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a b s t r a c t

The Jordan Research and Training Reactor (JRTR) is the first research reactor in Jordan, the

commissioning of which is ongoing. The reactor is a 5-MWth, open-pool type, light-water-

moderated, and cooled reactor with a heavy water reflector system. The neutron mea-

surement system (NMS) applied to the JRTR employs a wide-range fission chamber that can

cover from source range to power range. A high-sensitivity boron trifluoride counter was

added to obtain more accurate measurements of the neutron signals and to calibrate the

log power signals; the NMS has a major role in the entire commissioning stage. However,

few case studies exist concerning the application of the NMS to a research reactor. This

study introduces the features of the NMS and the boron trifluoride counter in the JRTR and

shares valuable experiences from lessons learned from the system installation to its early

commissioning. In particular, the background noise relative to the signal-to-noise ratio and

the NMS signal interlock are elaborated. The results of the count rates with the neutron

source and the effects of the discriminator threshold are summarized.

Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

The Jordan Research and Training Reactor (JRTR), located in

Jordan, was designed as a 5-MWth, open-pool type, light-

water-moderated, and cooled reactor with a heavy water

reflector system. The JRTR is the first reactor in Jordan. It's first
criticality was recently completed in late April 2016. As a

multi-purpose reactor, the JRTR will be extensively utilized in

a variety of experiments and in the training of operators and

students through its equipped simulators. This modern

reactor also adopts high-end technologies in itsmany systems

and is expected to operate for a design life of more than 40

years. It is also designed so that, if required in the future, its

power can be uprated to 10-MWth.
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The instrumentation and control system in the JRTR

constitute the reactor protection system (RPS) as the safety

system and the reactor regulating system (RRS) as the non-

safety system, both of which are related to the neutron

measuring system. The RPS employs the neutron linear power

signal and the log rate trip signal as the trip parameters to

prevent reactivity-induced accidents. The RRS also utilizes

these signals to finely control the reactor power, based on the

operator's power demand. Power control is the most critical

design consideration in research reactors; therefore, obtaining

these neutron power signals accurately is an important pre-

requisite. The JRTR's ex-core-type neutron measurement

system (NMS) is a wide-range fission chamber (i.e., guarded

fission chamber) that measures the thermal neutron flux

emitted outward from the reactor core. The fission chamber is

a variation on gas-filled counters that contain fissionable

materials such as uranium-235 that is thinly coated in the

surface. The typical efficiency of this guarded fission chamber

is 0.5e1.0 counts/s (cps)/neutron flux and is expected to

operate over a range of 10 decades without compromising its

performance [1].

Other than the NMS, the JRTR requires an additional

neutron measuring instrument for the reactor performance

test (RPT). Such tests are performed under extremely low

neutron fluxes; thus, a BF3 detector that uses the high-

sensitivity 10B(n, a) reaction was the preferred method in the

early stages of commissioning. Boron trifluoride detectors

feature a high boron concentration and good gas multiplica-

tion performance [2]. Two BF3 detectors, each placed at

different positions, are used to count neutron populations. In

particular, during the commissioning stage before fuel

loading, these detectors have a key role in estimating reac-

tivity and offering the reference neutron power needed to

calibrate the NMS log power signals. Because this BF3 counter

is only temporarily used for the RPT during commissioning, it

does not require the same high quality of operation as the

more commonly used NMS. For this reason, its preamplifier

and signal processing unit are situated near the pool top area

to facilitate efficient testing. The reason that the BF3 detector

was chosen instead of the helium (He)-3 detector is because

the BF3 detector has better gamma discrimination and is more

readily available, despite having less sensitivity than He-3.

Data available from the early commissioning stages of the

JRTR has provided new understanding on the NMS and BF3
counters of newly implemented research reactors. Such

practical information from other system installations with

RPT results is certainly useful for implementing neutron

measuring systems from scratch. The most critical issues to

be considered are especially managed during the commis-

sioning experience. These issues include detector installation,

background noise estimation, and setting the discriminator

(DSC) threshold voltage level.

This paper emphasizes how the NMS and BF3 counter were

prepared for operation in a new research reactor. Each section

of this paper describes the main activities that were per-

formed throughout the early commissioning stage. Section 2

explains the configuration of the NMS and the BF3 counter in

the JRTR and describes the installation procedure of these

systems. Section 3 describes the performance of the system

with regard to background noise with/without the neutron

source by considering the signal-to-noise (S/N) ratio and the

control absorber rod (CAR) interlock. Section 4 describes how

the DSC threshold for each system was established to yield

proper neutron pulse counts. Section 5 summarizes the find-

ings and concludes the paper.

2. Materials and methods

2.1. Site installation of the NMS and BF3 counter

This section provides the initial focus on the configuration

and the main features of the NMS and the BF3 counter used in

the JRTR. This paper identifies the main challenges encoun-

tered during the system installation and discusses the stra-

tegies for addressing these challenges.

2.1.1. Features of the NMS
The NMS is one of the most important components in

research reactors that features highly densified neutron flux

in the core. They primarily depend on CARs to achieve

neutron power control as an immediate response to reactivity

variations. The precise movement of CARs presupposes the

reliability and precision of NMS signals. Therefore, the proper

operation of reactors requires the adoption and perfect

installation of a high-quality NMS at the initial stage. It also

requires the mounting of the detectors at optimal positions to

accomplish the precise reflection of the estimated neutron

flux in the core. Calibration of the NMS needs to be achieved

under actual conditions that are as identical to the ideal

conditions as feasible. The NMS, which was chosen for the

JRTR, is fortunately a digital-based system that is distin-

guished from other NMSs currently in operation. The signal

processors of the NMS described in this paper were fully

implemented by software. All detectors of the NMS were also

successfully mounted in place in the detector well inside the

reactor pool. The stepwise calibration works have been care-

fully accomplished through the site acceptance test and the

RPT. In reality, several steps were involved in the NMS cali-

bration from the time of early commissioning to the time of

actual operation. However, this paper only presents the pro-

cedures executed before the full-scale calibration.

The JRTR's NMS has the capacity to measure a 10-decade

range from 0% to 150% full power (FP) not saturated at a flux

of 1011 n∙cm2/s while tolerating gamma rays on the order of

106 Gy/h. It produces three types of analog outputs: direct-

current linear power, log power and log rate, and digital out-

puts. These are produced in six identical sets, three of which

are used by the RPS and three of which are used by the RRS.

The system classification was designated as jSafety Class 3,

Seismic Category 1, and Quality Class Q.

The configuration of the NMS is illustrated in Fig. 1. The

detector, a wide-range fission chamber (hereafter simply

termed “the fission chamber”), is placed inside the neutron

detector well, which is mounted inside the heavy water vessel

in the reactor pool. The detector cable is water-tight and

radiation-proof; hence, the immersed part of the cable con-

sists of a mineral-insulated material and the enclosed flexible

conduit is welded to the detector housing. In a departure from

common system designs, the preamplifier is placed in a signal
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processor cabinet to maximize the efficiency of space and

save the seismic test for the preamplifier's cabinet. The signal

processor is digital; therefore, parameters such as filtering

time constants and calibration factors can be freely adjusted

and are implemented by software. The parameters can

therefore be directly entered into the display. Furthermore,

the power alignment can be very easily accomplished by using

a dedicated laptop with associated software [3].

2.1.2. Site installation of the NMS
The installation of the electronics aspect of the system-

dnamely, the cabinet, the supporter, and the conduit with

cablesdwas completed by October 2015. After completing the

functional tests on the electronics, the detector assembly was

installed. Because the detector assembly was air-shipped

under vacuum conditions, it was first refilled with nitrogen

(N2) gas to prevent it from any undesirable rupture. After

filling with gas to an operating pressure of 19 pounds/square

inch gauge, nearly 1 day was allowed to elapse to ascertain

that the whole assembly was leak-tight. This amount of time

was necessary to allow the gas to spread throughout the long

cables before the pressure stabilized. The hermetic and insu-

lation tests were successfully completed, although the

installation was challenging because of complicated in-

terfaces with other structures such as in-pool clamps and the

penetration trench. While handling the detector cables in

particular, special care was taken to ensure the cables did not

bend in a manner that exceeded the acceptable bending

radius because the splicing part inside the detector cable was

so sensitive that it may have caused the deterioration of the

NMS signal, even if the part was damaged slightly. Fig. 2

shows the actual fission chambers: one for the RPS and one

for the RRS. Some discrepancies between the actual clamp

position and the location, based on the specification drawings,

led to some modifications in the detector cable routing. In

addition, the length of the flexible conduits was somewhat

problematic because of the limited availability of space on the

reactor's outer wall. Fig. 3 shows overcrowding of the reactor

outer wall with several trays and cables.

Throughout the installation process, the pressure condi-

tions in all the channels of the detector assembly were

meticulously checked. Even with these precautions, a leak

Fig. 2 e A schematic and actual image of the mounted

fission chambers in the detector well.

Fig. 1 e Configuration of the neutron measurement system. DC, direct current.
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was detected in NMS Ch.A, which experienced a pressure loss

as high as 0.5 pounds/square inch gauge over 4 days, which

was well above the acceptable limit. With further investiga-

tion, the leak was determined to be in the vicinity of the

pressure gauge. A bubble test was then executed to identify

the precise location. A small bubble was on the gauge, indi-

cating that it was defective (Fig. 4). The gaugewas successfully

replaced with a spare. The gauge was likely damaged while

the connection box was being pulled through the penetration

hole. The connection box was specially designed to allow for

easy filling with gas without the need to disconnect the cable.

The attached gauge simultaneously enables the current

pressure inside the detector assembly to be checked.

2.1.3. Configuration and installation of the BF3 counter
As shown in Fig. 5, the BF3 counter consists of a BF3 detector, a

guide tube, a preamplifier, and a signal processor (which in-

cludes the pulse counter). As stated in the Introduction, this

system is temporarily used for nonsafety class use; therefore,

its operation can be simplified for efficiency, provided that its

primary function is not compromised. The BF3 detector can

measure a range of more than 5 decades. This is equivalent to

100,000 cps, which is relatively short, compared to the NMS.

However, the valid count rate is limited to 500,000 cps; higher

rates will result in a loss of count because of dead time satu-

ration [4]. Two identical detectors were installed to measure

the specified source range; however, each detector was placed

at a different position. To ensure signal integrity, the distance

between each detector and preamplifier was not allowed to

exceed 15 m. The transferred raw signal from the detector is

very weak; therefore, micronoisemay distort the signal. Thus,

the distance between the detector and preamplifier should be

minimized to avoid an unnecessary noise effect. As the

neutron population increases, the detectors are designed to

move a slight distance from the core (e.g., where the thermal

column extension holes are located) to cover the intermediate

range of the neutron flux.

One persistent problem associated with the BF3 counter is

the detector housing. The BF3 detector housing has a diameter

of 50 mm, and a tolerance of e0.5 mm to enable it to fit within

the irradiation holes. The end of the housing is attachedwith a

funnel-shaped ballast that allows the detector to slide more

easily into the holes. The ballast is made of aluminum alloy,

which reduces the radiation effect. The size of the ballast was

carefully developed so that the detector weighs more, and

thereby lowers the position of its center of gravity. Despite

best efforts, loading the BF3 detector was fairly challenging

Fig. 3 e Front view of the outer wall of the Jordan Research and Training Reactor.

Fig. 4 e A bubble created by leaked gas.
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because of error in the straightness of the BF3 guide tubes and

the disturbance caused by the upward flow discharged by the

primary cooling system pump. This disturbance was allevi-

ated by furrowing the surface of the housing. Because of the

flexible nature of the cable, the detector was carefully placed

into the hole with precision. Fig. 6 shows the BF3 detector

positioned in the guide holes.

The ground noise of the BF3 counter posed another chal-

lenge. The optimal voltage could not be fed practically to the

BF3 counter because of the site condition. Therefore, a power

source on the operation bridge was used instead. As a result,

the expected inverter noise of 20 kHz from the heating,

ventilation, and air conditioning fan motor and another on-

and-off noise from an unknown source were detected. This

noise was resolved by simply adding a noise cut transformer

in the feeding line.

2.2. System performance of the NMS and BF3 counter

After completing the system installation and performing the

functional tests described in the written manuals, the back-

ground noise of all NMS channels was first examined. This

procedure is necessary to determine the DSC threshold level

under different conditions such as without the source, with

the source, and with fuel loading. This section discusses the

background noise level by taking into consideration the S/N

ratio and methods for the optimization of the DSC threshold.

2.2.1. Background noise with allowable cps without a neutron
source
The background noise of all NMS channels was first examined

after certain functional tests and inspections were completed.

In the current context, the background noise is interpreted as

the total noise signal, excluding the direct pulse count ob-

tained from the fissile reaction of the coated uranium in a

fission chamber with incident neutrons. This noise generally

incorporates electronic noise, intrinsic alpha signal, and

gamma noise. The NMS usually employs a discriminator in

the signal path to suppress these types of noise. The ampli-

tude of preamplified pulses transmitted from the detector was

compared with the DSC threshold. The pulses were counted

only if their pulse amplitude exceeded this threshold level.

The neutron signal can be firmly discriminated from other

Fig. 5 e Configuration of the boron fluoride counter. BF3, boron trifluoride; DSC, discriminator; HVPS, high voltage power

supply; NIM, nuclear instrumentation module; NMS, neutron measurement system; preamp., preamplifier; RPS, reactor

protection system; Rx, reactor.

Fig. 6 e The boron fluoride detectors inserted in the

irradiation holes.
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noises because the amplitude of the electronic noise is fairly

small and the intrinsic alpha radiation has a medium

magnitude, whereas the pulse generated by the neutron

interaction has the largest magnitude. The statistical varia-

tion of the pulse amplitude may nevertheless cause a partial

overlap between the amplitude distributions. Recognition of

the background noise level is required because determining

the optimal DSC threshold is necessary to ascertain that the

unwanted noise is removed [5].

During the reactor startup, the minimum neutron count

rate must be realized to achieve an acceptable approach to

criticality. However, as mentioned earlier, the NMS signal in-

cludes the neutron signal and the noise components. The

NMS signal fortunately increases with increasing neutron

population number, whereas the noise level (except for

gamma noise) remains constant. Therefore, it is not prob-

lematic, provided that the S/N ratio is sufficiently large when

the reactor is shut down. The average noise can be simply

calculated by averaging the count rate measured without a

neutron source. Actual count rates fluctuate widely under a

reactor shutdown. Its standard deviation can be defined as s ¼ffiffiffi
n

p
in which n is the total number of counts (i.e., the count rate

multiplied by the counting time).

If N is the average counts of noise, S is the total counts of

the NMS signal, and T is the counting time, then the two

following conditions must be satisfied:

ST>2NT (1)

ST>NTþ 2
ffiffiffiffiffiffiffi
NT

p
(2)

The first requirement [i.e., Eq. (1)] is that the S/N ratio must

be larger than “2.” The second requirement [i.e., Eq. (2)] in-

dicates that the total count must be larger than the expected

noise counts associated with the probability: the noise level

should remain within the limits of (NT� 2
ffiffiffiffiffiffiffi
NT

p
) and

(NTþ 2
ffiffiffiffiffiffiffi
NT

p
) and with a confidence level of 95%. If the number

ST is larger than (NTþ 2
ffiffiffiffiffiffiffi
NT

p
), then the probability is more

than 97.5%. For example, if S ¼ 1 cps and ST>8, these condi-

tions are satisfied when T>8 seconds and N< 0:5 cps. Finally,

to meet this condition, N was determined as 0.4 cps by

adjusting the DSC threshold [6].

The background noise also indicates how stable the NMS

signal is and whether the signal is really acceptable under

conditions without a neutron source. The trends in Fig. 7 were

obtained by keeping track of theNMS channels while adjusting

theDSC threshold voltage ina stepwisemanner from100mVto

150 mV. Very low count rates were expected at the initial core,

where sufficient time is needed to average the random inputs

that occur sporadically; therefore, the filtering time constant in

the signal processor was originally set as long as 100 seconds.

This time constant may be inversely proportional to the count

rate within a range of 0.1e100 seconds. Fig. 7 shows that the

fluctuation increases at cps levels<10 cps and at the same time

Ch.C (the yellow line) has a much higher variation, compared

with the other channels. This type of discrepancy may result

from ground loop noise. Other noise source such as interfer-

ence noise (except for ground noise) did not have a dominant

impact on the signal integrity. Welding operations and the use

of the radio frequencies around the reactor hall often cause

spurious ground loop noise. In fact, such fluctuations were

mitigated after prohibiting these activities. Another intriguing

fact is that, with regard to the entire background noise level,

Ch.A (the red line) has a largermagnitude than either Ch.B (the

green line) or Ch.C (the yellow line). The exact nature of this

phenomenonwas not established; however, it may be because

the detector cable of Ch.A was the longest and its cable routing

was the most complicated.

2.2.2. Determination of the DSC threshold with a neutron
source
The first DSC threshold was tentatively determined, based on

the experimental data (Fig. 8). The electronic noise (red open

squares) showed a rapid decrease with increasing DSC

threshold andwas completely suppressed at thresholds larger

than 125 mV. The combined signal (blue triangles) of the

Fig. 7 e Trends according to the discriminator threshold change. RRS, reactor regulating system.
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intrinsic alpha signals and the electronic noise also rapidly

decreasedwith an increasing threshold level. However, at DSC

levels approximately <100 mV, the contributions by the

combined noise accounted for significant count rates for

which the alpha signals dominate. As the neutron irradiation

increased, the count rate (black circles) was accompanied by a

combined noise at low DSC thresholds, but began exhibiting a

more shallow decrease for medium DSC thresholds. It finally

exhibited a faster decrease as the threshold level exceeded the

pulse amplitude of the neutron signals. The beginning of the

plateau region was estimated at 125 mV where a visible de-

viation from the fast initial drop of the count rate occurred.

The end of it was determined at 300mVwhere the slope of the

curve again increased in magnitude.

The DSC threshold was first determined to the 50 mV

added point beyond the start of the plateau, which was

experimentally determined to be 175 mV. At this threshold

level, the intrinsic alpha current and electronic noise

contributed less than 0.5% to the count rate at the lowest

power level (e.g., the initial core). There was a peculiar case

during the first reactor test in which a wrong gas mixture was

used to fill the specimen that was custom-made for reactor

tests. The detector is ideally filled with a 95% argon:5% nitro-

gen mix; however, an incorrect gas mixture of 95% nitro-

gen:5% heliumwas used instead. This error affected the signal

amplitude of the fission chamber and the plateau area. This

phenomenon led to a deeper decrease in count rates with

increasing DSC level, and consequently a shortened plateau

width [7].

When there was no neutron source in the core, the NMS

count rates decreased to 1 cps by changing the DSC threshold

from 170 mV to 200 mV. After loading the neutron source

(which emitted 500 mCi americurium-241/beryllium radia-

tion) in the core, there was little difference in the NMS count

rates, compared with when no neutron irradiation was pre-

sent. This finding could probably be attributed to the long

distance between the core and the position of the fission

chamber in relation to the strength of neutron source. The

NMS operates at a nominal high voltage of 800 V. It was

justified by a test to increase the high voltage from 0 V to

1,000 V in a stepwise manner in 100-V increments.

At least 10,000 cps must be measured to secure the reliable

count rates data with 99% confidence. However, some

observed data fell below 10 cps. The filtering time constant at

1 cps was 100 seconds; therefore, it would be impractical to

collect data at such low count rates because this would be

time-consuming and negatively impact the commissioning

process schedule. As shown in Fig. 9, the range below 10 cps

can accordingly be extrapolated from the observed data larger

than 10 cps. The black line drawn between the black dots

shows the interpolation, whereas the red line represents the

0.4 cps mark, which is regarded as the allowable limit of the

background noise, as discussed earlier in Subsection 3.1.

Based on these criteria, the conservative threshold level was

established as 190mV for the RPS Ch.A, as shown in Fig. 9. The

DSC threshold should similarly be determined for all channels

at the FP calibration; however, at early stages, the threshold

was adjusted to measure approximately 0.4 cps. The gamma

noise cannot be factored in at this early stage because no

fission product exists around the core.

In addition, the CAR interlock by the RRS had to be

considered to determine the actual DSC threshold. The fact

that the NMS displays zero (“0”) count rate can be interpreted

in two ways: (1) it may be that there is no neutron irradiation

around the NMS detector; or (2) it may be a signal processing

error or a physically disconnected or damaged detector cable.

The latter factor can cause anticipated critical problems

because this type of failure tends to erroneously lead to a

withdrawal of the CARs, although the actual neutron power is

not actually zero. Therefore, a zero-count rate reading dis-

played in the NMS is undependable. For this reason, the RRS in

the JRTR implemented an interlock to prevent a possible ac-

cident from occurring by determining that the CARs should

not be withdrawn under a zero NMS count rate. The least

value at which the CARs can begin moving should be

approximately 1 cps, which is slightly larger than the expected

0.4 cps that was set in consideration of the S/N ratio condi-

tions. The reason that no more than 1cps was selected as the

interlock value is that it is actually difficult to expect more

than 1cps under such an early core condition.

2.2.3. Setting of the BF3 counter before Reactor Performance
Test (RPT)
Before the examination of the BF3 counter performance, a

hermetic test was performed to verify that the sealing of the

BF3 detector, along with its cables and flexible conduit, had

been accomplished. This test was accomplished by

immersing the system into the reactor pool like the NMS

detectors. The connection type of the detector was not

welded but coupled with a sealant and O-ring. No leak was

detected while compressed air was injected for 10 minutes.

An insulation test was conducted to verify that there was no

signal attenuation caused by a leaked current. This test was

categorized between the core to core of the cable, the core to

shield, and the shield to housing for the entire detector

body. The outcome of this insulation test was more than 100

Fig. 8 e The count rate versus the discriminator threshold

for the neutron measurement system. HV, high voltage.

Nu c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 9 ( 2 0 1 7 ) 5 0 4e5 1 6510

http://dx.doi.org/10.1016/j.net.2016.11.003
http://dx.doi.org/10.1016/j.net.2016.11.003


GU, which indicated that there was no severe leaked current

from any faulty circuit.

As shown in Fig. 10, the background noise level of the BF3
counter was directly measured by an oscilloscope, which

exhibited a noise level of 0.5 V, whereas the amplitude of the

neutron pulses was much higher than the noise level. The

neutron pulses were accordingly captured at the 1 V trigger

level, which was larger than the 0.5 V noise level at the pulse

width of 1 ms. This waveform is the output of the main

amplifier because the discriminator output has a Transistor-

Transistor-Logic (TTL) pulse with a 0.5-ms width. This number

was used to calculate the final count rates. To obtain more

reliable data, the neutron source was moved closer to the BF3
detectors. When the neutron source is handled over the pool

water, it is important that the pool top area is classified as a

temporary radiation zone with radiation warning signs and

other means of refraining other personnel from entering the

zone.

The neutron source enclosed with its housing was also

contained by a housing rig to ensure secure transportation.

The source was moved to the designated rack, the holes of

which were densely gathered in the service pool. It also

Fig. 9 e The discriminator threshold determination. cps, counts/s; DSC, discriminator; RPS, reactor protection system.

Fig. 10 e The noise level in the oscilloscope.
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enabled the measurement of the neutron pulse at positions

at greater closer to the source. Two BF3 detectors were

inserted into the holes of this rack in sequence from the

closest to the farthest position from the neutron source. The

positions were then swapped to compare the measured

values (Fig. 11). The detectors showed decent performance,

but they still required dead time correction, as would be

conducted during another test. Fig. 11 shows the average

values of three tests, which were accumulated over a period

of 100 seconds for each test. The high voltage supplied from

the preamplifier was determined as 1,720 V. This was the

approximate median value at which the count rates were

most stable. The DSC threshold was tuned to 1 V, which is

close to the midway position of the plateau formed between

0.8 V and 1.1 V. This setting of the high voltage and DSC

threshold can be changed, depending on installation condi-

tions such as background noise and neutron population in

the neighboring locations. The noise level was equivalently

verified as 0.5 V; however, the effect of gamma radiation

would be ruled out because the amplitude of the pulse pro-

duced by the gamma noise is approximately 10 times smaller

than the amplitude produced by a neutron [8].

3. Results

This section introduces how the DSC levels for the NMS and

BF3 system are practically determined, based on the CAR

interlock and pulse amplitude during the RPT.

3.1. Placement of the NMS and BF3 counter for RPT

To verify the capability and operability of the NMS, the

neutron source was moved from the service pool and loaded

Fig. 11 e Count rate variation with regard to the detector

position. HV, high voltage.

Fig. 12 e The location of all irradiation holes in the core.
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into the IR0 hole, which is at the right center of the core,

with sufficient lead time before initiating the RPT. Two BF3
detectors were also loaded into the vertical irradiation holes

of OR3 and OR6 in the area of the heavy water vessel, as

shown in Fig. 12. The OR3 and OR6 holes were at an eleva-

tion of þ0 m; therefore, the guide tubes for the BF3 detectors

were designed to reach the working platform at an elevation

of 5 m so that the detector could be inserted in a smooth

manner.

All fission chambers were moved to the closest position

from the core. Their signal gains were also adjusted to the

maximumvalues to ensure that it has the largest sensitivity to

the neutron flux. If the signals at the position of the fission

chambers were not sufficiently high to check their measuring

accuracy, the neutron source rig was moved closer to the hole

of each fission chamber to facilitate checking of the signal

integrity. If the neutron flux increased after the nuclear fuel

was loaded, the BF3 detectors were expected to move to the

Fig. 13 e Test results of the detectors. (A) The BF3-1 detector. (B) The BF3-2 detector. BF3, boron trifluoride; DSC, discriminator;

%FP, percent full power; NMS, neutron measurement system; RPS, reactor protection system.
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Fig. 14 e Test results of the NMS (A) For Ch.A. (B) For Ch.B. (C) For Ch.C. DSC, discriminator; %FP, percent full power; NMS,

neutron measurement system; RPS, reactor protection system.
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thermal column extension holes, whichwere distant from the

core, to measure the higher neutron power. The data acqui-

sition system was arranged to commission the test records of

all NMS log power signals and BF3 count rates and to calculate

reactivity.

3.2. Setting of the filtering time constant and estimation
of dead time

The filtering time constant was automatically adjusted, based

on the count rate. In practice, a filtering time constant of 100

seconds was implemented for 1 cps, 2 seconds for 1eþ04 cps,

and 0.3 seconds for 1eþ08 cps. All time constants in the range

of 1 cps, 1eþ04 cps, and 1eþ08 cps were filled by interpolation.

The time constant is a dominant part of the response time of

the NMS because the rest of the execution does not take more

than 0.3 seconds. Such a long-time constant allows inconsis-

tent neutron occurrence at low power levels to be more sto-

chastically realistic by a moving average technique.

The dead time is not a significant factor at the initial core;

however, it would be problematic if the loss of pulse count

becomes severe owing to overlapping counts. The upper limit

of the count rate for each BF3 counter can be extended to

approximately 1eþ05 cps provided that the dead time is ac-

curate. The corrected BF3 count rates were used as the

reference neutron power for measuring reactivity. The dead

time of the BF3 counter was assumed to be a nonextendable

system inwhich the count rates are not paralyzed by detected

events. The system instead continues counting, even during

signal processing. The dead time of the BF3 counter is ideally

set the same as the pulse width of the discriminator output,

which is fixed at 0.5 ms. It is assumed that the count rate is

reliable up to 1eþ05 cps at least by the dead time correction

equation: nc¼ n (1þ nt) in which n is themeasured count rate,

t is the dead time, and nc is the dead time-corrected count

rate. However, it is difficult to estimate such dead times

through simple calculations because an actual system has

different dead time characteristics. The dead time can

nevertheless be experimentally estimated through compli-

cated second order polynomials by using the count rate ratio

of two BF3 detectors.

3.3. The NMS and BF3 test results at the RPT-B1 stage

The test purpose before fuel loading is to verify that the

neutron instruments are reliable under the neutron source for

monitoring neutron population at a relatively low power.

Figs. 13A and 13B show the variation in the count rates, based

on the DSC threshold change. Thewhite squares represent the

count rates without the neutron source and the red circles

represent the same count rates with the neutron source.

When there was no neutron source, the count rates decreased

substantially with a slight increase in the DSC threshold and

became approximately 10 cps at a threshold of 0.6 V. However,

with the neutron source, the intervals of drastic decrease in

count rates were short. However, after a DSC threshold of

0.4 V, the plateau continued until it reached 3.0 V. The reason

that the count rates of BF3-1 were higher than those of BF3-2 is

that BF3-1 in OR3 was geometrically closer to the neutron

source than BF3-1 in OR6. A similar result was observed when

interchanging the positions of each detector. The DSC

threshold was finalized to 2.5 V, which was higher than the

expected value at which the amplitude of the neutron pulse

was the highest.

Figs. 14Ae14C show the trend of neutron power from all

channels of the NMS, based on the variation in the DSC

threshold. The blank dots represent the neutron power (%FP),

which was proportionally converted by the measured count

rates, without the neutron source. The filled squares and dots

represent neutron power with the neutron source. Similar to

the BF3 counter, the count rates without the neutron source

decrease substantially at a low level of the DSC threshold.

With the neutron source, the count rates showed the same

trend as the rates with no neutron source just before the DSC

threshold of 130 mV. However, after the DSC threshold of

150 mV, the count rates were rapidly saturated and the

plateau stretched until 300 mV. After 300 mV, the cps gradu-

ally decreased owing to the loss of the pulse count. On

comparing the difference between the channels, the value of

Ch.A was remarkably low, but it could be compensated for by

moving the fission chamber of Ch.A closer to the core or by

increasing the calibration factor, which is the ratio of the %FP

to cps. These data were extracted by the commissioning data

acquisition system that saved the NMS log power signals and

the BF3 count rates every second.

4. Discussion

The practical features of the NMS and the BF3 counter in the

JRTR have been introduced, and challenging experiences from

system installation to early commissioning have been

managed. The background noise with/without the neutron

source, which took into consideration the signal-to-noise ratio

and CAR interlock, were also elaborated in detail. Further-

more, the effect of the DSC threshold on the NMS and BF3
counter was also considered. In fact, a few case studies [9]

have been conducted on the NMS and BF3 counters that

were applied to a research reactordin particular, at the early

commissioning stage. Therefore, the information in this paper

would be meaningful to researchers who are interested in

establishing neutron measuring systems for the RPT. After

fuel loading, the FP alignment would be tuned by manipu-

lating the calibration factor of the NMS. To ensure this pro-

cess, the background noise and the DSC threshold should be

clearly established at the beginning of commissioning and

with the proper installation of the system.
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