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Abstract The applicability of the activation of an NaI
scintillator for neutron monitoring at a clinical linac was

investigated experimentally. Thermal neutron fluence rates

are derived by measurement of the I-128 activity generated
in an NaI scintillator irradiated by neutrons; b-rays from

I-128 are detected efficiently by the NaI scintillator. In

order to verify the validity of this method for neutron
measurement, we irradiated an NaI scintillator at a research

reactor, and the neutron fluence rate was estimated. The

method was then applied to neutron measurement at a
10-MV linac (Varian Clinac 21EX), and the neutron flu-

ence rate was estimated at the isocenter and at 30 cm from

the isocenter. When the scintillator was irradiated directly
by high-energy X-rays, the production of I-126 was

observed due to photo-nuclear reactions, in addition to the

generation of I-128 and Na-24. From the results obtained
by these measurements, it was found that the neutron

measurement by activation of an NaI scintillator has a great

advantage in estimates of a low neutron fluence rate by use
of a quick measurement following a short-time irradiation.

Also, the future application of this method to quasi real-
time monitoring of neutrons during patient treatments at a

radiotherapy facility is discussed, as well as the method of

evaluation of the neutron dose.

Keywords Neutron measurement ! Clinical linac ! NaI

scintillator ! I-128 ! Self-activation method ! Quasi real-

time monitoring

1 Introduction

Radiations produced by medical accelerators have been

used increasingly as powerful tools in cancer therapy in
many countries. A variety of new technologies using high-

energy medical accelerators have been developed exten-

sively for increasing the granularity and effectiveness of
treatment. For example, intensity-modulated radiation

therapy (IMRT) uses an electron accelerator with a high

accelerating voltage, and this allows a high-dose concen-
tration to the tumor by means of an irradiation field of

complicated shape with use of computer-controlled multi-
leaf collimators.

In radiotherapy, neutrons can be emitted from any

materials on which high-energy electrons or high-energy
X-rays are incident, if the energy of the electrons or X-rays

exceeds the threshold energy of neutron separation. It has

been known for many years that neutrons are generated in
treatment with high-energy medical accelerators [1].

Recently, as the use of IMRT for cancer therapy has

expanded, the neutrons generated by photo-nuclear reac-
tions, i.e., photo-neutrons, have become one of the major

concerns in radiation therapy because the energy of the

X-rays used in IMRT is often sufficiently high to generate
photo-neutrons.
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In IMRT, photo-neutrons are generated not only in

multi-leaf collimators that block a large number of high-
energy X-ray photons, but also in accelerator components

and other objects in the treatment room. Most of photo-

neutrons produced in high-energy radiation therapy are in
the energy range from a few keV to several MeV, and they

largely contribute to an unwanted dose to the normal tissue

of a patient due to their high biological effectiveness in that
energy range [2, 3]. Thus, it is of concern that photo-neu-

trons can increase the risk of secondary cancer because
they have a greater biological effectiveness than do pho-

tons [4]. In addition, thermalized neutrons, which generally

have a much larger activation cross-section than that of fast
neutrons, tend to produce residual activity in various

component materials of the accelerator, in the walls, and in

other equipment and objects in the treatment room, by
neutron activation reactions [5]. Therefore, monitoring of

neutrons in a treatment room has become an important

issue.
In recent years, neutrons in a treatment room or in a

medical accelerator facility have been measured and

evaluated in many studies. For measurement of neutron
fluences and fluence rates, the thermal neutron activation

method in conjunction with appropriate moderators for fast

neutrons is often used because it is relatively inexpensive
and provides good geometric resolution. Recent examples

of such measurements involve the use of gold foils [6],

indium foils [7], and sodium chloride (NaCl) powder [8] as
target materials for activation reactions.

Although the neutron activation method in general is

sensitive and has a high detection efficiency for neutrons
due to the large activation cross-section of the target

material, this method cannot be applied to on-line moni-

toring of neutrons because it is a passive technique in
which activated materials need to be measured by a device

such as an HPGe detector which is located at a location

different from the irradiation site.
Recently, the thermal-neutron measurement technique

in which the activation of an NaI scintillator is used was

reported in a particle physics study [9]. In this technique,
an NaI scintillator is activated by thermal neutrons, and the

thermal neutron fluence rate is estimated from measure-

ment of the 128I activity produced by the reaction 127-

I(n,c)128I in the scintillator. This technique was applied

successfully to neutron background measurements at the

experimental hall for the MEG experiment at the Paul
Scherrer Institute.

In the present study, we made neutron measurements by

applying the activation of an NaI scintillator to the photo-
neutron measurement at a clinical linac. In the following

sections, the method is briefly introduced, and the experi-

mental results of the preliminary test at a research reactor
and the photo-neutron measurement at a clinical linac are

presented. Then, based on the results of the measurements,

the advantages of using the activation of an NaI scintillator
for neutron measurement are discussed by comparison with

the use of conventional activation detectors. Finally, the

future application of the quasi on-line monitoring system of
neutrons in a treatment room is proposed.

2 Materials and methods

2.1 Thermal neutron measurement by use of activation

of an NaI scintillator

Sodium and iodine become radioactive when they are

irradiated by thermal neutrons, due to their relatively large

activation cross-sections. Table 1 shows the activation
reaction and its product in an NaI scintillator as induced by

thermal-neutron irradiation [10]. The activity (A) (s-1)

produced in the NaI scintillator at a constant neutron flu-
ence rate (/) (cm-2 s-1) is given by

A ¼ /ractN 1# e#kt
! "

; ð1Þ

where ract is the microscopic activation cross-section

(cm2), N is the number of target nuclei, k is the decay

constant of the activation product (s-1), and t is the irra-
diation time. Figure 1 shows the activity per unit neutron

fluence rate per unit target nuclei produced in the NaI

scintillator. The activity of 128I increases rapidly and sat-
urates in a short time after the irradiation is started. In

contrast, the activity of 24Na increases slowly, and the

saturated activity is much lower than that of 128I. These
trends depend on the balance between the cross-section of

activation reactions and the half-life of the activation

products. In the neutron measurement that uses the acti-
vation of an NaI scintillator, 127I is used as the main target

material, and the thermal neutron fluence rate is estimated

by the activity of 128I produced in the scintillator. For a
short-time irradiation, the activity of 24Na is negligibly

small compared to that of 128I.

In conventional neutron activation methods, a target
material such as a gold foil becomes radioactive after

neutron irradiation. Then the material is moved to a dif-

ferent location, and its activity is measured with a radia-
tion detector. Gamma spectrometry with an HPGe detector

is the most common way of quantifying the activity of the

activated material, but the detection efficiency is generally
low because only the c-rays that produce a full-energy

peak in the energy spectrum are counted. On the other

hand, in the neutron activation method that uses the acti-
vation of an NaI scitillator, the target material of the

activation reaction is contained in the detection medium as

a major constituent, so that the activation product is to be
contained in the detector as an internal source. Therefore,
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nearly all of the b-rays emitted from 128I are fully stopped

in the NaI scintillator and are detected by the scintillator
itself. The detection efficiency will be close to 100 %, and

this allows high-precision measurements of low neutron

fluence rates.
The practical procedure of thermal neutron measure-

ment is as follows: An NaI scintillator is irradiated by

thermal neutrons. After the irradiation is stopped, the b-
rays emitted from the 128I produced in the scintillator are

measured by the scintillator itself, and the 128I activity (A0)
(s-1) at the time when the irradiation is stopped is derived.

The saturated activity (A?) (s-1), i.e., the activity induced

by an infinite irradiation time, is given by

A1 ¼
A0

1# e#kt0
; ð2Þ

where t0 is the irradiation time (s). Then the thermal neu-

tron fluence rate is calculated in accordance with the well-

known equation used for the conventional neutron activa-
tion method [11],

/ ¼ A1
ractN

; ð3Þ

where / is the thermal neutron fluence rate (cm-2 s-1).

2.2 Preliminary test at a research reactor

A preliminary test of neutron measurements by use of the
activation of an NaI scintillator was performed at a

research reactor (UTR-KINKI) at the Atomic Energy

Research Institute, Kinki University. A cylindrical NaI
scintillator (BICRON 1M1/2, / 2.54 cm 9 2.54 cm) and a

well-type NaI scintillator (BICRON 3MW3/3, /
7.62 cm 9 7.62 cm cylinder with a / 2.54 cm 9 5.08 cm
well) were used for the measurement. Figure 2 shows a

schematic view of the experimental setup at the research

reactor.
The cylindrical NaI scintillator was placed in the irra-

diation hole in the upper lid of the reactor and irradiated by

thermal neutrons for 1 h. After the irradiation was stopped,
the activated NaI scintillator was connected to a photo-

multiplier (BICRON NaI M1/2, H.V. 1000 V), and the

pulse-height spectrum was measured with a spectroscopy

Table 1 Activation reaction and its product in an NaI scintillator, induced by thermal neutron irradiation

Target nuclide Isotopic abundance (%) Activation reactions Cross-section (b) Half-life Major decay mode

23Na 100.0 23Na(n,c)24Na 0.530 ± 0.005 14.96 h b-: 1.391 MeV 99.9 %
127I 100.0 127I(n,c)128I 6.2 ± 0.2 24.99 min b-: 1.150 MeV 1.5 %

: 1.676 MeV 11.6 %

: 2.119 MeV 80.0 %

EC: 6.9 %

Fig. 1 Activity of 128I and 24Na produced per unit neutron fluence
rate per unit target nuclei in an NaI scintillator irradiated at a constant
neutron fluence rate

Fig. 2 Schematic cross-sectional view of the UTR-KINKI reactor
and the position of the irradiation hole
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amplifier (ORTEC 572A, gain: 1 9 0.5 9 20, shaping

time: 0.5 ls) and a multichannel analyzer (AmpTek
MCA8000A). The data acquisition was repeated six times

as follows (expressed in elapsed time after the termination

of irradiation):

1st measurement, from 13 to 23 min.

2nd measurement, from 25 to 35 min.
3rd measurement, from 38 to 122 min.

4th measurement, from 124 to 134 min.

5th measurement, from 155 to 165 min.
6th measurement, from 170 to 180 min.

The well-type NaI scintillator was placed in the same
location and was irradiated for 3 h. After the irradiation

was stopped, the c-rays emitted from the activated well-

type scintillator were measured with an HPGe detector
(PRINCETON GAMMA-TECH Model IGC20ED) for

verification of the nuclides produced in the NaI scintillator

by neutron activation reactions.
The neutron fluence rate in the irradiation hole was also

measured by the conventional activation method with a

gold foil for comparison. A thin gold foil (0.0241 g) was
irradiated in the hole for 6.5 h, and the activity of 198Au

was measured with the HPGe detector.

2.3 Measurement at a clinical linac

The experiment was performed at a 10-MV linac (Varian
Clinac 21EX) at the Kyushu University Hospital. The

operational condition was for a total-body irradiation with

a field size of 40 cm 9 9 cm, and the dose rate was 3 Gy/
min at the isocenter. The schematic layout of the experi-

ment is shown in Fig. 3. The irradiation was performed in

two ways, direct irradiation (Position A) and indirect
irradiation (Position B). For direct irradiation, a cylindrical

NaI scintillator (BICRON 1M1/2) was placed at the iso-

center and irradiated directly by 10 MV X-rays for 30 min.
For indirect irradiation, the cylindrical NaI scintillator and

a well-type NaI scintillator (BICRON 3MW3/3) were

placed at 30 cm from the isocenter, and the linac was
operated for 30 and 3 min, respectively. A pulse-height

spectrum measurement was started after the termination of

the irradiation and repeated every 10 min for a month
(direct irradiation case) or a week (indirect irradiation case)

for each NaI scintillator.

3 Results

3.1 Self-shielding effect of an NaI scintillator

When an NaI scintillator is irradiated at a constant neutron

fluence rate, the neutron fluence rate inside the scintillator

decreases due to the absorption of neutrons by the scintil-
lator itself. In order to compensate for this self-shielding

effect, we estimated the self-shielding factor using the

Monte Carlo simulation code PHITS [12]. The simulation
was performed for two cylindrical NaI scintillators (/
2.54 cm 9 2.54 cm and / 7.62 cm 9 7.62 cm). In the

simulation, a parallel beam of neutrons (E = 0.025 eV)
was incident on the base of a cylindrical scintillator uni-

formly and perpendicularly, and the neutron fluence inside

the scintillator volume was calculated. The total number of
histories was 108 for each scintillator. Then the total

number of 128I nuclei generated in the scintillator with self-

shielding (ASS) was calculated by use of the result of the
simulation. The total number of 128I nuclei generated in the

scintillator without self-shielding (ANS) was calculated by

assuming that the scintillator volume used in the PHITS
was a vacuum. The self-shielding factor (Fss) of the scin-

tillator was calculated by the following equation:

Fss ¼ ASS=ANS
: ð4Þ

As a result, the self-shielding factors for / 2.54 cm 9
2.54 cm and / 7.62 cm 9 7.62 cm NaI scintillators

were calculated to be 0.86 ± 0.03 and 0.64 ± 0.01,

respectively.

3.2 Result of the measurement at the research reactor

Figure 4 shows the pulse-height spectra of activation pro-

ducts measured with the NaI scintillator itself. No c-ray

peak was observed in the energy spectra. Figure 5 shows
the time variation of the total counting rate measured in the

activated NaI scintillator. The decreasing counting rate

fitted well with the decay curve, with a half-life of 25 min,
which corresponds to the half-life of 128I, and a constant

Fig. 3 Schematic layout of the experimental setup for the irradiation
at a linac (Position A: direct irradiation, Position B: indirect
irradiation)
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background. The contribution of 24Na is included in the

constant term because of its long half-life. The decreasing
component of the energy spectra is compared with the

reference 128I b-ray spectrum [13] in Fig. 6, in which the

decreasing component is derived by subtracting of the
fourth spectrum from the third one in Fig. 4. The spectrum

agreed well with the reference spectrum, which shows that

the contribution of 128I b-decay is dominant in the
decreasing component of the energy spectrum. However,

the measured spectrum is displaced slightly toward higher

energies compared to the reference spectrum. This is due to
the c-rays emitted simultaneously with the b--decay of 128I

and the fluctuation of pulse heights caused by the energy

resolution of the NaI scintillator.
The b--decay of 128I is accompanied by a c-ray emission

with a probability of 21 %. Some of these c-rays are

absorbed by the NaI scintillator itself, and the scintillation
signal generated by the c-rays is added to the original b-ray

signal. Although the total counts of the spectrum remain

the same, the counts above the threshold level of the
measurement are increased slightly by this displacement.

However, the increase of the measured counts is so small

that it contributes little to the detection efficiency.
From the decay curve in Fig. 5, the activity at the ter-

mination of irradiation (t = 1 h) is calculated by the fol-
lowing equation:

A0 ¼
C0

ae
; ð5Þ

where A0 is the activity at the termination of irradiation as
shown in Eq. (2), C0 is the counting rate at the termination

of irradiation (s-1), a is the fraction of b- decay (0.931 for
128I), and e is the detection efficiency of b-rays. The

detection efficiency was determined from the actual energy

discrimination setting of the measured spectrum; a certain
amount of b-rays less than this energy in the theoretical

reference spectrum is not detected efficiently.

Using the self-shielding factor obtained in the previous
section, Eqs. (2–4), we estimated the neutron fluence rate at

the irradiation site to be (2.4 ± 0.1) 9 104 cm-2 s-1,

where the uncertainty includes those of counting statistics,
the activation cross-section, and the evaluation of the self-

shielding factor. The neutron fluence rate measured by the

conventional activation method with a gold foil was esti-
mated to be (1.9 ± 0.2) 9 104 cm-2 s-1. The estimated

neutron fluence rate by the present method was larger than

that by the conventional gold-foil activation by a factor of
1.3. This small difference is mainly caused by the fol-

lowing factors: The installation site of the scintillator and

the gold foil in the irradiation hole was not rigorously
controlled, and the geometrical resolution of measurement

by the scintillator was low due to its relatively large size in

the irradiation hole.

Fig. 4 Change of pulse-height spectra measured with the activated
NaI scintillator irradiated at a research reactor

Fig. 5 Decay curve of the radioactivity generated in the NaI
scintillator irradiated at a research reactor

Fig. 6 Decreasing component of the energy spectrum compared with
the reference 128I b-ray spectrum. The decreasing component is
derived by subtraction of the fourth spectrum from the third one in
Fig. 4. The measured spectrum is normalized to the reference
spectrum
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Figure 7 shows the c-ray energy spectrum obtained by

measurement of the activated well-type NaI scintillator
with an HPGe detector. The full-energy peaks of 0.44 MeV

c-rays from 128I, 1.37 and 2.75 MeV c-rays from 24Na

were clearly observed in the spectrum.

3.3 Result of measurement at a clinical linac

The measured decay curve for the NaI scintillator irradi-

ated directly by 10 MV X-rays is shown in Fig. 8. We

expected that the curve would be fitted with two compo-
nents, i.e., exponentially decreasing components with the

half-life of 24Na and 128I. However, we found that the
curve contained a third component that had a longer half-

life than that of 24Na or 128I. Eventually, the curve fitted

well with three exponentially decreasing components and a
constant background. The half-lives derived from the three

decreasing components were 25 min, 15 h, and 13 days;

these values correspond to the half-life of 128I, 24Na, and
126I, respectively. In this measurement, the production of
24Na by the activation reaction 23Na(n,c)24Na was

observed as well as 128I production. The explanation for the
third component is that 126I was produced in the direct

irradiation by the reaction 127I(c,n)126I, which can take

place with X-rays above 9.1 MeV [14].
In contrast, as shown in Figs. 9 and 10, the decay curves

for NaI scintillators that were irradiated indirectly by high-

energy X-rays fitted well with only two exponentially
decreasing components, 128I and 24Na, and a constant

background, and the component that has a longer half-life

was not observed.
In the same way as described in the previous section, a

neutron fluence rate was estimated by use of the decay

curve of the 128I activity produced in the NaI scintillator for
each experiment. From the decay curve obtained in the

direct irradiation, the neutron fluence rate at the isocenter
was estimated to be (6.0 ± 0.3) 9 103 cm-2 s-1. The

neutron fluence rate at 30 cm from the isocenter was esti-

mated to be (5.6 ± 0.2) 9 103 cm-2 s-1 by use of the
decay curve obtained with the cylindrical NaI scintillator.

These neutron fluence rates were about one order of

magnitude less than the results reported by Kato et al. [7],
in which the neutron fluence rates were estimated to be

3–7 9 104 cm-2 s-1 by the activation of gold and indium

foils with a 10-MV X-ray therapy machine. The reason
may be that the condition of neutron thermalization is

Fig. 7 Gamma-ray energy spectrum obtained by measurement of the
activated well-type NaI scintillator with an HPGe detector

Fig. 8 Decay curve observed in the measurement by use of the NaI
scintillator irradiated directly with 10-MV X-rays at the isocenter

Fig. 9 Decay curve observed for the cylindrical NaI scintillator
irradiated by 10-MV X-rays at 30 cm from the isocenter
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different because our irradiations were performed without a

phantom, whereas their irradiations were performed with a

tough water phantom of 5 cm thickness.
In order to check the validity of the self-shielding factor

calculated by PHITS, we plotted the neutron fluence rate as

a function of the self-shielding factor (Fss) by use of
measured data for the cylindrical and the well-type scin-

tillator at 30 cm from the isocenter (Fig. 11). Both scin-

tillators were activated by photo-neutrons at the same
position under the same irradiation condition, and thus the

neutron fluence rates estimated by the activation of these

two scintillators should have shown the same value if the
self-shielding factors were relatively consistent. In Fig. 11,

the neutron fluence rates show similar values with respect

to the calculated self-shielding factors for the cylindrical
and the well-type scintillator. The slight difference in the

neutron fluence rates is considered to originate from the

fact that the self-shielding factor calculated for a cylinder
(/ 7.62 cm 9 7.62 cm) was applied to a well-type

scintillator.

4 Discussion

4.1 Sensitivity of the present method

Let us suppose that a cylindrical NaI scintillator (/
2.54 cm 9 2.54 cm) and a gold foil of typical size and

weight (0.07 g) are irradiated at a constant neutron fluence
rate of 1 cm-2 s-1 for only 30 min. Figure 12 shows the

time change of the activities of 24Na, 128I, and 198Au pro-

duced in the NaI scintillator and the gold foil. In this short
irradiation time, the activity of 24Na reaches only about

0.2 % of its saturated activity, whereas that of 128I reaches

about 56 %, and the ratio of the activity of 24Na to that of
128I at t = 30 min is 3.5 9 10-3. Therefore, the contribu-

tion of 24Na activity to the total activity is negligibly small

after an irradiation for a short time.
The activity produced in a gold foil is much smaller than

that in a NaI scintillator despite its large activation cross-

section, and the ratio of the activity of 198Au to that of 128I
at t = 30 min is 1.7 9 10-4. On the other hand, the 128I

activity decreases rapidly after the termination of irradia-

tion due to its short half-life; it becomes less than 0.1 % of
its original activity within 5 h and almost disappears within

24 h. This is advantageous for the repeated use of a scin-

tillator. Thus, the use of 128I activity has a great advantage
for the estimation of the neutron fluence rate by a short-

time irradiation.

Fig. 10 Decay curve observed for the well-type NaI scintillator
irradiated by 10-MV X-rays at 30 cm from the isocenter

Fig. 11 Neutron fluence rate plotted as a function of the self-
shielding factor. The calculated self-shielding factors for the cylin-
drical and the well-type scintillator, 0.86 and 0.64, are shown in the
figure

Fig. 12 Activity generated in a cylindrical NaI scintillator (/
2.54 cm 9 2.54 cm) and in a gold foil (0.07 g) irradiated at a
constant neutron fluence rate of 1 cm-2 s-1 for 30 min

Applicability of self-activation of an NaI scintillator 131



Figure 13 shows the relative standard deviation (RSD)
of a measurement by the activation of an NaI scintillator

and a gold foil, plotted with respect to the neutron fluence

rate. The RSD for the NaI scintillator was calculated under
the condition that a cylindrical NaI scintillator (/
2.54 cm 9 2.54 cm) is irradiated by thermal neutrons for

30 min and the generated 128I activity is measured for
10 min after termination of the irradiation. The RSD for

the gold-foil activation was calculated under the condition

that a gold foil was irradiated for 30 min by thermal neu-
trons and the 0.412 MeV c-rays emitted from the activated

foil were measured by an HPGe detector. The measuring

condition reported in Ref. [6] was applied to the calculation
for the gold-foil activation, in which the size and weight of

a gold foil were / 9.5 mm 9 0.05 mm and 0.07 g,

respectively, and the peak efficiency of the measurement
for 0.412 MeV c-rays was 8.12 %. From Fig. 13, the RSD

by the gold-foil activation is so large for a low neutron

fluence rate that it is not applicable to the measurement in a
short irradiation time at low neutron fluence rates. On the

other hand, the RSD for the activation of the NaI scintil-

lator becomes less than 1 % at thermal neutron fluence
rates of 103–104 cm-2 s-1, and thus this method is

appropriate for the measurement of low neutron fluence

rates by a short-time irradiation.

4.2 Future application to neutron monitoring
in a radiotherapy room

The present method can be applied to the quasi real-time
monitoring of neutrons in a radiotherapy room. Figure 14

shows the concept of a neutron-monitoring system by use

of the activation of an NaI scintillator. In the figure, the NaI
scintillator is irradiated and activated by neutrons during

the first treatment (Run #1), performed from S1 to E1.
Then the power is turned on, and the first measurement is

performed from E1 to S2, and the average neutron fluence
rate for Run #1 is derived from the decay curve of the 128I

activity produced in the NaI scintillator. Next, the second

treatment (Run #2) is performed from S2 to E2, and the
NaI scintillator is activated again, and the second mea-

surement is subsequently performed from E2 to S3. This

time, the decay curve of the 128I activity produced in the
second treatment is overlapped with the residual activity

produced in the first treatment. However, the average

neutron fluence rate in Run #2 can be derived by subtrac-
tion of the contribution of the residual activity from the

total decay curve by use of the information obtained in the

first measurement. The neutron fluence rates in Run #3,
Run #4, and Run #5 can be obtained in the same manner.

In order to apply this method to the estimation of neu-

tron doses around a therapy machine, one needs the esti-
mation of the neutron energy distribution because the

neutron dose is a quantity converted from neutron fluence

through the conversion coefficient defined as a function of
neutron energy by the ICRP, and fast neutrons produced in

radiation therapy contribute largely to the neutron dose.

Although this study deals only with the measurement of
thermal neutrons as a feasibility study on neutron detection,

the self-activation of an NaI scintillator is potentially

applicable to neutron dose estimation from the information
on the neutron energy distribution by use of multiple

scintillators with moderators of different thicknesses, as

well as Cd covers.
In this study, a bare NaI scintillator was irradiated in a

neutron field, and no regard was given to the influence of

the resonance integral in the activation of an NaI scintil-
lator. Therefore, the results obtained in this study are not

Fig. 13 Relative standard deviation for the measurement of activity
generated in a gold foil and an NaI scintillator, plotted with respect to
the neutron fluence rate

Fig. 14 The concept of a neutron monitoring system by use of
activation of an NaI scintillator (S start of irradiation, E end of
irradiation, DAC data acquisition, a, b fitting parameters)
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only for the activation by thermal neutrons, but also for that

by epithermal neutrons. However, the resonance integral in
the activation reaction of 127I is nearly one-tenth of that in

the activation reaction of 197Au [10]; the influence of

epithermal neutrons is much smaller than that in the con-
ventional gold-foil activation. For more precise evaluation

of the neutron dose by thermal neutrons, the contribution of

the resonance integral in the activation reaction of 127I
should be considered.

Although NaI scintillators are inexpensive, easily
available, and widely used for radiation monitoring in

many facilities, the activation of sodium is the source of

background and residual activity in measurements. Thus,
scintillators that contain iodine, but do not contain other

activation materials such as sodium, are ideal for the self-

activation method. From this standpoint, CsI scintillators
may be a better choice than NaI scintillators for this

method. Cesium is also activated by neutrons, with an

activation cross-section of 29.0 9 0.5 b for the
133Cs(n,c)134Cs reaction and a half-life of 134Cs of

2.07 years. However, the ratio of the 134Cs activity to the
128I activity generated in the CsI scintillator (/
2.54 cm 9 2.54 cm) after a 30-min irradiation is only

about 2.5 9 10-5 by a simple estimation, and thus the
134Cs activity in the scintillator is almost negligible in this
respect. Moreover, CsI scintillators are only slightly

hygroscopic, and the light output is easily read out by a

photodiode that does not need a high-voltage power supply.
Therefore, it is feasible to develop an inexpensive and

compact neutron monitoring system using CsI scintillators.

The authors are currently investigating the applicability of
CsI scintillators to neutron measurements, and the results

will be presented in the near future.

5 Conclusion

In the present study, the applicability of NaI scintillators to

neutron measurements at a clinical linac was investigated.

The advantage of using the activation of iodine in a scin-
tillator in estimating the neutron fluence rate was examined

experimentally at a research reactor and at a clinical linac,

and it was found that our method has advantages compared
to conventional methods such as the activation of gold

foils:

– The activation of an NaI scintillator is appropriate for

short-time irradiations because of the balance between

the activation cross-section and half-life of 128I. The
128I activity generated in a short-time irradiation is

overwhelmingly large compared to the activity gener-

ated in a gold foil, and this makes the method very
sensitive to low neutron fluence rates.

– The detection efficiency of b-rays emitted from 128I

is close to 100 % because 128I is contained as an

internal source in the NaI scintillator, whereas the
peak efficiency of c-rays emitted from an activated

gold foil is low when it is measured by an HPGe

detector. Therefore, the neutron fluence rate is
estimated by a short-time measurement with a high

degree of precision by the activation of an NaI

scintillator.
– A detection medium is activated, and its activity is

measured by itself. Consequently, there is no need to

move an activation material for the measurement, and
this allows the method to be applied to on-site

measurements.

– Due to the short half-life of 128I, the activity generated
in an NaI scintillator decreases rapidly and almost

disappears in 1 day. On the other hand, the half-life of
198Au is 2.7 days, and thus the residual activity remains
active for several days.

– The component of 128I activity is easily extracted from

the total activity by fitting of the decay curves of 128I
and 24Na.

The self-activation of an NaI scintillator was applied

successfully to neutron measurements at a clinical linac,
and the neutron fluence rate was estimated at the isocenter

and at 30 cm from the isocenter. The production of 126I by
the reaction 127I(c,n)126I was observed when the NaI

scintillator was irradiated directly by high-energy X-rays,

whereas this was not observed for the NaI scintillators
irradiated outside the irradiation field.

In conclusion, NaI scintillators or other scintillators that

contain iodine potentially have applicability for quasi real-
time monitoring of neutrons in a radiotherapy room.
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