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A small aluminum-nitride detector of 3 mm × 3 mm × 0.387 mm in size fabricated at the Oak
Ridge National Laboratory is used to measure the 1 MeV ∼ 2 MeV electron beam from a beam
facility at the Korea Atomic Energy Research Institute. Our objective is to check the linearity of
the generated electric current relative to the electron beam intensity and to see if the electric current
generated can be used as a measurement of the flux intensity. The results show that if the electric
voltage applied to the detector is 2,000 V or higher and if the data are taken in a sufficiently short
period of time so that the heat build up inside the detector is negligible, then the measured electric
current increases linearly as the flux intensity increases. Hence, the measured value can be used as
an estimate of the flux intensity, provided that one prior measurement of the beam with the given
energy is available.
PACS numbers: 83.85.Gk, 87.50.Gi, 87.52.Df
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I. INTRODUCTION
The self-powered neutron detectors (SPNDs) with
vanadium or rhodium emitters are a unique type of neutron detector used currently in nuclear power plants. A
few hundred to several hundred SPNDs must be put into
a nuclear power plant simultaneously to measure the neutron flux at different parts of the reactor. These SPNDs,
however, last only a few fuel outage periods before they
have to be replaced by new ones; hence, the detectors
tend to be very costly. Also, if they are to be used in
higher temperature reactors such as the HTGRs, then
the problems due to low signal strength and delayed response of the emitters could become severe so that they
would not be usable.
The objective of our study on the aluminum-nitride
detector is to see if it can provide us a less expensive detector and if it can be used in a nuclear reactor under a
higher temperature environment. There have been many
earlier studies on solid state neutron detectors; natural
diamond [1,2], silicon wafers [3], cadmium-zinc-telluride,
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and scintillators such as BGO. These studies mostly focused on the neutron or the gamma sensitivity of the
particular solid-state detector. Since the gamma flux
inside a nuclear reactor changes much slower than the
neutron flux during the nuclear power change period,
a better detector should reject as many pulses due to
gamma particles as possible.
In our initial study with aluminum nitride [4], we determined an optimal thickness of the aluminum nitride
by using MCNP4B and EGS4 calculations so that the
number of gamma pulses was relatively small compared
to the number of neutron pulses. When the thickness
was below 250 µm, the ratio of the pulses was found to
be less than 1 % with a cutoff energy level of 750 keV.
By reducing the thickness of the aluminium nitride, the
cut-off energy level could further be lowered while keeping this ratio below 1 %. A thickness of 250 µm or less,
however, was not practical due to its lack of mechanical
strength and due to the problem in attaching the electrodes. In the following, we use 387 µm as the thickness
of the aluminum-nitride sensor.
Next, we measured the neutron flux [5] at a beam
port (‘IR’ port) of the Hanaro reactor where the neutron flux was about 109 /cm2 ·sec. We counted about 960
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Fig. 1. Left - AlN sensor/holder; Right - experiment layout.

pulses/sec on the average for this flux when using a detector of 3 mm × 3 mm × 0.635 mm in size. The response of
the aluminum nitride to the changes in the neutron flux
intensities was studied [6] inside the cold neutron source
hole (CNS hole) of the Hanaro research reactor at the
Korea Atomic Energy Research Institute. The neutron
flux inside the hole was about 0.6 × 1015 /cm2 · sec during
its full power operation. The reactor power was increased
in a stepwise manner, and the electric current generated
by the aluminum-nitride detector was measured.
In this paper, we describe the results of flux measurements for the 2-MeV electron beam at the beam facility
at the Korea Atomic Energy Research Institute. The
measurements were done for three different electron energies, 1.0MeV, 1.5MeV, 2.0MeV and for four different
intensitites, 0.03 mA, 0.06 mA, 0.12 mA and 0.24 mA.
We show how the measured values change as the flux intensity increase, and describe how the measured values
can be explained using the EGS4-based calculations.

II. EXPERIMENTAL SETUP
The aluminum-nitride detector used for this experiment is shown in a cylindrical holder in the left-hand-side
picture of Fig. 1. The size of the sensor is 3 mm × 3
mm × 0.387 mm, and it is located in the upper left part
of the cylindrical aluminum holder in Fig. 1. The sensor was repeatedly cleaned in an ultrasonic cleaner with
2-propanol (purity 99.5 %), baked in a vacuum oven for
over 24 hours, and molded with epoxy resin to reduce the
surface current. Then, we installed a 106 -Ohm resistance
to the sensor to protect it from the electric shock when a
high voltage is applied to it, and we put the sensor into
a holder, as shown in the left-hand-side picture of Fig. 1.
A lead plate of 2 mm thickness was placed in front of
the detector, as shown on the right-hand-side of Fig. 1
so that the electrons passed through the lead plate after
having passed through a 40-micron-thick titanium plate.
A lead plate was inserted to protect the detector from
getting too many electrons, which would have caused a
build up of too much heat inside the sensor. The focal
point of the electron beam scans a rectangular area so
that the electrons enter the target area uniformly [7]. In

Fig. 2. Leakage current of the sensor with 2,000 V applied.

the following, we start with descriptions of the results of
EGS4-based calculations for how much energy the electrons will lose while passing through the 40 micron thick
titanium plate and how much they will lose while passing
through the 2-mm-thick lead plate.

III. PREPARATORY MEASUREMENTS AND
CALCULATIONS
The insulation resistance of the aluminum-nitride detector was measured to be about 1015 Ω; hence, the surface current of the detector was about 2 pA ∼ 3 pA, as
shown in Fig. 2, when 2,000 V was applied between the
two ends of the detector. The average of the oscillating
electric current shown in Fig. 2 is 2.23 pA, and the standard deviation is found to be 0.18. The leakage current,
2.23 pA, could decrease if the detector were to be left
longer period in the same state. The value of the standard deviation depended heavily on the environmental
noise.
Next, we performed EGS4-based calculations to see
how much energies the electrons would lose while passing
through the 40-micron-thick Ti plate located in front of
the beam port. The electron energies we used for this
experiment were 1.0 MeV, 1.5 MeV and 2.0 Mev. Table 1
and Fig. 3 show the calculation results where one can see
that the electrons on the average lose energies of about 31
keV for 1.0 MeV electrons, 34 keV for 1.5-MeV electrons,
and 38 keV for 2.0-MeV electrons.
Similar calculations were performed to see how much
energies the electrons would lose while passing through
a 2-mm-thick lead plate. A lead plate of 2 mm in thikness was used to protect the aluminum-nitride detector
from being damaged by the large beam flux. Fig. 4
shows the energy spectrum of the electrons after passing
through the 2-mm-thick lead shield. Each of the three
curves shows the result of transporting 200,000 electrons
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Table 1. Energies of 2 × 105 electrons after passing through 0.04 mm of Ti.
Energy of
Input Electron
1.0 MeV
1.5 MeV
2.0 MeV

Energy thru
Ti Plate
1.94 × 105 MeV
2.94 × 105 MeV
3.94 × 105 MeV

Energy
Trapped
0.06 × 105 MeV
0.06 × 105 MeV
0.06 × 105 MeV

Fig. 3. Energy spectrum of electrons after passing through
0.04-mm-thick Ti.

Average Energy
after Ti Plate
0.969 MeV
1.466 MeV
1.962 MeV

Energy
Loss
31 keV
34 keV
38 keV

Fig. 5. AlN response to a sudden drop in the electron
beam intensity.

initial stage in Fig. 2. The difference is considered to be
due to the thermal electrons in the raised-temperature
state of the aluminum-nitride. Note also that sudden
changes occur in a period of less than one second and
that there is ’no’ delay at all in the detector response.

IV. MEASUREMENTS OF 2-MEV
ELECTRON BEAM INTENSITIES

Fig. 4. Energy spectrum of electrons after passing through
2.0-mm-thick Pb.

of uniform energies, 1.0 MeV, 1.5 MeV or 2.0 MeV, respectively.
Our next measurements were to check the response
time of the aluminum-nitride detector to abrupt changes
in the electron intensities. Fig. 5 shows how the detector
responds to a sudden change in the electron beam flux,
i.e., from the state where the beam flux is maintained
constant to the state where the beam line is shut off.
Note that 15 pA reading in Fig. 5 for the “Beam is OFF”
is much higher than the leakage current of 2.3 pA at the

In this section, we describe the measurement results
of the beam intensities. The energy of the electron beam
was set at three different values, 1.0 MeV, 1.5 MeV and
2.0 MeV, while the beam intensity was increased from
0.03 mA to 0.24 mA in three doubling steps; i.e. 0.3
mA, 0.06 mA, 0.12 mA and 0.24 mA.
At the initial stage of the experiment, the energy of the
electron beam was at 1.0 MeV with the lowest intensity of
0.03 mA. We took a measurement in less than 3 minutes
and moved on to measure the next higher intensity of
0.06 mA. Then, the intensity was doubled again to 0.12
mA to take the third measurement. Finally, we measured
the flux with an intensity of 0.24 mA. Each time, the
measurement was done in less than 3 minute period, and
the results are summarized in Table 3.
The measured values in Table 3 were read off from an
electrometer (Keithley 6517A) that was connected between the two electrodes of the detector. Even though
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Table 2. Energies of 2 × 105 electrons after passing through 2.0 mm of Pb.
Energy of
Electron
1.0 MeV
1.5 MeV
2.0 MeV

Energy thru
Pb Plate
2.33 × 103 MeV
3.06 × 103 MeV
3.50 × 103 MeV

Photons
Generated
1.42 × 103 MeV
4.67 × 103 MeV
1.06 × 104 MeV

Average Energy
after Pb Plate
0.669 MeV
0.928 MeV
1.146 MeV

Standard
Deviation
0.189 MeV
0.303 MeV
0.422 MeV

Table 3. Measured results of the electron beam flux and an estimate.
Energy of
Input Electron
1.0 MeV
1.5 MeV
2.0 MeV

Beam Int.
0.03 mA
7 nA
11.5 nA
12.0 nA

Beam Int.
0.06 mA
14 nA
23 nA
24 nA

Beam Int.
0.12 mA
28 nA
46 nA
48 nA

Beam Int.
0.24 mA
56 nA
92 nA
96 nA

Estimate
by EGS4
0.888 MeV
1.654 MeV
1.723 MeV

Fig. 6. Energy deposited inside the AlN detector by electrons and photons.

Fig. 7. Spectrum of energy deposited by 2 × 105 electrons
inside the detector.

an automatic recording of the variations was not available due to a failure that occured in the Labview program used, the standard deviation or the square root of
the variation was observed below 0.5 nA, i.e., below 0.5
nA, for most of the time during the observation. Note
that the measured value doubles each time as the beam
intensity doubles. From this, we conclude that a background noise of less than 10 pA will not be significant
enough to change the second significant digit for any of
the intensities.
To check if the measured values for different energies
(columns 2, 3, 4 or 5, respectively) of a fixed intensity
could be verified, we performed a series of EGS4-based
computations. The first set of calculations was related to
how much of their energy the electrons lose while passing
through the 40-µm Ti plate. As described already in the
previous section, most electrons with energy in the range
of 1 MeV to 2 MeV lose about 31 keV to 38 keV (see
Table 1). Note that this amount is less than 2 % of their
initial energies.

Next, we performed calculations on how much of their
energies the electrons with initial energies in the range
of 1 MeV to 2 MeV will deposit in the aluminum-nitride,
assuming all enter the detector in a perpendicular direction. When the amount of energy deposited by electrons
of different initial energies are computed, we obtain the
results shown in Fig. 6; electrons with higher initial energy of greater than 1 MeV will deposit less energy inside
the 387-µm-thick aluminum nitride. When 106 electrons
with energies of 0.969 MeV (1 MeV minus the energy
drop of 31 keV due to the Ti plate), 1.466 MeV, and
1.962 MeV are transported through the 2-mm-thick lead
plate and into the aluminum nitride detector, we obtain
the results shown in Fig. 7 and in the last column of
Table 3.
In the above calculations, we used a geometry where
the distance between the beam source and the lead plate
was 7.5 mm, the distance from the bottom of the lead
plate to the surface of the detector was 1 mm, and the
initial directions of the electrons formed a cone with the
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polar angle of tan−1 (0.16). This is a fake geometry and
calculations were made just to check that the odd-looking
ratios of the measured values in Table 3 for different
energies, 1.0 MeV, 1.5 MeV and 2.0 MeV, respectively,
were not erroneous. This particular geometry is obtained
after running several sets of geometric layouts to obtain
results similar to the measured values. The electrons in
the actual beam come into the lead plate vertically while
scanning a rectangular area in the beam port so that not
all electrons come into the detector along a perpendicular
direction. In the calculations, we assumed that they all
came to the detector along the perpendicular direction
and hit the detector always at the center of the aluminum
nitride.
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V. CONCLUSIONS

REFERENCES

An aluminum nitride detector with a size of 3 mm
× 3 mm × 0.387 mm fabricated at ORNL and packaged at KAERI was irradiated by four different intensities of an electron beam with energies of 1.0 MeV, 1.5
MeV and 2.0 MeV, respectively. Through these experiments, we observed that the response of the aluminumnitride detector to the intensity change was linear within
the ‘measurement accuracy’, provided that the measurements were taken in a short period of time so that the

heat buildup inside the detector was negligible. Hence,
we conclude that the aluminum-nitride detector can be
used to measure the electron beam intensity when the
beam energy is in the range of 1 MeV to 2 MeV. The
heat buildup in the detector can be handled by using an
automatic control to move the detector in and out of the
beam exposure area.
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