 203 mm (8 in.) in diameter and 152 mm
(6 in.) thick are coupled with 127 mm PMTs. The sample cavity
between the detectors is 127 mm in diameter and 38 mm in
height. Detectors are placed inside a low-background chamber,
however, for loading and unloading the source, they can be moved
out of the chamber and opened using a pneumatic lift. Crystals
and PMTs were recently upgraded; the passive shield and
mechanical setup is the same as described in [22]. Detectors are
connected to spectroscopic amplifiers and to a PIXIE-4 data
acquisition module [23]. Pulses from both detectors are recorded
and analyzed using IGOR software [24].1

Three 60Co sources, previously calibrated with the 4pb-g
method [25], were measured. Each source was measured in two
positions inside the detector: (1) close to the center of the sample
chamber and (2) placed at the bottom of the sample chamber. For
each sample, three spectra were measured: spectra for the top and
bottom detectors and a two-dimensional coincident spectrum.
The background was subtracted channel-by-channel from all
spectra. The number of channels in the spectra, recorded by PIXIE-
4 in the energy interval from 0 to 3000 keV, was 20,000. Spectra
were re-binned before data processing. In Fig. 1, a typical example
of a two-dimensional 60Co spectrum is shown.

Two-dimensional coincidence spectra projected onto the two
axes, together with the total spectra measured by the two
detectors, are shown in Fig. 2.

Note that the summation peak is missing in the coincident
spectra because in this case, both g-rays are detected by the same
detector. As it was mentioned before, the difference between total
and coincident spectra is the anticoincidence spectrum. The
anticoincidence spectrum can also be obtained from the two-
dimensional spectrum as the spectrum of events in one detector
when the energy deposited in the other detector is zero.

ARTICLE IN PRESS

Fig. 2. One-dimensional spectra in the two detectors, both total and coincident. Channel 1 stands for the top detector, channel 2 stands for the bottom detector.

1 Certain commercial equipment, instruments, software, or materials are

identified in this paper to specify adequately the experimental procedure. Such

identification does neither imply recommendation or endorsement by the National

Institute of Standards and Technology, nor does it imply that the materials or

equipment identified are necessarily the best available for the purpose.
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The 1173 and 1332 keV peaks in total, non-coincident spectra
and in one-dimensional coincident spectra were fitted by the sum
of the two Gaussian curves and a constant C. The constant C for
total and non-coincident spectra was chosen to be the same and
was found from spectra in the high-energy area, where the
contribution from the summation peak is zero. For one-dimen-
sional coincident spectra, the constant C was put to zero. The
number of degrees of freedom for a one-dimensional fit was about
350.

Summation peaks in both total and non-coincident spectra
were fitted by a Gaussian curve. The approximate number of
degrees of freedom for a summation peak fit was close to 300.

The two-dimensional peaks were fitted by a two-dimensional
Gaussian distribution. Each two-dimensional photopeak fit had
about 20,000 degrees of freedom.

Table 1 shows activities of sources calculated using Eq. (19) for the
two positions of each source. It is seen that the results practically do
not depend on the position. At the same time, as seen from Table 2,
the detection probabilities do depend on position.

In the comparison in Table 3, the results obtained by the
g–g coincident measurements are in good agreement with the
results obtained for the same samples by the 4pb-g method.

A detailed uncertainty budget is given in Table 4.

ARTICLE IN PRESS

Fig. 3. The NIST NaI(Tl) coincident detector (a) open and (b) closed.

Table 1
Results for activities of three 60Co sources by the method explained in this paper, measured in the middle and bottom positions inside the sample chamber.

Source Position Measurement

time (s)

Count rate

(s�1)

Counts (background

subtracted)

Calculated

activity (Bq)

Difference middle/

bottom (%)

C5 Middle 1934.4 3618.4 6908312 3099.3 0.8

Bottom 1922.3 3641.2 6908778 3074.4

C3 Middle 3217.3 2175.6 6848618 1835.1 0.9

Bottom 3196.2 2190.0 6849511 1817.9

C1 Middle 8578.1 815.98 6598115 665.2 1.7

Bottom 8530.6 820.52 6600324 653.6

Table 2
Detection probabilities measured in two different positions for three sources.

Source Position e1
(1,p) e1

(1,tot) e1
(2,p) e1

(2,tot) e2
(1,p) e2

(1,tot) e2
(2,p) e2

(2,tot)

C5 Middle 0.163 0.346 0.162 0.348 0.162 0.322 0.149 0.321

Bottom 0.124 0.280 0.124 0.281 0.218 0.409 0.201 0.408

C3 Middle 0.162 0.342 0.162 0.344 0.168 0.327 0.153 0.326

Bottom 0.129 0.272 0.122 0.278 0.226 0.421 0.210 0.412

C1 Middle 0.162 0.341 0.161 0.346 0.169 0.320 0.153 0.326

Bottom 0.126 0.274 0.123 0.279 0.227 0.421 0.210 0.413

Table 3

Comparison of g–g and 4pb-g measurements.

Source Gamma–gamma (Bq) Beta–gamma (Bq)

C5 3099714 310176

C3 1835.178.1 1831.573.6

C1 665.272.9 656.471.3

The activities of three 60Co sources measured by the gamma–gamma coincident

method are the activities of samples in the middle position. Uncertainties

correspond to one standard deviation (k ¼ 1).
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Table 4
Uncertainty budget.

Input quantity xi ,the source of

uncertainty (and individual uncertainty

components where appropriate)

Method used to evaluate u(xi),

the standard uncertainty of xi

(A) denotes evaluation by

statistical methods (B) denotes

evaluation by other methods

Relative uncertainty of

input quantity, u(xi)/xi, (%)

Relative sensitivity

factor, |qy/qxi| (xi/y)

Relative uncertainty of

output quantity, ui(y)/y, (%)

Number of counts in 1D peaks Statistical (A) 0.18 1.0 0.18

Number of counts in 2D peaks Statistical (A) 0.25 1.0 0.25

Uncertainty in subtraction constant C Estimated (B) 5 0.06 0.3

Uncertainty in the dead time corrections Estimated (B) 0.075 1 0.075

Difference in two methods of activity

calculations: Eqs. (18a) and (18b)

Estimated (B) 0.08 1.0 0.08

Combined relative standard uncertainty of the evaluation 0.44
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