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Radioactive materials are produced when a linear accelerator (LINAC) generating high-
energy X rays is operated. The following two methods are followed for disposing of these 
materials in Japan: 1) consigning disposal of the materials to the Radioisotope Association or 
2) using a radioactive contaminant confirmation system that allows very-low-dose radioactive 
contaminants to be disposed of as industrial waste. Identification of radioactive nuclides is 
required for both methods, and nuclide identification using a high-purity germanium (HPGe) 
detector is indispensable under the existing circumstances. Upon the disposal of a LINAC 
in this study, we conducted nuclide analyses using both an HPGe detector and an NaI(Tl) 
detector, and compared the results. Eleven nuclides were detected in the analysis using the 
HPGe detector. 51Cr, 54Mn and/or 58Co, 60Co, 65Zn, 124Sb and 198Au could be detected using the 
NaI(Tl) detector, while 57Co, 110mAg, 181W and 196Au could not be identified with this detector. 
However, if the count of a spectrum is large and the energy distribution waveforms bore no 
similarity, nuclides could be identified. The study suggests that an NaI(Tl) detector could be 
also used for measurement of radioactive materials.

Key words: Radioactive Material, linear accelerator, spectrum analysis, High Purity Germanium 
detector, NaI(Tl) detector
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1.  Introduction

Technology for radiotherapy has advanced in recent 
years, and high-energy X-rays of 10 MV or higher can 
be produced for appropriate dose distribution even in 

deep parts of the human body1, 2). Radioactive material 
produced secondarily by the use of a linear accelerator 
(LINAC) becomes a problem upon disposal of a LINAC 
that has been generating high-energy X-rays.
Radioactive materials are divided into those with short 
half-lives and those with long half-lives, and the method 
of consigning disposal of the materials to the Japan 
Radioisotope Association as radioactive waste can be 
used for both types. Reporting produced nuclides and 
amounts thereof is required for this purpose, and there 
are restrictions on the consignment of waste for which 
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this report is not made and/or the safety of which is 
not assured3). Regarding exhaust and discharged water 
released from facilities using radioisotopes, disposal 
standards are prescribed in “the Laws Concerning the 
Prevention from Radiation Hazards due to Radioisotopes 
and Others” of Japan, which assumes dif fusion and 
dilution for these exhaust and liquid wastes. Such 
standards have not been established for solid waste, 
however. Storage and disposal has been undertaken 
for ever y contaminated material once, regardless of 
contamination levels, including very low ones. The stored 
quantity of radioactive waste is therefore increasing 
yearly, and storage space is approaching the limit in 
some plants4). For these reasons, a clearance system 
was introduced for excluding radioactive substances 
with negligible radioactivity concentrations from 
these regulations, such as solid waste generated from 
radioisotope-using facilities. This clearance system, the 
“radioactive contaminant confirmation system” was 
introduced by legal amendments that came into ef fect 
on April 1, 2012. The policy makes possible reuse, or 
disposal based on the Waste Disposal & Public Cleaning 
Law, of radioactive materials excluded from the radiation 
protection regulations.

Identification of radioactive nuclides is indispensable 
for the use of the radioactive contaminant confirmation 
system in Japan5), and spectrum analysis is necessary for 
the identification of nuclides. High Purity Germanium 
detectors (HPGe detectors) have good spectrum peak 
resolution and enable highly precise identification of 
nuclides, but are expensive and require complicated 
operation. A small number of facilities, therefore, own the 
detectors. On the other hand, NaI(Tl) detectors are lower 
in price and relatively easy to use in comparison with 
HPGe detectors, but have much lower energy resolution. 

Accordingly, NaI(Tl) detectors are generally not used for 
this kind of measurement. Taking the replacement of a 
LINAC at the Hirosaki University Hospital’s Department 
of Radiology as an opportunity, we measured radioactive 
waste parts. Identification of nuclides was carried out 
using both a HPGe detector and an NaI(Tl) detector, 
which were then compared and examined. In this study, 
we examined whether or not a NaI(Tl) detector can be 
used for measurement of radioactive materials under the 
clearance protocol from the viewpoint of identification of 
radioactive nuclides.

2.  Materials and methods

Accelerator (LINAC) and parts measured
The measured LINAC was an EXL-20TS manufactured 
by the Mitsubishi Electric Corporation. Irradiation 
began in October, 2000 and the ended at 12:00, June 7, 
2010. The annual total monitor unit (total monitor unit: 
MU) was 2.62 × 106 MU. X ray energy were 4, 10 and 15 
MV, and the energy of electron beams were 4, 6, 9, 12, 
15, 18 and 20 MeV. The proportion of total energy used 
for X-ray beams in all fields were 0.44, 0.41, and 0.12 for 
4 MV, 10 MV, and 15 MV operating energies, and the 
remaining energy were used for electron beams. The 
LINAC was dismantled starting on June 8, 2010 along 
with its replacement, and analyses of radioactivity and the 
spectrum of each component were conducted from June 
8 to July 22.

We measured the following six objects: (1) an electron 
beam exit window (window part: Ti, Cu) (peripheral 
part: Fe, Cr, Ni (stainless steel)), (2) a target (4 MV: Pt, 
solder (Cu+Au), impurities (Zn, Fe, Cd, Pb)), (10, 15 MV: 
Cu) (3) a primary collimator (Fe, Ni, W), (4) a 10 MV 
flattening filter (Cu, W), (5) a 15 MV flattening filter (Fe, 
Ni, Mo, W), and (6) a lead shield (lead alloy: Sb, Pb) on 
the undersurface of a flattening filter (a turntable). A 
schematic depiction of the head of the linear accelerator 
with the positional relation of the measured objects is 

Fig. 1.  Schema of linear accelerator head manufactured by Mitsubishi 
Electric Corporation (not to scale).

Fig. 2.  Overview of measuring gamma-ray spectrum with NaI(Tl) 
detector (target for measurement (5)：  15 MV flattening filter).
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shown in Figure 1.

Gamma spectrum analysis
During measurement with a NaI(Tl) detector, a 
spectrum was obtained by amplifying a signal, obtained 
by NaI(Tl) cr ystal (Scionix Holland; Type: 51B51/2) 
(Cr ystal: 51 mm diameter x 51 mm deep cylinder), 
with a photomultiplier base as preamplifier (Model 276, 
OR TEC) and an amplifier (Model 1570, OR TEC), and 
conducting a multi-channel analysis of the amplified 
signal using the MCA TRUMP PCI 8k (ORTEC). Multi-

channel analyzer (MCA) was set at the 1024 ch at a 
gain of 2.9319 keV/ch, and energy resolution was 4.5% 
at 1.33 MeV γ -ray peak from 60Co. The energy range 
to be measured was specified to be 3 MeV or less. This 
value was determined by confirming an optimum energy 
range through a preparatory experiment undertaken 
in advance. The measuring time was specified to be 
20,000 sec in consideration for throughput and short half-
life isotopes decay, and the measurement was carried 
out approximately two weeks after the last irradiation. 
For the measurement, a circumference around the 

Fig. 3.  The gamma energy spectra of electron beam exit window. Fig. 6.  The gamma energy spectra of 10 MV flattening filter.

Fig. 4.  The gamma energy spectra of target. Fig. 7.  The gamma energy spectra of 15 MV flattening filter. 

Fig. 5.  The gamma energy spectra of primary collimator. Fig. 8.  The gamma energy spectra of lead shield located under 
flattening filter.
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NaI(Tl) detector was covered with lead blocks (Fig. 2). 
For measurement with an HPGe detector, a Detective-
EX (OR TEC) (Crystal: 50 mm diameter x 30 mm deep 
cylinder) was used, and MCA was set at the 8192 ch at 
a gain of 0.3666 keV/ch (energy resolution; 0.16% at 1.33 
MeV (60Co γ -ray peak)). This measurement was carried 
out approximately three weeks after the last irradiation. 
Both detectors were calibrated by using the peaks of 
60Co. Measuring time for the objects to be measured, (1), 
(4) and (5), was 7,200 sec, and measuring time for (2), (3) 
and (6) was 3,600 sec.

Measurements were all set to a live-time mode. A 
Spectrum Navigator (SEIKO EG&G) was used for 
spectrum analyses. Background radiation data was 
subtracted from each spectrum data set measured, then 
a peak search was performed by first order dif ferential 
using Spectrum Navigator, and finally nuclides were 
identified manually in consideration of the composition of 
each radioactive material, literature data of measurement 
of radioactive materials, and energy of radiation released 
from radioactive nuclides6-9).

3.  Results

Measured spectra
Results of spectrum analysis using the NaI(Tl) detector 
and the HPGe detector are shown in Figures 3–8. Peaks 
obtained using the HPGe detector were clear, and none of 
the nuclides could be identified with the NaI(Tl) without 
also being identified using the HPGe detector. 57Co was 
detected in all measured objects excluding the lead 
shield, but nuclide identification could not be made using 
the NaI(Tl) detector. In addition, peaks corresponding to 
58Co (811 keV) and 54Mn (835 keV) detected by the NaI 
(Tl) could not be separated from each other, so the two 
kinds of nuclides could not be identified from the peak. 
Nuclides could not be identified in the 10 MV flattening 
filter because the count was low under the measurement 
conditions for the NaI(Tl) detector and clear spectra 
could not be obtained. Other radioactive-material nuclides 
which could not be identified were 196Au in the target, 
181W in the primary collimator, and 181W in the 15 MV 
flattening filter. The summary of the results for nuclide 
identification in each measured object is shown in Table 
1, and possible way of production is shown in Table 2. 
51Cr, 54Mn, 57Co, 58Co, 60Co, 65Zn, 110mAg, 124Sb, 181W, 196Au 
and 198Au, eleven nuclides in total, were detected from the 
analyses using the HPGe detector. Only 51Cr, 54Mn and/or 
58Co, 60Co, 65Zn, 124Sb and 198Au could be detected by the 
NaI(Tl)detector.

4.  Discussion

With a trend of higher energy of X-ray output from 

LINACs and improvements in the ef f iciency of 
radiotherapy, the radioactivity of radioactive materials 
also tends to be higher. Radioactive nuclides are 
generated by photonuclear reactions (γ , p), (γ , n) in the 
substances surrounding a target. Neutrons are generated 
by this photonuclear reaction, and the metal of the linear 
accelerator head is radioactivated by an indirect (n, γ ), 
(n, p) reaction. Each element has a threshold energy for 
initiating a photonuclear reaction: the energy of light 
elements is approximately 10–18 MeV and that of heavy 
elements is approximately 5–9 MeV11). The accelerating 
voltage for X-ray irradiation by the LINAC whose parts 
were measured in this experiment was 4, 10 and 15 MV. 
The threshold energy were exceeded at the 10 and 15 
MV accelerating voltages. This study was performed in 
order to investigate nuclide identification of radioactive 
materials for the clearance system using an NaI(Tl) 
detector.

According to a report by Fischer et al., 21 kinds of 
radioactive materials have been confirmed in a LINAC, 
and are diverse, ranging from short half-life materials 
to long-half-life materials5). The results of the analysis 
presented above makes clear that various nuclides are 
generated. Spectra obtained with the NaI(Tl) detector 
were low in energy resolution in comparison with data 
obtained using the HPGe detector, and among them 
there were some spectra for which nuclide identification 
was dif ficult. Peaks corresponding to 58Co (811 keV) and 
54Mn (835 keV) detected by the NaI(Tl) detector could 
not be separated from each other, and the two nuclides 
could not be identified from the peak. The peak of 65Zn 
(1116 keV) in the spectrum of the target was close to the 
energy (1173 keV) of 60Co and was therefore dif ficult 
to distinguish, but, partly because the material of each 
measured object was already known, identification of 
nuclides was possible (the count was low for the 15 MV 
flattening filter and a nuclide could not therefore be 
identified) (Fig. 4). Nuclide identification was dif ficult 
for the 10 MV beam-flattening filter, since the spectrum 
count was low and 110mAg releases a plurality of γ  rays 
(658, 764, 885 and 937 keV) in the close energy range, 
(Fig. 6). Although we did not list 109Ag in the materials of 
10 MV beam-flattening filter, 110mAg can be produced by 
neutron capture of 109Ag. It was sometimes reported that 
110mAg was identified in linear accelerators8, 10). As one of 
the causes, it is thought that silver had contaminated the 
10 MV beam-flattening filter as an impurity. In the case of 
the NaI(Tl) detector, identification of nuclides of 57Co (122 
and 136 keV) and 181W (57 and 66 keV), both of which 
release low-energy radiation, was not achieved because 
the energy of radiation released by 57Co is very close to 
the radiation energy released by 181W.

Since the results of the analysis using the HPGe 
detector show that if two nuclides, 58Co and 60Co, were 
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detected, 57Co was also detected (Table 1), the three 
nuclides, 57Co, 58Co and 60Co, should be detected with 
high probability. With the NaI(Tl) detector, 58Co and 60Co 
could be identified and a peak itself near 57Co (122 and 
136 keV) could be detected, making nuclide identification 
for 57Co possible. In the case where the material contains 
W, 181W was detected by the HPGe detector, and 181W can 
therefore be detected by a NaI(Tl) detector, in a similar 
fashion as 57Co. The accumulation of data from this 
kind of analysis using an HPGe detector should improve 
identification accuracy. From the above, it is considered 
that an NaI(Tl) detector can identify nuclides in general 
with large spectrum counts and when the material of an 
object to be measured is already known.

Fischer et al. repor ted that the most impor tant 
isotopes, considering radioactivity, dose rate, and half-
life, are 28A1, 54Mn, 56Mn, 57Ni, 60Co, 62Cu, 64Cu, 124Sb, 187W 
and 196Au12). Among these, the isotopes observed in this 
experiment were 54Mn, 60Co, 124Sb and 196Au. A spectrum 
analysis was conducted on the irradiation window part 
of a linear accelerator head before dismantling in the 
case of the measurement by Fischer et al. In contrast, 

Table 1.  Radioactive nuclides identified using Gamma ray 
spectroscopy with NaI(Tl) and HPGe detectors 

Mesurement targets
(constitutional elements)

NaI(Tl)
detetor

HPGe
detector

(1)Electron beam exit window 51Cr 51Cr
(Cu, Ti, Cr, Fe, Ni) 54Mn
 54Mn and/or 58Co 57Co

60Co 58Co
60Co

(2)Target 51Cr 51Cr
(Cu, Zn, Fe, Cd, Pt, Au, Pb) 54Mn

57Co
54Mn and/or 58Co 58Co

60Co 60Co
65Zn 65Zn

196Au
198Au 198Au 

(3)Primary collimator 57Co
(Fe, Ni, W) 54Mn and/or 58Co 58Co

60Co 60Co
181W

(4)10 MV flattening filter 57Co
(Cu, W) 110mAg

181W
(5)15 MV flattening filter 54Mn

(Fe, Ni, Mo, W) 57Co
54Mn and/or 58Co 58Co

60Co 60Co
65Zn
181W

(6)Lead shield located under flattening 
filter (Sb, Pb)

124Sb 124Sb

  

the spectrum analysis was conducted on each waste part 
after the dismantling in our experiment. As at least one 
week had passed from the stop of the use of the LINAC 
to its measurement, the short half-life isotopes measured 
by Fischer et al. were not observed in our measurements.

Regarding the decrease of radiation doses of radioactive 
materials, Fujibuchi et al. reported that a dose rate at 
a position 50 cm above the head of a linear accelerator 
drops to 10% or less in a week. Therefore, a cooling time 
of several days is ef fective for lowering the dose rate to 
a level acceptable for disposal6). Seino et al. reported that 
after one month had passed from dismantling of a LINAC, 
radiation count rate on the surfaces of a beam duct in 
a bending part, a target, a 4 MV flattening filter and a 
monitor chamber dropped to a level near background 
radiation13). From the above, it is clear that even for a 
nuclide with a large measurement count, the dose rate 
lowers and falls below the clearance level with cooling 
time. On the other hand, in measurement of radioactivity 
in a head of a 15 MV accelerator, performed by Brusa 
et al. one year after a cooling period, specific activities 
of most radioactive materials were lower than 1 Bq/g. 
They still reported 54Mn, 57Co, 60Co, 65Zn, 181W and 55Fe as 
radioactive materials potentially exceeding the clearance 
level (1 Bq/g)7). They also reported that since radiation 
released from these metals can be easily shielded, building 
a storehouse is not especially important. Among the 
abovementioned nuclides, those which could be detected 
by an HPGe detector but not by an NaI(Tl) detector were 
54Mn, and 57Co and 181W, all of which release low-energy 
radiation. Distinguishing 54Mn with a NaI(Tl) detector 
was dif ficult because 54Mn competed with a peak of 58Co, 
but the identification of nuclides is possible since the half-
life of 58Co is 71 days and its radioactivity after one year 
decreases significantly. Therefore, if the identification of 
nuclides of 57Co and 181W can be successful, an analysis 

Table 2. Possible methods of production of radioactive 
nuclides1, 6, 8-10 , 12) 

Radioactive 
nuclides Possible way of production Half-life

51Cr 50Cr (n, γ )51Cr 27.7 d
54Mn 55Mn (γ , n) 54Mn,  54Fe (n, p)54Mn 312.1 d

57Co
58Ni (γ , n) 57Ni → EC β + → 57Co
58Ni (γ , p)57 Co 271.7 d

58Co 59Co (γ , n) 58Co,  58Ni (n, p) 58Co 70.9 d

60Co
59Co (n, γ ) 60Co,  60Ni (n, p) 60Co
61Ni (γ , p) 60Co 5.3 y

65Zn 66Zn (γ , n) 65Zn 244.1 d
110mAg 109Ag (n, γ ) 110mAg 249.8 d

124Sb 123Sb (n, γ ) 124Sb 60.2 d
181W 182W (γ , n) 181W 121.2 d
196Au 197Au (γ , n) 196Au 6.2 d
198Au 197Au (n, γ ) 198Au 2.7 d
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using an NaI(Tl) detector will be also useful in measuring 
radioactive materials after a cooling period.

Even if a cooling period is provided, identification of 
nuclides is necessar y upon disposal of the parts of a 
LINAC that has been radioactivated to a level higher than 
the clearance level. Hospital facilities will decide whether 
disposal should be consigned to a dealer as in the past, 
or the radioactive contaminant confirmation system 
should be used instead. The amount and storage cost of 
the radioactive materials, as well as the labor and other 
costs necessary for the respective methods will be taken 
into consideration. The results reported above suggest 
that if the composition of an object to be measured is 
already known, an NaI(Tl) detector can be used for the 
measurement of the radioactive materials accompanying 
the disposal of a LINAC. It will be necessary to examine 
radioactive concentration for clearance protocol using an 
NaI(Tl) detector in the future.

5.  Conclusion

In conclusion, some kinds of nuclides could be detected 
in the analysis using an NaI(Tl) detector in identification 
of nuclides of the LINAC. It is considered that an 
NaI(Tl) detector can be used for the measurement 
of the radioactive materials in the LINAC when the 
constitutional elements of the materials are already 
known and data is accumulated using an HPGe detector. 
However, it will be necessar y to examine radioactive 
concentration for deciding whether radioactive materials 
using an NaI(Tl) detector in the future.
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