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A procedure for minimizing the environmental burden and maximizing the efficiency of storage sites used for the final dis-
posal of spent fuel has been proposed. In this procedure, fission products (highly mobile and producing heat) are collected, 
and uranium and TRU-RE (transuranium-rare earth) oxide are independently stored. The possibility and applicability of 
radiation measurement for monitoring the nuclear materials effectively throughout the process has been simulated and 
evaluated. For the simulation, the properties of the chemical processes were analyzed, the major radiation emitters were 
determined, and the production of nuclear materials by chemical reactions were evaluated. In each process, the content of 
nuclear material was changed by up to 20% to represent abnormal conditions. The results showed that the plutonium peak 
was matched with the change in the TRU content and the measured signal was changed linearly with respect to the content 
change of the plutonium. From the neutron measurement, a linear response of the TRU content variation was obtained. In 
addition, a logic diagram was developed for the nuclear monitoring. The integration of radiation detections is recommended 
for monitoring the process effectively and efficiently. 
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1. Introduction 

As nuclear energy will play an important role in reduc-
tion of global carbon emissions and energy supply, a steady 
increase in nuclear power plant is also expected in Korea. 
However, due to the long-term operation of nuclear power 
plants, wet storage within the power plant is reaching the 
point of saturation for spent fuel. As an alternative, tempo-
rary use of a new power plant storage pool and construction 
of a dry storage facility near the power plant are planned, 
however, ultimately, a final disposal site is required. Ap-
proximately 750 tons of spent nuclear fuel is generated 
annually in Korea; with approximately 400 tons from 
light-water reactors and 350 tons from heavy-water reac-
tors. Storage facilities are expected to be saturated starting 
in 2021 for the heavy water reactor, Wolseong, and for the 
light water reactor in that order: Hanbit ’30, Hanul ’30, Kori 
’32, and Shin Wolseong ’42. Moreover, following the deci-
sion to dismantle Kori Unit 1, there is an urgent need for a 
plan to export and manage the spent nuclear fuel stored in 
wet storage. Therefore, it is necessary to quickly prepare a 
final disposal site for spent fuel and develop core technolo-
gies for the safe management of spent fuel.

In order to maximize the economy, efficiency, and 
stability of spent nuclear fuel management, a research is 
being conducted on various technologies to minimize the 
environmental burden during final disposal, through burn 
of major toxic materials using the nuclear fuel cycle and 
chemical process for high heat production and mobile ma-
terials [1]. In developing the chemical process, it is nec-
essary to secure monitoring technology that can evaluate 
nuclear materials in the process. A nuclear material moni-
toring that reflects non-proliferation requirements from the 
early development stage of the process is also a recommen-
dation in the international nuclear non-proliferation system. 
Additionally, according to the U.S. 10CFR, nuclear materi-
als and high-level waste must be subject to verification and 
monitoring of major nuclides. 

The possibility of measurement of emitted radiations 

from nuclear material was investigated for application of 
nuclear monitoring in the selected chemical process. Ma-
jor gamma rays and corresponding nuclei are well defined 
property and neutron emitters are also well known infor-
mation for spent fuel [2, 3], even though the information 
depends on initial enrichment and burnup. To simulate 
monitoring of nuclear materials in the process, the nuclear 
materials produced in the chemical process were evaluated, 
and the major nuclides and measurable radiations were 
determined for each salt process. The appropriate loca-
tion of detectors for radiation monitoring was determined. 
The radiation signal was obtained and analyzed for normal 
and abnormal conditions. The spectrum analysis was per-
formed when abnormal processes occur. The relationship 
of the measurement signals for the change of nuclear mate-
rial contents was investigated and the linearity of signals 
was analyzed at the selected energy and total detection sum 
for all processes. For the final product, fuel block, radiation 
measurement technology was also applied to determine 
continuous of nuclear material information. In addition, an 
algorithm for predicting the operation status of the process 
was developed. 

The radiation measurement is relatively simple and con-
venient way in monitoring nuclear materials for the process, 
because major gamma and neutron emitters are prominent 
and TRU-RE is conserved in the process. Therefore, if ra-
diation monitoring system is accompanied by current moni-
toring technologies [4-8], it will be very effective and effi-
cient in monitoring nuclear materials for the process. 

2.  Process for Reducing Environmental 
Burden

Various chemical processes are being developed to re-
duce the environmental burden when disposing of spent 
nuclear fuel [1]. In the development, safe management of 
storage site was also considered in final disposal of spent 
fuel. In the selected process [1] for the simulation, the main 
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heat production materials, Cs and Sr, and the highly mobile 
materials, I and Tc, are separately collected and disposed as 
a waste. The selected process stores TRU-RE and uranium 
oxide independently from spent fuel. The characteristics of 
internal process were analyzed and the process products, 
salt substances, and major radioactive nuclides are evalu-
ated and determined [1]. In the process, uranium oxide is 
recovered in LiCl−KCl, which contains most of the con-
tent of spent nuclear fuel, and uranium block is fabricated 
to manage storage site independently. TRU-RE chloride is 
produced in NH4Cl and LiCl−KCl. TRU-RE phosphate is 
finally collected in Li3PO4. It is fabricated as a block form 
to dispose at the final storage site. Therefore, uranium and 
TRU-RE are not mixed in the final disposal. From the in-
dependent disposal, the process has the advantage of maxi-
mizing the capacity of the final disposal site. Moreover, the 
process has the feature that TRU-RE is always consistent 
in the internal process, without separation and extraction. 
Therefore, plutonium is conserved within TRU in the entire 

process. The simulation was performed to determine the 
applicability of radiation monitoring and the feasibility of 
measurement signals on the process. Moreover, the devel-
opment of the process is expected to contribute not only to 
the management of spent nuclear fuel, but also to increas-
ing safety in the final disposal of high-level waste at nuclear 
fuel cycle.

3. Radiation Monitoring

3.1 Process Property 

3.1.1 Head-end process

The nuclides emitting main gamma-ray from spent fuel, 
such as 60Co, 95Zr, 95Nb, 105Rh, 65Zn, 137Cs, 134Cs, 144Pr, and 
154Eu [2, 3], are used for measurement. The structure is dis-
assembled from the spent fuel assembly in the head-end 
process, and the major gamma-ray emitting nuclides from 

Nuclide
(ZZAAA)

Content
(wt%)

Nuclide
(ZZAAA)

Content
(wt%)

Nuclide
(ZZAAA)

Content
(wt%)

8016 1.16410×10−1 60147 1.85244×10−16 92233 2.50776×10−11

36083 7.44654×10−7 61147 1.21899×10−5 92234 7.90677×10−7

42095 6.87372×10−4 62147 2.17084×10−4 92235 7.71366×10−3

45103 4.27620×10−4 60148 3.35702×10−4 92236 3.83065×10−3

46105 3.40362×10−4 61148 2.20648×10−18 92238 8.14496×10−1

45105 2.80119×10−17 61149 2.13509×10−17 93237 3.30917×10−4

46108 1.20277×10−4 62149 3.31162×10−6 94238 9.30968×10−5

47109 7.68853×10−5 62150 2.71226×10−4 94239 4.62566×10−3

48000 7.94086×10−8 62151 1.23013×10−5 94240 1.92605×10−3

53127 7.49858×10−7 62152 1.14834×10−4 94241 7.01519×10−4

54131 7.40779×10−6 63151 9.97031×10−7 95241 4.46742×10−4

55135 6.27974×10−6 63153 1.05279×10−4 95242 3.89381×10−7

53135 2.49381×10−19 63154 1.36336×10−5 94242 4.41929×10−4

54135 3.76187×10−19 63155 7.94059×10−7 95243 9.15009×10−5

60143 7.24303×10−4 64155 1.03129×10−5 96244 4.40000×10−7

60145 6.16509×10−4 64157 3.74738×10−8

Table 1. Spent fuel composition for the process (4.5%, 55 GWd·MTU−1, 10 yrs cooling)
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the structure material are removed through the decladding 
process. Cesium, a representative and volatile nuclide emit-
ting intense gamma rays [2, 3] from spent nuclear fuel, is all 
collected as the process temperature increases and disposed 
of as waste. Therefore, the monitoring simulations were 
performed by assuming that there would be no interference 
in gamma ray measurement by cesium isotopes in further 
process. In the head-end process, the form of oxide powder 
is produced and supplied to the MgCl2 salt process. Iodine, 
technetium, and krypton are captured and disposed of as 
waste. The possibility of measuring 239Pu and 235U from the 
oxide powder, including uranium, TRU, and fission prod-
ucts, was simulated. Almost all of the major rare-earth gam-
ma-ray emitting nuclides are present, and 244Cm, the major 
neutron emitting nuclide, remains constant along with TRU. 
To perform the radiation monitoring, the composition of 
spent nuclear fuel was obtained from 4.5% enrichment, 55 
GWd∙MTU−1 burnup, and the 10 years of cooling [9]. Table 
1 shows the spent fuel composition for the simulation.

3.1.2 Salt process

Since nuclear materials and rare-earth materials coex-
ist in the TRU-RE oxide and chloride product during the 
chemical reactions, the possibility of measuring gamma 
ray emission from 239Pu and 235U along with 144Pr and 154Eu 
was evaluated. Due to the presence of TRU in all processes, 
measurement of spontaneous fission neutron emission by 

244Cm was also evaluated for nuclear monitoring. The major  
product by chemical reaction in the internal process is sum-
marized [1]; 

•  Uranium and (TRU+RE) oxide is present and stron-
tium and barium are collected in MgCl2 salt

•  The oxidized nuclear material is separated into chlo-
ride of (TRU-RE) and oxide of uranium by applying 
NH4Cl and uranium oxide is selectively recovered in 
LiCl−KCl

•  Finally, (TRU+RE) phosphate is obtained from (TRU+ 
RE) chloride in Li3PO4 salt

The schematic view of material flow, reactors, chemical 
salt and detectors for radiation monitoring are summarized 
in Fig. 1.

3.2 Simulation on Abnormal Condition

In order to estimate the possibility of applying nuclear 
material monitoring through radiation measurement, the 
condition was determined that can cause abnormal inter-
nal processes. The measured signals for major nuclides 
were analyzed by changing nuclear material content, up 
to 20% [10, 11, 12]. Since the nuclear materials generated 
in each process exist in the form of oxides and chlorides, 
and with the salts, simulations were performed to suit the 
characteristics of the nuclear materials in each process. In 

Fig. 1. Schematic view of radiation monitoring.
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the simulation, the detection possibility in the event of an 
abnormal condition, the relationship between signal and 
content change in nuclear material, and the linearity of the 
measurement signal were analyzed. The gamma-ray emit-
ting nuclides, their energies and intensities, were deter-
mined, and the energy spectrum of the neutron source was 
utilized for the measurements. Alumina with a diameter of 
40 cm, a thickness of 5 cm and a height of 100 cm was 
used as the chemical reactor. The amount of spent nuclear 
fuel processed in the reactor was assumed to be 2 kg. The 
density of the salt in the process was 1.5 to 4 g·cc−1 depend-
ing on the type of salt, and the density of oxidized nuclear 
fuel block was 5.6 g·cc−1 in the simulation [13]. At the final 
product, solidified blocks of 5 cm in diameter and 10 cm 
in length were created for the fuel block. By considering 
disposal site, the total length of the block was assumed to 

be 100 cm. In addition, the assembly of fuel blocks was 
composed of 5×5 by considering the equivalent volume of 
spent fuel assembly.

3.2.1 At head-end-process 

Cesium directly affects the measurement of plutonium 
and may cause signal distortion in the measurement of plu-
tonium. Therefore, the possibility of measuring plutonium 
according to changes in Cs content (10, 100, 1,000 times 
reduction based on spent nuclear fuel) was examined and 
the relationship in the measurement signal was analyzed. 
To measure emitted gamma rays, the CdZnTl (1 inch in dia, 
2 inches long) was used and a 10 cm thick lead shielding 
material was applied around the detector. The detector was 
located above the center of the chemical reactor. From the 
measurements, the plutonium peak started to appear at a 

Fig. 2. Measurement influence by Cs in the head-end process (gamma).
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10 times reduction of Cs, but the plutonium peak becomes 
evident at a 100 times reduction of Cs, as shown at Fig. 
2. Moreover, changes in cesium content affect the overall 
measurement probability in the low-energy region. There-
fore, even though it is a small amount presence of cesium, it 
influences on the plutonium measurement. At the head-end 
process, a clearance of cesium is very important for further 
measurements.

Additional simulations were performed for the applica-
tion of nuclear monitoring through neutron emission mea-
surements. The major source neutron is emitted from 244Cm 
by spontaneous fission for TRU. The 4He detector was used 
in neutron measurement (1 inch in diameter and 2 inch long),  
and a 10 cm thick polyethylene shielding material was used 
around the detector, which was located above the center of 
the chemical reactor. The 4He has the characteristic of hav-
ing a reaction threshold with neutrons at high energy, there-
fore, it is suitable for measuring fast neutrons. The detection 
signal in the simulation was obtained by using the MCNP 
code [13]. The detected signal is simply expressed as

ɛ ∫A ∫E φ (r,E,t)σreaction) dEdA (1)

where φ(r,E,t) is the source neutron arriving at detec-
tor, depending on position, energy and time, σreaction is the 
energy dependent reaction cross section at detector, A is the 
detector area, and ɛ is the detector efficiency. The reaction 
cross section is totally dependent on detector material. The 
detected signal was classified by the neutron energy. In the 
simulation, the change in the measurement signal was ana-
lyzed while reducing the nuclear material content by 5, 10, 
15, and 20%. Considering the characteristics of the instru-
ment, a relatively high energy region, above 0.1 MeV, was 
used. The reduction in neutron signal due to the decrease in 
nuclear material content was clearly shown in the detected 
energy spectrum, at Fig. 3. Moreover, for practical neutron 
measurement, the total energy sum of the measured sig-
nals was also investigated. The result shows that the mea-
surement signal decreases linearly as the nuclear content 

decreases. Therefore, it was shown that it is possible to de-
tect signals according to changes in nuclear material con-
tent even from the measurement of neutron signals.

3.2.2 At salt process

For the nuclear monitoring of salt processes, simula-
tions were performed when the nuclear material content 
changes in the salt process. The linearity between the signal 
and the content change was verified and the possibility of 
determining whether there is an abnormality in the process 
was evaluated. The simulation on the detection signal was 
performed using the MCNP code [13]. The detected signal 
is simply expressed as 

ɛ ∫t ∫E h(E) φ (r,E,t) dEdt (2)

where h(E) is energy deposition at the detector, φ(r,E,t) 

is the photon arriving at the detector and ɛ is detector ef-
ficiency.

From the measurement results in Fig. 4, there was an 
energy peak of gamma ray emitted by plutonium from the 
uranium and TRU oxide mixture in the MgCl2 salt, and 
linearity according to content reduction was satisfied. It 
shows the reliability of the detection of changes in pluto-
nium due to changes in TRU content. In the NH4Cl reaction, 
the measured spectrum was differentiated according to the 
change in the content of nuclear material, and the linear-
ity of the signal change was also shown to be satisfactory. 
In the LiCl−KCl process, a linear signal for the change in 
plutonium content was obtained through measurement us-
ing TRU-RE chloride. In the Li3PO4 additional process, a 
linear signal for the change in plutonium content from the 
TRU-RE phosphate sediment was also obtained. Therefore, 
detection of plutonium in precipitates and chloride forms 
within the process was possible. However, the simulation 
results show limitations in measuring the uranium signal. 
Therefore, there is a restriction to uranium monitoring of 
oxide and chloride forms in all salt reactions.

Neutron measurement was also investigated for process 
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monitoring. The relationship between neutron signals and 
content change of nuclear material was analyzed as well. In 
order to reduce the detection contribution from scattering of 
incident neutrons, an energy of 0.1 MeV or above was used 
when a shielding material was present. The decrease energy 
spectrum due to the decrease in nuclear material content 
was obtained in each process and the total sum of measure-
ment signals shows a linear decrease in content change, at 
Fig. 5. Therefore, it represents that process monitoring can 
be applied by neutron measurement.

3.2.3 At fuel block 

The TRU-RE phosphate block is fabricated to dispose 

in final storage site. To evaluate the radiation monitoring 
on the fuel block, gamma and neutron measurement was 
simulated. To detect changes of the plutonium content in 
the fuel block, the plutonium was measured by changing it 
up to 20%. In the spectrum analysis, the peak of plutonium 
existed in the change and the linearity of the plutonium sig-
nal according to content reduction was satisfied, as shown 
in Fig. 6. However, since the solidified body has a high 
density and is composed of TRU and rare-earth materials, 
there is a limit to the measurement of plutonium gamma 
rays beyond a certain depth (~7 cm) inside. Therefore, the 
accuracy of measurement can be improved only when the 
homogeneous condition of the solidified body is satisfied. 
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However, for the fuel block measurement, homogeneous 
condition was assumed.

Simulation of detecting nuclear material by measuring 
fast neutrons was also performed. Fig. 7 shows the geom-
etry of fuel block assembly, detector location and source 
neutron energy spectrum for simulation. The uniform 
source distribution was assumed for all fuel block. 

Fig. 8 shows the result on energy spectrum change and 
linearity of plutonium content in the detection. The mea-
surement energy spectrum shows decrease according to the 
reduction of the source intense, and the sum of the measure-
ment signals for all energies also shows a linear decrease 

with the change in content decrease. Therefore, it shows 
that detection of nuclear materials from neutron measure-
ments will be also possible when a change in nuclear mate-
rial content occurs, up to 20%. From the simulation results, 
the combination of gamma and neutron detection is recom-
mended and very effective to monitor the plutonium in the 
product. In addition, it is suggested that it would be prefer-
able to transfer nuclear materials to the next step after the 
current process is completed and to introduce new spent 
fuel rods after one campaign is done for appropriate moni-
toring of nuclear materials within the process. 

In the process, various radiations exist from the spent 
fuel. Therefore, to improve the accuracy of nuclear mate-
rial detection, the influence by adjacent radiation sources 
should be analyzed. At measurement of fuel block, the 
neutron influence from spent fuel assembly, head-end pro-
cess, and several chemical reactors was evaluated, because 
all internal processes involve TRU-RE and several fission 
products. In the case of gamma ray measurements, lead 
block remove all interference, and in the case of neutrons, 
direct measurement from the fuel block show more than 
100 times contribution than that of the surrounding influ-
ence. Fig. 9 shows the neutron detection contribution by 
surrounding sources. Therefore, when measuring direct fast 
neutrons in the high-energy region, the role of a shielding 
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material to reduce the energy of scattered neutrons is im-
portant to increase detection accuracy. 

3.3  Conceptual Design of Radiation  
Monitoring 

The conceptual design for monitoring nuclear material 
in the process was developed using measured data includ-
ing radiation detection. As the TRU-RE material is con-
served in the process, the characteristic radiation measure-
ment could be applied to verify nuclear materials effective-
ly and efficiently. For obtaining standard signals for normal 
condition, the characteristics of each internal process are 

analyzed. The conventional methodologies are determined 
to clarify the reaction in the process as well. The radiation 
measurement is additionally performed. An anomaly opera-
tion is traced by the measured data. Fig. 10 represents the 
schematic diagram for monitoring system. Logic concept 
for algorithm development is summarized below; 
1)  Determine the input nuclear material content into the 

process and establish detectors for monitoring 
2)  Obtain operating parameters for standard process
3)  In the head-end process, measure temperature, density, 

chemical form, content, error data, and radiation, check 
process operation by Cs and perform radiation monitoring

4)  In the salt and fuel block process, verify the measured 

Fig. 10. Logic diagram of algorithm for monitoring system.
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data through comparative analysis with standard data for 
nuclear material

5)  Complete the evaluation of nuclear material monitoring 
for the process through integration of all measurement 
data.

4. Results and Conclusion

The process is under development to minimize the en-
vironmental burden of spent fuel storage. The process is 
to increase the efficiency of the disposal site by separating 
and collecting uranium and TRU-RE oxide and disposing 
of them independently. Additionally, by collecting highly 
heat-generating and mobile nuclides during the process, 
the area of the disposal site will be dramatically reduced. 
Regarding the development of the process, the applicabil-
ity and feasibility were verified on the nuclear monitoring 
through real-time and effective radiation measurements. 

The condition for abnormal state was analyzed by 
changing the content of nuclear materials, up to 20%, and 
the linearity of the measurement signal was verified when 
an abnormal process occurred. From several simulations, it 
was possible to detect plutonium in the change of nuclear 
material content in sediments, chloride, and oxide form. 
It was also expected to be possible to determine whether 
there was an abnormality in the process through the radia-
tion detection. However, since there are limitations in mea-
suring uranium in all salt processes, it will be difficult to 
derive a uranium content from the measurement. Therefore, 
measurement through an active method using an external 
source is proposed for uranium assay. For the fuel block, 
TRU-RE phosphate form, the linearity of the measurement 
signal was satisfied according to the change in content. 

From simulations, it was evaluated that radiation moni-
toring of the process would be more effective through the 
combination of neutrons and specific gamma ray measure-
ment. In addition, it is believed that the development of an 
integrated system with existing technologies and radiation 

measurement will be very helpful in completing process 
monitoring of nuclear material.
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