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Abstract 
 
For the Huaneng Shandong Shidao Bay Nuclear Power Plant High Temperature Gas-Cooled Reactor 
Nuclear Power Plant Demonstration Project (HTR-PM) several neutron flux measurements are made 
outside the Reactor Pressure Vessel (RPV) performed by the Ex-core Neutron Flux Monitoring Systems 
(ENFMS).  This paper will discuss the design of the ENFMS for the Shidaowan project. 
 
The unique design of this ENFMS includes a B-10 proportional counter for Source Range (SR) monitoring 
and a shared four-section guarded fission chamber detector assembly for both Intermediate Range (IR) 
and Power Range (PR) monitoring.  The detectors hang from a suspension shielding device via wire 
rope.  The IR channel ENFMS is completely qualified to survive Loss of Coolant Accidents (LOCA) and 
Main Steam Line Breaks (MSLB) per US NRC Reg Guide 1.97 Post Monitoring Requirements.  The 
ENFMS will be qualified for Class 1E Safety-Related applications and also will undergo EMI / EMC testing 
per Reg Guide 1.180.  
 
Due to the long length of the HTR-PM core, the flux is measured at several axial positions.  For the 
fission chamber based systems full advantage is taken of all the operating modes for fission chambers 
(pulse counting, mean square voltage (MSV), and linear current) to provide the Intermediate and Power 
Range signals. 
 
This paper describes the challenges in the development of the monitoring systems for the measurement 
of neutron flux within the ex core region. The selection of detector configuration and the associated 
signal processing will be discussed and compared with traditional PWR designs. The use of only analog 
signal processing techniques will also be elaborated on. 
 
I. INTRODUCTION 
 
In the United States, most commercial PWR power plants have installed new ENFMS employing fission 
chamber detectors.  A primary motivation was the regulatory requirement for post-accident monitoring 
of neutron flux. However, many plants have benefited from additional advantages available from these 
systems. 
 
Other countries, including China (Shidaowan HTR, AP-1000), are now installing these fission chamber 
systems, but the applications the new systems address vary by country and reactor design.  For example, 
in the U.S., unguarded fission chamber systems are used for both SR and IR while new plants being 
constructed in Korea and the UAE use a single three-section guarded fission chamber detector assembly to 
provide all three ranges of power; SR, IR and PR.  This paper discusses the advantages of the technology 
now being exploited, and discusses their relative importance in Shidaowan HTR ENFMS design. 
 
Included in the discussion are advantages in the diversity in technology between the analog-based neutron 
flux monitoring safety signal processing and the digital / software based Power Calculation Processing (PCP) 
Cabinet. 



 
 
II. TYPICAL U.S. PWR SYSTEMS 
 
In Pressurized Water Reactors (PWRs), ex-core neutron flux monitoring systems are used to protect the 
core from excessive thermal power, to control the thermal power level and, in some cases, to control the 
flux distribution within the core. At low power levels, because of the systems' rapid response, they are 
used to verify core calculations and the reactivity worth of control rods. During refueling they are used to 
confirm that the core remains subcritical while fuel is moved into position. And during reactor startups and 
shutdowns they are used to ensure that the rate of change in reactor power remains within acceptable 
limits. 
 
A. Flux Ranges Covered 
 
To perform these functions, the systems must operate over a range of about twelve decades of power. 
Many systems cover this range with three “sub-ranges,” each with a different detector type and associated 
electronics. Figure 1 shows these ranges for a particular PWR. Typically the Source Range covers the lowest 
six or seven decades of power. The Intermediate Range covers about eight decades, from fluxes equivalent 
to full power to those equivalent to about 10-5 or 10-6 percent power, depending on the design of the 
reactor. The Source and Intermediate Range instruments were designed so that they would overlap for 
about two decades of power. In PWRs these channels typically indicate power logarithmically, in units of 
counts per second in the Source Range, and either detector current (Amperes) or percent thermal power 
in the Intermediate Range, depending on the detector type. 
 
The Power Range covers the top two or three decades and indicates the flux (and infers thermal power) 
linearly, to improve the accuracy of the indication and thereby to minimize penalties in fuel design and 
performance. Typically two detector elements (upper and lower) are used in each quadrant to obtain 
radial and axial flux distribution and to provide redundancy within Reactor Protection Systems. 
 
B. Historical Design Considerations 
 
The three sub-ranges historically have resulted from technological constraints on detector range, 
sensitivity, and accuracy. Detectors for the Power Range, typically uncompensated, boron-lined ion 
chambers, generated an electrical current in response to the interaction of the boron and the neutron flux. 
However, they also introduced an excessive “error” current at low power levels, signals that indicated 
gamma flux in addition to neutron flux. 
 
Ion chambers that compensated for this error were applied in the Intermediate Range. (In early plants, 
some of the Power Range channels shared compensated ion chamber detectors with the Intermediate 
Range channels.)  Source Range detectors required higher sensitivity, resulting in the widespread use of 
proportional counters, either boron-lined B-10 detectors as will be used for the Shidaowan SR or with 
boron trifluoride, BF3, as the fill gas. Source Range channels counted the pulses from the detectors, to 
measure the rate of interaction between the neutron flux and the boron. 
 
One PWR nuclear steam supply system (NSSS) manufacturer in the U.S. employed fission chambers for the 
Intermediate Range and, in its later plants, for the Power Range.  Fission chambers for the IR is now the 
base design for new plants being constructed in China and USA.  Fission chambers had also been 
employed in the U.S. in high temperature gas-cooled reactors, research reactors, and as in-core detectors 
in boiling water reactors (BWRs) and in some PWRs. 
  



 
 
III. MODERN FLUX MONITORING SYSTEMS 
 
In the United States, most commercial PWR power plants have installed new Ex-Core Neutron Flux 
Monitoring Systems employing fission chamber detectors. A primary motivation was the regulatory 
requirement for post-accident monitoring of neutron flux. However, many plants have benefited from 
additional advantages available from these systems. 
 
A. Fission Chamber Detectors and Their Benefits 
 
Fission chambers detect thermal neutrons by producing an electrical pulse in the detector when a uranium 
atom captures a neutron and fissions. The energy transmitted to the detector's gas from the fission is 
significantly greater than the energy from a gamma photon, a ratio in energy much higher than in a 
detector using boron as the neutron-sensitive element. Thus the fission chamber, in conjunction with good 
system design practices, is inherently better at rejecting gamma signals than other common detectors. 
 
This rejection is essential for systems that are expected to measure neutron flux accurately in the presence 
of high gamma radiation, e.g., after a design basis accident. 
 
In part due to their high gamma signal rejection, fission chambers can be used over a wide range of reactor 
power. They produce pulses at low power levels and operate in the mean square voltage (Campbelling) 
mode at higher power levels, both with negligible effect from gamma [2- 6]. A common, modern PWR 
channel with a fission chamber detector assembly covers the range from cold shutdown to 200 percent full 
thermal power, employing pulse counting for six or seven decades in the Source Range and a combination 
of pulse counting and Campbelling technology for 10.3 decades in the Intermediate or Wide Range. Figure 
1 shows typical overlap in ranges for these fission chamber based systems and the earlier systems. 
 
Guarded fission chambers are also used as an ion chambers to produce a current linearly proportional to 
flux. With proper design, one fission chamber assembly, with detectors located to monitor axial flux 
distribution, can cover the entire range of neutron flux with output signals suitable in accuracy and 
response time for existing (and future) Reactor Protection Systems. Thus two detector technologies 
(compensated ion chambers for IR and uncompensated ion chambers for PR) are no longer needed to 
cover the full range of flux. This consolidates and simplifies the channel's design. For new reactor designs, 
these channels can also reduce the complexity of cabling and the number of containment penetrations. 
 
B-10 or fission chambers in the SR have advantages over BF-3 proportional counters. The latter have a 
limited life due to the in-service deterioration of the fill gas that controls the gain of the detector. They also 
require periodic adjustments of the high voltage to establish sensitivity, the plateau curves. In contrast, the 
gain of a fission chamber does not change with changes in high voltage, and thus fission chambers do not 
require periodic plateau curves. B-10s and fission chambers do not exhibit a deterioration of the fill gas 
and have an excellent reliability record in service. 
 
IV. SHIDAOWAN ENFMS CONFIGURATION 
 
In all cases and in all countries, safer operation of the plant is the most important concern, including safer 
operation following a design basis accident.  The Shidaowan ENFMS design satisfies all safety 
requirements, including Post Accident Monitoring, electromagnetic compatibility, seismic and 
environmental qualifications. 
 
 



The Shidaowan design takes advantage of the lessons learned from previous plants and modernization of 
existing plants by taking advantage of the benefits offered by fission chambers.  Fission chambers are 
used for both PR and IR channels.  Four guarded fission chambers suspended vertically are used to 
provide axial PR monitoring over the entire length of the core while one of the middle chambers is also 
used to provide the IR.  This combines two channels into one and reduces the cabling, embedded 
connection boxes, and electronics requirements and simplifies installation, testing and maintenance of the 
systems. 
 
A separate B-10 detector is used in the SR for higher sensitivity.  Compared to traditional BF3 counters 
used in SR systems, B-10 proportional counters do not contain toxic and flammable gas, have a better 
signal stability in time and a longer life.  Fission chambers have similar advantages over BF-3s and in 
the future, it may also be possible to use the existing IR and PR fission chambers for the SR as many other 
plants have done.  
 
A radiological shield plug or suspension shielding device will be provided for mounting at the top of the 
detector wells. The shielding device will serve two purposes; 1) a radiological shield to minimize the 
radiation streaming from the detector well, and 2) detector suspension. The detectors will hang from 
the suspension shielding device via wire rope. The four Power Range detectors in each well will each 
hang individually from the suspension shielding device. 
 
Each plant will have four PR channels located at 60, 120, 240, and 300 degrees around the core.  Since 
each channel has four individual PR detectors, there are a total of 16 PR detectors.  Two of the middle 
stacked fission chamber detectors will also be used to provide IR, located 180 degrees apart.  The IR 
channels are designed to meet Post Accident Monitoring requirements with sealed detectors and cables.  
The two SR channels will be located in wells at 53 and 307 degrees (106 degrees apart). 
 
V. SIGNAL PROCESSING 
 
There are two different opinions concerning power plant instrumentation, including safety systems such 
as the ENFMS.  One popular view point is that modern instrumentation must be digital-based to be 
acceptable.  An alternative point of view, and one that is reflected in the Shidaowan NIS design, is that 
properly designed analog instrumentation is better suited in some applications and has proven to be 
viable based upon performance and experience. 
 
In today's world, physical parameter instrumentation is not considered modern or up to date unless it is 
digital or microprocessor-based.  We must remember that most process parameters, including neutron 
flux, are analog in nature, and that even microprocessor-based instrumentation must have some 
associated front-end analog electronics.  Therefore, the only disagreement is on the analog content of 
modern instrumentation.  
 
Historically, most analog instrumentation used in the safety systems of today's nuclear power plants was 
designed more than 40 years ago.  Failure rates for this instrumentation have fallen within expected 
limits, and some instances of obsolescence are expected for equipment of this age.  This is not 
sufficient or proper justification to abandon analog technology as also being obsolete, especially 
considering the rapidly changing environment of digital-based technology. 
 
Proper instrumentation design demands the usage of the most appropriate technology for each 
individual application.  Some applications can most effectively be structured using microproces-
sor-based instrumentation, especially for complex functions or algorithms (such as the Shidaowan PCP 
Cabinet or the DCS or RPS) where accuracy, ease of alignment, or other dynamic processes demand a 
complex instrument.  However, for other applications, like the Shidaowan NIS Cabinets, analog 



instrumentation should be preferred, because of its simplicity and reliability. 
 
Once a careful comparison of all design features has been completed, together with a total installed cost 
comparison between analog instrumentation and digital microprocessor-based instrumentation, a 
proper choice can be made for new instrumentation.  For most applications, including the Shidaowan 
NIS, analog instrumentation is simpler, more reliable, and can be more cost effective. 
 
For new instrumentation, analog equipment provides the lower overall cost approach.  A system with 
analog instrumentation allows a simpler technical justification and the qualification required for analog 
systems is easier and less expensive.  Changes to systems using analog instrumentation are also 
simpler.  Operator training and technician training are less complex.  For safety systems and Class-1E 
applications, analog instrumentation does not require Verification and Validation (of software), which 
simplifies the licensing process and leads directly to lower installed plant cost.  
 
The Shidaowan ENFMS channels will have continuous monitoring of the lowest reliability components 
and the most critical components.  The lowest reliability components are low voltage and high voltage 
power supplies.  The supplies are monitored to ensure the voltage is within the desired band for the 
system to meet all performance specifications.  If a power supply output leaves the desired band a fault 
(Non-Operate) signal is immediately sent to other plant systems. 
  
The most critical components are the detectors (B-10 and fission chambers), cables and 
connectors.  These components are monitored for both open circuits in the signal path and shorting of 
the signal conductor to a shield.  If either of these events occurs, a signal is immediately sent to other 
plant systems. 
 
The ENFMS channels are configured for both manual testing at the front panels and automated remote 
controlled testing.  The channels contain internal test and calibration signal generators.  In the remote 
mode, an external system can place the channel in a calibration mode and the channel output can be 
read by remote systems. 
  
There is very little more a microprocessor based channel can do in the way of self testing or self 
calibration compared to the Shidaowan analog NIS channels.  The added complexity of a CPU based 
channel forces it to run self diagnostics on the computer circuits.  The number of components used in 
an analog channel is less than that of a CPU based channel because only a few analog components are 
needed to perform these simple functions.  The components in the analog channel are very simple, 
have decades of history and are incredibly reliable.  Several components in the CPU based channel are 
very complex, have a short history and have a much lower reliability.  The net affect is the analog 
channel will be more reliable and there will always be a high degree of confidence in its outputs. 
 
In fact, in some countries nuclear regulatory authorities require an independent, hardwired analog 
safety trip for licensing digital systems.  So even with digital protection systems, the Shidaowan NIS 
provides this redundant analog trip protection. 
 
The SR, IR, and PR signal processing drawers will be located in four single-bay cabinets.  Each cabinet will 
be located in a separate instrument room.  Each cabinet will include a PR channel while bays A&B will 
also contain the SR and IR drawers.  A fifth Power Calculation Cabinet is being provided in the 
Shidaowan design that will use two digital recorders to accomplish the data acquisition and interface 
functions. Each recorder can accept up to 80 separate analog inputs from the SR, IR and PR drawers for 
display, processing and storage. It has the ability to communicate via RS232 or RS485 serial ports as well 
as Ethernet. 
  



VI. CONCLUSION 
 
The Nuclear Instrumentation System is an ex core system that includes complete qualifications and Post 
Accident Monitoring. Due to the long length of the Shidaowan core, the flux is measured at several axial 
positions. The IR / PR channels use fission chambers; full advantage is taken of all the operating modes 
for fission chambers (pulse counting, mean square voltage (MSV), and linear current). 
 
Key features and benefits of Shidaowan neutron flux monitoring systems include:  

• Eliminates failure-prone short-lived BF3 in SR and CIC detectors in IR  
• Reduces personnel exposure associated with frequent detector replacements  
• Replaces multiple channels with one, reducing maintenance and inventory  
• Enables a 40-year life under normal full power operating conditions for IR and PR systems  
• Qualifies for safety class 1E and US NRC RG 1.97 Post Accident Monitoring applications  
• Demonstrates high immunity to electromagnetic interference and noise  
• Provides modern, proven electronics for high reliability and low maintenance  
• Ensures spare parts availability into the future through a modular design 
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