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요 약 문

이 보고서는 2001.12 월부터 2004 년 12 월까지 3 년에 걸쳐 I-NERI 과제로 수행한 “원
전용 계측센서 개선기술개발” 과제 중 하나의 Subtask 인 “Solid State Flux Monitor 개발”
과

관련하여

수행한

연구

내용을

기술하였다.

크기가

3mm × 3mm × 0.635mm

및

3mm × 3mm × 0.381mm 인 두 종류의 Aluminum Nitride 센서 수십 개를 ORNL 에서 제작하

였으며 KAERI 에서 이들을 사용 MgO 를 절연체로 한 검출기를 제작하였다. 이 들의
원자로 출력 측정용 센서로서의 사용가능성을 분석하기 위하여 여러 가지 실험을 수행
하였으며 그 결과가 기술되어 있다. 제 1 장에서는 본 연구를 수행하게 된 배경,
Aluminum Nitride 의 기본 물성, 그리고 제작된 센서의 기하학적 형태 등을 기술하였다.
제 2 장에서는 Aluminum Nitride 의 두께 설정과 관련하여 Pulse Mode 사용 시 Gamma
Pulse 를 배제하기 위해서 필요한 적정 두께와 두께에 따른 Aluminum Nitride 의 중성자
Sensitivity 등에 대한 EGS4 및 MCNP4B 기반의 계산결과를 수록하였다. 제 3 장에서는
이들 센서를 Packaging 한 후 절연저항, Pulse Mode 측정 시 필요한 적정 사용전압, 그리
고 하나로 수조 내 실험에 필요한 신호 Cable 준비 및 제작 내용 등에 관한 내용을 기
술하였다. 제 4 장에서는 이들 Aluminum Nitride 센서를 사용하여 187 큐리 Co60, 7 만 7
천 Ci Co60, 20 만 큐리 Co60 등의 High Flux Gamma 측정실험 결과를 EGS4 를 이용하여
계산한 결과와 비교한 내용을 기술하였다. 제 5 장에서는 하나로 IR Beam Port 에서의 중
성자 Flux 측정결과, 포항 가속기에서의 Flux 측정결과, 그리고 하나로 원자로의 Cold
Neutron Source 공에서의 중성자 Flux 측정결과 등을 기술하였다. 마지막으로 제 6 장 결
론 부분에는 이상의 실험결과를 요약 분석하였으며 Aluminum Nitride 센서를 원전용
Flux Detector 로 사용코자 할 경우 보완해야 할 문제점 등에 대하여 기술하였다.
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SUMMARY

The result of a study on the “Development of a Solid State Flux Monitor” performed as part of
the I-NERI project “Development of Enhanced Reactor Operation Strategy Through Improved
Sensing and Control at Nuclear Power Plants” is described in this report. Dozens of aluminum
nitride based flux sensors have been fabricated with two different sizes 3mm × 3mm × 0.635mm
and 3mm × 3mm × 0.381mm by ORNL and were packaged with MgO insulation by KAERI for a
feasibility study to use them as the in-core flux monitor in the nuclear power plants. In chapter 1,
we describe the basic properties of the aluminum nitride and the geometric shape of the fabricated
detectors with the signal cables. In chapter 2, we describe the calculation results based on the
EGS4 and MCNP4B code to determine the neutron sensitivity of the aluminum nitride and the
optimum thickness for the gamma rejection for the case of the detectors being used in the pulse
mode operation. In chapter 3, we describe the results of measurements for the insulation resistance
and of the experiments to determine the optimum operating voltage of the sensors after the
packaging with long cables attached. In chapter 4, we describe the results of experiments to
measure the high gamma flux from the 187Ci Co60, 77,000 Ci Co, and from the 200,000Ci Co60
at the high level irradiation facility at KAERI at various distances and compared the results with
the EGS4 based calculation results. In chapter 5, we describe the results of pulse counts at the IR
beam port of the Hanaro reactor, the low flux measurements in the current mode at the Pohang
accelerator and the high flux measurements in the current mode inside the cold neutron source
hole of the Hanaro reactor. Finally in chapter 6, we analyze the above results and describe the
necessary future work.
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Chapter 1. Introduction
In this report, we describe the results of experiments performed to determine the basic
properties of the polycrystalline aluminum nitride for a possible application to a flux detector in the
nuclear power plants. This study is performed as a part of the work being done for an I-NERI
(International Nuclear Energy Initiative) project supported by the Ministry of Science and
Technology in Korea and US Department of Energy. Korea Atomic Energy Research Institute, the
Oak ridge national Laboratory, and Ohio State University have carried out the experiments for a
period of two and a half years starting from January 2002.
The physical, mechanical, thermal and electrical properties of the aluminum nitride are as
follows [1,2].
a. Physical Properties of Aluminum Nitride
Toxicity

-

Nontoxic

Density

-

3.3 g/cm3

Color

-

Tan/Gray

Crystal Structure -

Hexagonal

Water Absorption -

None

pH

-

6.3

Hardness

-

11.8Gpa

Moh’s Hardness

-

7 at 20°C

Melting Point

-

> 2200°C

b. Mechanical Properties
Flexible Strength -

290Mpa

Modulus of Elasticity-

331Gpa

Poisson’s Ratio

0.22

-

c. Thermal Properties
Thermal Conductivity-

175 W/mK

Coefficient of expansion-

4.6×10E-6 (20 - 400°C)

Maximum Use Temperature- 800°C Oxidizing
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d. Electrical Properties
Dielectric Constant

20°C 8.9 at 1MHz

Dielectric Loss 20°C

0.0001 – 0.001 at 1MHz

Resistivity

> 10E+14 ohm-cm

Dielectric Strength

20KV mm

Bandgap

6.2e ohm-cm

The aluminum nitride is chosen for its high thermal conductivity, non-toxicity, low dielectric
loss and its low cost. The size of the aluminum nitride detector is determined so that it is small
enough to fit in the in-core detectors used in the nuclear power plants. We studied pieces of size
3mm×3mm with three different thicknesses. A series of sensors were fabricated with molybdenum
wires attached to them with cupper dots on both sides by ORNL. For the first set of sensors
fabricated in the year 2002, we used 250micron thick aluminum nitride pieces. This thickness was
determined so that the neutron pulses can be distinguished from the gamma pulses by setting a
lower limit of pulse heights (see Chapter 2).

fig.1-1. Aluminum Nitride Sensor
The second-generation sensors were fabricated in the year 2003 using 635micron thick
aluminum nitride pieces shown in fig.1-1. These are thicker and hence mechanically stronger than
the earlier sensors. We performed a set of pulse counting experiments to determine the necessary
voltage to be applied to the sensors when they are used for pulse counting purposes. We found that
the second-generation sensors require about 3,500V to collect gamma pulses from Co60 sources
(see Chapter 3). Note that the dielectric strength of the aluminum nitride is 20kVmm as shown
below and hence one can use voltages higher than 3,500V without breaking the insulation
resistance. Since we must use mineral cables for measurements inside the reactor and with the
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standard mineral cables 3,500V is too high, we had to lower the thickness.
The third generation sensors were fabricated at the end of the year 2003 with thickness of 381
micron. As described in Chapter 3, the minimum voltage required for this thickness is below 2,500V.
Thus, the 381micron thick sensors have been used mainly for the experiments even though some
experimental results and some calculations based on EGS4 and MCNP4B are related to sensors
with other thickness.
Using the aluminum nitride sensor, our aim was to measure the flux ranging up to
10 /cm ⋅sec which is the flux in the PWR nuclear power plants at the full power. We find in
15

2

Chapter 2 that the neutron sensitivity of the aluminum nitride pieces with thickness in the range of
200 micron to 450 micron is about 10 −4 and hence the number of pulses we expect from the flux in
one second is about 1010 pulses assuming the area of our sensor is 0.1cm2. Considering the fact that
with the current electronics technology, one can count only up to 10 6 counts/sec, we conclude that
the pulse counting is applicable only for ex-core measurements where the flux is below
1010 /cm ⋅sec.
2

Thus, our aluminum nitride sensors will be used for current measurements inside the reactor or
for very high flux measurements and can be used for the pulse counting for the ex-core
measurements or for low flux measurements. In the following, we describe the results of the

experiments using an aluminum nitride piece of 3mm × 3mm × 0.635mm in size for a study
to see if it can be used as an in-core detector in PWR nuclear power plants. Our
experiments were to measure the gamma flux from a 187Ci Co60 source, from the
80,000Ci Co60 source at the high level irradiation facility of the Korea Atomic Energy
Research Institute, the neutron flux in one of the beam ports of the Hanaro research reactor,
and the neutron flux in the hole designed for the cold neutron source inside the Hanaro
reactor. The measured values were checked with the EGS4 and MCNP4B based calculation
results. We then estimated the range of the current to determine at what range of the rated
power of the PWR type nuclear power plants, the detector can be used.
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Chapter 2. Flux Sensitivity and Thickness for the Gamma Rejection
A survey of studies on solid state neutron detectors shows that a natural diamond, silicon
diodes, cadmium-zinc-telluride, and scintillators like BGO have been examined.
Kranslinkov et al.[2] used a 0.2mm thick natural diamond of a 8mm2 size and showed that
the sensitivity to the deuterium-tritium neutrons is 1.7×10-4 . Maqueda et al.[3] studied a
natural diamond of the same thickness and showed that its efficiency for 14MeV neutrons
is 1.25×10-4. For the gamma sensitivity, Ndoye, et al.[4] studied a detector using a 0.15mm
thick LiF as the depletion layer for the neutrons of an energy in the range 0.5eV to 500keV.
They showed that a threshold energy higher than 600keV and lower than 2.05MeV is
necessary for the rejection of the gamma sensitivity. C. Pettrillo et al.[5] also studied the
gamma sensitivity using silicon wafers with a thickness ranging from 300µm to 30µm.
They observed that in an energy window of 10keV to 200keV on the detected energy
spectrum, the overall gamma efficiency is 3.3×10-4 when the maximum gamma background
energy is set at 10MeV.

Fig.2-1. Neutron flux inside Hanaro reactor at full power

Based on the MCNP4B calculations, we show in Chapter 5 that the neutron sensitivity
[6] of the aluminum nitride with the thickness of 0.25mm is 2.8 ×10 − 4 . The neutron flux we
used for the calculation is shown in fig.2-1 with the total flux of 0.595×1015/sec⋅cm2 while
the total gamma flux is 1.11×1015/sec⋅Cm2 shown in fig.2-2.
Throughout this chapter, we assume that the aluminum nitride sensor is a disk shaped
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plate with 1mm in diameter, thickness varying from 50µm to 250µm, and with the density
of 3.26g/cm2. Our objective is to study the sensitivity to the neutron and gamma flux at the
center hole of the Hanaro research reactor.

Fig.2-2. Gamma flux inside Hanaro reactor at full power

1. Comparison of EGS4 vs MCNP4B for Transporting Gamma Particles
In order to estimate the range of calculation errors, we computed the number of particles
interacted and the total energy deposit when gamma particles enter our aluminum sensor
using both EGS4 and MCNP4B computer codes and compared the results. In EGS4 runs,
we used 1keV and 10keV as the cutoff energies for photons and electrons respectively. The
same energy values are used for the lower bound energies in generating the cross section
table while we used 20MeV for the upper bound energy. When a particle is stopped from
being transported with its energy below the cutoff energy, the kinetic energy of the particle
is discarded in computing the total energy deposit by the particle. For the MCNP4B runs,
the total energy deposit by the gamma particles is computed from the weighted sum of the
results obtained from the ‘f8’ tally.
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Table 1. EGS4 vs MCNP4B for Photon Transportation
Thickness of AlN
No. of Photons
Interacted
Total Energy
Deposit

50µm

EGS4
MCNP4B
EGS4
MCNP4B

100µm
11

0.123×10
0.144×109
0.419×109
0.463×107

150µm
11

0.216×10
0.287×109
0.998×109
0.133×108

200µm
11

0.364×10
0.429×109
0.213×1010
0.241×108

250µm
11

0.483×10
0.570×109
0.320×1010
0.365×108

0.601×1011
0.711×109
0.435×1010
0.500×108

Fig.2-3. EGS4 & MCNP4B calculation results
(45keV photons)
Table 1 shows a summary of the calculated results by EGS4 and MCNP4B for five
different thicknesses. The number of photons interacted and the total energy deposit are the
sums of the calculated results for each of the 18 energy groups of the gamma spectrum at
full power shown in Table 2. Note that the total number of photons interacted is about 100
times larger for the case of EGS4 than that of MCNP4B and similar ratio applies to the
total energy deposit. In the following, we will just be using the results of MCNP4B
calculations since neutrons can only be transported by MCNP4B.
The three figures fig.2-3, fig.2-4 and fig.2-5 show the comparative results for the
distribution of ‘energy deposit’ by the photons interacted inside the 250µm thick aluminum
nitride.
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Table 2. Gamma flux in the CT hole of Hanaro at Full Power
Upper Energy
Gamma Flux
Upper Energy
Gamma Flux
Upper Energy
Gamma Flux

3.00E-02 6.00E-02
1.50E-01
3.26E+11 1.36E+12 1.12E+14
7.00E-01 8.00E-01 1.00E+00
4.88E+13 4.03E+13 7.35E+13
4.00E+00 5.00E+00 6.00E+00
4.88E+13 4.03E+13 7.35E+13

3.00E-01
2.45E+14
1.50E+00
1.07E+14
1.50E+00
1.07E+14

4.00E-01
1.04E+14
2.00E+00
6.08E+13
2.00E+00
6.08E+13

Fig.2-4. EGS4 & MCNP4B calculation results
(900keV photons)

Fig.2-5. EGS4 & MCNP4B calculation results
(7.5MeV photons)
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6.00E-01
1.54E+14
3.00E+00
7.82E+13
3.00E+00
7.82E+13

Table 3. No of particles Interacted and the Total Energy Deposit
Thickness of AlN
No. Interacted
Neutrons Energy Deposit
Sensitivity
No. Interacted
Gammas
Energy Deposit
Sensitivity

50µm
0.269×109
0.340×107
0.58×10-4
0.144×109
0.463×107
0.17×10-4

100µm
0.675×109
0.111×108
1.4×10-4
0.287×109
0.133×108
0.33×10-4

150µm
0.786×109
0.145×108
1.7×10-4
0.429×109
0.241×108
0.50×10-4

200µm
0.11 × 1010
0.20×108
2.2×10-4
0.570×109
0.365×108
0.55×10-4

250µm
0.130×1010
0.263×108
2.8×10-4
0.711×109
0.500×108
0.83×10-4

2. Changeover Point from the Current to the Pulse Mode
Calculations have been performed using MCNP4B to determine the efficiency or the
neutron sensitivity of our aluminum nitride sensor. For each of the 94 energy groups of the
given Hanaro neutron flux data in Table 4, we used 107 particles to compute the number of
neutrons interacted and the total energy deposit. The results are summed with the flux
counts as weighting factors. Similar calculations have been done with the gamma spectrum
data for the center hole of the Hanaro reactor at full power.

Fig.2-6. Pulse heights gen. by neutron and gamma flux from
Hanaro reactor at full power
We observe from Table 3 that the neutron sensitivity increases from 0.58×10-4 to 2.8×
10-4 as the thickness increases from 50µm to 250µm. This compares with 1.7 × 10-4 for
natural diamond detectors [2] and 1.25 × 10-5 for another diamond radiation detector for
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14MeV neutrons [3]. We compute the electric current generated by our detector at full
power by the total energy deposit multiplied by 1.6×10-19A/eV and divided by the mean
ionization energy 140eV of the aluminum nitride. A sample calculation for the case of
635µm is 0.34mA for the sum of currents generated both by neutrons and gammas as
described in Chapter 5.
Table 4. Neutron Flux in the CT hole of Hanaro at Full Power
Upper
Flux
Upper
Flux
Upper
Flux
Upper
Flux
Upper
Flux
Upper
Flux
Upper
Flux
Upper
Flux
Upper
Flux
Upper
Flux
Upper
Flux
Upper
Flux
Upper
Flux
Upper
Flux
Upper
Flux
Upper
Flux

Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy

7.95E-11
7.82E+07
2.05E-09
2.16E+10
1.79E-08
9.10E+11
7.12E-08
2.92E+12
2.83E-07
8.62E+11
1.29E-06
1.55E+12
2.05E-05
1.55E+12
3.24E-04
1.54E+12
5.14E-03
1.75E+12
8.15E-02
2.44E+12
1.04E-00
1.30E+12
1.74E-00
1.40E+12
2.89E-00
1.06E+12
4.82E-00
4.61E+11
8.03E-00
7.36E+10
1.34E+01
2.62E+09

2.05E-10
8.22E+07
3.24E-09
6.88E+10
2.25E-08
1.39E+11
8.97E-08
2.68E+12
3.57E-07
8.20E+11
2.05E-06
1.52E+12
3.24E-05
1.56E+12
5.14E-04
1.63E+12
8.15E-03
1.64E+12
1.29E-01
3.04E+12
1.14E-00
1.35E+12
1.89E-00
1.34E+12
3.15E-00
9.54E+11
5.25E-00
3.52E+11
8.75E-00
4.76E+10
1.46E+01
7.92E+08

3.24E-10
2.68E+08
5.14E-09
1.63E+11
2.83E-08
1.76E+12
1.13E-07
2.10E+12
4.49E-07
8.32E+11
3.24E-06
1.52E+12
5.14E-05
1.55E+12
8.15E-04
1.68E+12
1.29E-02
1.75E+12
2.05E-01
3.54E+12
1.24E-00
1.42E+12
2.06E-00
1.42E+12
3.43E-00
7.58E+11
5.72E-00
2.82E+11
9.52E-00
3.02E+10
1.58E+01
3.22E+08

5.14E-10
8.28E+08
8.15E-09
4.32E+11
3.57E-08
2.26E+12
1.42E-07
1.61E+12
5.66E-07
8.02E+11
5.14E-06
1.51E+12
8.15E-05
1.61E+12
1.29E-03
1.71E+12
2.05E-02
2.02E+12
3.24E-01
4.94E+12
1.35E-00
1.38E+12
2.24E-00
1.34E+12
3.74E-00
6.44E+11
6.22E-00
2.20E+11
1.03E+01
1.82E+10
1.72E+01
9.36E+07

8.15E-10
2.48E+09
1.13E-08
4.48E+11
4.49E-08
2.72E+12
1.79E-08
1.17E+12
7.12E-07
7.94E+11
8.15E-06
1.52E+12
1.29E-04
1.62E+12
2.05E-03
1.67E+12
3.24E-02
1.80E+12
5.14E-01
5.66E+12
1.47E-00
1.45E+13
2.44E-00
1.42E+12
4.07E-00
6.28E+11
6.78E-00
1.60E+11
1.13E+01
1.05E+10

1.29E-09
7.80E+09
1.42E-08
6.14E+11
5.66E-08
2.98E+12
2.25E-07
9.50E+11
8.97E-07
7.76E+11
1.29E-05
1.55E+12
2.05E-04
1.67E+12
3.24E-03
1.65E+12
5.14E-02
2.10E+12
8.15E-01
7.30E+12
1.60E-00
1.38E+13
2.66E-00
1.22E+12
4.43E-00
5.20E+11
7.38E-00
1.08E+11
1.23E+01
4.38E+09

Considering the fact that one can count at most 107pulses/sec without piling up of
pulses with the current electronics, the changeover from the current mode to the pulse
mode will be at 0.1% of the rated power. This follows from the fact that at 0.1% of the full
rated power, the total flux will be about 1012 /sec.cm2. When this flux is multiplied by the
sensitivity of 10-4, we obtain 10 8 /sec.cm2. Now, since the cross sectional area of our
detector is about 0.1cm2, we obtain 107 pulses/sec. Hence, the pulse mode can only be used
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when the rated power is below 0.1% theoretically. Furthermore, we find in the next chapter
that we need to apply a very high voltage to the sensors to collect the pulses effectively.
Note also that for the in-core measurement, we must use a very long signal cable which
will degrade the pulse heights. Therefore, we conclude that only the current mode is
applicable for the aluminum nitride sensors when they are used for in-core flux
measurements.

Fig.2-7. Pulse heights gen. by neutron and gamma flux
from Hanaro reactor - 50µm
A summary of the calculation results are shown in Table 5 where the cross sectional area
of our aluminum nitride detector is assumed to be a circle of diameter 1mm. Note that a
total of 0.468×1013 neutrons are input to the detector in each second since our neutron flux
is 0.596×1015n/sec·Cm2 and that 0.269×109 of them interacts. Similarly, we have 0.861×
1013 gammas hit our detector per second and 0.144×109 of them interacts with the detector
for the case of 50µm.
3. Lower Cutoff Energy for Rejection of Gammas
In this section, we describe the results of MCNP4B calculations performed to determine
the lower cut off energy for rejecting the gamma pulses. The three figures fig.2-7, fig.2-8,
and fig.2-9 along with fig.2-10 show the calculated pulse heights generated by our detector
with thickness of 50, 100, 150, 200, 250 micron respectively.
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Table 5. Lower cutoff energy for gamma rejection
Thickness
50µm
100µm
150µm
Lower cutoff energy
330kev
360kev
550kev
6
7
No of neutron
0.13×10
0.11×107
0.44×10
No of gammas
0.20×104
0.11×105
0.37×104

200µm
650kev
0.12×107
0.12×105

Fig.2-8. Pulse heights gen. by neutron and gamma flux
from Hanaro reactor - 100µm

Fig.2-9. Pulse heights gen. by neutron and gamma flux
from Hanaro reactor - 150µm
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250µm
740kev
0.15×107
0.14×105

Fig.2-10. Pulse heights gen. by neutron and gamma flux
from Hanaro reactor - 200µm

The darker line curves on the bottom are the counts by neutrons and the red line curves that
fall to zero faster are by gammas. All of these curves are obtained by summing the calculation
results for each of the 18 different energy groups for gammas in Table 2 and each of the 94 different
energy groups for neutrons in Table 4.

In Table 5, the cutoff energy is determined so that the ratio of the number of interacted
gammas and the number of interacted neutrons is below 1%. The number of neutrons in the
3rd row and the number of gammas in the 4th row represent the number of particles whose
deposit energy is greater than the cutoff energy. Recall that these are the computed results
for the full power of Hanaro research reactor and that the change over from the current
mode to the pulse mode is at 1% power. At 1% power, the detector will count about 105
neutrons and 103 gammas for all of the cases shown in Table 3.
In summary, we have shown that a thin aluminum nitride plate can be used as a flux
detector for a nuclear reactor with total neutron flux of 0.596×1015 n/sec·Cm2 and gamma
flux of 1.11×1015 /sec·Cm2. When the size of the detector is 1mm in diameter, the current
generated at 100% power is 5.1mA and that the number of neutron pulses at 1% power is
1.5×106 of which less than 1% are gamma pulses.
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Chapter 3. Basic Tests for the Aluminum Nitride Sensors
In this chapter, we describe how the aluminum nitride sensors are prepared before they
are used for measurements and describe the results of basic tests such as the measurements
of the leakage current and the determination of the minimum voltage required for the pulse
mode measurements.
1. Preparation of the Sensors for Low Flux Measurements

Fig.3-1. Aluminum Nitride Sensor in a Holder
Fig.3-1 shows one of the holder capsules used to hold the aluminum nitride sensors and fig.3-2
shows a drawing of the holder with its dimensions. Some of these holders are made of aluminum
and others with polyethylene. For the neutron flux measurements, we had to use the ones of
polyethylene so that we get less radioactivity after the irradiation.
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fig.3-2. Dimensions of the Sensor Holder
Using the aluminum nitride sensor in these holders, we measured the very low level gamma flux
from 25mCi Am241, 2mCi Cs137, 2mCi Co60, the low level gamma flux from the 187Ci Co60 at
KAERI, and high level gamma flux from the 77,000Ci Co60 and 200,000Ci Co60 at various
distances. The aluminum capsules and the polyethylene capsules have also been used to measure
the neutron flux of about 10 9 /cm2⋅sec at the IR beam port of the Hanaro reactor whose results are
described in Chapter 5.

2. Leakage Current Measurements for the Aluminum Nitride Sensors
The aluminum nitride sensors in fig.1-1 were repeatedly cleaned in an ultrasonic
cleaner with 2-PROPANOL (purity 99.5%), baked in a vacuum oven for over 24hours, and
molded by epoxy resin to reduce the surface current. Then, we installed a 10mega ohm
resistance to each of the sensors to protect the sensor from the electric shock when a high
voltage is applied to them. Using these sensors, we measured the noise signal with no
voltage applied to the sensor to obtain the result shown in fig.3-3. When 400V is applied,
the leakage current went up a little higher so that the average is 0.54pA as shown in fig.3-4.
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fig.3-3. Noise Signal from the Aluminum Nitride Sensor
(635micron - No voltage applied, Short cable used)

fig.3-4. Leakage Current of the Aluminum Nitride Sensor
(635micron - with a Short Cable, 400V Applied)
Fig.3-5 shows the leakage current when 1,000V is applied to the sensor. The average
of the current during a period of 30min is 0.99pA and the sigma is 0.33pA. Note that the
leakage current will change as the environmental condition changes, especially when the
humidity changes. Thus, the sensors had to be encapsulated and the leakage current after
the encapsulation is described in section 5 where the insulation resistance is measured in
place of the leakage current.
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fig.3-5. Leakage Current of the Aluminum Nitride Sensor (635micron)
with a Short Cable, 1,000V Applied

3. The Minimum Voltage Required for the Pulse Counting
To determine the optimum voltages for the 381micron thick and the 635micron thick
aluminum nitride sensors for detecting the gamma and the neutron particles, we performed
various pulse counting experiments. We applied 1,000V, 1,500V, 2,000V, 2,500V, and 3,000V to
the 381micron thick aluminum nitride sensor with a very short coaxial cable and counted the
pulses generated by the sensor. Each time we counted the background and the pulses generated by
1 µ Ci Co60. A summary of the counts in 10,000 seconds acquired by GammaVision is analyzed in
Table 6.
Table 6. Number of Pulses from 381micron Thick Aluminum Nitride
Applied Voltage

1,000V

Background
Co60

1,500V

2,000V

2,500V

3,000V

2,980

840

798

7,978

44,979

2,238

1,744

3,261

29,948

74,936

Note from Table 6 that the pulse counts less than a few thousand can be considered as a noise
and hence the applied voltage should be at least 2,500V to observe pulses from Co60. For the case of
a 635micron thick aluminum nitride sensor, we repeated the same counting experiments and the
results are shown in Table 7. From the table, one can see that the applied voltage should be greater
than 3,000V while 3,500V is better if possible to observe the pulses.

24

fig.3-6. Pulse Counts by the Aluminum Nitride Sensor(381 µ m)
Table 7. Number of Pulses from 635micron thick Aluminum Nitride
Applied Voltage
Background

1,000V

1,500V 2,000V 2,500V 3,000V 3,500V 4,000V
76

1,625

3,118

5,686

1,321

330

1,819

4,522

8,336

6

48

244

410

668

7,551

91

479

125

16

697

1,279

7,113

Average-Bkg

224

686

49

160

1,018

1,893

6,619

Average-Co60

839

625

723

173

1,258

2,901

7,725

Co60
Background
Co60

416

1,365

50

1,587

771

31

fig.3-7. Pulse Counts by the Aluminum Nitride Sensor(635 µ m)
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4. Preparation of Signal Cables for High Flux Measurements
In order to stabilize the leakage current, we had to encapsulate the aluminum nitride sensor
and a long signal cable had to be attached to the encapsulated sensor so that it can be used for the
measurements of the neutron flux in the Hanaro reactor pool. The cable is a product of Themocoax
and its material, electrical characteristics and dimensions are as shown in Table 8. Fig.3-8 shows an
encapsulated sensor with a 16m long inconnel alloy cable.
Table 8. Material, Electrical Characteristics, Dimensions of the Cable [4]
Sheath

Conductor

Insulant

Inconel
600

Inconel
600

Alumina
99.6%

Insulation
Resistance
(500VDC)

1013 at
Room
Temp.

Line
Capaci
ty

~280
pF/m

Line
Resist
Ance

Break
down
Voltag
e

11
ohms/
m

>
800V

Outer
Diameter

2 ± 0.03
mm

Sheath
Thicknes
s

Conductor
Diameter

0.32
± 0.05
mm

0.32
± 0.05mm

The sensor in fig.3-8 was insulated permanently by MgO and encapsulated by inconnel 600 as
shown in the drawing of fig.3-9. The major chemical components of inconel 600 are Ni 74.4%, Cr
15.2%, and Fe 9.0%. The resistance of the sensor after the encapsulation is measured above
5 × 1013 Ω so that the leakage current measured with 1000V applied is about 20pA fluctuating with

sigma value of about 6pA. There are two conductor lines inside the cable and the maximum voltage
that can be applied is below 1,000V. Thus, the sensor is applicable only for the measurements of a
fairly high-level neutron and/or gamma flux in the current mode.

fig.3-8. Encapsulated Aluminum Nitride Sensor#1
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fig.3-9. Drawing for encapsulation of the sensor

In order to make the cable so that voltages greater than 1,000V can be applied, we
attached to the sensor a two-wire single conductor cable (type 1 II 30 AI) as shown in fig.310. The maximum voltage that can be applied to the sensor now becomes 1,500V as seen in
Table 9.

fig.3-10. Encapsulated Aluminum Nitride Sensor #2
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Table 9. Characteristics of the Cable Used (Thermocoax 1 II 30 AI)

1 Ac Ac 10 Al

1 Ac Ac 16

1 Ac Ac 31.7
Al

1 Zs Ac 10

1 II 30 Al

Sheath

Stainless steel

Stainless steel

Stainless steel

Stainless steel

Inconel?br> Alloy
600

Conductor

Stainless steel

Stainless steel

Stainless Steel

Zirconium
copper coated
stainless steel

Inconel?br> Alloy
600

Alumina
99.6 %

Magnesia
>94 %

Alumina
99.6 %

Magnesia
> 94%

Alumina
99.6 %

Material

Insulant

Electrical characteristics

Insulation
(500VDC)

?1013 ohms.m at room temperature
?109 ohms.m at 300 캜 for cables 1 Ac Ac 10, 1 Ac Ac 31.7 and 1 II 30
?1010 for 1 Ac Ac 16, 1 Zs Ac 10

resistance

Line capacity

~ 450 pF/m

~ 230 pF/m

~ 200 pF/m

~ 400 pF/m

~ 280 pF/m

8 ohms/m

16 ohms/m

3.2 ohms/m

0.23 ohms/m

3 ohms/m

>500 V

>750 V

>1 500 V

>500 V

>1 500 V

1 ?0.02

1.6 ?0.2

3.17 ?0.05

1 ?0.02

3 ?0.03

Sheath thickness

0.13 ?0.03

0.03 ?0.05

0.51 ?0.07

0.13 ?0.03

0.5 ?0.07

Conductor diameter

0.34 ?0.03

0.25 ?0.05

0.58 ?0.07

0.34 ?0.03

0.70 ?0.07

Manufacturing length

From
80 to 200 m

From
40 to 150 m

From
60 to 80 m

From
80 to 200 m

From
60 to 80 m

Line resistance
Breakdown voltage
(~ )
Dimensions (mm)
Outer diameter

We measured the insulation resistance of the sensor in fig.3-10 in a dry state, inside a potable
water tank, and right after taken out from the water. The results are shown in Table 10. When we
repeated the same experiments with de-mineralized water instead of the potable water, we obtain
the results shown in Table 11.
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Table 10. Insulation Resistance of the Sensor with the Cable in Fig.3-10–(1)
Dry State
In potable water After taken out from water
13
Applied voltage – 500V
2 × 10 Ω
7 × 10 8 Ω
1×1011 Ω
Applied voltage – 1000V
2 × 1013 Ω
4.5 × 10 8 Ω
1×1011 Ω
Table 11. Insulation Resistance of the Sensor with the Cable in Fig.3-10-(2)
Outside the
In de-mineralized water
After taken out
water (wet)
From the water
Applied voltage – 500V
3.5 × 1011 Ω
2.7 × 1010 Ω
3.0 × 1011 Ω
Applied voltage – 1000V
3.9 × 1011 Ω
1.8 × 1010 Ω
3.0 × 1011 Ω
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Chapter 4. High Flux Gamma Measurements
In this chapter, we describe the results of experiments on measuring the gamma flux from the
187Ci Co60, 77,000Ci Co60 , and 200,000Ci Co60 at the high level irradiation facility at KAERI. The
187Ci Co60 is a pencil shaped source and was measured using 381micron thick sensor. The
77,000Ci is a source consisting of pencil sources arranged in a square panel. The latter is replaced
by a new source in October 2003 and the current intensity as of December 2003 is 200,000Ci.

1. Measurements of 187Ci Co60
In this section, we describe the results of gamma flux measurements using 187Ci Co60.
The source is a 15cm long pencil source contained in a pipe of 5cm diameter. We used an
aluminum nitride sensor of size 3mm × 3mm × 0.381mm supported by an aluminum holder
shown in fig.3-1 with a pair of 20m long BNC cables attached to it. The sensor was placed
at three different distances from the source and the generated current was measured.
We took the first set of measurements with the sensor located at 15cm from the outside
of the pipe containing the pencil source, or equivalently 20cm from the center of the pencil
source. The dose rate supplied by the facility operators is 4,700rad/hr at the point where the
sensor is located. The measured currents with the different voltages supplied to the sensor
are shown in the first row of Table 12. Each of the numbers in Table 12 has been obtained
by taking the average of 9 observed values. The current values were read from the high
voltage power supply.
For the second set of experiments, we placed the sensor at 24.3cm where the radiation
dose is 2,350rad/hr, about half of the dose at the location for the first set of experiments.
Similarly, the third set of experiments were done at 36.9cm where the radiation dose is
about half of the dose at the position for the second set of experiments. From Table 12, we
observe that the measured current increases as the applied voltage increases, while the
linearity is better when the applied voltage is 500V or 1,000V compared with the cases of
1,500V or 2,000V.
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fig.4-1. 187Ci Co60 Source and the aluminum nitride sensor in a holder
Table 12. Measurements of the 187Ci Co60 by a 381micron Sensor
Distance

Dose Rate

500V

1,000V

1,500V

2,000V

2,500V

20cm

4,740rad/hr

17.5nA

24.5nA

28.4nA

30.8nA

36.7nA

29.3cm

2,350rad/hr

9.0nA

11.9nA

13.1nA

14.0nA

16.2nA

41.9cm

1,200rad/hr

4.5nA

5.5nA

6.1nA

6.5nA

7.6nA

Since the radiation dose at 15cm is about four times the dose at 41.9cm, the electric
current 36.7nA measured at 15cm distance for the case of 2,500V should be about four
times the measured current 7.6nA at distance 36.9cm. However, we see that 36.7nA is a
little larger than 4×7.6nA. One of the reasons for this seems to be due to the polyethylene
holder used to hold the sensor, i.e., the current generated by the gamma particles reflected
from the holder does not vary linearly (see fig.4-8). As the holder is placed farther away
from the pencil source, the number of gamma particles reflected from the sidewall of the
holder decreases at a faster rate.
In the following, we describe how the above measured values compare with the
estimated values based on EGS4 calculations; the estimated number of ion pairs generated
inside the aluminum nitride sensor by the gamma particles from the 187Ci Co60. First, to
compute the gamma flux hitting the surface of our detector, let
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s;

one side length of the sensor (3mm)

D; distance from the sensor to the pencil source

2N+1; number of divisions of the pencil source,
2N is the number of divisions of the pencil length
L; length of the pecil source (15cm)
h; L/(2N) – the length of the pencil divided by 2N
Q; source intensity (187Ci)

fig.4-2. Geometric Layout of the Co60 source
We will assume that the pencil source consists of (2N+1) point sources of equal intensity, i.e.
the intensity of Q/(2N+1) each located at kh, k=-N,-N+1,…0,1,2,…N. The number of photons
arriving at the sensor from the point source at the center of the pencil will be
Qs 2
(2 N + 1)4πD 2

and hence the number of photons incident to the sensor from the kth point source located at kh will
be (see fig.9)
s ⋅ sSin (θ k )
Q
Qs 2
⋅
=
Sin 3 (θ k )
2 N + 1 4π (D / Sin (θ k )) 2 4(2 N + 1)πD 2
D

Using Sin (θ k ) =

D + (kh ) 2
2

N

∑

k =− N

, we can write the sum of the above as

Qs 2
4(2 N + 1)πD 2

Sin 3 (θ k ) =

s2Q
4πD 2

N

⋅

∑

1
1
(2 N + 1) k = − N (1 + (kh / D) 2 )1.5

With N=200, we computed the value of the second factor for D=10Cm, 20Cm, 40Cm,
80Cm, 160Cmm. The results are shown in the second row of Table 13. The third row of
Table 13 shows the number of photons incident to our sensor in 1 second and the numbers
in the fourth row are the number of photons incident to the cross sectional area of the
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aluminum holder whose radius is 1.9cm.
Table 13. Reduction Factor of the Source due to its Pencil Shape
Distance
Measured Dose
No.Photons(sensor)

10Cm
2.745 × 10 8

20Cm
4,740rad/hr
9. 907 × 10 7

29.3cm
2,350rad/hr
5.138 × 10 7

41.9cm
1,200rad/hr
2.658 × 10 7

No.Photons(Holder)

1.101 × 1010

3.974 × 10 9

2.061 × 10 9

1.066 × 10 9

We performed EGS4 calculations to compute the generated current for the case of
10cm, 20cm, 29.3cm, and 41.9cm without considering the aluminum holder. The results are
shown in Table 14. For the case of 20cm, we find that out of the 9.907 × 10 7 photons,
1.564 × 10 6 interacted with the aluminum nitride and deposited 3.412 × 10 5 MeV for photons
with 1.27MeV and 1.33MeV. Using 140eV as the mean ionization energy, this is equivalent
to 0.245 × 1010 ion-pairs or equivalently 0.39nA by using one ion pair equals 1.6 × 10 −19 A.
Fig.4-3 shows the results of EGS4 based calculations indicating how much of the
energy is deposited in the 635micron thick aluminum nitride sensor. One can see from this
figure that the most of the gamma particles of energy 1.27MeV or 1.33MeV deposit less
than 400keV. For the location of these energy deposits are shown in fig.4-4 where one can
see that as we get deeper inside the aluminum nitride from the surface of the particle
entrance, the larger the amount of energy deposit become. Therefore, we conclude that to
make the gamma contribution smaller, we should try to make the thickness of the sensor
smaller.

fig.4-3. EGS4 Calculated Result for Energy Deposit by Co60
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Table 14. EGS4 Based Calculation Results
Distance
381micron –No Interacted

10Cm
4.310 × 10 6

20Cm
1.564 × 10 6

29.3cm
8.131 × 10 5

41.9cm
4.171 × 10 5

381micron–Energy Deposit(MeV)

9.402 × 10 5

3.412 × 10 5

1.773 × 10 5

9.114 × 10 4

635micron –No Interacted

6.704 × 10 6

2.435 × 10 6

1.261 × 10 6

6.543 × 10 5

635micron – Energy Deposit(MeV)

1.889 × 10

6.861 × 10

3.557 × 10

1.848 × 10 5

6

5

5

For the case of the 381micron sensor at 20cm distance, the computed value of 5.9nA
compares with the measured value of 24.5nA in Table 4, i.e. the measured value is about 4
times that of the calculated. We find that the difference comes mainly from the long BNC
cable generating electrons as it is irradiated. When the same detector with the same cable is
used inside the high irradiation facility, the current generated with only the cable is found
to be about two third of the total amount (62.7%) of the current generated. Note that 37.3%
of the measured value 24.5nA is still greater than the calculated value of 5.8nA which
comes from the fact that the polyethylene holder reflects or scatters some of the gamma
particles.

fig.4-4. Location of Interacted Gammas from Co60 inside the AlN

2. Measurements of 77,000Ci or 200,000Ci Co60 at Different Distances
The irradiation facility has an array of Co60 pins as shown in fig.10 with a total intensity of
77,000Ci in 2003 and rasied up to 200,000Ci in Dec. 2004. We will try to estimate the amount of
gamma particles getting into our sensor located at the center of the source plate with a distance d0
from the source plane. We will use the layout shown in fig.11 for the calculations; there are
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300×300point sources of intensity 1Ci each so that the total source intensity is 90,000Ci. A distance
of 3mm both in horizontal and vertical directions separates the point sources so that the total layout
is a square of 90cm×90cm size.

fig.4-5. Source rack and the Source Pencils of the Irradiation Facility at KAERI
Consider a point source at ( x i , y j ) , where x i = (i − 150) × 3 mm, y j = ( j − 150) × 3 mm. The
distance dij from ( x i , y j ) to the sensor is d ij = x i2 + y 2j + d 02 . Now, consider the plane π
passing through ( x i , y j ) and the center of the sensor and is perpendicular to the source plane. On
the plane π , consider the angle α ij between the two lines; one line connecting ( x i , y j ) and the
center of the sensor, and the other line passing through ( x i , y j ) and the origin of the coordinates.
We have
Sin (α ij ) =

d0
x i2 + y 2j + d 02

To compute the probability of a particle leaving the point source at ( x i , y j ) to hit the sensor,
we may consider the effective area of the sensor in the surface of the sphere center at ( x i , y j ) with
radius dij. It can be approximated by 3mm×Sin( α ij ) and hence the ‘effective’ detector area becomes
0.09Sin 2 (α ij ) = 0.09 ×

d 02
x i2 + y 2j + d 02

cm 2

where 0.09 is the actual surface area of the detector. Thus, the probability will be obtained by
dividing the above by 4πd ij2 with d ij2 = x i2 + y 2j + d 02 . Therefore, if there is a point source of 1Ci at
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( x i , y j ) , then we will have about

3.7×1010 ×

0.09d 02
4π ( x i2 + y 2j + d 02 ) 2

------------------------------------------

(1)

particles hitting our detector in one second from various directions.
When we take the sum of the number of particles in (1) incident to the detector for i, j = 1,2,...300 ,
we obtain 8.7×109 particles in one second. In our EGS4 calculations, we will assume that the
direction of the particles incident to our detector is in random and assume also that the particles are
incident to the center of the detector.
When d 0 = 15cm , we obtain 8.7×109/Sec

0.4562Mrad/hr(Acutal Measurement)

When d 0 = 30cm , we obtain 7.5×109/Sec

0.2897Mrad/hr

When d 0 = 60cm , we obtain 5.2×109/Sec

0.1464 Mrad/hr

When d 0 = 120cm , we obtain 2.4×109/Sec

0.0565 Mrad/hr

We measured the flux at 3 different distances from the center of the plate source, i.e. d=160Cm,
106.4Cm, 62.2Cm with the number of particles hitting our detector 7.9627 × 10 , 1.6094 × 10 ,
8

9

3.4567 × 10 respectively. Calculation results based on EGS4 along with the measured values are
shown in Table 7, where the mean ionization energy in aluminum nitride of 140eV is used to
9

compute the current. The applied voltage was 1,000V and a 20m long coaxial cables were used for
the measurements.

Table 15. Measurements of 77,000Ci Co60 by 635micron Sensor (Aug. 2003)
Distance from Radiation
the Source
(Rad/hr)

Dose

160Cm(1.27)
(1.33)

32,600(7.96 × 10 8
Photons)

106.4Cm(1.27)
(1.33)

65,200(1.6 × 10 9
Photons)

62.4Cm(1.27)
(1.33)

130,400(3.4 × 10 9
Photons)

Deposit
Energy
AlN
(MeV)
4.270 × 10 6
4.339 × 10 6
8.367 × 10 6
8.466 × 10 6
1.716 × 10 7
1.738 × 10 7

Deposit
Energy
Capsule
(MeV)
6.45 × 10 6
6.45 × 10 6
1.29 × 10 7
1.29 × 10 7
2.70 × 10 7
2.70 × 10 7

Current
Gen. By
AlN
(nA)
72.5
73.5

Measured
Current
(nA)
177
(122%)

142.1
143.8

257
(90%)

291.5
295.2

393
(67%)

The capsule is made of polyethylene with density 0.95g/Cm3 and it covers the sensor both on top
and the bottom with 2mm thick layers. The fifth column shows the current generated by the
aluminum nitride. Of the total energy deposit in the polymer, one third is in the top layer and the
rest is in the bottom layer. The energy deposit in the polymer is not used in the calculation of the
generated currents and is just included here for a comparison. The background measurement at the
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facility is found to be less than 1nA that is not detectable with the meter in the high voltage power
supply.

fig.4-6. Source Layout used for calculations

Table 16. Measurements of 200,000Ci Co60 by 381micron Sensor (Feb. 2004)
Distance from the
Source
160.0Cm

Radiation Dose
(Rad/hr)
0.78 × 10 5 rad/hr

Measured
Current
280nA

Estimated Net Current
Generated by AlN
104nA

106.4Cm

1.45 × 10 5 rad/hr

435nA

162nA

62.4Cm

3.10 × 10 5 rad/hr

685nA

255nA

Table 8 shows the measured currents by the 3rd generation aluminum nitride sensor
(381micron thick). The third column shows the measured values at three different distances
where the distances are chosen so that the radiation dose rate increases roughly by a factor
of two. To determine the fraction of the electric current generated by the electric cable used
to apply the high voltage power (1,000V), we took the measurements at 80cm distance with
the sensor and the cable only without the sensor. The results were 560nA and 351nA
respectively so that the ratio is 62.7% by the cable and 37.3% by the sensor alone. Thus,
the 4th column of Table 8 is obtained by taking 37.3% of the measured values in the third
column.
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3. Linearity Check for the Gamma Flux with 3,000V Applied
In this section, we summarize the measured results described in the two previous
sections for the third generation sensor (381micron). Considering the fact that the measured
current values will change as different cables are used, for example with a mineral cable in
the reactor pool we will get different values, we will consider only the portion of the
electric current generated by the sensor itself. We show in Table 17 a summary of the
measured values at 6 different dose rates.
Table 17. Linearity of the Aluminum Nitride Sensor for Gamma Measurements
Dose rate
(rad/hr)
1,200
2,350
4,750
78,000
145,000 310,000
Measured
Current(nA)
2.1
4.4
9.1
104.0
162.
255.
Fig. 4-7 shows the above measured current values along with the least squares linear fit
shown in a straight line. We observe that the sensor behaves almost linearly as the radiation
dose increases even though at higher dose rates, the measured current tends to be lower than
expected. The accuracy of measured values depends on the relative location of the sensor
holder used to hold the sensor and the amount of current generated by the cable.

fig.4-7. Measured Current vs a Linear Fit
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4. Response of the Aluminum Nitride to the Gamma Flux Changes
To check if there is a delay time in the response of the aluminum nitride detector to the
gamma flux changes, we performed experiments to measure the current changes while the
187Ci Co60 pencil source was raised to the full range, stay there for 5minutes, and then
drop down to the underground position. Fig.4-8 and 4-9 show the changes of the measured
current. One can see some noises have been picked up during the measurements. They
seem mostly from the motor used to raise the source and the warning audio alarm.
Otherwise, the response of our detector to the flux change seems very good and the delay
time is less than a few seconds.

fig.4-8. Response of the AlN Detector to Gamma Flux Changes - 1

fig.4-9. Response of the AlN Detector to Gamma Flux Changes – 2
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Chapter 5. Neutron Flux Measurements
In this chapter, we describe the results of experiments performed to measure the
neutron flux by the aluminum nitride sensors. For the low neutron flux measurements, we
used the neutron flux from one of the beam ports (called IR port or BNCT port – the North
end of fig.5-1) of the Hanaro research reactor and the facility at the Pohang accelerator
laboratory (fig.5-5). The neutron energy spectrum at the entrance of the IR beam port when
the reactor is 30MW full power is shown in fig.5-2 and the neutron flux at various
distances are shown in fig.5-3. For the high flux measurements, we put our sensor into
the CNS hole (the cold neutron source hole) of the Hanaro reactor where the thermal
neutron flux is 1.7 × 1014 / sec⋅ cm 2 as shown in Table 18.

fig.5-1. Beam Ports of the Hanaro Reactor (IR Port is used)
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Entrance of IR Port

fig.5-2. Neutron Energy Spectrum at the entrance of the IR Beam Port
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fig.5-3. Neutron Flux at IR Beam Port at Various Distances
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400

Table 18. Geometry & Operating Conditions of Irradiation Thimbles

fig.5-4. Picture of the the IR Beam Port of Hanaro
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fig.5-5. Ratio of Neutron Flux vs Gamma Flux at Pohang Accelerator
1. Neutron Pulses Taken by the Aluminum Nitride Sensor
First, we tried to detect the neutron pulses at the IR beam port of the HANARO
research reactor using a 635micron thick aluminum nitride sensor with 10m long BNC
cable. After removing some of the channel noise sources by shielding the preamplifier and
the connectors with an aluminum foil, we obtained the noise signal shown in fig.5-6 by
applying 1,000V to the sensor where the mean is zero and the sigma of the signal is about
35mV.

fig.5-6. Noise signal in the IR beam port
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The typical electric pulse generated by the aluminum nitride sensor when thermal
neutrons are input into the detector is shown in fig.5-7. Most of the pulses we observed in
the IR beam port were of the similar shape as in fig.5-7 and we could not distinguish the
neutron pulses from the gamma pulses. The pulse height could have possibly been used to
distinguish them but some of the pulses due to the EMI noise had even higher pulse heights.
Thus, we tried to detect the pulses in an environment where the ratio of the gamma
flux over the neutron flux is smaller. At the Pohang accelerator laboratory, this ratio is
below 1% as seen in the right hand side graph of fig.5-5. We used a 635micron thick
aluminum nitride sensor encapsulated and attached a 30m long Inconnel600 cable as shown
in fig.3-7 to detect the electric pulses at the accelerator laboratory. Since the length of the
cable is much longer, we had to apply higher voltages up to 3,000V to detect the pulses by
the neutrons and they are shown in fig.5-8 and fig.5-9.

fig.5-7. Neutron Pulse taken at the Hangar Reactor
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fig.5-8. Neutron Pulse taken at Pohang Accelerator Lab. – 1

fig.5-9. Neutron Pulse taken at Pohang Accelerator Lab. - 2

2. Pulses Counted at Hanaro IR Beam Port
In this section, we describe the results of the pulse counting experiments using a
counter. For the pulse counting experiments, we used a 635micron thick aluminum nitride
sensor (second-generation sensor). The sensor was covered by aluminum foil, and the
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amplifier gain was set to 50 with fine gain at 1. The pulses were counted by setting the
value of the low level discriminator (LLD) at various values as shown in Table 19 and
Table 20.
By comparing the counts in Table 19 and Table 20, one can see that for the number of
pulses with the lower level discriminator set at 100mV(44keV), the difference is 8,563 in
10 seconds and this count must be due to the neutron and gamma particles (mostly neutron)
from the beam port. The neutron sensitivity of our aluminum nitride sensor is 2.8 × 10 −4 for
the neutron flux at the center hole of the Hanaro reactor, where the total flux is 0.595 ×1015 .
The reactor was at 80% of the rated power during the experiment and the neutron flux
inside the beam port is about 10 9 /cm2.sec and hence the total flux at the IR beam port was
approximately 0.8 ×10 9 / cm 2 ⋅ sec . Since the surface area of our detector is about 0.09cm2,
the number of neutrons hitting our detector is about 0.72 × 10 8 /sec. According to an
MCNP4B based calculation results, the neutron sensitivity is found to be about 3 × 10 −4 and
hence about 21,600 neutrons should interact with our detector. Therefore, we estimate the
collection efficiency of our detector to be the ratio of 856 over 21,600 that is about 1 25 or
4%. Some of these pulses are due to the gamma particles but they should be less than 1%
since the ratio of gamma particles over the neutrons is less than 1% and the pulse heights
by the gamma particles are expected to be lower.

Table 19. Pulse Counts with the Beam Port Closed
Energy
Count/
LLD
(keV)
10sec
After the Irradiation Average
0mV
0
891,527, 889,095
882,134
887,585
50mV
22
21,447, 16,827
51,986*
19,137
100mV
44
878, 1,071
1,581*
975
200mV
89
67,
88
83
79
300mV
133
51,
49
31
44
400mV
178
46,
48
43
46
500mV
222
51,
41
36
43
1000mV
444
31,
20
20
24
*could be due to the aluminum foil
covered the sensor holder
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Table 20. Pulse Counts with the Neutron Beam Port Open
LLD(mV) Energy(keV) Count/sec

0mV
50mV
100mV
200mV
300mV

0
22
44
89
133

Average

861,814
53,434, 51,786, 52,488, 53,577
11,017, 8,200, 8,161, 10,772
833, 689, 938, 666
38

861,814
52,821
9,538
782
38

3. Current by the Neutron Flux at Pohang Accelerator
We tested a 381micron thick aluminum nitride sensor, packaged by Woojin Inc. with an
inconnel capsule filled with MgO powder and measured the electric current at different
distances from the tungsten target while applying 3,000V to the sensor. The neutron source
is from the 100MeV accelerator at the Pohang accelerator laboratory shown in fig.5-10.
The operating electron beam energy was 65MeV (Maximum 100MeV), beam current is at
35-50mA, pulse width is 1.5µs, and repetition rate is 10Hz. The neutron flux at the facility
is shown in fig.5-11 from which the total thermal flux below 10eV is seen to be about 108
~109 /sec·cm2 and the gamma flux relative to the neutron flux is shown in fig.5-12.

fig.5-10. The Pohang accelerator (left) and the sensor location (right)
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Table 21. Measured current from the neutron flux of the 65MeV accelerator
Distance
Average Current
Standard Deviation
Remark
Background
1.656pA
0.828pA
No source
Farthest
3.484pA
0.552pA
Middle
6.218pA
0.809pA
Nearest
7.644pA
0.399pA
Close to the target

fig.5-11. The neutron flux at 65MeV Poahang accelerator

fig.5-12. The gamma / neutron flux ratio at the Pohang Accelerator
The bottom curve in fig.5-13 shows the background curve taken before the power of the
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accelerator was turned on. The accelerator was turned off at least 12 hours before starting the
experiment. The second curve from the bottom is taken with the sensor at the highest location in
fig.5-10, i.e. the farthest location from the tungsten target (cylindrical shell type in fig.5-10). The
top curve shows the measured values when the sensor is located nearest to the target. Some parts of
the fluctuations in the current curves are due to the fluctuation of the electron beam as shown in
fig.5-14.

fig.5-13. Measured current at different distances from the target

fig.5-14. Fluctuations of the Electron Beam Intensity
Recall that we measured 25mCi Am235 as the lowest gamma flux where the electric current
generated by the aluminum nitride sensor is about 1.3pA while the flux is estimated at 107/cm2·sec.
Thus, we estimate the neutron flux at the Pohang accelerator is estimated at about 108/cm2·sec.
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To see how our detector responses to the flux changes, we measured the flux while the
accelerator power is being turned on and off repeatedly. Fig.5-15 shows the background current
measured after the power was turned off for about 30min. Note that the background noise is about
7pA when the applied voltage to the detector was 3,000V. Fig.5-16 shows how the current increases
when the power was turned on initially. It took about 22min before the current reaches the
maximum value of about 15pA. Next, we turned off the power for 3min, on for the next 3min, off
for another 3min, and finally turned on for the next 3min. Fig.5-17 is an enlarged graph of the
current during the time period of the On-Off operation. One can see from these figures that the
detector responses very well to the flux change from this experiment.

fig.5-15. Backgound at Pohang before the taking the data in fig.5-16 & 5-17.

fig.5-16. Current Measured while the Power is Turned on after 30min Rest
The Power was Turned On and Off in 3min Intervals
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fig.5-17. The Latter Part of fig.5-16 Enlarged where the Accelerator
Power was Turned On and Off in 3min Intervals

4. Estimation of the Current for the Hanaro full Power Flux
The neutron flux at the full power of the Hanaro research reactor is estimated to be in the
same order as the flux of the PWR nuclear power plant running at 100% of its rated power.
To estimate the range of the electric current generated by the aluminum nitride detector
inside the PWR type nuclear power plants, we used the MCNP4B code to calculate the
current when it is inside the CT hole of the Hanaro reactor, where the neutron flux is shown
in fig.2-1 with the total flux of 5.96×1014 at 100% of the rated power. We assumed that the
size of the aluminum nitride is 3mm × 3mm × 0.2mm. A set of calculations were performed
for 94 energy groups and the computed values were summed to obtain the result shown in
fig.5-18, where the total energy deposit in the aluminum nitride is found to be
1.02×1011MeV in one second. Using the band-gap of 140eV, we compute that the total
deposit energy is approximately the same as 0.73×1015e/Sec which is equivalent to 113 µ A.
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Fig.5-18. MCNP4B calculation results

Table 22. Gamma flux in the CT hole of Hanaro and the Results of
MCNP4B based calculations for the energy deposit
Upper
Energy
3.00E-02

Mid
Energy
1.50E-02

Gamma
Generated
Electrons
Flux
/107 photons Energy Deposit
3.26E+11
500,000
72,552(MeV)

6.00E-02

4.50E-02

1.36E+12

500,000

16,136

219,450

1.50E-01

1.05E-01

1.12E+14

308,592

6,594

7,385,280

3.00E-01

2.25E-01

2.45E+14

232,992

12,291

30,112,950

4.00E-01

3.50E-01

1.05E+14

198,211

18,798

19,737,900

6.00E-01

5.00E-01

1.54E+14

171,431

24,892

38,333,680

7.00E-01

6.50E-01

4.88E+13

154,400

29,002

14,152,976

8.00E-01

7.50E-01

4.03E+13

144,204

30,288

12,206,064

1.00E+00

9.00E-01

7.35E+13

133,333

31,234

22,956,990

1.50E+00

1.25E+00

1.07E+14

112,257

29,025

31,056,750

2.00E+00

1.75E+00

6.08E+13

95,048

25,401

15,443,808

3.00E+00

2.50E+00

7.82E+13

79,395

22,034

17,230,588

4.00E+00

3.50E+00

2.93E+13

66,874

18,804

5,509,572

5.00E+00

4.50E+00

1.62E+13

59,787

16,814

2,740,682

6.00E+00

5.50E+00

9.46E+12

54,786

15,433

1,459,962

7.00E+00

6.50E+00

6.36E+12

51,730

14,558

925,889

8.00E+00

7.50E+00

2.23E+13

48,821

13,668

3,047,964

5.00E+01

20.0E+00

3.58E+12

45,059

12,689

454,266

Total

1.11E+15(/cm2⋅Sec)

Flux *
Erg. Dep.
236,520

223,211,291(MeV)
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For the electric current generated by the gamma flux, we used the flux data for the 18
energy groups in Table 22. The EGS4 calculation results show that the total energy deposit
by these photons is 2.01×1011MeV/Sec. Using the band-gap 140eV as the mean ionization
energy, this total energy deposit becomes 1.405×1015e/Sec and this amount is equivalent to
225mA.

fig.5-19. Input photon energy vs total energy deposit in AlN

Fig.5-20. Energy Spectrum of Electrons Gen. in AlN - 1
( ) – Total Energy Deposit in MeV
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Fig.5-21. Energy Spectrum of Electrons gen in AlN - 2
( ) – Total Energy Deposit

Fig.5-22. Energy Spectrum of Electrons gen in AlN - 3
( ) – Total Energy Deposit in MeV
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Fig.5-23. Energy Spectrum of Electrons Gen. by Photons from Hanaro

5. Measurements of the Hanaro Flux
The neutron flux response of the aluminum nitride sensors has been studied. We measured the
high-level neutron flux of 5.72 × 1013 /sec.cm2 (mostly thermal as shown in fig.2-1) in the cold
neutron source hole of the Hanaro research reactor using a 381micron thick detector. The results
show that the current generated by our aluminum nitride based detector increases linearly as the
reactor power varies from 0% to 43% from which we may conclude that the generated current will
continue to increase linearly as the reactor power goes up to 100%. We also conclude that the
response time of our detector is very good, i.e. the time lag is negligible.

We packaged a 381micron thick aluminum nitride sensor in an inconnel capsule filled
with MgO powder so that the resulting insulation resistance is above 0.5 × 1013 Ω . Then, we
measured the electric current generated by a 381micron thick detector in the cold neutron
source hole of the Hanaro reactor. The flux was measured while the reactor power is being
increased from 1MW to 8MW, hold steady at 8MW for an hour, increased from 8MW to
13MW, and finally the reactor is tripped. Our aim was to check the linearity of the
generated current and to see how it response to the power changes or the flux changes. The
neutron flux and the gamma flux inside the cold neutron source hole are shown in fig.5-24
and fig.5-25 respectively. The aluminum nitride sensor is packaged in a capsule as
described above with a pair of 16m long mineral insulated signal cable attached and
inserted into a pipe shaped equipment shown in fig.5-26.
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The diameter of the larger part of the pipe is 56mm and the pipe is inserted into a sleeve
pipe (made of Al6061) whose inner diameter is 60mm while the outer diameter is 155mm.
The length of the bottom part of the equipment in fig.5-26 is 11m. The long pipe with small
radius in the center part of the equipment is used to insert the Co-wire for another
measurements of the neutron flux (30min irradiation).

fig.5-24. Neutron Flux in the CNS hole of the Hanaro reactor

fig.5-25. Relative intensity of the gamma flux
in the CNS hole of the Hanaro reactor

The result of measurements is shown in fig.5-28 where the red curve is the measured
current by the aluminum nitride sensor with the scale on the vertical axis in the left hand
side. The dark curve shows the changes of the reactor power during the experiment, which
was linearly scaled so that the minimum and the maximum match with those of the
measured current. The maximum current of 4mA in fig.5-28 when the reactor power is at
13MW or equivalently at about 43% of the power is in the range of the MCNP4B
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calculated values. The reason for the slow increase in the measured current at the beginning
when the reactor power is below 3MW seems to be due to the low voltage we applied to
the detector.
The optimum voltage we need to apply was found to be about 3,000V through the
experiments at the Pohang accelerator but we were not able to apply that high voltage when
the commercially available mineral cables were used in the reactor. The decrease in the
measured current while the power is constant at 8MW appears also to be due to the low
voltage of 1,000V applied to the sensor. The trapped ion pairs inside the detector seem to
form a dead region and the size of the region increases as time goes on in the steady state.
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fig.5-26. Equipment inserted into the Hanaro pool and the sensor arrangement
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fig.5-27. Design diagram for the equipment inserted into the Hanaro
for flux measurements
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fig.5-28. Measured Current by AlN detector at various power levels
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Chapter 6. Conclusion
We have used dozens of aluminum nitride based flux sensors of two different sizes
3mm × 3mm × 0.635mm and 3mm × 3mm × 0.381mm, fabricated by ORNL and packaged by KAERI
with MgO insulation, to do a feasibility study on using them as the in-core flux monitor in the
nuclear power plants. We examined the basic properties of the aluminum nitride and performed
various calculations based on the EGS4 and MCNP4B code to determine the neutron and gamma
sensitivities of the aluminum nitride and to determine the optimum thickness for the gamma
rejection. Using these sensors, a series of experiments have been performed to measure the
insulation resistance, to determine the optimum operating voltage for the sensors after the
packaging with long cables attached, and to study the response of the sensors to the neutron and
gamma flux of various ranges.
The lowest gamma flux we measured was from 25mCi Am245 at about 3.2cm distance
(approximately 107/cm2 ⋅ sec ) with the measured current of 1.8pA while the background was 0.5pA
and the lowest neutron flux was from the 65MeV Pohang accelerator at about 1m from the target
with the measured current of 3pA while the background was about 2.5pA. The pulse counting
experiments were performed at the IR beam port of the Hanaro research reactor where the neutron
flux is 0.8 × 10 9 / cm2 ⋅ sec . With the amplifier gain at 50, we counted 856 pulse/sec at the beam
port from which we estimate the collection efficiency of our detector is about 0.04. We measured
the high gamma flux using the 187Ci Co60 (where the flux goes up to 2.7 × 10 9 / cm2 ⋅ sec ), 77,000
Ci Co60 (where the flux goes up to 0.4 × 1011 / cm2 ⋅ sec ) and the 200,000Ci Co60 (where the flux
goes up to 1.04 × 1011 / cm2 ⋅ sec ), at the high- level irradiation facility at KAERI at various
distances and compared the results with the EGS4 based calculation results. For the high flux
neutron measurements, we measured the current inside the cold neutron source hole of the Hanaro
reactor where the neutron flux is 5.72 × 1013 /cm2 ⋅ sec at full power of 30MW. When the nuclear
power was at 13MW (43%), the generated electric current by the aluminum nitride detector was
about 4.5 µ A.

Through these experiments, our first observation is that the optimum voltage to be
applied to the aluminum nitride sensor is 3,000V for the 381micron thick aluminum nitride.
Note that the dielectric strength of aluminum nitride is 20KV mm as shown in Chapter 1 and
3,000V is within the range. Our next observation is that for all of the cases; for the gamma only, for
the neutron dominant, or for the neutron with the gamma flux, the estimated electric current by the
EGS4 and the MCNP4B code agrees with the corresponding measured value, i.e. they are of the
same order of magnitude.
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Our third observation is that our detector responses to the reactor power increase linearly when
the applied voltage of 3,000V is used even though we have not proved through experiments. We
were not able to procure a pair of signal cables of mineral type that can hold 3,000V. However,
there is no reason why one cannot build a pair of mineral cables that can be used for this purposes.
We have demonstrated that 3,000V can be applied with the BNC cables and the measured current
increases linearly as the flux increases, through a set of gamma flux measurements of moderate
intensities. For the high neutron flux experiments, one cannot use the BNC cables since the plastic
shielding material becomes brittle and the Hanaro experiment takes a long time for the planning and
approval procedures.

Our fourth observation is that our aluminum nitride detector can be used in the pulse
counting mode if the neutron flux is below 1011 / cm2 ⋅ sec . In that case, the maximum pulse
count will be less than 100,000 per second that can be handled properly with the current
electronics technology. With the pulse counting, much of the gamma pulses can be discriminated
out so that the pulses counted are mostly from neutron particles. For such an application, one may
have to try to reduce the thickness further down from 381micron to 250micron or less. An
extensive study through experiments must be performed to determine the maximum voltage range
of the pulses for the lower level and the upper level discriminations.

Finally for the future works, one must develop a good method to compensate the
decrease of the electric current due to the dielectric loss while the flux is maintained at a
constant level. Another part of the work to be done is to discriminate the gamma flux from
the neutron flux. One possible method is to use two sensors of different materials; one with
the aluminum nitride and the other with a different material so that the two sensors produce
the electrons in different ratio for the gammas and neutrons. A third part of the work left to
be done is to study the effect of temperature changes. Since the temperature in the nuclear
power plants ranges from 290degree C to 310degree C, there may be a relatively small
amount of changes due to the temperature changes but still there could be some variance in
the measured currents when the temperature changes.
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Attachment 1. Geometry Program of AlN Sensor for EGS4
a. Sample Input Data for EGS4 Calculations
CU

"chemical component of brazing material"

ALN

"chemical component for detector"

99999999

"NUMBER OF HISTORY(I8)"

0.00350

"Thickness of brazing material"

0.03810

"Thickness of the detector"

20.00

"Distance from the source to Detector"

0.17000

"Radius of the Detector-area=0.09cm2"

1.2700

"Energy of Input Photon"

0.0

"Initial Location of the X-ray Source"

b. EGS4 Program with AlN Sensor Geometry Implemented
COMMON/BOUNDS/ECUT(5),PCUT(5),VACDST
COMMON/MEDIA/ RLC(2),RLDU(2),RHO(2),MSGE(2),MGE(2),MSEKE(2),MEKE(2
*),MLEKE(2),MCMFP(2),MRANGE(2),IRAYLM(2),NMED
COMMON/MEDIAC/MEDIA(24,2)
CHARACTER*4 MEDIA
COMMON/MISC/KMPI,KMPO,DUNIT,NOSCAT,MED(5),RHOR(5),IRAYLR(5)
COMMON/PLADTA/PCOORD(3,4),PNORM(3,4)
COMMON/CYLDTA/CYRAD2(1)
COMMON/RANDOM/IXX
COMMON/STACK/E(100),X(100),Y(100),Z(100),U(100),V(100),W(100),DNEA
*R(100),WT(100),IQ(100),IR(100),LATCH(100),LATCHI, NP
DOUBLE PRECISION E,X,Y,Z,U,V,W
COMMON/THRESH/RMT2,RMSQ,ESCD2,AP(2),AE(2),UP(2),UE(2),TE(2),THMOLL
*(2)
COMMON/UPHIOT/THETA,SINTHE,COSTHE,SINPHI, COSPHI,PI,TWOPI,PI5D2
COMMON/USEFUL/PZERO,PRM,PRMT2,RM,MEDIUM,MEDOLD,IBLOBE
DOUBLE PRECISION PZERO,PRM,PRMT2
COMMON/EBIN/NCH,ESUM,CHANEL(1024)
CHARACTER*4 TEMP(24,5)
COMMON/TROUBLE/NCASE,HEIGHT,DIST1,RADIUS,XINIT
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COMMON/RESULT/ERGIN,DEPERG(4),EDSTR(2000000)
COMMON/EFFICI/ERSUM,EBOUND,NINTER,IPART,SPECTR(1000)
OPEN(UNIT=5,FILE='user.egs4inp',STATUS='OLD')
DO 1011 J=1,2
READ(5,1020)(TEMP(I,J),I=1,24)
1020

FORMAT(24A1)

1011

CONTINUE

1012

CONTINUE
READ(5,1030)NCASE

1030

FORMAT(I8)
READ(5,1040)COAT

1040

FORMAT(F15.8)
READ(5,1050)THICK

1050

FORMAT(F15.8)
READ(5,1060)DISTN

1060

FORMAT(F15.8)
READ(5,1070)RADIUS

1070

FORMAT(F15.8)
READ(5,1080)ERGIN

1080

FORMAT(F15.8)
READ(5,1090)XINIT

1090

FORMAT(F15.8)
NREG=5
NMED=2
NPLNS=4
NDIM=100
DO 1101 J=1,NMED
DO 1111 I=1,24
MEDIA(I,J) = TEMP(I,J)

1111

CONTINUE

1112

CONTINUE

1101

CONTINUE

1102

CONTINUE
DO 1121 I=1,NREG
MED(I)=0

1121

CONTINUE
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1122

CONTINUE
MED(2)=1
MED(3)=2
MED(4)=1
CALL HATCH
OPEN(UNIT=1,FILE='USER.OUT')
WRITE(1,1130)

1130

FORMAT(' QUANTITIES ASSOCIATED WITH EACH MEDIA')
DO 1141 J=1,NMED
WRITE(1,1150)(MEDIA(I,J),I=1,24)

1150

FORMAT(1X,24A1)
WRITE(1,1160)RHO(J),RLC(J)

1160

FORMAT(' RHO =',1P,E15.7,' G/CM**3',5X,'RLC =',1P,E15.7,' CM')
WRITE(1,1170)AE(J),UE(J)

1170

FORMAT(' AE

=',1P,E15.7,' MeV

',5X,'UE

=',1P,E15.7,' MeV')

WRITE(1,1180)TE(J)
1180

FORMAT(' TE

=',1P,E15.7,' MeV

')

WRITE(1,1190)AP(J),UP(J)
1190

FORMAT(' AP =',1P,E15.7,' MeV

1141

CONTINUE

1142

CONTINUE

',5X,'UP =',1P,E15.7,' MeV')

DO 1201 I=1,2
PNORM(1,I)=0.0
PNORM(2,I)=0.0
PNORM(3,I)=1.0
1201

CONTINUE

1202

CONTINUE
DO 1211 I=1,2
PCOORD(1,I)=0.0
PCOORD(2,I)=0.0
PCOORD(3,I)=0.0

1211

CONTINUE

1212

CONTINUE
PCOORD(3,1)=DISTN
PCOORD(3,2)=DISTN+COAT
PCOORD(3,3)=PCOORD(3,2)+THICK
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PCOORD(3,4)=PCOORD(3,3)+COAT
CYRAD2(1)=RADIUS**2
YI=0.
ZI=0.
XI=XINIT
IQI=0
IRI=1
WTI=1.0
IXX=87654321
JXX=IXX
DO 1221 I=1,NREG
ECUT(I)=0.521000
PCUT(I)=0.001
1221

CONTINUE

1222

CONTINUE
ANGLE=ATAN(RADIUS/DISTN)
DO 1231 LOOP=1,1
DO 1241 I=1,NCASE
IF ((MOD(I,1000).EQ.0)) THEN
WRITE(6,1250)LOOP,I,NCASE

1250

FORMAT(1X,'HISTORY = ',3I12)
END IF
ESUM=0.0
IPART=I
EI=ERGIN
JXX=JXX*663608941
RANWI=0.5+JXX*0.23283064E-9
RANWI=SQRT(RANWI)*ANGLE
WI=COS(RANWI)
JXX=JXX*663608941
RANPHI=0.5+JXX*0.23283064E-9
PHI=RANPHI*PI*2.
UI=SIN(RANWI)*SIN(PHI)
VI=SIN(RANWI)*COS(PHI)
CALL SHOWER(IQI,EI,XI,YI,ZI,UI,VI,WI,IRI,WTI)

1241

CONTINUE
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1242

CONTINUE

1231

CONTINUE

1232

CONTINUE
WRITE(1,1260)NCASE,DISTN

1260

FORMAT(1X,'NUMBER OF HISTORY : ',I8,' DISTANCE TO Detector',F8.3,'
* cm')
WRITE(1,1270)COAT,THICK

1270

FORMAT(1X,'THICK OF COATING',F9.6,' cm, THICK of DETECTOR',F9.6,'
*Cm')
WRITE(1,1280)RADIUS

1280

FORMAT(1X,'RADIUS OF THE DETECTOR',F9.6)
WRITE(1,1290)ERGIN

1290

FORMAT(1X,'INPUT ENERGY',F8.4)
WRITE(1,1300)DEPERG(2),DEPERG(3)

1300

FORMAT(1X,'DEP ERG IN COATING

',F9.3,' IN AlN

',F9.3)

ERSUM=DEPERG(2)+DEPERG(3)
WRITE(1,1310)DEPERG(3)
1310

FORMAT(1X,' TOTAL DEPOSIT ENERGY',F15.6)
ERMAX=0
NINTER=0
DO 1321 KK=1,500000
IF ((EDSTR(KK).GT.ERMAX)) THEN
ERMAX=EDSTR(KK)
END IF
IF ((EDSTR(KK).GT.0.1E-5)) THEN
NINTER=KK
END IF

1321

CONTINUE

1322

CONTINUE
WRITE(1,1330)NINTER,ERMAX

1330

FORMAT(1X,' NO OF INTERACTED PHOTONS',I12,'MAX ENERGY DEPOSIT IS',
*F15.6)
ESEG=0.001
IF ((NINTER .GT. 2000000)) THEN
NINTER=2000000
END IF
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DO 1341 KK=1,NINTER
DO 1351 LL=1,1000
IF ((EDSTR(KK).GE.(LL-1)*ESEG .AND. EDSTR(KK).LT.LL*ESEG)) THE
*

N
SPECTR(LL)=SPECTR(LL)+1
END IF

1351

CONTINUE

1352

CONTINUE

1341

CONTINUE

1342

CONTINUE
WRITE(1,1360)(I,SPECTR(I),I=1,1000)

1360

FORMAT(6(I6,I7))
STOP
END
SUBROUTINE AUSGAB(IARG)
COMMON/BOUNDS/ECUT(5),PCUT(5),VACDST
COMMON/EBIN/NCH,ESUM,CHANEL(1024)
COMMON/STACK/E(100),X(100),Y(100),Z(100),U(100),V(100),W(100),DNEA
*R(100),WT(100),IQ(100),IR(100),LATCH(100),LATCHI, NP
DOUBLE PRECISION E,X,Y,Z,U,V,W
COMMON/EPCONT/EDEP,TSTEP,TUSTEP,USTEP,TVSTEP,VSTEP, RHOF,EOLD,ENEW
*,EKE,ELKE,BETA2,GLE,TSCAT, IDISC,IROLD,IRNEW,IAUSFL(25)
DOUBLE PRECISION EDEP,TSTEP,TUSTEP,USTEP,TVSTEP,VSTEP
COMMON/PLADTA/PCOORD(3,4),PNORM(3,4)
COMMON/MEDIA/ RLC(2),RLDU(2),RHO(2),MSGE(2),MGE(2),MSEKE(2),MEKE(2
*),MLEKE(2),MCMFP(2),MRANGE(2),IRAYLM(2),NMED
COMMON/MEDIAC/MEDIA(24,2)
CHARACTER*4 MEDIA
COMMON/THRESH/RMT2,RMSQ,ESCD2,AP(2),AE(2),UP(2),UE(2),TE(2),THMOLL
*(2)
COMMON/UPHIOT/THETA,SINTHE,COSTHE,SINPHI, COSPHI,PI,TWOPI,PI5D2
COMMON/USEFUL/PZERO,PRM,PRMT2,RM,MEDIUM,MEDOLD,IBLOBE
DOUBLE PRECISION PZERO,PRM,PRMT2
COMMON/TROUBLE/NCASE,HEIGHT,DIST1,RADIUS,XINIT
COMMON/RESULT/ERGIN,DEPERG(4),EDSTR(2000000)
COMMON/EFFICI/ERSUM,EBOUND,NINTER,IPART,SPECTR(1000)
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DATA ICASE/0/,JPART/0/,INDEX/1/
EBOUND=0.7000
ESEG=EBOUND/1000.
TCOAT=PCOORD(3,2)-PCOORD(3,1)
ZSEG=0.000001
ZMAX=PCOORD(3,3)-PCOORD(3,1)
IRL=IR(NP)
ZHITE=Z(NP)-PCOORD(3,1)
EDEPWT=EDEP*WT(NP)
IF ((IRL.EQ.3.AND.IARG.NE.3)) THEN
IF ((IQ(NP).EQ.-1.AND.ZHITE.LE.ZMAX)) THEN
IF ((ZHITE.GT.TCOAT)) THEN
DEPERG(3)=DEPERG(3)+EDEPWT
END IF
IF ((IPART.NE.JPART)) THEN
JPART=IPART
INDEX=INDEX+1
IF ((INDEX.LE.2000000)) THEN
EDSTR(INDEX)=EDEPWT
END IF
ELSE IF((INDEX.LE.2000000)) THEN
EDSTR(INDEX)=EDSTR(INDEX)+EDEPWT
END IF
END IF
END IF
RETURN
END
SUBROUTINE HOWFAR
COMMON/STACK/E(100),X(100),Y(100),Z(100),U(100),V(100),W(100),DNEA
*R(100),WT(100),IQ(100),IR(100),LATCH(100),LATCHI, NP
DOUBLE PRECISION E,X,Y,Z,U,V,W
COMMON/EPCONT/EDEP,TSTEP,TUSTEP,USTEP,TVSTEP,VSTEP, RHOF,EOLD,ENEW
*,EKE,ELKE,BETA2,GLE,TSCAT, IDISC,IROLD,IRNEW,IAUSFL(25)
DOUBLE PRECISION EDEP,TSTEP,TUSTEP,USTEP,TVSTEP,VSTEP
COMMON/PLADTA/PCOORD(3,4),PNORM(3,4)
COMMON/CYLDTA/CYRAD2(1)
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COMMON/RESULT/ERGIN,DEPERG(4),EDSTR(2000000)
COMMON/EFFICI/ERSUM,EBOUND,NINTER,IPART,SPECTR(1000)
DOUBLE PRECISION TCYL,TPLN,EPS,XYRAD
IRL=IR(NP)
ZNP=Z(NP)-PCOORD(3,1)
IF((IRL.GE.2 .AND. IRL.LE.4))CALL BDRY
EPS=0.5E-7
IF((IRNEW.LE.0))IRNEW=IR(NP)
XYRAD = X(NP)**2 + Y(NP)**2
IRL=IRNEW
IF ((USTEP.LT.0.75E-7)) THEN
IDISC=1
RETURN
END IF
IF ((XYRAD.GE.1.0*CYRAD2(1).OR.IRL.GE.5.OR.Z(NP).LT.0..OR.Z(NP).GT
*.PCOORD(3,4))) THEN
IDISC=1
RETURN
ELSE IF((IRL.EQ.1)) THEN
IF ((Z(NP).LT.PCOORD(3,1))) THEN
UDOTA=PNORM(1,1)*U(NP)+PNORM(2,1)* V(NP)+PNORM(3,1)*W(NP)
UDOTAP=1*UDOTA
IF ((UDOTA.EQ.0.0)) THEN
IHIT=2
ELSE IF((UDOTAP.LT.0.0)) THEN
IHIT=0
ELSE
IHIT=1
TPLN=(PNORM(1,1)* (PCOORD(1,1)-X(NP))+ PNORM(2,1)* (PCOORD(2
*

,1)-Y(NP))+PNORM(3,1)* (PCOORD(3,1)-Z(NP)))/UDOTA
END IF
IF ((IHIT.EQ.1)) THEN
XF=X(NP)+TPLN*U(NP)
YF=Y(NP)+TPLN*V(NP)
ZF=Z(NP)+TPLN*W(NP)
XYRADF=XF**2+YF**2
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IF ((XYRADF.LT.CYRAD2(1))) THEN
IF ((TPLN.LE.USTEP)) THEN
USTEP=TPLN
IRNEW=2
END IF
END IF
IF ((XYRADF.GE.CYRAD2(1))) THEN
IDISC=1
RETURN
END IF
END IF
IF ((IHIT.NE.1)) THEN
IDISC=1
RETURN
END IF
END IF
IF ((Z(NP).GE.PCOORD(3,1))) THEN
IDISC=1
RETURN
END IF
ELSE IF((IRL.EQ.2)) THEN
IF ((Z(NP).LT.PCOORD(3,1))) THEN
IDISC=1
RETURN
ELSE IF((Z(NP).LT.PCOORD(3,2))) THEN
INCY=1
CALL GCYLNDR(X(NP),Y(NP),CYRAD2(1),U(NP),V(NP),INCY,IHIT,TCYL)
IF ((IHIT.EQ.1)) THEN
IF ((TCYL.GT.USTEP)) THEN
UDOTA=PNORM(1,1)*U(NP)+PNORM(2,1)* V(NP)+PNORM(3,1)*W(NP)
UDOTAP=-1*UDOTA
IF ((UDOTA.EQ.0.0)) THEN
JHIT=2
ELSE IF((UDOTAP.LT.0.0)) THEN
JHIT=0
ELSE
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JHIT=1
TPLN=(PNORM(1,1)* (PCOORD(1,1)-X(NP))+ PNORM(2,1)* (PCOO
*

RD(2,1)-Y(NP))+PNORM(3,1)* (PCOORD(3,1)-Z(NP)))/UDOTA
END IF
IF ((JHIT.EQ.1)) THEN
IF ((TPLN.LE.USTEP)) THEN
USTEP=TPLN
IRNEW=1
END IF
END IF
IF ((JHIT.NE.1)) THEN
UDOTA=PNORM(1,2)*U(NP)+PNORM(2,2)* V(NP)+PNORM(3,2)*W(NP

*

)
UDOTAP=1*UDOTA
IF ((UDOTA.EQ.0.0)) THEN
KHIT=2
ELSE IF((UDOTAP.LT.0.0)) THEN
KHIT=0
ELSE
KHIT=1
TPLN=(PNORM(1,2)* (PCOORD(1,2)-X(NP))+ PNORM(2,2)* (PC

*

OORD(2,2)-Y(NP))+PNORM(3,2)* (PCOORD(3,2)-Z(NP)))/UDOT

*

A
END IF
IF ((KHIT.EQ.1)) THEN
IF ((TPLN.LE.USTEP)) THEN
USTEP=TPLN
IRNEW=3
END IF
END IF
END IF
END IF
IF ((TCYL.LE.USTEP)) THEN
UDOTA=PNORM(1,1)*U(NP)+PNORM(2,1)* V(NP)+PNORM(3,1)*W(NP)
UDOTAP=-1*UDOTA
IF ((UDOTA.EQ.0.0)) THEN
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JHIT=2
ELSE IF((UDOTAP.LT.0.0)) THEN
JHIT=0
ELSE
JHIT=1
TPLN=(PNORM(1,1)* (PCOORD(1,1)-X(NP))+ PNORM(2,1)* (PCOO
*

RD(2,1)-Y(NP))+PNORM(3,1)* (PCOORD(3,1)-Z(NP)))/UDOTA
END IF
IF ((JHIT.EQ.1)) THEN
IF ((TPLN.LE.TCYL)) THEN
IRNEW=1
USTEP=TPLN
END IF
IF ((TPLN.GT.TCYL)) THEN
IRNEW=1
USTEP=TCYL
END IF
END IF
IF ((JHIT.NE.1)) THEN
UDOTA=PNORM(1,2)*U(NP)+PNORM(2,2)* V(NP)+PNORM(3,2)*W(NP

*

)
UDOTAP=1*UDOTA
IF ((UDOTA.EQ.0.0)) THEN
KHIT=2
ELSE IF((UDOTAP.LT.0.0)) THEN
KHIT=0
ELSE
KHIT=1
TPLN=(PNORM(1,2)* (PCOORD(1,2)-X(NP))+ PNORM(2,2)* (PC

*

OORD(2,2)-Y(NP))+PNORM(3,2)* (PCOORD(3,2)-Z(NP)))/UDOT

*

A
END IF
IF ((KHIT.EQ.1)) THEN
IF ((TPLN.LE.TCYL)) THEN
IRNEW=3
USTEP=TPLN
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END IF
IF ((TPLN.GT.TCYL)) THEN
IRNEW=1
USTEP=TCYL
END IF
END IF
IF ((KHIT.NE.1)) THEN
IF ((TCYL.LE.USTEP)) THEN
USTEP=TCYL
IRNEW=1
END IF
END IF
END IF
END IF
END IF
IF ((IHIT.NE.1)) THEN
UDOTA=PNORM(1,1)*U(NP)+PNORM(2,1)* V(NP)+PNORM(3,1)*W(NP)
UDOTAP=-1*UDOTA
IF ((UDOTA.EQ.0.0)) THEN
JHIT=2
ELSE IF((UDOTAP.LT.0.0)) THEN
JHIT=0
ELSE
JHIT=1
TPLN=(PNORM(1,1)* (PCOORD(1,1)-X(NP))+ PNORM(2,1)* (PCOORD
*

(2,1)-Y(NP))+PNORM(3,1)* (PCOORD(3,1)-Z(NP)))/UDOTA
END IF
IF ((JHIT.EQ.1)) THEN
IF ((TPLN.LE.USTEP)) THEN
USTEP=TPLN
IRNEW=1
END IF
ELSE
UDOTA=PNORM(1,2)*U(NP)+PNORM(2,2)* V(NP)+PNORM(3,2)*W(NP)
UDOTAP=1*UDOTA
IF ((UDOTA.EQ.0.0)) THEN
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KHIT=2
ELSE IF((UDOTAP.LT.0.0)) THEN
KHIT=0
ELSE
KHIT=1
TPLN=(PNORM(1,2)* (PCOORD(1,2)-X(NP))+ PNORM(2,2)* (PCOO
*

RD(2,2)-Y(NP))+PNORM(3,2)* (PCOORD(3,2)-Z(NP)))/UDOTA
END IF
IF ((KHIT.EQ.1)) THEN
IF ((TPLN.LE.USTEP)) THEN
USTEP=TPLN
IRNEW=3
END IF
END IF
END IF
END IF
END IF
ELSE IF((IRL.EQ.3)) THEN
INCY=1
CALL GCYLNDR(X(NP),Y(NP),CYRAD2(1),U(NP),V(NP),INCY,IHIT,TCYL)
IF ((IHIT.EQ.1)) THEN
IF ((TCYL.GT.USTEP)) THEN
UDOTA=PNORM(1,2)*U(NP)+PNORM(2,2)* V(NP)+PNORM(3,2)*W(NP)
UDOTAP=-1*UDOTA
IF ((UDOTA.EQ.0.0)) THEN
JHIT=2
ELSE IF((UDOTAP.LT.0.0)) THEN
JHIT=0
ELSE
JHIT=1
TPLN=(PNORM(1,2)* (PCOORD(1,2)-X(NP))+ PNORM(2,2)* (PCOORD

*

(2,2)-Y(NP))+PNORM(3,2)* (PCOORD(3,2)-Z(NP)))/UDOTA
END IF
IF ((JHIT.EQ.1)) THEN
IF ((TPLN.LE.USTEP)) THEN
USTEP=TPLN
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IRNEW=2
END IF
END IF
IF ((JHIT.NE.1)) THEN
UDOTA=PNORM(1,3)*U(NP)+PNORM(2,3)* V(NP)+PNORM(3,3)*W(NP)
UDOTAP=1*UDOTA
IF ((UDOTA.EQ.0.0)) THEN
KHIT=2
ELSE IF((UDOTAP.LT.0.0)) THEN
KHIT=0
ELSE
KHIT=1
TPLN=(PNORM(1,3)* (PCOORD(1,3)-X(NP))+ PNORM(2,3)* (PCOO
*

RD(2,3)-Y(NP))+PNORM(3,3)* (PCOORD(3,3)-Z(NP)))/UDOTA
END IF
IF ((KHIT.EQ.1)) THEN
IF ((TPLN.LE.USTEP)) THEN
USTEP=TPLN
IRNEW=4
END IF
END IF
END IF
END IF
IF ((TCYL.LE.USTEP)) THEN
UDOTA=PNORM(1,2)*U(NP)+PNORM(2,2)* V(NP)+PNORM(3,2)*W(NP)
UDOTAP=-1*UDOTA
IF ((UDOTA.EQ.0.0)) THEN
JHIT=2
ELSE IF((UDOTAP.LT.0.0)) THEN
JHIT=0
ELSE
JHIT=1
TPLN=(PNORM(1,2)* (PCOORD(1,2)-X(NP))+ PNORM(2,2)* (PCOORD

*

(2,2)-Y(NP))+PNORM(3,2)* (PCOORD(3,2)-Z(NP)))/UDOTA
END IF
IF ((JHIT.EQ.1)) THEN
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IF ((TPLN.LE.TCYL)) THEN
IRNEW=2
USTEP=TPLN
END IF
IF ((TPLN.GT.TCYL)) THEN
IRNEW=1
USTEP=TCYL
END IF
END IF
IF ((JHIT.NE.1)) THEN
UDOTA=PNORM(1,3)*U(NP)+PNORM(2,3)* V(NP)+PNORM(3,3)*W(NP)
UDOTAP=1*UDOTA
IF ((UDOTA.EQ.0.0)) THEN
KHIT=2
ELSE IF((UDOTAP.LT.0.0)) THEN
KHIT=0
ELSE
KHIT=1
TPLN=(PNORM(1,3)* (PCOORD(1,3)-X(NP))+ PNORM(2,3)* (PCOO
*

RD(2,3)-Y(NP))+PNORM(3,3)* (PCOORD(3,3)-Z(NP)))/UDOTA
END IF
IF ((KHIT.EQ.1)) THEN
IF ((TPLN.LE.TCYL)) THEN
IRNEW=4
USTEP=TPLN
END IF
IF ((TPLN.GT.TCYL)) THEN
IRNEW=1
USTEP=TCYL
END IF
END IF
IF ((KHIT.NE.1)) THEN
IF ((TCYL.LE.USTEP)) THEN
USTEP=TCYL
IRNEW=1
END IF

78

END IF
END IF
END IF
END IF
IF ((IHIT.NE.1)) THEN
UDOTA=PNORM(1,2)*U(NP)+PNORM(2,2)* V(NP)+PNORM(3,2)*W(NP)
UDOTAP=-1*UDOTA
IF ((UDOTA.EQ.0.0)) THEN
JHIT=2
ELSE IF((UDOTAP.LT.0.0)) THEN
JHIT=0
ELSE
JHIT=1
TPLN=(PNORM(1,2)* (PCOORD(1,2)-X(NP))+ PNORM(2,2)* (PCOORD(2
*

,2)-Y(NP))+PNORM(3,2)* (PCOORD(3,2)-Z(NP)))/UDOTA
END IF
IF ((JHIT.EQ.1)) THEN
IF ((TPLN.LE.USTEP)) THEN
USTEP=TPLN
IRNEW=2
END IF
ELSE
UDOTA=PNORM(1,3)*U(NP)+PNORM(2,3)* V(NP)+PNORM(3,3)*W(NP)
UDOTAP=1*UDOTA
IF ((UDOTA.EQ.0.0)) THEN
KHIT=2
ELSE IF((UDOTAP.LT.0.0)) THEN
KHIT=0
ELSE
KHIT=1
TPLN=(PNORM(1,3)* (PCOORD(1,3)-X(NP))+ PNORM(2,3)* (PCOORD

*

(2,3)-Y(NP))+PNORM(3,3)* (PCOORD(3,3)-Z(NP)))/UDOTA
END IF
IF ((KHIT.EQ.1)) THEN
IF ((TPLN.LE.USTEP)) THEN
USTEP=TPLN
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IRNEW=4
END IF
END IF
END IF
END IF
ELSE IF((IRL.EQ.4)) THEN
INCY=1
CALL GCYLNDR(X(NP),Y(NP),CYRAD2(1),U(NP),V(NP),INCY,IHIT,TCYL)
IF ((IHIT.EQ.1)) THEN
IF ((TCYL.GT.USTEP)) THEN
UDOTA=PNORM(1,3)*U(NP)+PNORM(2,3)* V(NP)+PNORM(3,3)*W(NP)
UDOTAP=-1*UDOTA
IF ((UDOTA.EQ.0.0)) THEN
JHIT=2
ELSE IF((UDOTAP.LT.0.0)) THEN
JHIT=0
ELSE
JHIT=1
TPLN=(PNORM(1,3)* (PCOORD(1,3)-X(NP))+ PNORM(2,3)* (PCOORD
*

(2,3)-Y(NP))+PNORM(3,3)* (PCOORD(3,3)-Z(NP)))/UDOTA
END IF
IF ((JHIT.EQ.1)) THEN
IF ((TPLN.LE.USTEP)) THEN
USTEP=TPLN
IRNEW=3
END IF
END IF
IF ((JHIT.NE.1)) THEN
UDOTA=PNORM(1,4)*U(NP)+PNORM(2,4)* V(NP)+PNORM(3,4)*W(NP)
UDOTAP=1*UDOTA
IF ((UDOTA.EQ.0.0)) THEN
KHIT=2
ELSE IF((UDOTAP.LT.0.0)) THEN
KHIT=0
ELSE
KHIT=1
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TPLN=(PNORM(1,4)* (PCOORD(1,4)-X(NP))+ PNORM(2,4)* (PCOO
*

RD(2,4)-Y(NP))+PNORM(3,4)* (PCOORD(3,4)-Z(NP)))/UDOTA
END IF
IF ((KHIT.EQ.1)) THEN
IF ((TPLN.LE.USTEP)) THEN
USTEP=TPLN
IRNEW=5
END IF
END IF
END IF
END IF
IF ((TCYL.LE.USTEP)) THEN
UDOTA=PNORM(1,3)*U(NP)+PNORM(2,3)* V(NP)+PNORM(3,3)*W(NP)
UDOTAP=-1*UDOTA
IF ((UDOTA.EQ.0.0)) THEN
JHIT=2
ELSE IF((UDOTAP.LT.0.0)) THEN
JHIT=0
ELSE
JHIT=1
TPLN=(PNORM(1,3)* (PCOORD(1,3)-X(NP))+ PNORM(2,3)* (PCOORD

*

(2,3)-Y(NP))+PNORM(3,3)* (PCOORD(3,3)-Z(NP)))/UDOTA
END IF
IF ((JHIT.EQ.1)) THEN
IF ((TPLN.LE.TCYL)) THEN
IRNEW=3
USTEP=TPLN
END IF
IF ((TPLN.GT.TCYL)) THEN
IRNEW=1
USTEP=TCYL
END IF
END IF
IF ((JHIT.NE.1)) THEN
UDOTA=PNORM(1,4)*U(NP)+PNORM(2,4)* V(NP)+PNORM(3,4)*W(NP)
UDOTAP=1*UDOTA
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IF ((UDOTA.EQ.0.0)) THEN
KHIT=2
ELSE IF((UDOTAP.LT.0.0)) THEN
KHIT=0
ELSE
KHIT=1
TPLN=(PNORM(1,4)* (PCOORD(1,4)-X(NP))+ PNORM(2,4)* (PCOO
*

RD(2,4)-Y(NP))+PNORM(3,4)* (PCOORD(3,4)-Z(NP)))/UDOTA
END IF
IF ((KHIT.EQ.1)) THEN
IF ((TPLN.LE.TCYL)) THEN
IRNEW=5
USTEP=TPLN
END IF
IF ((TPLN.GT.TCYL)) THEN
IRNEW=1
USTEP=TCYL
END IF
END IF
IF ((KHIT.NE.1)) THEN
IF ((TCYL.LE.USTEP)) THEN
USTEP=TCYL
IRNEW=1
END IF
END IF
END IF
END IF
END IF
IF ((IHIT.NE.1)) THEN
UDOTA=PNORM(1,3)*U(NP)+PNORM(2,3)* V(NP)+PNORM(3,3)*W(NP)
UDOTAP=-1*UDOTA
IF ((UDOTA.EQ.0.0)) THEN
JHIT=2
ELSE IF((UDOTAP.LT.0.0)) THEN
JHIT=0
ELSE
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JHIT=1
TPLN=(PNORM(1,3)* (PCOORD(1,3)-X(NP))+ PNORM(2,3)* (PCOORD(2
*

,3)-Y(NP))+PNORM(3,3)* (PCOORD(3,3)-Z(NP)))/UDOTA
END IF
IF ((JHIT.EQ.1)) THEN
IF ((TPLN.LE.USTEP)) THEN
USTEP=TPLN
IRNEW=3
END IF
ELSE
UDOTA=PNORM(1,4)*U(NP)+PNORM(2,4)* V(NP)+PNORM(3,4)*W(NP)
UDOTAP=1*UDOTA
IF ((UDOTA.EQ.0.0)) THEN
KHIT=2
ELSE IF((UDOTAP.LT.0.0)) THEN
KHIT=0
ELSE
KHIT=1
TPLN=(PNORM(1,4)* (PCOORD(1,4)-X(NP))+ PNORM(2,4)* (PCOORD

*

(2,4)-Y(NP))+PNORM(3,4)* (PCOORD(3,4)-Z(NP)))/UDOTA
END IF
IF ((KHIT.EQ.1)) THEN
IF ((TPLN.LE.USTEP)) THEN
USTEP=TPLN
IRNEW=5
END IF
END IF
END IF
END IF
ELSE IF((IRL.EQ.5)) THEN
IDISC=1
RETURN
END IF
RETURN
END
SUBROUTINE BDRY
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COMMON/STACK/E(100),X(100),Y(100),Z(100),U(100),V(100),W(100),DNEA
*R(100),WT(100),IQ(100),IR(100),LATCH(100),LATCHI, NP
DOUBLE PRECISION E,X,Y,Z,U,V,W
COMMON/EPCONT/EDEP,TSTEP,TUSTEP,USTEP,TVSTEP,VSTEP, RHOF,EOLD,ENEW
*,EKE,ELKE,BETA2,GLE,TSCAT, IDISC,IROLD,IRNEW,IAUSFL(25)
DOUBLE PRECISION EDEP,TSTEP,TUSTEP,USTEP,TVSTEP,VSTEP
COMMON/PLADTA/PCOORD(3,4),PNORM(3,4)
COMMON/CYLDTA/CYRAD2(1)
DOUBLE PRECISION EPS,EPS2,XYRAD,XYRADF,XF,YF,ZF
IRL=IR(NP)
XYRAD = X(NP)**2 + Y(NP)**2
XF=X(NP)+0.0001*U(NP)
YF=Y(NP)+0.0001*V(NP)
ZF=Z(NP)+0.0001*W(NP)
XYRADF=XF**2+YF**2
RADXY=SQRT(XYRAD)
RADXYF=SQRT(XYRADF)
RADIUS=SQRT(CYRAD2(1))
EPS = 1.0E-07
EPS2 = 0.5E-06
IF ((RADXYF.GE.RADIUS)) THEN
X(NP)=X(NP)*1.01
Y(NP)=Y(NP)*1.01
IRNEW=1
IDISC=1
END IF
IF ((RADXYF.LT.RADIUS .AND. RADXY.GT.RADIUS-EPS)) THEN
X(NP)=X(NP)*.999
Y(NP)=Y(NP)*.999
XYRAD=X(NP)**2+Y(NP)**2
END IF
IF ((DABS(Z(NP)-PCOORD(3,1)).LT.EPS)) THEN
IF ((W(NP).GE.0 .AND. XYRAD.LT.CYRAD2(1))) THEN
Z(NP)=PCOORD(3,1)+EPS2
IRNEW=2
ELSE IF((W(NP).LT.0. .AND. XYRAD.LT.CYRAD2(1))) THEN
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Z(NP)=PCOORD(3,1)-EPS2
IRNEW=1
ELSE IF((XYRAD.GE.CYRAD2(1))) THEN
IRNEW=1
X(NP)=X(NP)*1.01
Y(NP)=Y(NP)*1.01
END IF
END IF
IF ((DABS(Z(NP)-PCOORD(3,2)).LT.EPS)) THEN
IF ((W(NP).GE.0 .AND. XYRAD.LT.CYRAD2(1))) THEN
Z(NP)=PCOORD(3,2)+EPS2
IRNEW=3
ELSE IF((W(NP).LT.0. .AND. XYRAD.LT.CYRAD2(1))) THEN
Z(NP)=PCOORD(3,2)-EPS2
IRNEW=2
ELSE IF((XYRAD.GE.CYRAD2(1))) THEN
IRNEW=1
X(NP)=X(NP)*1.01
Y(NP)=Y(NP)*1.01
END IF
END IF
IF ((DABS(Z(NP)-PCOORD(3,3)).LT.EPS)) THEN
IF ((W(NP).GE.0 .AND. XYRAD.LT.CYRAD2(1))) THEN
Z(NP)=PCOORD(3,3)+EPS2
IRNEW=4
ELSE IF((W(NP).LT.0. .AND. XYRAD.LT.CYRAD2(1))) THEN
Z(NP)=PCOORD(3,3)-EPS2
IRNEW=3
ELSE IF((XYRAD.GE.CYRAD2(1))) THEN
IRNEW=1
X(NP)=X(NP)*1.01
Y(NP)=Y(NP)*1.01
END IF
END IF
IF ((DABS(Z(NP)-PCOORD(3,4)).LT.EPS)) THEN
IF ((W(NP).GE.0.0 .AND. XYRAD.LT.CYRAD2(1))) THEN
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Z(NP)=PCOORD(3,4)+EPS2
IRNEW=5
ELSE IF((W(NP).LT.0. .AND. XYRAD.LT.CYRAD2(1))) THEN
Z(NP)=PCOORD(3,4)-EPS2
IRNEW=4
ELSE IF((XYRAD.GE.CYRAD2(1))) THEN
IRNEW=1
X(NP)=X(NP)*1.01
Y(NP)=Y(NP)*1.01
END IF
END IF
XYRAD=X(NP)**2 + Y(NP)**2
RETURN
END
SUBROUTINE GCYLNDR (GCYX,GCYY,GCYRAD2,GCYLU,GCYLV,INCY,IHIT,TCYL)
*
COMMON/STACK/E(100),X(100),Y(100),Z(100),U(100),V(100),W(100),DNEA
*R(100),WT(100),IQ(100),IR(100),LATCH(100),LATCHI, NP
DOUBLE PRECISION E,X,Y,Z,U,V,W
COMMON/EPCONT/EDEP,TSTEP,TUSTEP,USTEP,TVSTEP,VSTEP, RHOF,EOLD,ENEW
*,EKE,ELKE,BETA2,GLE,TSCAT, IDISC,IROLD,IRNEW,IAUSFL(25)
DOUBLE PRECISION EDEP,TSTEP,TUSTEP,USTEP,TVSTEP,VSTEP
COMMON/PLADTA/PCOORD(3,4),PNORM(3,4)
COMMON/CYLDTA/CYRAD2(1)
DOUBLE PRECISION TCYL,DELCYL,GCYLX,GCYLY,ACYL,BCYL,CCYL
DOUBLE PRECISION ARGCY,ROOTCY,GCYX,GCYY,GCYLU,GCYLV
DELCYL = 1./(32.*1024.)
IF ((GCYRAD2 .LT. 1. )) THEN
DELCYL=1./2.**36
ELSE IF((GCYRAD2 .LT. 4. )) THEN
DELCYL=1./(2.**22)
END IF
GCYLX = GCYX
GCYLY = GCYY
IHIT=1
TCYL=0.0
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ACYL=DSQRT(GCYLU*GCYLU+GCYLV*GCYLV)
IF(((ACYL.EQ.0.0)))THEN
IHIT=0
ELSE
BCYL=(GCYLX*GCYLU+GCYLY*GCYLV)/ACYL
CCYL=GCYLX*GCYLX+GCYLY*GCYLY -GCYRAD2
ARGCY=BCYL*BCYL-CCYL
IF(((ARGCY.LT.0.0)))THEN
IHIT=0
ELSE
IF(((DABS(CCYL).LT.DELCYL.AND.INCY.EQ.0.AND.BCYL.GE.0.0)))THEN
IHIT=0
ELSE IF((DABS(CCYL).LT.DELCYL.AND.INCY.EQ.1.AND.BCYL.LT.0.0))THEN
TCYL=-2.0*BCYL/ACYL
ELSE
IF(((INCY.EQ.1.AND.CCYL.GE.0.0)))THEN
IHIT=1
TCYL=DELCYL
ELSE IF((INCY.EQ.0.AND.CCYL.LE.0.0)) THEN
IHIT=1
TCYL=DELCYL
ELSE
ROOTCY=DSQRT(ARGCY)
IF(((CCYL.LT.0.0)))THEN
TCYL=(-BCYL+ROOTCY)/ACYL
ELSE IF((BCYL.LT.0.0)) THEN
TCYL=(-BCYL-ROOTCY)/ACYL
ELSE
IHIT=0
END IF
END IF
END IF
END IF
END IF
RETURN
END
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Attachment 2. Sample Input Data for MCNP4B Code
1mcnp

version 4b ld=02/04/97

10/10/03

17:45:58

*************************************************************************
10/10/03 17:45:58

1-

probid =

I=N205-04 O=205-04.O

AlN DETECTOR

2-

1

1 -3.26 -1 2 -3

3-

2

0

4-

3

0

(1:-2:3) -4
4

56-

1

pz

0.0318

7-

2

pz

-0.0318

8-

3

cz

0.1700

9-

4

so

15

1011-

m1 13027.60c -0.658 7014.60c -0.342

12-

imp:n 1 1 0

13-

imp:p 1 0 0

14-

mode n p

15-

sdef cel=2 pos=0 0 10.0125 erg=2.050E-04 DIR=D1 vec= 0 0 -1

16-

SI1 0.999987 1

17-

SP1 -21 1

18-

nps 10000000

19-

f1:n 1

20-

f4:n 1

21-

f14:p 1

22-

f2:n 1

23-

E2 0.001 0.01 0.1 1 2 3 4 5 10

24-

f6:n 1

25-

E6

20

.000001 .000002 .000003 .000004 .00005 .00006 .00007 .00008 .00009

26-

0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 0.0009

27-

0.001

0.002

0.003

0.004

0.005

0.006

28-

0.01

0.02

0.03

0.04

0.05

0.06

29-

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

30-

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0
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0.007
0.07

0.008
0.08

0.009
0.09

31-

10.

32-

warning.
3334-

20.

f8:n 1

f8 tally unreliable since neutron transport nonanalog.
E8

0.020

0.030

0.040

0.050

0.060

0.070

0.080

0.090

0.100

0.110

0.120

0.130

0.140

0.150

0.160

0.170

0.180

0.190

0.200

35-

0.210

0.220

0.230

0.240

0.250

0.260

0.270

0.280

0.290

0.300

36-

0.310

0.320

0.330

0.340

0.350

0.360

0.370

0.380

0.390

0.400

37-

0.410

0.420

0.430

0.440

0.450

0.460

0.470

0.480

0.490

0.500

38-

0.510

0.520

0.530

0.540

0.550

0.560

0.570

0.580

0.590

0.600

39-

0.610

0.620

0.630

0.640

0.650

0.660

0.670

0.680

0.690

0.700

40-

0.710

0.720

0.730

0.740

0.750

0.760

0.770

0.780

0.790

0.800

41-

0.810

0.820

0.830

0.840

0.850

0.860

0.870

0.880

0.890

0.900

42-

0.910

0.920

0.930

0.940

0.950

0.960

0.970

0.980

0.990

1.000

43-

20.000

44-

PRINT

1source
print table 10

values of defaulted or explicitly defined source variables

cel

2.0000E+00

sur

0.0000E+00

erg

2.0500E-04

tme

0.0000E+00

pos

0.0000E+00

x

0.0000E+00

y

0.0000E+00

z

0.0000E+00

rad

0.0000E+00

ext

0.0000E+00

axs

0.0000E+00

1.0012E+01

0.0000E+00

0.0000E+00

0.0000E+00

vec

0.0000E+00

0.0000E+00

-1.0000E+00

ccc

0.0000E+00

nrm

1.0000E+00

ara

0.0000E+00
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wgt

1.0000E+00

eff

1.0000E-02

par

0.0000E+00

probability distribution
power law 21:

1 for source variable dir

f(x)=c*abs(x)**k

k = 1.0000E+00

order of sampling source variables.
cel pos vec dir erg tme
1tally

1

print table 30
tally type 1
tally for
surfaces

number of particles crossing a surface.

neutrons

1

1tally

2

print table 30
tally type 2
tally for
surfaces

particle flux averaged over a surface.

neutrons

1

energy bins
0.00000E+00

to

1.00000E-03 mev

1.00000E-03

to

1.00000E-02 mev

1.00000E-02

to

1.00000E-01 mev

1.00000E-01

to

1.00000E+00 mev

1.00000E+00

to

2.00000E+00 mev

2.00000E+00

to

3.00000E+00 mev

3.00000E+00

to

4.00000E+00 mev

4.00000E+00

to

5.00000E+00 mev

5.00000E+00

to

1.00000E+01 mev

1.00000E+01

to

2.00000E+01 mev

total bin
1tally

4
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print table 30
tally type 4
tally for
cells
1tally

track length estimate of particle flux.

neutrons

1
6

print table 30
tally type 6
tally for
cells

track length estimate of heating.

neutrons

1

energy bins
0.00000E+00

to

1.00000E-06 mev

1.00000E-06

to

2.00000E-06 mev

2.00000E-06

to

3.00000E-06 mev

3.00000E-06

to

4.00000E-06 mev

4.00000E-06

to

5.00000E-05 mev

5.00000E-05

to

6.00000E-05 mev

6.00000E-05

to

7.00000E-05 mev

7.00000E-05

to

8.00000E-05 mev

8.00000E-05

to

9.00000E-05 mev

9.00000E-05

to

1.00000E-04 mev

1.00000E-04

to

2.00000E-04 mev

2.00000E-04

to

3.00000E-04 mev

3.00000E-04

to

4.00000E-04 mev

4.00000E-04

to

5.00000E-04 mev

5.00000E-04

to

6.00000E-04 mev

6.00000E-04

to

7.00000E-04 mev

7.00000E-04

to

8.00000E-04 mev

8.00000E-04

to

9.00000E-04 mev

9.00000E-04

to

1.00000E-03 mev

1.00000E-03

to

2.00000E-03 mev

2.00000E-03

to

3.00000E-03 mev

3.00000E-03

to

4.00000E-03 mev

4.00000E-03

to

5.00000E-03 mev

5.00000E-03

to

6.00000E-03 mev

6.00000E-03

to

7.00000E-03 mev
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7.00000E-03

to

8.00000E-03 mev

8.00000E-03

to

9.00000E-03 mev

9.00000E-03

to

1.00000E-02 mev

1.00000E-02

to

2.00000E-02 mev

2.00000E-02

to

3.00000E-02 mev

3.00000E-02

to

4.00000E-02 mev

4.00000E-02

to

5.00000E-02 mev

5.00000E-02

to

6.00000E-02 mev

6.00000E-02

to

7.00000E-02 mev

7.00000E-02

to

8.00000E-02 mev

8.00000E-02

to

9.00000E-02 mev

9.00000E-02

to

1.00000E-01 mev

1.00000E-01

to

2.00000E-01 mev

2.00000E-01

to

3.00000E-01 mev

3.00000E-01

to

4.00000E-01 mev

4.00000E-01

to

5.00000E-01 mev

5.00000E-01

to

6.00000E-01 mev

6.00000E-01

to

7.00000E-01 mev

7.00000E-01

to

8.00000E-01 mev

8.00000E-01

to

9.00000E-01 mev

9.00000E-01

to

1.00000E+00 mev

1.00000E+00

to

2.00000E+00 mev

2.00000E+00

to

3.00000E+00 mev

3.00000E+00

to

4.00000E+00 mev

4.00000E+00

to

5.00000E+00 mev

5.00000E+00

to

6.00000E+00 mev

6.00000E+00

to

7.00000E+00 mev

7.00000E+00

to

8.00000E+00 mev

8.00000E+00

to

9.00000E+00 mev

9.00000E+00

to

1.00000E+01 mev

1.00000E+01

to

2.00000E+01 mev

total bin
1tally

8

print table 30
tally type 8
tally for

pulse height distribution.

neutrons

photons
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warning.

tally

cells

1

8 needs zero energy bin for negative f8 scores.

energy bins
0.00000E+00

to

2.00000E-02 mev

2.00000E-02

to

3.00000E-02 mev

3.00000E-02

to

4.00000E-02 mev

4.00000E-02

to

5.00000E-02 mev

5.00000E-02

to

6.00000E-02 mev

6.00000E-02

to

7.00000E-02 mev

7.00000E-02

to

8.00000E-02 mev

8.00000E-02

to

9.00000E-02 mev

9.00000E-02

to

1.00000E-01 mev

1.00000E-01

to

1.10000E-01 mev

1.10000E-01

to

1.20000E-01 mev

1.20000E-01

to

1.30000E-01 mev

1.30000E-01

to

1.40000E-01 mev

1.40000E-01

to

1.50000E-01 mev

1.50000E-01

to

1.60000E-01 mev

1.60000E-01

to

1.70000E-01 mev

1.70000E-01

to

1.80000E-01 mev

1.80000E-01

to

1.90000E-01 mev

1.90000E-01

to

2.00000E-01 mev

2.00000E-01

to

2.10000E-01 mev

2.10000E-01

to

2.20000E-01 mev

2.20000E-01

to

2.30000E-01 mev

2.30000E-01

to

2.40000E-01 mev

2.40000E-01

to

2.50000E-01 mev

2.50000E-01

to

2.60000E-01 mev

2.60000E-01

to

2.70000E-01 mev

2.70000E-01

to

2.80000E-01 mev

2.80000E-01

to

2.90000E-01 mev

2.90000E-01

to

3.00000E-01 mev

3.00000E-01

to

3.10000E-01 mev

3.10000E-01

to

3.20000E-01 mev

3.20000E-01

to

3.30000E-01 mev
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3.30000E-01

to

3.40000E-01 mev

3.40000E-01

to

3.50000E-01 mev

3.50000E-01

to

3.60000E-01 mev

3.60000E-01

to

3.70000E-01 mev

3.70000E-01

to

3.80000E-01 mev

3.80000E-01

to

3.90000E-01 mev

3.90000E-01

to

4.00000E-01 mev

4.00000E-01

to

4.10000E-01 mev

4.10000E-01

to

4.20000E-01 mev

4.20000E-01

to

4.30000E-01 mev

4.30000E-01

to

4.40000E-01 mev

4.40000E-01

to

4.50000E-01 mev

4.50000E-01

to

4.60000E-01 mev

4.60000E-01

to

4.70000E-01 mev

4.70000E-01

to

4.80000E-01 mev

4.80000E-01

to

4.90000E-01 mev

4.90000E-01

to

5.00000E-01 mev

5.00000E-01

to

5.10000E-01 mev

5.10000E-01

to

5.20000E-01 mev

5.20000E-01

to

5.30000E-01 mev

5.30000E-01

to

5.40000E-01 mev

5.40000E-01

to

5.50000E-01 mev

5.50000E-01

to

5.60000E-01 mev

5.60000E-01

to

5.70000E-01 mev

5.70000E-01

to

5.80000E-01 mev

5.80000E-01

to

5.90000E-01 mev

5.90000E-01

to

6.00000E-01 mev

6.00000E-01

to

6.10000E-01 mev

6.10000E-01

to

6.20000E-01 mev

6.20000E-01

to

6.30000E-01 mev

6.30000E-01

to

6.40000E-01 mev

6.40000E-01

to

6.50000E-01 mev

6.50000E-01

to

6.60000E-01 mev

6.60000E-01

to

6.70000E-01 mev

6.70000E-01

to

6.80000E-01 mev

6.80000E-01

to

6.90000E-01 mev
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6.90000E-01

to

7.00000E-01 mev

7.00000E-01

to

7.10000E-01 mev

7.10000E-01

to

7.20000E-01 mev

7.20000E-01

to

7.30000E-01 mev

7.30000E-01

to

7.40000E-01 mev

7.40000E-01

to

7.50000E-01 mev

7.50000E-01

to

7.60000E-01 mev

7.60000E-01

to

7.70000E-01 mev

7.70000E-01

to

7.80000E-01 mev

7.80000E-01

to

7.90000E-01 mev

7.90000E-01

to

8.00000E-01 mev

8.00000E-01

to

8.10000E-01 mev

8.10000E-01

to

8.20000E-01 mev

8.20000E-01

to

8.30000E-01 mev

8.30000E-01

to

8.40000E-01 mev

8.40000E-01

to

8.50000E-01 mev

8.50000E-01

to

8.60000E-01 mev

8.60000E-01

to

8.70000E-01 mev

8.70000E-01

to

8.80000E-01 mev

8.80000E-01

to

8.90000E-01 mev

8.90000E-01

to

9.00000E-01 mev

9.00000E-01

to

9.10000E-01 mev

9.10000E-01

to

9.20000E-01 mev

9.20000E-01

to

9.30000E-01 mev

9.30000E-01

to

9.40000E-01 mev

9.40000E-01

to

9.50000E-01 mev

9.50000E-01

to

9.60000E-01 mev

9.60000E-01

to

9.70000E-01 mev

9.70000E-01

to

9.80000E-01 mev

9.80000E-01

to

9.90000E-01 mev

9.90000E-01

to

1.00000E+00 mev

1.00000E+00

to

2.00000E+01 mev

total bin
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인 두 종류의 Aluminum Nitride센서 수십 개를 제작하여 원자로 출력 측정용

Flux 검출기로서 사용가능성 분석을 위하여 수행한 여러 가지 실험 결과를 기술하고 있다. 첫째,
Aluminum Nitride 의 두께 설정과 관련하여 Pulse Mode 사용 시 Gamma Pulse 를 배제하기 위해서
필요한 적정 두께와 두께에 따른 Aluminum Nitride 의 중성자 Sensitivity 등에 대한 EGS4 및
MCNP4B 기반의 계산결과를 수록하였으며 둘째, 이들 센서를 Packaging 한 후 절연저항측정, Pulse
Mode 측정 시 필요한 적정 사용전압, 그리고 하나로 수조 내 실험에 필요한 신호 Cable 준비 및 제작
내용 등에 관한 내용을 기술하였다. 셋째, 이들 Aluminum Nitride 센서를 사용하여 187 큐리 Co60,
7 만 7 천 Ci Co60, 20 만 큐리 Co60 등의 High Flux Gamma 측정실험 결과를 EGS4 를 이용하여 계
산한 결과와 비교한 내용을 기술하였다. 넷째, 하나로 IR Beam Port 에서의 중성자 Flux 측정결과, 포
항 가속기에서의 Flux 측정결과, 그리고 하나로 원자로의 Cold Neutron Source 공에서의 중성자 Flux
측정결과 등을 기술하였다.
Solid State Flux Monitor; Aluminum Nitride; Neutron Sensitivity;
주제명키워드
Gamma Sensitivity; EGS4; MCNP4B; Hanaro Reactor;
(10단어내외)
Pohang Accelerator; Neutron Flux; Gamma Flux;
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