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The metrological equipment dedicated to the radiological protection of the environment have 
been considerably enhanced since the last 20 years. From very simple warning bells in the 
early 80's, the instruments have been sophisticated nowadays to a degree where their 
performances can be compared to the performances achieved in low-level radio analytical 
laboratories. This paper briefly overviews the evolution of these equipment, mainly in the 
field of water monitoring, by comparing their operating technology, their methodology and 
their performances. Next, it presents the concepts of the state of the art technology in the field 
of water continuous monitoring. A discussion follows on the performances and the limitations 
of this technology. Finally, the paper highlights the future perspectives of developments by 
taking into account recent progress in the field of radiation detectors, telecommunication and 
computer sciences among others. 
 

1 Introduction 
 
Most of the nuclear facilities started early with the control of their impact on their close 
environment. In general, regulators imposed this control to operate the facility. The control 
was performed mainly by sampling/analysing different media (water, air, milk and food 
chain) in radio analytical laboratories and by measuring integrated dose using permanent 
dosimeters. Very few facilities adopted the philosophy of continuous monitoring: almost no 
one could believe at that time that continuous monitoring would be ever necessary.  
 
In 1986, just after the Chernobyl accident, most of the Eastern European countries put 
continuous monitoring networks in place at the regional/country scale; expending 
geographically the "close control" to "remote control". This way water, air and dose rate 
continuous monitoring systems were designed and installed in the field. As it will be shown 
later in this paper, these first systems were really simplistic due to the lack of appropriate 
technologies. 
 
Since that time, really few improvements have been realized in this field even if appropriate 
technologies have been made available. Were the first continuous monitoring systems just 
built to respond to a past particular situation ? Were they built to respond to an ethical concern 
of population-environment protection or just to respond to the reaction of the population ? 
 
It turns out that a gap exists between what would be necessary to fulfil new challenges and the 
current state of the continuous monitoring systems. Indeed, with the "zero release to the 
environment" philosophy, "dirty bombs" and "fissile material smuggling" threats, "protection 
of water resources", … very sensitive and very specific equipments will be needed in the near 
future. 
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2 Continuous Monitoring System evolution 
 
The very first continuous monitoring equipments were based on a count rate-meter or a dose 
rate-meter equipment and on the local recording of data on paper. Periodically, a technician 
collected the set of data and the review of the data was performed manually later on. In some 
case, the equipment had an electrical contact to activate a visual/acoustic alarm signal. No 
remote management was possible with this concept. 
 
Thanks to the wide spreading of telecommunication equipment and the enhancement of 
nuclear electronics in the early 80's, remote continuous water monitoring concepts were 
developed. 
 

2.1 Dose rate concept 
 
Some equipment based on dose rate measurements were developed for monitoring the water 
activity concentration. These equipment were based on the use of a Geiger-Muller detector 
directly immersed in the medium to assess. The response of the instrument was established for 
a reference isotope, generally 137Cs. 
 
This method is not appropriate for water monitoring as its sensitivity is too poor and it does 
not account for the instrument energy-sensitivity response dependence (scattered gamma rays 
in the medium). 
 
Table 1 gives the range of activity concentrations producing a defined dose rate for gamma 
emitters between 100 keV - 1 MeV. 
 

Dose [nGy/h] Activity [Bq/l]
10 100-1000 

100 1000-10000 
1000 10000-100000

Table 1 

 
These values have to be compared to the average natural background in water (10-100 nGy/h) 
and the typical dose-recording threshold of such equipments (≈100 nGy/h). These systems 
will start to be useful for radioactivity detection in water from concentrations that are far 
above the sanitary levels (i.e. levels for drinking water). 
 

2.2 Count rate concept 
 
This monitor was based on the detection of gamma rays emission using a NaI(Tl) detector 
enclosed in a 25-liters shielded vessel (Figure 1). The vessel was fed with water through the 
mean of a volumetric pump. The gamma spectrum was evaluated in 2 energy ranges using 
single channel analysers. The recorded counting rate was checked against predefined alarm 
threshold. In case the counting rate was exceeding a threshold then the remote data 
management central was noticed about this event. The system was already remotely 
configurable. The majors' drawbacks of this concept were: 

- not autonomous due the main power supply needed for electronic and pump 



- frequent maintenance needed for the pump and energy calibration due to NaI(Tl) 
detector inherent energy drift  

- measurement of radioactivity only 
- rudimentary analysis: 

o gross counting rate in 2 energy regions, any increase of the counting rate in the 
"High-Energy" region leaded to a systematic increase in the "Low-Energy" due 
the Compton scattered events 

o no discrimination natural/artificial emitters, rendering any alarm interpretation 
almost impossible 

o accurate activity concentration quantification was impossible as the real 
emission energy (and subsequently the detection efficiency) was not available 

o not very sensitive as the use of large energy windows leaded to recording a 
high number of "background" events (range 10-100 Bq/l) 

o no possibility to enhance the analysis method 
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Figure 1 

 

2.3 Pseudo-spectrometry concept 
 
In the early 90's, a step forward was made with the design of a similar system but, this time, 
with complete recording of the emission spectrum using a multi-channel analyser. 4 user-
defined energy regions were used to evaluate the data. The regions parameters were set-up to 
accommodate the activities of the monitored site (NPP, reprocessing plants, hospital). The 
major progress was the possibility to assess the spectrum in case of alarm (distinction 
natural/artificial) and to check the energy calibration remotely. The system was also remotely 
configurable. Nevertheless, some drawbacks remained with this design: 

- not autonomous due the main power supply needed for electronic and pump 
- frequent maintenance needed for the pump and PC 
- NaI(Tl) detector inherent energy drift  
- measurement of radioactivity only 
- rudimentary analysis: 

o gross counting rate in 4 isotope-specific regions, any increase of the counting 
rate in a higher-energy region leaded to a systematic increase in the lower-
energy regions due the Compton scattered events 



o no automatic discrimination natural/artificial emitters, but possibility to assess 
the spectrum when needed  

o off-line accurate activity concentration quantification was possible  
o sensitivity in the range of 1-10 Bq/l 

 

2.4 Limited-spectrometry concept 
 
At the far end of the 90's, a system with limited gamma spectrometry capabilities was 
designed. This design was a step forward again because it makes quantification of activity 
concentration possible and it reduced the false detection rate of an isotope. This system was 
configured with the probe immersed directly in the medium to assess, suppressing this way 
the need for pump. Nevertheless, some drawbacks remained with this design: 

- not autonomous due the main power supply needed for electronic 
- frequent maintenance needed for the PC 
- inefficient NaI(Tl) detector inherent energy drift compensation 
- rudimentary analysis (analysis sequence is shown on Figure 2):  

o rudimentary activity concentration determination in 4 isotope-specific regions, 
activity value is subject to large fluctuation due to the simplification of the 
continuum subtraction problem (linear model) 

o no automatic discrimination natural/artificial emitters, but possibility to assess 
the spectrum when needed  

o off-line accurate activity concentration quantification was possible  
o sensitivity in the range of 1-10 Bq/l 

- measurement of radioactivity only 
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Figure 2 

 
The continuum subtraction problem, even if it seems simplistic, has to be considered carefully 
with an appropriate continuum model and together with the treatment of interfering peak.  
 



The linear continuum model is commonly used for estimating the continuum under the peak. 
This model evaluates the continuum under the peak as given in Equation 1. 
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Equation 1 

where 
B denotes the total continuum under the peak between channels L and R, 
W denotes the peak width at its base, 
HL denotes the average counts over channels [L-1, …, L-n], 
HR denotes the average counts over channels [R+1, …, R+n]. 
 
The parameter n is chosen on the basis of the total number of channels in the spectrum (n=2 
for 1K/2K channels spectrum, n=4 for 4K/8K channels). Choosing n too small leads to large 
fluctuations in the net peak area value. In case of interfering peaks close to the peak energy 
window, a small value of n may reduce the underestimation caused by the situation. Choosing 
n too large will worsen the underestimation in this situation.  
 
The net peak area N, proportional to the activity concentration, is given by (Equation 2): 
  

BIN −=  
Equation 2 

where 
N denotes the net peak area, 
I denotes the peak integral (counts summation over channel L to R), 
B denotes the continuum under the peak. 
 
The linear continuum model is appropriate for the particular situation of a flat continuum or a 
continuum with small slope (typically the situation of high energy peaks), with no peak close 
from the peak energy window being determined (Figure 4). "L" denotes the left limit of the 
peak being considered for evaluation, while "R" denotes its right limit. The open circles 
indicate the background channels being considered for average background height and the 
hatched area represents the continuum subtracted to the peak integral.  
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Figure 3 

When used, this model, can lead to underestimation in quantifying the activity concentration: 
the higher is the slope of the continuum, the higher is the underestimation. This is the case for 



high slope continuum, essentially when the peak is superimposed to a Compton edge, 
rendering the situation depicted on Figure 5 worse (i.e. case of the 1332 keV 60Co line 
superimposed to the 1460 keV 40K Compton edge) .  
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Figure 4 

 
The underestimation is even worse in the case of natural isotopes energy emitted close from 
the energy window (Figure 5). As can been seen on this figure, the underestimation is more 
important when the peak intensities ratio is higher: the ratio is about only 3 in Figure 5 . When 
this ratio is large (>>1), it leads to missing the detection of a present radioisotope. 
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Figure 5 

 
Missing the detection of an isotope or underestimation in quantifying its activity 
concentration are to banish for quality continuous gamma spectrometry monitoring systems. 
Using gamma spectrometry technique for continuous monitoring has to be done with 
appropriate algorithms or the technique is useless. 
 
 

3 State of the art technology 
 
Thanks to the developments in the fields of data communication, computer technology for 
embedded applications and electronics, the IRE introduced an original concept in the early 
2000: 

- communication through modem, GSM, Ethernet 
- possibility to fed the system with solar panel for the immersed probe configuration 

(12VDC, 5W power consumption) 



- multiple instrument interfaces to connect other sensors types (physical-chemical water 
parameter, positioning, …) 

- management of instruments allowing their reset remotely 
- management of peripherals status (peripheral fault, overflow, pump stopped, …) 

 
This concept addressed most of the drawbacks of current monitoring systems for water. The 
degree of analysis algorithm sophistication has reached a level where continuous monitoring 
performance can be compared to laboratory analysis. The concept is applied for both 
immersed probe and shielded vessel. 
 
The analysis sequence is described on Figure 6. 
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Figure 6 

 
The principles and the performances of these algorithms are detailed in the next sections 
 

3.1 Gain stabilisation 
 
The gain stabilization method is based on the position of a reference peak in the spectrum. 
The method is much efficient when using a mono energetic peak in the last third of the 
spectrum.  
 
For seawater monitoring, the presence of 40K in the medium is used for stabilization and 
instrument/measurement quality control.  
 



For river monitoring, the quantity of 40K in the medium is generally not sufficient. In this 
case, an external source of  40K is placed close to the detector. The disadvantage of using such 
an external source is that it increases the detection limit for all energies below the energy of 
the reference peak. The activity of the source has to be chosen to make a good compromise 
between the increase in detection limit and the counting statistic of the reference peak to allow 
proper gain stabilization. In most of the case, a reference peak area of 1000 counts is 
sufficient. 
 
Figure 7 shows the reference peak position with and without gain stabilization for about 4000 
spectra collected continuously over 1 year. The reference energy is set to 1460 ± 1 keV. The 
acquisition time (2 hours) allowed the registration of more than 1500 events in the net peak 
area.  
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Figure 7 

 
The statistical analysis data are given in Table 2. 
 

Unstab. Stab.
Mean Position 1481 1460
Position, 2 Sigma Range 1454-1507 1457-1462  

Table 2 

 

From this table, it is clear that the gain stabilisation process reduces considerably the 
dispersion of the peak position around the reference energy value. The deviation of the peak 
position at lower energy will be much more smaller. One can see that the dispersion of the 
peak position after stabilisation is more important when the gain drift is larger (> 3%). 
 

3.2 Continuum subtraction 
 
The critical aspects of the continuum subtraction are selecting the appropriate: 

- continuum shape model 
- limits of the continuum in the presence of interfering peak(s) (Figure 8) 
- number of channels to consider for average continuum estimation on both side of the 

region 
 
A step function is used for modelling the continuum under the peaks. This technique is known 
to give better continuum estimates than the linear model, even on flat continuum.   



 
The continuum under the peak is evaluated in each channel according Equation 3 
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where 
Bi denotes the estimated continuum at channel I, 
B1 denotes the spectrum height on the left side averaged over n channels, 
B2 denotes the spectrum height on the right side averaged over n channels, 
n denotes the number of channels used for average, 
G denotes the region integral, 
Yj denotes the height of channel j. 
 
The continuum region limits are based on: 
- the interferences positions: peak left only, peak right only or peak right and left, 
- the presence of another interfering peak to the left of the left interfering, 
- the presence of another interfering peak to the right of the right interfering, 
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The effect of the number of channels considered for averaging the continuum on both side of 
the region is shown on Figure 8 (appropriate) and Figure 9 (inappropriate): larger is the value, 
larger is the underestimation of the continuum. This underestimation has the effect to 
overestimate the interference. 
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3.3 Interference correction 
 
The interference correction has to compensate for the contribution of events coming from a 
peak close to the analysis region. Common interferences in environment monitoring with 
NaI(Tl) detectors are 131I (364 keV) / 214Pb (352 keV) and 137Cs (662 keV) / 214Bi (609 keV). 
These interferences require careful treatment as both 131I and 137Cs are critical isotopes in case 
of radioactivity releases from most of the nuclear facilities. 
 
The performances of the interference correction have been evaluated by testing the number of 
false detection of these isotopes. This evaluation has been carried out in about 10000 
spectrums of 2-hours measurements each. The results are presented in Table 3 for 137Cs and 
Table 4 for 131I. 
 
If no interference correction was performed, 137Cs would have been detected 2958 times. With 
the interference correction, this number is reduced by a factor 4.7. If the 137Cs data with 
relative uncertainty higher than 100% are rejected ("Cs-137 Filtered" column), this number is 
reduced by a factor 13. The detection of a signal above the 1 Bq/l limit (sanitary level) has 
been only reported 2 times (0.02% of the measurements). 
 
If no interference correction was performed, 131I would have been detected 1798 times. With 
the interference correction, this number is reduced by a factor 1.4. If the 131I data with relative 
uncertainty higher than 100% are rejected ("I-131 Filtered" column), this number is reduced 
by a factor 2.6. The detection of a signal above the 1 Bq/l limit (sanitary level) has been only 
reported 16 times (0.2% of the measurements). 
 

Bi-214 Cs-137 Cs-137 
Filtered

Bi-214 > 
1Bq/l

Cs-137 > 
1Bq/l

Nr of detection 2958 630 228 44 2
Rate detection 30% 6% 2% 0,5% 0,02%
Max Conc. Bq/l 2,6 1,1 - - -  

Table 3 

 
Pb-214 I-131 I-131 Filtered Pb-214 > 

1Bq/l
I-131 >   
1Bq/l

Nr of detection 1798 1327 694 131 16
Rate detection 18% 14% 7% 1,3% 0,2%
Max Conc. Bq/l 3,8 1,5 - - -  

Table 4 

 

The interference correction is less efficient for 131I due to the very small energy difference 
with its interfering peak (214Pb). 
 

3.4 Sensitivity 
 

The sensitivity for monitoring seawater is given in Table 5 in the form of a Minimal 
Detectable Activity at 95% confidence for 2-hours measurements (immersed probe). These 
values are established considering the mean  MDA of about 10000 spectra of seawater 



containing 12 Bq/l 40K and 0.35 Bq/l 214Bi/214Pb. The MDA range is given for a 2-sigma 
interval. 
 

Cs-137 I-131
MDA Range [Bq/l] 0.13-0.22 0.18-0.24  

Table 5 

 

A typical seawater spectrum is shown on Figure 10 (logarithmic scale). 
 

 
Figure 10 

 
The same type of analysis for monitoring river water (shielded vessel) gives MDA values in 
the range of 0.65-0.85 Bq/l. Due the lower 40K concentration, one may have expected to 
obtain lower MDA for river water, the higher MDA value is explained by: 

- the system where these data have been collected is using an external 40K source (≈ 150 
Bq) close to the detector for gain stabilization 

- the sample volume is much more smaller in the shielded vessel configuration. 
 
A typical river water spectrum with external 40K reference source is shown on Figure 11 
(logarithmic scale). 
 

 
Figure 11 

 



3.5 Response 
 
As the gain stabilization is performing very well, the activity value stability is good as shown 
on Figure 12. The average deviation of the population (980 at 1 sigma) is comparable with the 
average activity uncertainty (971 at 1 sigma). If no stabilisation was used, some of the activity 
values would have been equal to 0 when the peak drifted outside its energy window. Using 
larger energy windows to overcome this situation increases the detection limit. 
 
The statistical analysis data are given in Table 6. 
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Figure 12 

 
Mean Activity Bq/l 13297
Activity, 2 Sigma Range Bq/l 11337 - 15257
Fraction of meas in range 95,74%  

Table 6 

 

3.6 Availability 
 
The availability of the system is determined by comparing the total duration the system was 
able to perform the monitoring and the total duration of the period. 
 
The availability estimated during a 1.5-year period is above 99.9%. Most of the unavailability 
are due to main power supply breakdowns.  
 

3.7 Limitation 
 
In this concept, up to 8 energy windows can be defined. Energy window not defined for an 
isotope will not be considered for analysis. One solution may be the definition of "global 
surveillance" energy windows where only the count rate is evaluated. Unfortunately, this 
solution will not give a good sensitivity for the undefined isotopes. 
 
The gain stabilisation requires the presence of a high-energy reference peak. When not 
available from the medium, it has to be produced by an external source. This has the effect to 
increase the detection limit for peaks below the reference energy. 
 



The sensitivity is appropriate for water monitoring at the sanitary level. More sensitive 
systems may be needed in the future if the "zero release" philosophy is adopted. 
 
The detection energy cut-off is about 100 keV rendering difficult the detection of some low-
energy isotopes used in medical applications. 
 
The use of NaI(Tl) detector has 2 major drawbacks: 

- Complex spectrum (fission products) are very difficult to interpret with low energy 
resolution system. This may be the situation in case of major nuclear accident with 
release to the environment. 

- The concept focused on obtaining the highest possible sensitivity. It is not suitable for 
high activity where the detection system may be saturated (important counts losses 
due to electronic pulse pileup, no output signal from the detector "RC feedback" 
preamplifier). 

 

4 Futures perspectives 
 

In the light of the "State of the Art Technology" limitation, following areas for continuous 
gamma spectrometry improvements should be investigated in the future: 
 

- The use of nuclide library will allow assessing the complete spectrum. The library 
should have to be tailored to the application (Medicine, NPP, NORM, …). The major 
challenge doing this will be to limit the need for human judgement required for 
interpretation. Indeed, detailed review of the data is practically not feasible for 
continuous monitoring where large volume of data are collected. 

 
- The external stabilisation peak (river water monitoring) should not produce a 

significant increase of the detection limit. Investigations in this field have to be made 
using 241Am doped NaI(Tl) detectors or a light emitting diode (LED) at the surface of 
the crystal. The use of an electronic pulse generator connected to the preamplifier 
input will not be useful as it will not be able for compensating the drift due to the 
crystal temperature change (the most important drift source in a NaI(Tl)-based 
detection system). Some stabilisation method use directly the temperature of the 
crystal to compensate the drift. The limitations of this principle are the need for 
establishing a temperature-drift relationship for each type of crystal (sizes and shape) 
and the need for an accurate temperature measurement. 

 
- Better sensitivities can be obtained by optimising the detector shape and size. 

Increasing only the detector size is not the solution because: 
o the increase of the detector surface increases the total detection efficiency but 

also the contribution of events scattered in the medium (mainly for seawater 
monitoring) 

o the detector diameter increase leads generally to peak resolution degradation 
when the photomultiplier diameter does not matching the crystal size 

 
- The use of high-resolution detectors will facilitate the interpretation of complex 

spectrum. Electrically cooled germanium detectors, with relative detection efficiency 
reaching 70% - 90%, are available nowadays. Unfortunately, the power consumption 
of the cooling device (1kW) is not compatible with the autonomous system available 



power. The use of such detector-cooling device is limited to river monitoring. 
Recently, new cooling device with lower power consumption (250W) have been 
developed but the relative efficiency is limited to 10% only. The "High Pressure Xe 
Ion Chamber" (40 atm. pressure) offers characteristics making it appropriate for the 
detection of gamma rays at room temperature. The high Z of Xe (Z=54) allows the 
detection of gamma rays in the 100 keV – 3 MeV energy range. Its use at high 
pressure makes the chamber much more efficient than the others classical gas-filled 
detectors. Furthermore, the resolution of the chamber is about 2% at 662 keV 
compared to 7% for NaI(Tl) detectors. 

 

5 Conclusion 
 
It is obvious that a lot of progresses have been realised recently in the field of continuous 
gamma spectrometry. The sensitivity and the reliability of the method used in field 
applications have reached now a level comparable to methods used in laboratories. 
Nevertheless, some difficulties remain as explained in section 4. Rendering the gamma 
spectrometry method "100% Fault-Proof" will be a very difficult and very complex task. The 
solutions will benefit both to field and laboratory applications.  
 
The proper selection of algorithms parameters remains one of the critical aspects of the 
method.  As no set of parameters will be ever universally suitable for all situations, the "most 
frequently suitable" parameters set has to be determined carefully on the basis of a large 
number of cases. 
 
The actual sensitivity of continuous gamma spectrometry for water monitoring is appropriate 
for the detection of isotopes at the sanitary levels (1-10 Bq/l). In the future, even better 
sensitivity may be required for monitoring "zero-release" levels. In river, where the 
continuum is lower than in sea, this may be directly achievable using an immersed probe 
instead of a shielded vessel. 
 
Much more generally, the concept of high sensitivity - high reliability continuous surveillance 
should be extended to many fields, like the measurement of pure beta emitters (3H, 90Sr, …) in 
the environment (water and air) and the detection of radioactive material (fission products, 
fissile material, industrial sources, …) in public areas. 
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