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a b s t r a c t

We evaluated the accuracy of a self-activation method with iodine-containing scintillators in quantifying
128I generation in an activation detector; the self-activation method was recently proposed for photo-
neutron on-line measurements around X-ray radiotherapy machines. Here, we consider the accuracy of
determining the initial count rate R0, observed just after termination of neutron irradiation of the
activation detector. The value R0 is directly related to the amount of activity generated by incident
neutrons; the detection efficiency of radiation emitted from the activity should be taken into account for
such an evaluation.

Decay curves of 128I activity were numerically simulated by a computer program for various
conditions including different initial count rates (R0) and background rates (RB), as well as counting
statistical fluctuations. The data points sampled at minute intervals and integrated over the same period
were fit by a non-linear least-squares fitting routine to obtain the value R0 as a fitting parameter with an
associated uncertainty. The corresponding background rate RB was simultaneously calculated in the
same fitting routine. Identical data sets were also evaluated by a well-known integration algorithm used
for conventional activation methods and the results were compared with those of the proposed fitting
method.

When we fixed RB ¼ 500 cpm, the relative uncertainty σR0=R0 r 0:02 was achieved for R0=RBZ20
with 20 data points from 1 min to 20 min following the termination of neutron irradiation used in the
fitting; σR0=R0 r 0:01 was achieved for R0=RBZ50 with the same data points. Reasonable relative
uncertainties to evaluate initial count rates were reached by the decay-fitting method using practically
realistic sampling numbers. These results clarified the theoretical limits of the fitting method. The
integration method was found to be potentially vulnerable to short-term variations in background levels,
especially instantaneous contaminations by spike-like noise. The fitting method easily detects and
removes such spike-like noise.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Activation methods generally evaluate neutron fluence rates based
on the radioactivity produced in target materials through nuclear
reactions with incident neutrons [1]. Gold (197Au) foils or wires are
often used to evaluate thermal neutron fluence rates in combination
with the Cd filtering method; after neutron irradiation for a fixed
period, γ " rays emitted from the 198Au are measured by an appro-
priate γ " ray spectrometry system, such as an HPGe detector. These
methods operate passively and off-line. [2,3].

Recently, our group proposed a self-activation method using
iodine-containing scintillators for photo-neutron on-line measure-
ments around X-ray radiotherapy machines [4]. This method, in
theory, is very sensitive and suitable to evaluate rather weak neutron
fields around X-ray radiotherapymachines. The self-activationmethod
is practically advantageous for such routine medical applications
because it provides an on-line read-out with quasi-real-time monitor-
ing. In addition, background components of the detector signals can be
simultaneously subtracted out by the fitting to sampled data points of
the decay components.

This article examines the accuracy of 128I generation evaluation
using a decay-fitting technique for the neutron self-activation method
with iodine-containing scintillators. Under practical conditions, decay
curves of 128I activity were simulated by a computer program for
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different initial count rates (R0) and background rates (RB ), as well as
their statistical counting fluctuations. Practical sampling conditions
and limitations are adopted to achieve a realistic evaluation of relative
uncertainties of the initial count rates.

2. Neutron detection by the self-activation method

In the self-activation method with iodine-containing scintillators [4],
the target element 127I is a major constituent in the detectionmedium, so
that the activation product becomes an internal source in the detector.
Therefore, nearly all β-rays emitted from 128I are detected by the
scintillator itself. The detection efficiency should be close to 100%,
allowing for high-precision measurements even at low neutron
fluence-rates. Unlike conventional activation methods [1], the 128I activity
is evaluated by fitting sampled data points of decay components with an
exponential function that has a half-life of 25min. The corresponding
background rate RB is simultaneously calculated in the same procedure.

An example of such fitting is shown in Fig. 1, which is reproduced
from part of the experimental data in Fig. 9 of Ref. [4]; here, the 24Na
component with a half-life of 15 h is neglected in the fitting because of
its relatively long half-life. The measurement was carried out using a
cylindrical NaI scintillator (7.62 cm in diameter$7.62 cm in height),
which was irradiated by 10-MV X-rays at 30 cm from the isocenter
with a realistic condition of “total-body irradiation”. Output of the NaI
scintillator was connected to a photo-multiplier; the pulse-height
spectrawere recorded by amultichannel analyzer system. The thermal
neutron fluence rate was evaluated to be about 5$ 103½n cm"2s"1&
at that position. So, Fig. 1 should be an evidence that the present
technique is feasible in a situation of a clinical X-ray facility.

Energy distribution of photo-neutrons generated from high-energy
X-ray radiotherapy machines (acceleration potential 10–18MV)
mainly ranges from about 0.01 MeV to 2MeV; the average neutron
energy locates at several hundred keV [5]. In addition, a thermal
neutron peak appears depending on the degree of neutronmoderation
[6,7]. A typical neutron fluence rate is about 104–105 ½n cm"2 s"1&
near the isocenter. Those values significantly depend on the accelera-
tion potential and the manufacturer of machines [8,9].

3. Data processing for activation analysis

3.1. Data processing for the conventional activation method: the
integration method

Fig. 2 illustrates a typical data processing procedure for con-
ventional activation methods. The variation in activity of an
activation target after insertion in a constant neutron field at

t ¼ 0 and removal at t ¼ t0 is displayed [1]. We tentatively assume
that the overall counting efficiency of the detector is 100% and the
counting rate (cps) is equivalent to radioactivity (s"1), i.e., we omit
background counts. After neutron irradiation terminates at t ¼ t0,
the count rate R(t) obtained by the detector is expressed as

RðtÞ ¼ R0exp½"λðt"t0Þ&; for t Z t0 ð1Þ

where R0 is the count rate at t ¼ t0 and λ is the decay constant of
activity. For 128I, λ¼ ln 2=T1=2 ¼ 0:0277 min"1or 4:62$ 10"4 s"1,
where T1/2 is the half-life of activity, and¼25 min. For a measure-
ment carried out over a period between t1 and t2, the total count C
is expressed by integration as

C ¼
Z t2

t1
R0expð"λtÞdtþB¼

R0

λ
e"λt1 "e"λt2

! "
þB; ð2Þ

where B is the number of background counts expected in the
measurement period and Tmeasure ¼ t2"t1. From Eq. (2), we can
obtain the integration-method estimation for the initial count rate
R0,

RInt
0 ¼

λðC"BÞ
e"λt1 "e"λt2
# $ ð3Þ

Fig. 1. Example measured decay curve of 128I for an NaI(Tl) [4].

Fig. 2. Data treatment for conventional activation method: the integration method.

Fig. 3. Simulated decay curve and sample data points.

Fig. 4. Example of simulated sampling data points RTrue
0 ¼ 2000 cpm and

RTrue
B ¼500 cpm for i¼ 1–200.
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By the common assumption that time is measured with very small
uncertainty, t1 and t2 can be both considered known constants. By
ignoring the relatively small uncertainty of the decay constant λ,
for simplicity, the uncertainty of RInt

0 , σInt
R0
, can be directly calcu-

lated from the counting-statistical uncertainties of C and B, σC and
σB, respectively, by conventional error propagation as

σInt
R0

¼
λðC"BÞ

e"λt1 "e"λt2
# $

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2
Cþσ2

B

q
ð4Þ

From Eq. (4), σInt
R0

¼ 0 if counting-statistical uncertainties are not
taken into account, and the relative uncertainty σInt

R0
=RInt

0 can be
reduced by simply increasing Tmeasure ¼ t2"t1, assuming the back-
ground counting rate remains reasonably stable and can be
evaluated properly by an another measurement.

3.2. Data processing for the self-activation method: the fitting
method

In the self-activation method, the procedure of fitting sampled
data [10,11] is essentially important to accurately extract the 128I
counts from different coexisting half-life components, including
background counts, as indicated in figure 14 of Ref. [4]. The com-
puter program Wolfram Mathematica7 provides several useful
data-fitting tools, such as “LinearModelFit” or “NonlinearModel-
Fit”, to optimally fit a set of data points ðxi; yiÞ on the basis of
numerical iterative calculations. These fitting algorithms return
optimal fit parameters for the assumed functions, along with
corresponding standard errors. The standard errors are derived
from the covariance matrix, or error matrix, which includes the
contributions of uncertainty σi in yi of each data point.

In order to confirm that the fit parameter uncertainties
returned by Mathematica7 reflect the expected least-squared
best-fit uncertainties, an example fitting procedure described in
a textbook by Bevington and Robinson [12] was performed by
Mathematica7 for comparison. Example 6.2 of the textbook pre-
sents an investigation of the 1=r2 law observed in Geiger counter
measurements made at various distances from a source, between
20 cm and 100 cm. The statistical uncertainties of the counts Ci at

Fig. 5. σFitR0
=RFit

0 and RFit
0 =RTrue

0 evaluated by the fitting method.

Fig. 6. Frequency distributions of RFit
0 =RTrue

0 evaluated by the fitting method for
different random-number series.

Fig. 7. σIntR0
=RInt

0 and RInt
0 =RTrue

0 evaluated by the integration method.

Fig. 8. σFitRB
=RFit

B and RFit
B =RTrue

B evaluated by the fitting method.

Fig. 9. Influence of the RB variation on evaluated R0.
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each inverse-squared distance xi ¼ 1=d2i are calculated as the
square root of the total counts, σCi ¼

ffiffiffiffiffi
Ci

p
. σCi is the standard

deviation assuming Poisson or Gaussian distributions for the
statistical model. The linear fit of the data points ðxi;Ci7σCi Þ by
an analytical method of least-squares is as follows:

N¼ aþbx with
a7σa ¼ 119:49777:568
b7σb ¼ 30:69871:034

(
ð5Þ

where σa and σb are directly derived by error propagation through
the calculations of the method of least-squares. Eq. (5) includes
our recalculated results following the procedure outlined in
Example 6.2 in the text. We calculated values to higher precision
than the corresponding values in table 6.2, Ref. [12] (see Table 1) to
allow for exact comparison with the Mathematica7 results.

The same data evaluated to calculate the best-fit parameters in
Table 1 were evaluated using the “LinearModelFit” in Mathema-
tica7, with the option parameter settings of “Weights -4 {1=σ2

i }”
and “VairanceEstimatorFunction”. The Mathematica7 fit agreed
exactly with our calculated fit. For best-fit parameters a and b,
the resulting standard errors σa and σb were 7.568 and 1.034 and
the diagonal components of covariance matrix were 7.5682 and
1.0342, respectively. The weights option of {1=σ2

i } is equivalent to
{1/Ci} in the sixth column of Table 1. The “LinearModelFit” option
setting calculates the fit parameter uncertainties from only the
weights that appear in the “Weights” option, as described in
Mathematica7 documentation [13]. The fitting results of “Non-
linearModelFit” using the linear function “aþbx” also completely
agreed with our analytical results shown in Eq. (5). Consequently,
the standard errors returned by the “LinearModelFit” and “Non-
linearModelFit” of Mathematica7, given the optional parameter
settings above, are equivalent to the least-squares best-fit uncer-
tainties resulting from the standard deviation of each fit data
point. Here, standard error does not refer to standard deviation of
the mean (SDOM), which is also commonly referred to as “stan-
dard error” [14]. For the fitting method of data preprocessing, we
evaluated the uncertainties σFit

R0
of RFit

0 and σFit
RB

of RFit
B using the

“NonlinearModelFit” of Mathematica7 with the function of “a Exp
["λt]þb”, where t is time and λ is the decay constant of 128I.

4. Simulated decay curves and sampling data

Decay curves of 128I activity were simulated by Mathematica7
for various parameter settings of the following equation:

RðtÞ ¼ R0expð"λtÞþRB ð6Þ

where R0 is the initial count rate and RB is the background rate.
The data points were sampled at S min intervals. As shown in
Fig. 3, the total count for the ith sampling is given by

Ni ¼
Z Ti

Ti" 1

RðtÞdt ð7Þ

The representative time trepi , which effectively gives the mean
counting rate Ni=S corresponding to Ni on the decay curve
described by Eq. (6) can be derived as follows:

Ni

S
¼ Rðtrepi Þ; ð8Þ

1
S

Z Ti

Ti" 1

RðtÞdt ¼
1
S

Z Ti" 1 þ S

Ti" 1

RðtÞdt ¼ "
R0

λS
e"λðTi" 1 þ SÞ "e"λTi" 1

h i
þRB;

¼ R0expð"λ trepi ÞþRB ð9Þ

trepi ¼ "
1
λ
ln

e"λ Ti" 1

λS
ð1"e"λSÞ

" #

¼ "
1
λ

ln e"λ Ti" 1

h i
" ln Sλ

& 'n o
"
1
λ
ln 1"e"λS
h i

¼ Ti"1þ
lnðλSÞ
λ

( )
þ
lnð1"e"λSÞ

λ
:

¼ Ti"1þ
1
λ
ln

λS
1"e"λS

* +
ð10Þ

For example, if λ¼ ln 2=ð25 minÞ ¼ 0:0277 min"1, trepi ¼ Ti"1þ
0:4988 min for S¼ 1 min and trepi ¼ Ti"1þ4:978 min for
S¼ 10 min.

Ni values calculated from Eq. (7) arise from two sources of
counting fluctuations,

Ni ¼
Z Ti

Ti" 1

R0expð"λtÞdtþ
Z Ti

Ti" 1

RBdt ¼NDecay
i þNBack

i ð11Þ

Fluctuations NDecay
i and NBack

i were simulated separately in each
evaluation using a random-number generator function according
to the normal distributions with standard deviations of

σDecay
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
NDecay

i

q
and σBack

i ¼
ffiffiffiffiffiffiffiffiffiffiffi
NBack

i

q
, respectively. The seeds for

the random number generator were changed for different evalua-
tions, if necessary.

Sampled data points ðtrepi ;NiÞ for i¼ istart to istop were analyzed by
the integration method and the fitting method in order to obtain
values of R0 with associated uncertainties. T1=2 ¼ 25 minðλ¼
0:0277min"1Þ for 128I was used and S was fixed to be 1 min. Fig. 4
shows an example of such simulated sampling-data points ðNiÞsimulated
for R0¼2000 cpm and RB¼500 cpm.

Table 1
Best-fit results corresponding to table 6.2, Ref. [12], re-calculated to higher precision.

i Distance di (m) xi ¼ 1=d2i ðm"2Þ Counts Ci σCi Weight wi ¼ 1=Ci wi xi wiCi wix2i wixiCi

1 0.20 25.0000 901 30.0167 0.0011099 0.0277469 1 0.693674 25.0000
2 0.25 16.0000 652 25.5343 0.0015337 0.0245399 1 0.392638 16.0000
3 0.30 11.1100 443 21.0476 0.0022573 0.0250790 1 0.278628 11.1100
4 0.35 8.1600 339 18.4120 0.0029499 0.0240708 1 0.196418 8.1600
5 0.40 6.2500 283 16.8226 0.0035336 0.0220848 1 0.138030 6.2500
6 0.45 4.9400 281 16.7631 0.0035587 0.0175801 1 0.086846 4.9400
7 0.50 4.0000 240 15.4919 0.0041667 0.0166667 1 0.066667 4.0000
8 0.60 2.7800 220 14.8324 0.0045455 0.0126364 1 0.035129 2.7800
9 0.75 1.7800 180 13.4164 0.0055556 0.0098889 1 0.017602 1.7800
10 1.00 1.0000 154 12.4097 0.0064935 0.0064935 1 0.006494 1.0000

Sums 0.0357043 0.1867869 10 1.912124 81.0200

Δ¼
P

wi
P

wix2i "
P

wixi
# $2 ¼ 0:0333817

σ2a ¼
X

wix2i =Δ¼ 1:912124=0:0333817; σa ¼ 7:568

σ2b ¼
X

wi=Δ¼ 0:0357043=0:0333817; σb ¼ 1:034
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5. Results and discussions

Fig. 5 shows a set of evaluated R0using the fitting method, RFit
0 , and

their uncertainties, σFit
R0
; RTrue

0 and RTrue
B are the set true values of

R0and RB. The relative uncertainties σFit
R0
=RFit

0 and RFit
0 =R0are plotted as

a function of true signal to noise RTrue
0 =RTrue

B . RTrue
B was set to 500 cpm

ð ) 8:3 cpsÞ, which is rather near the background rate for the
experimental value of 4.03 cps in Fig. 1. The value of RTrue

0 was varied
from 500 cpm (RTrue

0 =RTrue
B ¼ 1) to 10,000 cpm (RTrue

0 =RTrue
B ¼ 200),

while the sampling points were chosen to be i¼ 1–20;1–50;1
–100 or 1–200, as illustrated in Fig. 3. As an example of such
experimental value of RTrue

0 =RTrue
B , we obtained RTrue

0 =RTrue
B ¼2528/

4.03¼627 near the isocenter in the decay curve of Fig. 1. So,
RTrue
0 =RTrue

B ¼ 1–200 is a realistic assumption for actual measurements.
Fig. 5 shows that σFit

R0
=RFit

0 r0:02 and jðRFit
0 =R0Þ"1jr0:01 for

RTrue
0 =RTrue

B 420, when more than 20 fitting points are used
following the termination of neutron irradiation; σFit

R0
=RFit

0 r0:01
and jðRFit

0 =R0Þ"1jr0:008 for RTrue
0 =RTrue

B 450.
In Fig. 5, two different fixed seeds were used in the random-

number generator to model the statistical fluctuations of NDecay
i

andNBack
i , respectively. In order to determine the influence of the

random-number series generated, 500 pairs of different seeds
were examined for RTrue

0 =RTrue
B ¼ 20 and 50; all other conditions of

the calculations were identical to those used to create the data in
Fig. 5. The resulting frequency distributions of RFit

0 =RTrue
0 are dis-

played in Fig. 6. The standard deviations are 0.0160 and 0.00987
for RTrue

0 =RTrue
B ¼ 20 and 50, respectively; those values are con-

sistent with σFit
R0
=RFit

0 in Fig. 5.
Fig. 7 shows a set of R0 values evaluated by the integration

method. RTrue
0 =RTrue

B 420 results in σInt
R0
=RInt

0 r0:002 and ðRFit
0 =

,,,
R0Þ"1jr0:004 for more than 20 fitting points, which app-
ears to be far superior to the respective values obtained by the
fitting method in Figs. 5 and 6. However, the background counts
during the integration period were assumed to be known for
subtraction; in practice, background information is obtained by
the measurements before and/or after the integration period.

Fig. 8 shows a plot of RFit
B and σFit

RB
, which were used in the

fitting procedure to obtain R0 in Fig. 5. The uncertainties become
larger with increasing RTrue

0 =RTrue
B , and the fit values are much

worse than those in Fig. 5.
In testing and evaluating the integration method (Fig. 7), the

background signal was assumed to be given in advance. If the
assumed value differs from the actual background during the

measurement, the results of the integration method become
inaccurate; the influence of a sudden change in background level
would not be detectable. In order to examine the effect of an
inaccurately estimated background, RInt

0 =RTrue
0 , for RTrue

0 ¼ 10;000
cpm, was evaluated by the integration method for i¼ 1–20 with
actual background values of RB ¼ 100 – 1000 cpm and an assumed
value of Rnorminal

B ¼ 500cpm. For comparison, similar analysis was
also carried out using the fitting method to obtain RFit

0 =RTrue
0 . As

shown in Fig. 9, the integration method indicates apparent
disagreements between RInt

0 and RTrue
0 for all background signals

except RB ¼ 500 cpm. On the other hand, the fitting method gives
RFit
0 =RTrue

0 C1 for all RB ¼ 100–1000 cpm, as expected. This means
that the integration method is potentially vulnerable to short-term
variations in the background level, especially instantaneous con-
tamination by spike-like noise, as observed in the experimental
results in Fig. 10. The fitting method easily detects and removes
such spike-like noise omitting outlying data points.

6. Conclusions

We employed a self-activation method with iodine-containing
scintillators to evaluate the accuracy of 128I generated in an activation
detector. Decay curves of 128I activity were simulated by a computer
programWolframMathematica7 for various initial count rates (R0) and
background rates (RB), as well as counting statistical fluctuations. Data
points sampled at one minute intervals and integrated over the same
period were evaluated by both a non-linear least-squares fitting
routine and a well-known integration scheme used for conventional
activation methods to obtain the value R0 with its uncertainty.

When RB was fixed at 500 cpm, a relative uncertainty or σR0=
R0r0:02 was achieved for R0=RBZ20, with 20 fitting points from
1min to 20 min following the termination of neutron irradiation;
σR0=R0r0:01 was achieved for R0=RBZ50 with the same sampling.
We quantitatively showed that reasonable relative uncertainties could
be obtained to evaluate the initial count rates by the decay-fitting
method with a practically realistic sampling numbers. These results
also clarified the theoretical limits of the fitting method.

Although the integration method indicates better relative uncer-
tainties, it is potentially vulnerable to short-term variations of the
background level, especially instantaneous contamination by spike-
like noise. The fitting method easily detects and removes such spike-
like noise. The above discussions and considerations of the fitting
method should be repeated to apply the activation method using
radioactivities other than 128I.
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