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SUMMARY 
 
The potential dose to workers and members of the public from neutron radiation has been 
investigated in the past by both Cameco and the Canadian Nuclear Safety Commission (CNSC).  
In 2000, Cameco carried out a neutron survey at their Port Hope Conversion Facility (PHCF) and 
concluded that no special restrictions or monitoring of workers were warranted, including when 
working close to UF6 cylinders.  Neutron doses to all workers at the PHCF were likely to be 
much less than 1 mSv/y.   
 
The CNSC, in a response to two letters to the president of the CNSC, commented on various 
environmental matters related to the PHCF.  In their comments, the CNSC considered the 
possible neutron doses at the PHCF.  The CNSC noted that the emission of neutrons from a UF6 
cylinder is a well understood phenomenon and that neutron radiation fields produced in this way 
are measurable but small relative to the gamma fields emitted by the cylinder.  The CNSC also 
concluded that the transport of UF6 cylinders from and to the PHCF does not represent an undue 
risk to members of the public.  In summary, the CNSC has concluded that the neutron dose rate 
from UF6 cylinders is very low and separate monitoring of neutron radiation levels is not 
warranted.  
 
These evaluations all support the conclusion that, while measurable, neutron dose rates from UF6 
cylinders are low and do not require routine separate measurement. Nonetheless, Cameco has 
continued to evaluate potential neutron dose rates associated with UF6 activities.  This report 
describes the various activities carried out by or for Cameco to assess the neutron dose rates 
arising from the presence of UF6 at the PHCF, primarily from the storage of UF6 cylinders at the 
site. 
 
Recent surveys using Landauer’s passive CR-39 monitors around the PHCF and other sites in 
and around Port Hope also showed quite low neutron dose rates below Landauer’s limit of 
detection.  However, using the raw Landauer data, the mean dose rate along the fenceline was 
calculated to be about 0.008 microsieverts/hour (µSv/h) higher than the mean for other locations 
removed from the PHCF.  The average incremental (above a background of 0.080 µSv/h) gamma 
radiation dose rate at the fenceline TLDs was 0.041 µSv/h for the same period of CR-39 
deployment.  This is about 5 times higher than the nominal estimate of an average incremental 
neutron dose rate of 0.008 µSv/h estimated from the CR-39 measurements.   
 
A portable neutron meter was selected for this study to provide a reasonable counting time for 
measurements at background and at PHCF fenceline locations.  Neutron dose rate measurements 
were collected at background locations, selected TLD locations and at various distances from a 
UF6 cylinder requiring between 0.5 and 6 hours of counting time.  The neutron dose rates at three 
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TLD locations ranged between 0.001 µSv/h above background at TLD-13 and TLD-14 across 
from the Mill Street receptor, to about 0.018 µSv/h above background near TLD-8. 
 
The neutron dose rates around UF6 cylinders were also modelled using the well-known Monte 
Carlo N-Particle (MCNP) model and compared with measured neutron dose rates.  The measured 
and predicted dose rates showed a similar pattern, with measured values close to the MCNP 
modelled values for a single cylinder.  The data confirmed that the MCNP modelling and 
measurements were consistent. 
 
MCNP predictions for one, three, five or ten cylinders along with the measured values for one 
cylinder are shown in Figure S.1.  As illustrated by the figure, the neutron dose rate decreases 
with distance from the cylinders in a predictable and expected fashion. 
 
Based on observations from work performed to date:  
 

• As a consequence of the low neutron dose rates, it is difficult to obtain precise 
measurements of neutrons using CR-39 monitors which are currently the best passive, 
long-term detectors available; 

• Although recent Landauer CR-39 data  shows neutron dose rates below Landauer’s limit 
of detection, the raw CR-39 data suggest incremental neutron dose rates of the order of 
0.008 µSv/h at fenceline locations; 

• Preliminary survey data using a survey meter capable of detecting neutrons at 
background levels and the modelling indicate that the incremental neutron dose rates 
approach background at distances of 10-20 m from a single UF6 cylinder and around 
70 m for an array of cylinders.  Receptors located at distances greater than these listed 
above would receive an incremental neutron dose no greater than the background level. 

• MCNP provides a reliable method of estimating neutron dose rates. 
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Figure S.1  
Dependency of MCNP Predicted and Measured Neutron Dose Rates 

on Distance from the UF6 Cylinders 

Background 0.004 uSv/h

Predicted: 1 cylinder Predicted: 3 cylinders
Predicted: 5 cylinders Predicted: 10 cylinders
Measured: 1 cylinder
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Based on raw data from the recent measurements with Landauer CR-39 monitors, a neutron dose 
rate of about 0.008 µSv/h represents an estimate of the average incremental (above background) 
neutron dose rate at the fenceline (TLD stations).  On this basis and assuming, as was done for 
Cameco’s DRL (SENES 2008), that a fenceline walker spends one hour each day (i.e. 365 h per 
year) exposed to a neutron dose rate of about 0.008 μSv/h, he or she would receive an 
incremental dose from neutrons of about 3 μSv/y.   
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Based on task-time analyses and estimates of neutron dose-rates, neutron doses to workers who 
handle or work in proximity to UF6 cylinders are estimated to be below 1 mSv/y.  On this basis, 
no routine neutron monitoring is required. 
 
Overall, the combined information from long-term monitoring using CR-39 monitors, survey 
data with a portable neutron meter and modelling show remarkable coherence and suggest that 
neutron dose rates are reasonably predictable.  Moreover, the results of the current modelling 
compare well to that reported by others.  A ratio of 5 between incremental gamma radiation and 
neutron dose rates could conservatively be used to predict neutron dose rates for receptors at or 
near the fenceline.  The estimated neutron dose to a walker at the fenceline represents 1% of the 
current Cameco licence limit for public receptors.  Receptors located further away from the 
fenceline are exposed to much lower dose rates, and at distances beyond 70 m from the 
cylinders, the incremental neutron dose rates are comparable to background. 
 
Furthermore, while measurable neutron dose rates from UF6 cylinders are low and do not require 
routine separate measurements, Cameco has continued to evaluate potential neutron dose rates 
associated with UF6 activities. 
 

 



Assessment of Neutron Dose from Cameco’s Port Hope Conversion Facility 
 

 
34647 – June 2009 i SENES Consultants Limited 

TABLE OF CONTENTS 
Page No. 

SUMMARY.................................................................................................................................S-1 

1.0 INTRODUCTION ........................................................................................................... 1-1 
1.1 Source of Neutrons .............................................................................................. 1-2 
1.2 Outline of Report ................................................................................................. 1-3 

2.0 RESULTS OF RECENT MEASUREMENTS................................................................ 2-1 
2.1 Neutron Measurements with CR-39 .................................................................... 2-1 
2.2 Neutron Survey Meter.......................................................................................... 2-1 

2.2.1 Locations Measured ................................................................................. 2-2 
2.2.2 Data Reduction......................................................................................... 2-2 
2.2.3 Interpretation............................................................................................ 2-4 
2.2.4 Gamma Radiation Exposure and Neutron Measurement......................... 2-4 

3.0 MODELLING OF NEUTRON DOSE RATES .............................................................. 3-1 
3.1 Other Modelling of UF6 Cylinders ...................................................................... 3-1 
3.2 Monte Carlo N-Particle Modelling Results for UF6 Cylinder Arrays ................. 3-2 

4.0 OVERVIEW .................................................................................................................... 4-1 
4.1 Measurements ...................................................................................................... 4-1 
4.2 Modelling............................................................................................................. 4-1 
4.3 Dose Implications ................................................................................................ 4-4 

5.0 REFERENCES ................................................................................................................ 5-1 

APPENDIX A – PHOTOGRAPHS OF JANUARY 2009 NEUTRON MONITORING .......... A-1 

APPENDIX B – SUPPORTING TECHNICAL INFORMATION.............................................B-1 
B.1 Previous Measurements .......................................................................................B-1 

B.1.1 Portable Neutron Survey Meter ...............................................................B-1 
B.1.2 Neutron Dosimeters .................................................................................B-1 
B.1.3 Bubble Detectors......................................................................................B-2 

B.2 Recent Measurements ..........................................................................................B-2 
B.2.1 CR-39 Passive Monitors ..........................................................................B-2 
B.2.1.1 Calculation of the Point Estimate of Dose...............................................B-2 
B.2.1.2 Interpretation............................................................................................B-4 
B.2.2 Neutron Survey Meter..............................................................................B-4 

B.3 Monte Carlo N-Particle Modelling and Calculations for UF6 Cylinder Arrays ..B-5 
B.3.1 Input Assumptions ...................................................................................B-6 
B.3.2 Output Calculations .................................................................................B-9 

APPENDIX C – PREVIOUS EVALUATIONS OF NEUTRON DOSE RATES AT CAMECO’S 
PORT HOPE CONVERSION FACILITY......................................................................C-1 

 



Assessment of Neutron Dose from Cameco’s Port Hope Conversion Facility 
 

 
34647 – June 2009 ii SENES Consultants Limited 

LIST OF TABLES 
Page No. 

 
Table 2.2-1 Neutron Measurements Collected With Portable Neutron Meter........................ 2-3 
Table 2.2-2 Comparison of Measured Incremental Gamma and Neutron Radiation  

Dose Rates Near the Test Cylinder...................................................................... 2-5 
 
Table 3.2-1 Neutron Dose Rates from Side of the UF6 Cylinders (1, 3, 5, 10 Cylinders) ...... 3-2 
 
Table 4.2-1 Comparison with MCNP Predictions................................................................... 4-2 
Table 4.3-1 Estimate of Neutron Doses to Workers ............................................................... 4-5 
 
Table B.1.1-1 Summary of Neutron Dose Rate Measurements (December 2000).....................B-1 
Table B.1.3-1 Bubble Detector Neutron Measurements at the PHCF (2001) ............................B-2 
Table B.2.1-1 Calculation of Neutron Dose Rate using Landauer CR-39 Monitors  

(Sept 1 2008 to Dec 3 2008) ................................................................................B-3 
Table B.2.2-1 Potentially Suitable Neutron Monitors for Environmental Monitoring...............B-4 
Table B.2.2-2 Count Rate and Time for Potentially Suitable Neutron Monitors .......................B-5 
 

 
 
 
 
 
 

LIST OF FIGURES 
Page No. 

 
Figure S.1 Dependency of MCNP Predicted and Measured Neutron Dose Rates on  

Distance from the UF6 Cylinders.........................................................................S-3 
 
Figure 3.2-1 Neutron Dose Rate as a Function of Distance ..................................................... 3-3 
 
Figure 4.2-1 Dependency of MCNP Predicted and Measured Neutron Dose Rates on  

Distance from the UF6 Cylinders......................................................................... 4-3 
 
Figure B.3-1  Top View of Modelled UF6 Cylinder Arrays and Receptor Locations ...............B-8 
 



Assessment of Neutron Dose from Cameco’s Port Hope Conversion Facility 
 

 
34647 – June 2009 1-1 SENES Consultants Limited 

1.0 INTRODUCTION 
 
Cameco’s Port Hope conversion facility (PHCF), located in the Municipality of Port Hope, 
receives natural uranium trioxide (UO3) from Cameco’s Blind River uranium refinery where it 
is reduced to uranium dioxide (UO2) or converted to uranium hexafluoride (UF6) in separate 
process streams.  In uranium compounds that contain fluorine, such as UF6, neutron radiation 
fields are naturally created as a result of a reaction between fluorine and the alpha particle 
emitted by uranium. 
 
The potential dose to workers and members of the public from neutron radiation has been 
investigated in the past by both Cameco and the Canadian Nuclear Safety Commission 
(CNSC).  As discussed below, based on a neutron survey at the PHCF, Cameco concluded that 
there was no need for special restrictions or monitoring of workers as the result of working 
close to UF6 cylinders and moreover, that neutron doses to all workers were likely to be much 
less than 1 mSv/y (Takala 2001).  
 
The CNSC, in a response to two letters to the president of the CNSC, commented on various 
environmental matters related to the PHCF, including neutron radiation. In May 2005, the 
CNSC indicated that the emission of neutrons from a UF6 cylinder is a well understood 
phenomenon and that neutron radiation fields produced in this way are measurable but small 
relative to the gamma fields emitted by the cylinder.  The CNSC concluded that the transport 
of UF6 cylinders from and to the PHCF does not represent an undue risk to members of the 
public in Port Hope (Pereira 2005a). 
 
Subsequent CNSC memoranda further commented on the potential doses from UF6 cylinders 
and concluded that the neutron dose rate from UF6 cylinders is extremely low and that separate 
monitoring of neutron radiation levels is not warranted (Hinton 2005, Pereira 2005b).  Finally, 
in a presentation to an OECD workshop, Carisse (2007) reviewed the then-available data on 
environmental neutron exposures from UF6. 
 
These previous evaluations all support the conclusion that, while measurable, neutron dose 
rates from UF6 cylinders are low and do not require routine separate measurement. 
 
Nonetheless, Cameco has continued to evaluate potential neutron dose rates associated with 
UF6 activities.  This report describes the various activities carried out by or for Cameco to 
assess the neutron dose rates arising from the presence of UF6 at the PHCF, primarily arising 
from the storage of UF6 cylinders at the site. 
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1.1 SOURCE OF NEUTRONS 
 
Spontaneous fission from uranium naturally occurs at a low rate.  In addition, neutrons are also 
produced as the result of cosmic rays interacting with the earth’s atmosphere.  Thus, neutrons 
contribute, at a low level, to the natural background radiation dose.  However, when elements 
such as oxygen and fluorine are mixed with alpha-emitting nuclear material, a reaction can 
occur that releases neutrons.  This occurs for example when the alpha particle from the 
spontaneous radioactive decay of uranium is captured by a fluorine nucleus.  The resulting 
fluorine nucleus is then unstable and may release a neutron to return to a stable configuration.  
Neutrons are produced at a much lower rate from the spontaneous fission of uranium alone 
than from fluorinated uranium compounds.  
 
The interaction of alpha particles from uranium with nuclei of fluorine generates neutrons of 
approximately 2 MeV energy (U.S. DOE 2004).  The intensity of the neutron radiation field 
varies with distance from the source and the uranium enrichment.  Based on the alpha-neutron 
yields for oxides and fluorides of uranium, the neutron yield per gram for uranium isotopes in 
oxides is 100 times less than in fluorides (i.e., UO2 vs. UF6) (U.S. DOE 2004).  Therefore, the 
dose rate expected from the neutron radiation field from UO2 and UO3 would be much smaller 
than from UF6.  In the case of UF6 cylinders (containing natural to 5% enriched uranium), the 
typically measured neutron dose rates are approximately 0.1 to 2 µSv/h (U.S. DOE 2004). 
 
Neutrons occur naturally in the environment.  According to UNSCEAR 2000 (Annex B, 
Figure II), the outdoor cosmic ray neutron dose rate at sea level at our latitude (about 43-44 
degrees north for the Port Hope – Toronto area) is in the order of 0.01 μSv/h. Potential 
variations with factors such as season or solar activity can occur.  The rate increases with 
elevation above sea level but the difference between the Port Hope (less than 100 m above sea 
level) and sea level neutron dose rates is less than 10% (based on atmospheric depth and 
neutron attenuation factors in UNSCEAR 2000).  
 
Measurements of the neutron dose rate in surveys in Japan (roughly comparable latitude to Port 
Hope) indicate background neutron effective dose rates of about 0.003 to 0.005 µSv/h 
(Nagaoka et al. 2009, Rasalonjatovo et al. 2002). 
 
Measurements of the neutron dose rate at background locations (away from the PHCF) were 
made with a portable neutron meter in February 2009.  These results, as described in 
Section 3.3, ranged between 0.003 and 0.004 µSv/h.  The results (based on total counts of 
about 25 to 40) have an uncertainty, due to counting statistics, of about 0.001 µSv/h.  These 
levels are therefore somewhat lower than would be suggested by the UNSCEAR number, but 
comparable to the values measured in Japan.  
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1.2 OUTLINE OF REPORT 
 
The assessment of neutron dose rates at the PHCF is described in the following chapters: 
 
Chapter 2 – Results of Recent Measurements - describes recent measurements made with 
passive (CR-39) detectors and with a hand-held neutron survey meter suitable with sufficient 
precision for measuring at background levels. 
 
Chapter 3 – Modelling of Neutron Dose Rates - describes the results of recent modelling of 
neutron dose rates arising from loaded UF6 cylinders using the Monte Carlo N-Particle Model 
(MCNP). 
 
Chapter 4 – Overview - provides a short discussion of the key observations and conclusions 
from the recent measurements and modelling. 
 
Chapter 5 – References - lists the references cited in the report. 
 
Appendix A - Photographs of January 2009 Neutron Monitoring. 
 
Appendix B - Supporting Technical Information. 
 
Appendix C - Previous Evaluations of Neutron Dose Rates at Cameco’s Port Hope 

Conversion Facility. 
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2.0 RESULTS OF RECENT MEASUREMENTS 
 
Cameco has undertaken a number of previous neutron measurements as presented by Carisse 
(2007).  These presentation slides are provided in Appendix C with a summary of results 
provided in Appendix B. 
 
2.1 NEUTRON MEASUREMENTS WITH CR-39 
 
Cameco measured neutron radiation levels at the PHCF fenceline and other locations over a 
three month period (early September to early December 2008).  The passive instruments were 
CR-39 monitors from Landauer; however, the laboratory reports indicate that the measured 
neutron dose over a 2208 hour deployment period was <100 μSv for all locations.  This 
converts to a dose rate of <0.045 µSv/h for these measurements which is larger than the 
estimated 0.004 µSv/h background neutron dose rate for the area (discussed in Section 3.3). 
 
Landauer provided the transit control reading in addition to the neutron dose at the location 
monitors.  The following section calculates the point estimate of neutron dose rate for those 
concentrations reported as below detection limit by Landauer.  Examining the range of these 
measurements relative to the site may provide qualitative information on the pattern of neutron 
radiation.  
 
A detailed description of the CR-39 monitoring data and estimated doses is provided in 
Appendix B. 
 

In brief, the calculated neutron doses are low and highly uncertain; therefore, information from 
individual measurements is difficult to assess.  However, comparison of averages can be 
informative since random variations in the measurement process at below detection limit levels 
are “averaged” out.  The UF6 cylinders are considered to be the main source of neutrons at the 
PHCF.  The mean values were calculated for the fenceline TLD locations and for all other 
TLDs grouped and the difference in the means is a conservative estimate of the neutron dose 
rates due to the UF6 cylinder.  The “PHCF” mean was about 0.008 µSv/h higher than the mean 
for the “Other” TLD locations and this approached statistical significance. The average 
incremental gamma radiation rate (above a background of 0.08 µSv/h) at the fenceline TLDs 
was 0.041 µSv/h for the same period of CR-39 deployment. This dose rate is about 5 times 
higher than the nominal estimate from the CR-39 of an average incremental neutron level of 
0.008 µSv/h. 
 

2.2 NEUTRON SURVEY METER 
 

A list of neutron survey meters which were potentially suitable for measuring neutron dose 
rates at the Cameco’s PHCF was compiled by SENES.  The criteria for suitability were based 
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on sensitivity of the detector, operational temperature range, gamma rejection, availability of a 
scaler or integrating option, and portability.  The neutron monitors identified as potentially 
suitable are provided in Appendix B (Table B.2.2-1). 
 
The neutron monitoring instrument used in this study was the high sensitivity He-3 Meridian 
Neutron Monitor, Model 5085 from Far West Technology Inc.  It can be operated as a rate 
meter or in scaler mode with the instrument reporting either dose rate, or the total number of 
counts. There is also an export function on the instrument where data can be exported to 
computers or other recording points.  The instrument is relatively light, reasonably portable 
and quiet during operation. 
 
2.2.1 Locations Measured  
 
Locations were measured beginning with initial exploratory measurements on 30 January 2009 
and continuing from 3 February through 9 February.  Measurements were collected at various 
locations in Port Hope and the PHCF to reflect the range of neutron radiation levels including: 
 

i) background locations well away from the facility; 
ii) various distances from an isolated UF6 cylinder to determine the pattern of neutron 

radiation with distance (potentially for comparison with MCNP monitoring results). 
These measurements were collected at the height of the centre of the cylinder.  

iii) TLD locations of interest (TLD-13 and TLD-14 on the east fence of the centre 
pier); and,  

iv) other miscellaneous locations on the PHCF.  
 
Background measurements were also taken outside Port Hope.  Due to the low neutron dose 
rates, the measurements were collected as scaler counts with extended monitoring times up to 
about 6 hours.  A description of the location, typically with a photograph, the number of counts 
and the time required to collect those counts were recorded.  Photographs are included in 
Appendix A.  The counts and times required are provided in the following section.  
 
2.2.2 Data Reduction 
 
The neutron dose rate was determined using the instrument-specific calibration (i.e. 1.27 μSv/h 
per count per second).  Table 2.2-1 shows these measurements along with an estimate of the 
uncertainty1, due to counting statistics in the measured values.  The relative uncertainty is 
higher for lower numbers of counts.  Where possible, the background neutron rate was 

                                                 
1  The statistical variance due to counting statistics is equal to the number of counts.  For example, 100 counts will 

have a variance of 100 and standard deviation of 10 counts.  This indicates that the two sigma uncertainty for a 
count of 100 would be approximated as +/-20.  
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subtracted from the measured values to indicate the incremental neutron dose rates at the 
various locations monitored and their uncertainties. 
 

Table 2.2-1  
Neutron Measurements Collected With Portable Neutron Meter 

 Counts a Time
(h) 

Dose Rate
(µSv/h) 

Absolute 
Uncertainty b 

(2 sigma) 

Increment
(µSv/h) 

Absolute 
Uncertainty b 

(2 sigma) 
Background       
Richmond Hill 41 3.26 0.004 0.001   
Toronto 27 3.02 0.003 0.001   
Cobourg (Garage) 25 3.50 0.003 0.001   
Dale Road (Port Hope) 42 4.21 0.004 0.001   
Peter Street (Port Hope) 54 5.41 0.004c 0.001   
       

Station No.8 (near TLD-8) 13 0.22 0.021 0.012 0.018 0.012 
TLD-13 52 3.57 0.005 0.001 0.002 0.002 
TLD-14 57 4.39 0.005 0.001 0.001 0.002 
       

Building 22, office 22-G-7 (facing East) 60 5.92 0.004 0.001 0.000 0.001 
Building 22, office 22-G-7 (facing West) 168 15.37 0.004 0.001 0.000 0.001 
       

Cylinders       
Test Area Background 26 0.33 0.028d 0.011   
       

Side of Cylinder       
contact 1175 0.25 1.660 0.097 1.632 0.097 

1 m 774 0.50 0.546 0.039 0.519 0.041 
5 m 107 0.50 0.075 0.015 0.048 0.018 

10 m 49 0.50 0.035 0.010 0.007 0.015 
       

End of Cylinder       
contact 1073 0.25 1.511 0.092 1.483 0.093 

1 m 421 0.50 0.297 0.029 0.270 0.031 
5 m 50 0.34 0.052 0.015 0.024 0.018 

10 m 15 0.42 0.013 0.007 <0.01 n/a 

Notes: Numbers may not add or subtract to table values due to rounding.  The number of significant figures 
shown should not be taken as indicative of the precision of the values. 
a Count rate of a minimum of 50 counts is recommended for any future measurements to keep the 

uncertainty (2 sigma) of the measurements below 30%. 
b Uncertainties calculated based on counting statistics and error propagation for a difference. 
c Site background away from PHCF and neutron sources. 
d Background for testing of a single cylinder. 
 
 

Some of the measurements had relatively low total counts; for example, one measurement 
result was 15 counts which provided an estimated dose rate of 0.013 µSv/h with an uncertainty 
of +/ 0.007 µSv/h. This level of count approaches what is usually considered a method 
detection limit (the uncertainty equals the measured value).  Neutron dose rates were measured 
with the neutron meter at two additional TLD locations (Stations 1 and 31); however, these 
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resulted in very low counts (1 and 3) due to the time available for monitoring.  These have not 
been reported in the table because of their very large uncertainty (nevertheless, the neutron 
dose rates at these locations would be low).   
 
2.2.3 Interpretation 
 
The measured neutron levels and the increments above the background shows a measureable 
range of levels.  The Peter Street location represents background in Port Hope with a dose rate 
of 0.004 µSv/h (+/- 0.001 µSv/h) and this required about 5.5 hours of measurement to collect 
this level.  Another background measurement in Port Hope was similar. 
 
Neutron levels at TLD-13 and TLD-14 locations were nominally higher than the Peter Street 
background measurement; however, the confidence interval for the increment included the 
value of 0 (no change).  Longer measurements could potentially demonstrate a statistical 
difference.  One measurement inside the fenceline near TLD-8 demonstrated an increment of 
0.018 µSv/h above the Peter Street background.  The photograph of this location in 
Appendix A demonstrates the presence of UF6 cylinders which may be emitting neutrons.  The 
building #22 measurement had similar neutron levels to the Peter Street background.  
 
A single cylinder was isolated from other cylinders; however, the relatively nearby cylinders 
on site contributed to a local background for the measurements of 0.028 µSv/h which is above 
the Peter Street background.  The 0.028 µSv/h background is appropriate for the measurements 
collected up to 5 m distance from the cylinder.  Future studies would benefit from taking the 
cylinder further away (50 m or more) from other neutron sources to more precisely estimate 
the contribution at larger distances.   
 
The measurements show a decrease in neutron dose rates with distance from the cylinder 
ranging from an increment of 1.632 µSv/h (at contact) to below the local area background at a 
distance of 10 m from the end of the cylinder.  The measurements closer to the cylinder are 
considered more reliable.  
 
2.2.4 Gamma Radiation Exposure and Neutron Measurement 
 
During the neutron measurement program, gamma radiation measurements were also collected 
using a Bicron microsievert meter at the same locations during the 30 January 2009 
measurements.   
 
At Station Number 8, the gamma radiation level was 0.115 μSv/h which demonstrates 
elevation above the typical background for Port Hope and this would suggest a gamma 
radiation increment of 0.035 μSv/h at the location (above the 0.080 μSv/h background gamma 



Assessment of Neutron Dose from Cameco’s Port Hope Conversion Facility 
 

 
34647 – June 2009 2-5 SENES Consultants Limited 

radiation dose rate for Port Hope).  The measured neutron dose rate at this location was 
0.021 μSv/h and this corresponds to an incremental neutron dose rate of 0.018 μSv/h 
+/ 0.012 μSv/h (based on an approximate background neutron dose rate of 0.003 to 
0.004 μSv/h from Table 2.2-1).  Based on these nominal estimates, the ratio of gamma 
radiation to neutron dose rate at this location could be a factor of 2; however, the neutron dose 
rate is quite uncertain and this estimate of the relationship is considered unreliable. 
 
Table 2.2-2 shows a comparison of incremental (above background) gamma radiation and 
neutron dose rates measured around the test cylinder.  The ratios at locations where the higher 
gamma radiation and neutron dose rates were measured relatively precisely (contact and 1 m) 
have ratios of gamma radiation dose to neutron dose ranging from 6 to 9.  Measurements were 
not precise enough to be definitive at larger distances.  Nonetheless, the data suggest that 
within about 10 m from a cylinder, the incremental neutron dose rates are close to background 
levels. 
 

Table 2.2-2  
Comparison of Measured Incremental Gamma and Neutron Radiation Dose Rates Near 

the Test Cylinder 

Distance (m) Gamma Dose Rate 
(μSv/h) 

Neutron Dose Rate 
(μSv/h) 

Ratio of Measured Gamma  
to Neutron Dose Rate a 

From Side of Cylinder   
contact 10.365 1.632 6 

1 3.865 0.519 7 
5 0.865 0.048 18 

10 0.115 0.007 16 

     
From End of Cylinder   

contact 10.865 1.483 7 
1 2.365 0.270 9 
5 0.085 0.024 3 

10 <0.01 <0.01 n/a 

Note: The number of significant figures shown should not be considered as indicative of the precision of 
the values. 
a Ratios at contact and 1 m distances have estimated uncertainties of 20% or less.  Ratios at greater 
distances have larger uncertainties and are considered unreliable. 
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3.0 MODELLING OF NEUTRON DOSE RATES 
 
3.1 OTHER MODELLING OF UF6 CYLINDERS 
 
Modelling of neutron and gamma radiation doses at a UF6 cylinder storage area has been 
undertaken by the NISYS Corporation (2000).  The purpose of the study was to evaluate the 
gamma dose equivalent to neutron dose equivalent ratios associated with the storage of 14-ton 
(12,700 kg) UF6 cylinders in storage yards.  MCNP was used to model the gamma and neutron 
doses at various distances (1 m to 300 m) from an array of cylinders.  Natural uranium, enriched 
uranium and depleted uranium were evaluated. 
 
The specific storage arrangement modelled was an array of two rows of cylinders, stacked two 
cylinders high and 25 cylinders long. [At the PHCF, cylinders are currently placed on the ground 
rather than being stacked.]  The 14-ton cylinders were assumed to be “full” of UF6 (i.e., at the 
maximum weight limit). The space inside the cylinder not occupied by UF6 was modelled as a 
void.  The cylinders were modelled above a 6-inch (15 cm) concrete pad.  Skyshine effects were 
assumed to be adequately addressed by modelling the air above the cylinders to a height of 
240 meters.  A decay time of 50 years was conservatively chosen for the source terms to achieve 
maximum activity levels and maximum dose from the spectra. (A calculation of the activity 
levels showed that saturated activity is achieved in the period from 5 to 10 years, with a slight 
increasing activity thereafter.)  Thick-walled cylinders (1.59 cm thick, similar to Cameco 
cylinders) were modelled by NISYS because they yielded the most conservative results, even 
though the majority of the cylinders assessed by NISYS were thin-walled (i.e., thin-walled 
cylinders have a higher gamma/neutron ratio). 
 
The NISYS study notes that the formation of solid UF6 in a cylinder is annular in nature, with a 
thicker region at the bottom of the cylinder.  Two cases were evaluated to bound the effect of 
UF6 distribution: (1) a perfect annulus of UF6 inside the cylinder, and (2) a “slumped” geometry 
with all of the UF6 modelled in the bottom of the cylinder.  The “slumped” geometry resulting in 
the greatest gamma-to-neutron ratios was used in their final analysis 
 
The calculations showed that the gamma-to-neutron ratios varied with distance and enrichment. 
The ratio for any given enrichment initially decreased with distance from the cylinder array.  The 
ratio then appeared to increase after about 200 meters, but the furthest two distances modelled 
(200 m and 300 m) were reported to carry lower statistical confidence than the other distances.  
Humidity had no significant effect on the ratios. 
 
The highest neutron dose rate (at 1 m distance) for natural uranium was approximately 
1.5 µSv/h.  At 50 m and 100 m, the neutron dose rates were approximately 0.0253 µSv/h and 
0.007 µSv/h, respectively.  The gamma-to-neutron dose ratios were fitted to an exponential 
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relationship that asymptotically approached a constant value.  For natural uranium, the 
relationship was found to be: 
 

gamma-to-neutron dose ratio = 4.5659 D -0.1 
 
where D = distance (m) from cylinder array. 
 
The highest ratio for natural uranium (at 1 m) was 4.50.  The bounding (lowest) ratio for natural 
uranium (at about 200 m) was conservatively determined to be 2.50. 
 
This relationship could underestimate the gamma-to-neutron ratios at the Cameco PHCF due to: 
the conservatism in the calculations (i.e. the model with lowest gamma-to-neutron ratios was 
selected); the use of a stacked (two row) array of cylinders which does not occur at the PHCF; 
and the fact that other non-neutron emitting gamma radiation sources at the Cameco facility 
would be expected to result in higher gamma-to-neutron ratios. 
 
3.2 MONTE CARLO N-PARTICLE MODELLING RESULTS FOR UF6 CYLINDER ARRAYS  
 
The assumptions of SENES Monte Carlo N-Particle Model (MCNP) calculations of neutron dose 
rate at different distances from the side of 1, 3, 5 and 10 UF6 cylinder arrays is described in 
Appendix B. 
 
The effective neutron dose rates from the side of the cylinders as a function of distance are 
shown Table 3.2-1.  Figure 3.2-1 shows the neutron dose rates plotted as a function of distance 
(contact (modelled as 0.02 m), 1, 5, 10, 20, 50, and 100 m) for the 1, 3, 5 and 10 cylinder 
configurations. 
 

Table 3.2-1  
Neutron Dose Rates from Side of the UF6 Cylinders (1, 3, 5, 10 Cylinders) 

Effective Dose Rate (µSv/h) 

Number of Cylinders Distance from Centreline of 
Source (m) 

1 Cylinder 3 Cylinders 5 Cylinders 10 Cylinders 
contact 1.42E+00 1.45E+00 1.38E+00 1.32E+00 

1 4.01E-01 4.52E-01 4.63E-01 4.42E-01 
5 4.77E-02 1.04E-01 1.24E-01 1.37E-01 

10 1.42E-02 3.84E-02 5.39E-02 7.03E-02 
20 4.05E-03 1.20E-02 1.88E-02 3.07E-02 
50 7.81E-04 2.33E-03 3.85E-03 7.36E-03 
100 1.98E-04 5.81E-04 9.81E-04 1.92E-03 

Note: The number of significant figures shown should not be taken as indicative of the precision of the 
values. 
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As expected, the neutron dose rates decreased with distance from the UF6 cylinders.  Measured 
net neutron dose rates (above background) at the PHCF (see Table 2.2-2) were about 1.6, 0.52, 
0.048 and 0.007 µSv/h at contact, 1 m, 5 m and 10 m, respectively from the side of a full UF6 
cylinder.  The predicted dose rates for one cylinder shown in Table 3.2-1 compare well with the 
measured values.  The predicted values are also comparable to values predicted by NISYS 
(2000), especially at the closer distances. 
 

Figure 3.2-1  
Neutron Dose Rate as a Function of Distance 
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Overall, the findings of this MCNP evaluation were: 
 

• The neutron dose rates from the side of a full UF6 cylinder were calculated with MCNP 
to range from about 1.4 to 0.014 µSv/h from contact to 10 m distances, respectively.  
These compared well to measured values and to values predicted by NISYS (2000). 

• The neutron dose rate at 100 m from an array of 10 cylinders (i.e., potential off-site 
location) was less than 0.002 µSv/h, and more than a factor of two smaller than an 
estimated background dose rate of about 0.004 µSv/h. 
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4.0 OVERVIEW 
 
4.1 MEASUREMENTS 
 
Previous attempts to measure neutron dose rates around the PHCF using long-term passive 
detectors showed dose rates generally below limits of detection. Recent surveys using CR-39 
monitors from Landauer also show dose rates below Landauer’s detection limits.  Nonetheless, 
comparison of averages can be informative.  UF6 cylinders are considered to be the main source 
of neutrons at the PHCF.  The mean values were calculated for the fenceline TLD locations with 
all other TLDs grouped.  The “PHCF” mean was 0.008 µSv/h higher than the mean for the 
“Other” TLDs and this approached statistical significance.  Thus, 0.008 µSv/h represents an 
estimate of the average incremental (above background) neutron dose rate at the PHCF fenceline.  
This is consistent with an average incremental (above background) dose rate of 0.007 µSv/h 
measured at three TLD stations using the portable neutron meter (see Table 2.2-1). 
 
The average incremental (above a background of 0.080 µSv/h) gamma radiation rate at the 
fenceline TLDs was 0.041 µSv/h for the same period of CR-39 deployment.  This is about 
5 times higher than the nominal estimate of an average incremental neutron dose rate of about 
0.008 µSv/h estimated from the CR-39.  
 
The portable neutron meter was capable of measuring background neutron dose rates in scaler 
mode with extended monitoring time up to about 6 hours.  Measurements were also collected at 
some TLD locations and surrounding a single cylinder containing UF6. 
 
4.2 MODELLING 

 
Table 4.2-1 shows a comparison between the MCNP predictions and the measured neutron dose 
rate from the side of the cylinder.  Measurements at 10 m were influenced by the uncertainty of 
the neutron measurement for short counting times.  The dose rates show a similar pattern with 
measured values close to the MCNP modelled values.  The comparison is quite good given the 
various sources of uncertainty.  Small differences may be due to incomplete filling of the 
cylinder, variations in density and the duration of counting and measurement precision of the 
portable neutron meter.  The data verify that the MCNP modelling for this scenario was 
reasonable and that based on either measurement or model, incremental neutron dose rates 
decrease to background levels at a distance of about 10 to 20 m from a single cylinder. 
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Table 4.2-1  
Comparison with MCNP Predictions 

Distance (m) 
MCNP Modelled 

Effective Dose 
(µSv/h) 

Measured Neutron 
Effective Dose 

(µSv/h) 

Measurement 
Uncertainty 

(µSv/h) 
contact 1.418 1.632 0.097 

1 0.401 0.519 0.041 
5 0.048 0.048 0.018 

10 0.014 0.007 0.015 
20 0.004 - - 
50 0.001 - - 

100 0.0002 - - 
 
 
Figure 4.2-1 shows the pattern of MCNP predictions, along with the measured values for one 
cylinder.  The receptor is out from the centre of the side of one, three, five or ten cylinders 
oriented in a line of end to end.  The plot indicates that dose near the cylinders (within 1 metre) 
is relatively independent of the number of cylinders modelled.  At larger distances (about 10 to 
20 m or more), the dose is proportional to the number of cylinders (i.e. the dose from 
ten cylinders is about ten times as high as that from a single cylinder at these distances).  At these 
distances, the dose drops off as 1/r2 with distance since the source begins to act as a point source 
relative to dose rate at those distances.  Nearer the source, the drop in dose rate with distance is 
slower and similar to the relationship with distance from a line source.  Overall, the data 
provided in Figure 4.2-1 suggest that, based on modelling, the incremental neutron dose rates 
approach background levels within a distance of about 70 m from an array of 10 cylinders. 
 
The measured values using the portable neutron meter shown on Figure 4.2-1 are for a single 
cylinder measured on site on 30 January 2009.  The confidence intervals for the measurements 
are shown.  Agreement between the MCNP modelled dose rates and the measurements is present 
and this indicates a consistency in this study’s modelling and the measurements conducted for a 
single cylinder.  
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Figure 4.2-1  
Dependency of MCNP Predicted and Measured Neutron Dose Rates 

on Distance from the UF6 Cylinders 

Background 0.004 uSv/h

Predicted: 1 cylinder Predicted: 3 cylinders
Predicted: 5 cylinders Predicted: 10 cylinders
Measured: 1 cylinder

N
eu

tro
n 

D
os

e 
R

at
e 

(u
S

v/
h)

 1E-4

0.001

 0.01

  0.1

    1

   10

Distance(m)
0.01 0.1 1 10 100

 
 
 



Assessment of Neutron Dose from Cameco’s Port Hope Conversion Facility 
 

 
34647 – June 2009 4-4 SENES Consultants Limited 

4.3 DOSE IMPLICATIONS 
 

Members of the Public  
 

Based on raw data from the recent measurements with Landauer CR-39 monitors, a neutron dose 
rate of about 0.008 µSv/h represents an estimate of the average incremental (above background) 
neutron dose rate at the fenceline (TLD stations).  Neutron dose rates for more distant receptors 
would be lower.  On this basis and assuming, as was done for Cameco’s DRL (SENES 2008), 
that a fenceline walker spends one hour each day (i.e. 365 h per year) at an incremental neutron 
dose rate of 0.008 µSv/h, he or she would receive an incremental dose from neutrons of about 
3 μSv/y for the current cylinder configuration.  This dose represents 1% of Cameco’s current 
licence limit for public receptors of 0.3 mSv/y (300 µSv/y).  Based on an incremental gamma 
radiation dose of 19 µSv/y to the average fenceline walker (from SENES 2008), this suggests a 
gamma to neutron dose ratio of about six to one at the fenceline. 
 

Based also on the raw Landauer data, a nominal ratio of about 5 to 1 for gamma dose rate to 
neutron dose rate is suggested at fenceline locations.  Recent measurements with a portable 
neutron meter suggest a similar ratio of about 5 to 10 between gamma and neutron dose rates at 
nearby locations.  Thus, a nominal gamma to neutron ratio at the fenceline of 5 seems 
appropriate for future dose assessment assuming yard storage of cylinders.  As indicated 
previously, for the sources at the PHCF, this assumption may be somewhat conservative.  
 

Overall, the findings of this MCNP evaluation were: 
 

• The neutron dose rates from the side of a full UF6 cylinder were calculated with MCNP 
to range from about 1.4 to 0.014 µSv/h from contact to 10 m distances, respectively.  These 
compared well to measured values and to values predicted by NISYS (2000). 

• The neutron dose rate at 100 m from an array of 10 cylinders (i.e., potential off-site 
location) was less than 0.002 µSv/h, and more than a factor of two smaller than an 
estimated background dose rate of about 0.004 µSv/h. 

 

Both the measurements and the modelling performed to date indicate that the incremental 
neutron dose rates decrease with distance and approach background levels within 10 to 20 m of a 
single UF6 cylinder and around 70 m for an array of cylinders.  Receptors located at distances 
greater than these listed above would receive an incremental neutron dose no greater than the 
background level. 
 

Workers 
 

Workers in close proximity to UF6 cylinders will also receive a small neutron dose.  Using 
neutron dose rates estimated from Table 4.2-1 and task-time analyses provided by Cameco, 
annual worker doses can be estimated as shown in Table 4.3-1.  Under these conditions, the 
maximum estimated annual doses are less than 1 mSv/y and hence no routine neutron monitoring 
is required. 
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Table 4.3-1  
Estimate of Neutron Doses to Workers 

Dose rate Annual Dose
Activity Distance  (μSv/h) Time/cylinder Cylinders/y Hours/y Work share Hours/person/y (mSv/y)

UF6 Plant - cylinder 
filling, weighing, 
movement 1-3 m 0.14

2-3 h/cylinder whole process
0.5 h/cylinder moving

12,500 t licence limit = 
1,010 cylinders (12 t)
1,250 cylinders (10 t) ~3,300 h 4 shifts 850 0.12

Materials Handling - 
cylinders movement >3 m  < 0.1

0.2 h/cylinder move
includes out of B#50 (1), cold evac 

(2), wash (2), inspection (2) and 
loading (1)

1,100 cylinders 
moved 6 times (75% up to 

8 times) = 8,250 
moves/year ~1,650 h  2 shifts 825  < 0.08

Materials Handling - 
inspection, cold pressure 
test, loading <1 m 0.75

0.2 h/cylinder inspection
0.1 h/cylinder cold pressure test

0.1 h/cylinder loading
836 cylinders shipped

overseas in 2006 ~330 h  2 shifts 165 0.12

Materials Handling - 
cylinder washing <1 m 0.75

0.5 h/cylinder 836 cylinders shipped
total in 2006 ~420 h  2 shifts 210 0.16

Materials Handling - 
applying thermal 
protection <1 m 0.75

0.5 h/cylinder covers 664 cylinders shipped
overseas in 2006 ~330 h  2 shifts 165 0.12

R&E Technician - 
swipe collection <1 m 0.75 0.1 h/cylinder

836 cylinders shipped 
total in 2006 ~84 h 8 techs 40 0.03

a.  Worker task-time information provided by Cameco (February 2008).
b.  Dose rates estimated from Table 4.2-1 for single cylinder.  
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Overall Conclusions 
 
Overall, the combined information from long-term monitoring using CR-39 monitors, survey 
data with a portable neutron meter and modelling show remarkable coherence and suggest that 
neutron dose rates are reasonably predictable.  Moreover, the results of the current modelling 
compare well to that reported by others.  A ratio of 5 between incremental gamma radiation and 
neutron dose rates could conservatively be used to predict neutron dose rates for receptors at or 
near the fenceline.  The estimated neutron dose for the fenceline walker represents 1% Cameco’s 
current licence limit for public receptors. Receptors located further away from the fenceline are 
exposed to much lower dose rates and at distances beyond 70 m from the cylinders, incremental 
neutron dose rates cannot be distinguished from the background. The maximum estimated 
neutron doses to workers are less than 1 mSv/y and hence no routine neutron monitoring is 
required. 
  
Furthermore, while measurable neutron dose rates from UF6 cylinders are low and do not require 
routine separate measurements, Cameco has continued to evaluate potential neutron dose rates 
associated with UF6 activities. 
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APPENDIX A 
 

PHOTOGRAPHS OF JANUARY 2009 NEUTRON MONITORING 
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APPENDIX A – PHOTOGRAPHS OF JANUARY 2009 NEUTRON 
MONITORING 
 

 

Photograph No. 1: Identification placard found on opening end of test cylinder used in 
testing for neutrons. (Cylinder serial No. 2007-0567) 

 

Photograph No. 2: Identification marking painted on side of test cylinder used in testing for 
neutrons. (Cylinder No. 567) 
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Photograph No. 3: Meridian Portable Neutron Monitor ( Model 5085) in direct contact  

with side of cylinder No. 567 testing for neutrons. 
 

Photograph No. 4: Set up of the Meridian Portable Neutron Monitor 1m from side of test 
cylinder No. 567. 
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Photograph No. 5: Set up of the Meridian Portable Neutron Monitor 5m from side of test 
cylinder No. 567. 

 

Photograph No. 6: Set up of the Meridian Portable Neutron Monitor 10m from side of test 
cylinder No. 567. 
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Photograph No. 7: Meridian Portable Neutron Monitor in direct contact with opening end of 
cylinder No. 567 testing for neutrons. 

 

Photograph No. 8: Set up of the Meridian Portable Neutron Monitor 1m from end of test 
cylinder No. 567. Note storage of cylinders in background. Closest 
cylinder, which is ready for shipping, is ~30m. 
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Photograph No. 9: Set up of the Meridian Portable Neutron Monitor 5m from end of test 
cylinder No. 567.  

 

 

Photograph No. 10: Set up of the Meridian Portable Neutron Monitor 10m from end of test 
cylinder No. 567. 
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Photograph No. 11: Performing background test 5m from where test cylinder was during test. 
Testing former side of test cylinder No. 567. Note stored cylinders in 
upper right. 

 

Photograph No. 12: Looking at screened display of Meridian Portable Neutron Monitor
during background test. 
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Photograph No. 13: Set up at monitoring station No. 1 located north east of plant. Set up 
1.8m west of actual location of station. 

 

 
Photograph No. 14: Looking south west from test location as to what would be tested during 

test at monitoring station No. 1. 
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Photograph No. 15: Set up at monitoring station No. 31 located north of plant. Set up 4.6m 
south east of actual station location. 

 

Photograph No. 16: Looking south east from test location as to what would be tested during 
test at monitoring station No. 31. 
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Photograph No. 17: Set up at monitoring station No. 8 located south of plant. Set up 1.4m 
north of actual station location. 

 

 
Photograph No. 18: Looking north from test location as to what would be tested during test 

at monitoring station No. 8. Note cylinder stored near this location. 
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APPENDIX B 
 

SUPPORTING TECHNICAL INFORMATION 
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APPENDIX B – SUPPORTING TECHNICAL INFORMATION 
 
B.1 PREVIOUS MEASUREMENTS 
 
Cameco has undertaken a number of previous measurements of neutrons at the PHCF.  These 
have been presented by Carisse (2007).  The presentation slides from Carisse (2007) are 
provided in Appendix C with the results summarized below. 
 
B.1.1 Portable Neutron Survey Meter 
 
Cameco undertook a neutron survey at the PHCF in December 2000 using an ADM 300C 
Gamma/Neutron survey meter borrowed from Ontario Power Generation (OPG).  The meter 
has an energy-compensated response to neutrons that measures in units of µSv/h.  Because of 
the low dose rates, the meter was run in integration mode, rather than direct reading mode.  
Both work-occupied locations and in-contact readings with UF6 cylinders were measured.  In 
addition, some measurements at fenceline TLD monitoring locations were also obtained.  
(According to OPG and Cameco, some difficulties with electronic noise could have biased 
some of the measurements high.) 
 

Table B.1.1-1  
Summary of Neutron Dose Rate Measurements (December 2000) 

Neutron Dose Rate (µSv/h) 
Location Type No. 

Average Minimum a Maximum 
Engineering 7 1.51 0.05 3.00 
Workplace 13 0.14 non-detect 0.56 
Fenceline 8 0.03 non-detect 0.05 

 
a Non-detect values shown as 0 in Carisse (2007). 

 
Direct contact reading with the cylinders ranged from 1.5 to 3.0 µSv/h.  (All measurements 
included any background neutron dose rates in the area.)  The readings decreased quickly with 
distance. Two metres (2 m) from a row of 15 cylinders, the dose rate was 0.4 µSv/h.  In typical 
workplaces within the fenced area, the readings ranged from non-detectable to about 
0.6 µSv/h, with an average of 0.14 µSv/h.  The measurements showed that doses to workers 
from neutrons should be less than 1 mSv/y (Carisse 2007).  Fenceline measurements ranged 
from non-detect to 0.05 µSv/h, with an average of 0.03 µSv/h. 
 
B.1.2 Neutron Dosimeters  
 
Neutron dosimeters from Landauer Inc. (CR-39 monitors) were deployed along the PHCF 
fenceline in April 2005 for a 30-day period.  All dosimeter readings were below the Landauer 
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detection limit of 100 µSv over the deployment period (i.e., dose rates were < 0.14 µSv/h).  A 
second trial deployment of CR-39’s was carried out from December 2006 to December 2007.  
Although most of the detectors were not analyzed due to damage, the remaining detectors 
showed low levels similar to the earlier deployment.  
 
B.1.3 Bubble Detectors 
 
In addition to studies with the CR-39 monitors, short-term measurements (<1 day per 
deployment) were also made using bubble detectors manufactured by Bubble Technologies 
Industries (BTI).  These detectors with a reported detection limit of 0.01 µSv were deployed at 
four fenceline locations in 2001.  The results were as follows: 
 

Table B.1.3-1  
Bubble Detector Neutron Measurements at the PHCF (2001) 

Location Number of Trials Highest Results (μSv/h) 
South of UF6 plant 5 0.062 
West of UF6 plant 5 0.080 
North of UF6 plant 5 0.230 

Critical receptor at Mill Street 5 0.030 
 
In 2005-2006, extensive measurements with bubble detectors were carried out to look at 
neutron doses at various locations on and offsite. The average neutron dose rate inside the plant 
was less than 0.3 µSv/h.  The maximum dose rate along the fenceline was reported as 
0.28 µSv/h. Based on this limited experience, bubble detectors are quite sensitive to 
environmental conditions (e.g. very limited temperature range for operation) and of limited use 
for ambient environmental surveys.  
 
B.2 RECENT MEASUREMENTS 
 
B.2.1 CR-39 Passive Monitors 
 
Neutrons were measured for one quarter of the year using passive monitors (CR-39) located at 
or near TLD locations and other locations with some outside of Port Hope.   
 
B.2.1.1 Calculation of the Point Estimate of Dose 
 
The transit control was reported to have a dose of 0.06 mSv over the transit and deployment 
period.  This includes dose collected during deployment as well as dose during transit.  For 
each location, the transit control dose was subtracted from the location dose and the dose rate 
was calculated based on 2208 hours of exposure in the field.  The net dose values could be 
interpreted as above-background levels. 
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Table B.2.1-1 shows the calculated net neutron dose rate for each location.  Some values are 
negative; however, this could be expected for measurements calculated below the minimum 
detection limit (MDL). 
 

Table B.2.1-1  
Calculation of Neutron Dose Rate using Landauer CR-39 Monitors 

(Sept 1 2008 to Dec 3 2008)  
Grouping Location Dose for 2208 hours  

(mSv) 
Net Dose Rate 

(μSv/h) 
 Transit Control 0.06  
PHCF Enriched Plant 0.04 -0.01 
PHCF Warehouse 0.10 0.02 
PHCF UF6 East Side 0.05 0.00 
PHCF UO2 East Side 0.05 0.00 
PHCF South Fence 0.02 -0.02 
PHCF Zirc Plant West 0.12 0.03 
PHCF Metals Plant 0.14 0.04 
PHCF UF6 South Side 0.11 0.02 
PHCF Oliver's 0.05 0.00 
PHCF UF6 North Side 0.03 -0.01 
PHCF Crane East Fence North 0.10 0.02 
PHCF Crane East Fence South 0.12 0.03 
PHCF Crane Opposite 119 Mill St 0.02 -0.02 
PHCF Crane Opposite 125 Mill St 0.00 -0.03 
PHCF Crane West Fence North 0.02 -0.02 
PHCF Crane West Fence South 0.08 0.01 
PHCF North-West of building 50 0.16 0.05 
PHCF Building # 26 0.02 -0.02 
 Average  0.0038 
Vicinity 125 Mill St 0.06 0.00 
Port Granby Granby East 0.02 -0.02 
Port Granby Granby West 0.05 0.00 
Welcome Welcome South 0.11 0.02 
Welcome Welcome North-East Gate 0.04 -0.01 
Welcome Bud's 0 -0.03 
Background Cobourg 0.05 0.00 
Background Oshawa 0.02 -0.02 
Background Mississauga 0.05 0.00 
Background Peterborough 0.14 0.04 
Background Port Hope 0.02 -0.02 
 Average  -0.0041 
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B.2.1.2 Interpretation 
 
The calculated neutron doses are highly uncertain; therefore, consideration of individual 
measurements is difficult.  However, comparison of averages can be informative as random 
variations in the measurement process at below detection limit levels are “averaged” out.  The 
PHCF is expected to have the highest neutron dose rates due to the presence of the UF6 
cylinders.  The mean values were calculated for the fenceline TLD locations with all other 
TLDs grouped.  The “PHCF” mean was about 0.008 µSv/h higher than the mean for the 
“Other” TLDs and this approached statistical significance.  The average incremental 
background gamma radiation dose rate (above a background of 0.08 µSv/h) at the fenceline 
TLDs was 0.041 µSv/h for the same period of CR-39 deployment. This is about 5 times higher 
than the nominal estimate of an average incremental neutron level of 0.008 µSv/h estimated 
from the CR-39. 
 
B.2.2 Neutron Survey Meter 
 

A list of neutron survey meters which were potentially suitable for measuring neutron dose 
rates at the Cameco’s PHCF was compiled by SENES.  The criteria for suitability were based 
on sensitivity of the detector, operational temperature range, gamma rejection, availability of a 
scaler or integrating option, and portability. 
 

The neutron monitors identified as potentially suitable are provided in Table B.2.2-1. 
 

Table B.2.2-1  
Potentially Suitable Neutron Monitors for Environmental Monitoring 

Company Model Sensitivity Optimum 
Temperature Range 

Gamma 
Rejection Weight 

Model 42-41 
PRESCILA Probe + 
Model 2350 
Neutron Survey 
Meter 

35 cpm/μSv/h M4241: -10° to 50°C 
M 2363: -10° to 50°C 0.5 cpm/μSv/h 

~8 lbs (3.6 kg -
probe and 
survey meter) Ludlum 

Measurement Inc. 

Model 12-4 12 cpm/μSv/h 

-20°C to 50°C (may 
be certified for 
operation from -40°C 
to 65°C) 

Less than 10 
cpm through 10 
R/h 

21 lbs  
(9.5 kg) 

Far West 
Technology Inc. 

Meridian Neutron 
Monitor, Model 
5085 

47.2 cpm/μSv/
h -20°C to 50°C 

No response up 
to 500 R/h 
Cs-137 

20.5 lbs 
(9.3 kg) 

Bot Engineering 
Ltd 

Neutron Probe  
RM-SCLN1 a 6 cpm/μSv/h -15°C to 50°C - 13.2 lbs  

(6 kg) 

Canberra ADM300 with 
NP100H 10 cpm/μSv/h 

-30°C to 50°C 
(ADM300) 
 
-10°C to 50°C 
(NP100H) 

- 

2.6 lbs 
(1.17 kg) 
(ADM300) 
 
22 lb (10 kg) 
(NP100H) 

 a Availability of integration mode not confirmed. 
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A key criterion was the sensitivity of the detector.  In order to compare all meters, the length of 
time required to get 50 counts2 to detect a background dose rate of the order of 0.01 µSv/h 
(UNSCEAR 2000, p.97, para. 25, Figure II at 43 degrees latitude).  The results of this 
evaluation are summarized in Table B.2.2-2. 
 

Table B.2.2-2  
Count Rate and Time for Potentially Suitable Neutron Monitors 

Company Model Sensitivity 
Count Rate to 

Detect 
0.01 µSv/h 

Time to Get 50 
Counts (minutes) 

Model 42-41 PRESCILA Probe 
+ Model 2350 Neutron Survey 

Meter 
35 cpm/μSv/h 0.35 cpm 143 Ludlum 

Measurement Inc. 
Model 12-4 12 cpm/μSv/h 

 0.12 cpm 417 

Far West 
Technology Inc. 

Meridian Neutron Monitor, 
Model 5085 47.2 cpm/μSv/h 0.472 cpm 105 

Bot Engineering 
Ltd 

Neutron Probe 
RM-SCLN1 a 6 cpm/μSv/h 0.06 cpm 833 

Canberra ADM300 with NP100H 10 cpm/μSv/h 
 0.10 cpm 500 

a Availability of integration mode not confirmed. 
 
Based in part on the results from Table B.2.2-2, SENES recommended the Meridian Neutron 
Monitor, Model 5085 from Far West Technology Inc. because it required the shortest count 
time to get 50 counts at background locations (assuming an approximate background neutron 
dose rate of 0.01 µSv/h based on generic UNSCEAR (2000) values), thus allowing for multiple 
measurements at a background location in a normal working day of 8 hours.  Subsequently, the 
background neutron dose rate in Port Hope and area was found to be about 0.004 µSv/h (see 
Section 3.3.1) and therefore, the actual count time to accurately measure background was about 
2.5 times higher than that estimated in Table B.2.2-2. 
 
B.3 MONTE CARLO N-PARTICLE MODELLING AND CALCULATIONS FOR UF6 CYLINDER 

ARRAYS  
 
This section provides the assumptions and results of SENES Monte Carlo N-Particle Model 
(MCNP) calculations of neutron dose rates at different distances from the side of 1, 3, 5 and 
10 UF6 cylinder arrays.  The UF6 cylinders were assumed to be 15.24 cm (6”) apart. 
 
 
 

                                                 
2  The one sigma relative uncertainty associated with 50 counts is approximately 14% (i.e., square root of the 

number of counts divided by the counts.) 
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B.3.1 Input Assumptions 
 
The MCNP5 code (version 1.40, LANL 2005a) requires the user to create an input file which is 
read by MCNP.  This file contains information such as: 
 

1. Geometry specification; 
2. Description of materials; 
3. Characteristics of the particles (neutron, photon, or electron);  
4. Receptor locations; 
5. Type of answers or tallies desired; and 
6. Any variance reduction techniques used to improve efficiency (i.e. minimizing 

computing time need to obtain a tally estimate with acceptable error). 
 
Geometry Specification 
 
The dimensions of one Model 48Y UF6 cylinder are as follows (U.S. DOE 2006): 
 

• The outside dimensions of the cylinders are 48.5” (123.019 cm) which includes a 
thickness of 5/8” (1.5875 cm) steel - the inner diameter is 47.25” (120.015 cm); 

• Length of the cylinder body (not including the skirt) is 145.5” (369.57 cm) (not 
including the 5/8” (1.5875 cm of steel thickness on each end); and 

• The uranium payload of the Model 48Y is reported 12,501 kg.   
 
The cylinders are not true cylinders as the ends are rounded.  In addition, the cylinders were 
assumed to be stored on their sides and never stacked.   
 
Description of Materials 
 
For the MCNP calculations, the UF6 was assumed to fill the cylinders uniformly.  The density 
of UF6 is a mass-based density which was calculated by dividing the net weight of the Model 
48Y cylinder by the volume of the cylinder (assuming that the cylinder is full) as shown below. 
 
Equation 1: 
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 where 
Net Weight  12,501 kg 

  Diameter 120.015 cm 
  Lcylinder  369.57 cm (Model 48Y) 
 
Using Equation 1, the (effective) density of the UF6 assumed to be uniformly distributed in the 
Model 48Y cylinder was estimated as 2.99 g/cm3.   
 
Receptor Locations 
 
The effective neutron dose rates were calculated for 1, 3, 5 and 10 UF6 cylinder arrays with the 
receptor locations at contact (modelled as 0.02 m distance) and at 1, 5, 10, 20, 50 and 100 m 
from the side of the UF6 cylinder arrays and along the centreline as shown in Figure B.3-1.   
 
Characteristics of the Particles 
 
The energy of the neutrons used in the MCNP calculation was 2.8 MeV which is a weighted 
average neutron energy derived from Table 4 (Neutron Energy Spectrum for Natural Assay 
after 50 years) of NISYS (2000).  The whole spectrum of neutrons can be used in future 
MCNP calculations. 
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Figure B.3-1 
Top View of Modelled UF6 Cylinder Arrays and Receptor Locations 

(Receptors assumed at various distances along centre-line) 
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B.3.2 Output Calculations 
 
For this evaluation, 250,000 particles were followed.  [This was sufficient to produce relative 
errors of <0.05 which are considered “generally reliable for point detectors” (LANL 2005b)].  
The F5a tally result was modified using conversion coefficients to convert flux to effective dose. 
The energy-dependent effective dose per unit fluence (for rotational geometry, i.e. the receptor 
was assumed to be exposed on the sides of the body) conversion coefficients were taken from 
Table A.41 of ICRP Publication 74 (ICRP 1996).  The conversion coefficients in units of 
pSv cm2 modify the F5a tally result to units of pSv/source neutron as shown by Equation 2: 
 
Equation 2: 

)
cmneutrons#

pSv(t Coefficien Conversion  )
neutron source

cmneutrons #(Tally  F5a)
neutron source

pSv(Tally  F5a Modified 2

2

×=

 
The modified F5a tally results were converted to effective neutron dose rates by multiplying the 
modified F5a tally result from MCNP by the neutron flux for UF6.  The calculated neutron yield 
from UF6 given per 1 kg content of uranium is 59.07 n/s per kg(U) (Boneh, Y. et al. 1984) 
 
The total neutron flux from UF6 inside one cylinder was calculated using the Equation 3. 
 
Equation 3: 
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where,  
V          = volume of UF6 inside the cylinder(s), and 
Density = density of UF6. 

 
Using Equation 3, the total neutron flux from UF6 in one cylinder was calculated to be 
5.0E+05 n/s.  Similarly, the total neutron fluxes from an array of 3, 5, and 10 cylinders were 
1.5E+06, 2.5E+06, and 5.0E+06 n/s, respectively. 
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APPENDIX C 
 

PREVIOUS EVALUATIONS OF NEUTRON DOSE RATES AT 
CAMECO’S PORT HOPE CONVERSION FACILITY 
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APPENDIX C – PREVIOUS EVALUATIONS OF NEUTRON DOSE RATES 
AT CAMECO’S PORT HOPE CONVERSION FACILITY 
 
This appendix contains in order the following previous evaluations of neutron dose rates at 
Cameco's Port Hope Conversion Facility: Carisse (2007), Hinton (2005), Pereira (2005a), Pereira 
(2005b) and Takala (2001). 
 



Assessment of Neutron Dose from Cameco’s Port Hope Conversion Facility 
 

 
34647 – June 2009  SENES Consultants Limited 

Carisse (2007) 



Environmental and Public Neutron 
Exposure from UF6

By
Hess Carisse

Cameco Corporation

Presented at the OECD/NEA/WGFCS Workshop
October 16 to 18, 2007 Wilmington NC
Fuel Cycle Safety – Past, Present and Future
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Cameco UF6 conversion facility



UF6 Conversion Process



Solid UF6





 ;



Fuel Services Division





Figure 1. Photograph of open trailer road truck loaded with 2 full 48X cylinders for
transport to the U.S.A.

UF6 Cylinder Transport Canada to USA



Neutron Measurements at PHCF

 Neutrons are generated at a low rate from spontaneous 
fission of uranium and at significantly higher rates from 
uranium-fluorine compounds through the reaction 
19F+n+22Na.

 Laboratory measurements and theoretical calculations 
indicate that the dose rate due to neutrons around UF6cylinders could be in the range of 0.5 to 2 µSv/h.  These 
values suggest the doses to workers in the UF6 plant 
should be less than 1 mSv/y because only a small 
fraction of a typical work year is spent in close 
proximity to UF6 cylinders.



Neutron Measurements at PHCF

 To determine the validity of these studies, as they 
apply to the situation at Port Hope, measurements 
were conducted with a neutron survey meter. 

 Neutron fields near large sources of UF6 were easily 
measurable, but were less than 0.5 µSv/h in virtually 
every work area assessed.  

 This means that doses to workers from neutrons are 
much less than 1 mSv/y.



Neutron Measurements at PHCF

 A neutron survey was conducted on December 
14, 2000 with an ADM-300C Gamma/Neutron 
survey meter owned by Ontario Power 
Generation (OPG).

 The meter has energy compensated response to 
neutrons that measures in units of µSv. The
ADM meter can operate as either a rate meter 
or in a dose integration mode.  

 The unit had to be used in dose integration 
mode and kept still for 4 minutes during the 
measurement period.  



Neutron Measurements at PHCF

 Priority was given to locations with large UF6
sources nearby because UF6 is the strongest 
source of neutrons.  

 Contact measurements were done on large 
uranium-fluorine sources (e.g., UF6 cylinders) to 
determine the maximum neutron dose rates at 
the facility; these measurements were called 
engineering locations.



Neutron Measurements at PHCF

High-occupancy work areas in the general vicinity 
of large UF6 sources were also measured to give a 
realistic estimate of dose rates in these important 
locations; these measurements were called 
workplace locations.  

 In addition, measurements were taken at some of 
the routine TLD stations along the fence line to 
determine if there is any measurable dose to the 
public; these measurements were called fence line 
locations.



Neutron Measurements at PHCF

Location
Type No.

Neutron Dose Rate µSv/h

Average Minimum Maximum

Engineering 7 1.51 0.05 3.00

Workplace 13 0.14 0.00 0.56

Fence line 8 0.03 0.00 0.05



Neutron Measurements at PHCF

 As anticipated, the engineering samples had the highest 
results and in the approximate range expected based on 
the literature review of the topic.  

 Contact readings on UF6 cylinders ranged between 1.5 
to 3.0 µSv/h and one reading on top of the head of the 
primary filter in the second floor flame reactor area had 
a value of 0.2 µSv/h.  

 Lying on a full UF6 cylinder would give a neutron dose 
rate of about 2 µSv/h, while the dose rate for a worker 
standing between two UF6 cylinders, which one would 
hope to be a more realistic exposure scenario, would be 
about 1 µSv/h.  



Neutron Measurements at PHCF

 In typical workplace locations the neutron dose rate 
ranged from non-detectable to about 0.6 µSv/h, with an 
average value of 0.1 µSv/h.  

 Even close to UF6 cylinders the dose rate was low; for 
example, 2 m from a row of 15 full cylinders the dose 
rate was only 0.4 µSv/h.  

 None of the control rooms measured had any 
appreciable neutron fields.  With maximum dose rates 
at 1 µSv/h and more typical locations having an average 
about 0.1 µSv/h, the survey shows that doses to workers 
from neutrons should be less than 1 mSv/y.



Neutron Measurements at PHCF

 The fence line monitoring detected a low-level 
neutron field around the UF6 plant. Neutron 
fields are less than the gamma fields at these 
locations, but possibly a substantial fraction of 
the gamma dose rate. 

 Neutron Bubble Detector manufactured by 
Bubble Technologies Industries (BTI) used for 
environmental monitoring of neutrons has been 
recommended by Cameco’s Health Physicist .



BTI – Bubble Detectors

 Bubble tube dosimeters from (BTI) a dynamic company 
with world-renowned expertise in the field of radiation 
detection. These dosimeters have a detection limit of 
0.01µSv.

 Neutron Bubble Detectors are reusable, integrating, 
passive dosimeters that allow instant visible detection of 
neutron radiation. 

 Bubble Detectors consist of minute droplets of a 
superheated liquid dispersed throughout an elastic 
polymer. When neutrons strike these droplets they form 
small gas bubbles that remain fixed in the polymer, 
providing a real time, immediate visual record of the 
dose.



BTI – Bubble Detectors





Neutron Measurements at PHCF

 Four fence line locations were selected for the Bubble 
technology trial in 2001.

Location Number of trials Highest results 
(µSv/h)

South of UF6 Plant 5
(µSv/h)
0.062

West of UF6 Plant 5 0.080

North of UF6 Plant 5 0.230

Critical Receptor at 
Mill Street

5 0.030



Neutron Measurements at PHCF

 Neutron radiation studies have been conducted at the 
PHCF in 2005 to confirm that this source of radiation 
does not pose a health risk to employees. For these trials 
Cameco have used two different devices to measure 
neutron radiation.

 Neutron dosimeters from Landauer Inc. These 
dosimeters have a minimum detection level of 100 µSv.

 Bubble tube dosimeters from (BTI). These dosimeters 
have a detection limit of 0.01µSv.



Neutron Measurements at PHCF

Personal monitoring
 April and May 2005 - Employees from UF6 plant, 

UO2 plant and Materials handling wore a special 
Landauer CR-39 fast neutron dosimeter designed to 
neutron radiation exposure

 These three groups represent a broad cross section 
of employees at our site and will provide the data we 
need to assess the potential impact of neutron 
radiation on our entire work force.

 Results were below the detection level of 200 µSv.



Neutron Measurements at PHCF

http://ldrsolutions.landauerinc.com/PRODUCTCATALOG/SimpleProductImage.aspx?FileName=40_NeutrakTM.en-US.gif


Neutron Measurements at PHCF

 The Neutrak 144 detector is a CR-39 (allyl 
diglycol carbonate) based, solid-state nuclear 
track detector that is not sensitive to x, beta or 
gamma radiation, and can be packaged 
specifically for neutron detection only. 

 The CR-39 is laser engraved for permanent 
identification, and wrapped with a 2-D bar code 
to assure efficient chain-of-custody.



Neutron Measurements at PHCF

 Track Etch Technology consists of etching the CR-39
for 15 hours in a chemical bath to enlarge exposure 
tracks.

 The fast neutron dose is measured by counting the 
tracks generated as a result of the proton recoil with 
the polyethylene radiator, while the 
thermal/intermediate dose is measured by counting 
the alpha tracks generated with the boron radiator.



Neutron Measurements at PHCF

On April 1, 2005, thirty-three Landauer fast 
neutron dosimeters were deployed along Port 
Hope Conversion Facility fence line.  After 30 days 
of exposure dosimeters show results below the 
minimum detection level of_100 µSv.

 A second trial has been initiated on December 1, 
2006 and detectors are to be collected on 
December 1, 2007.



Landauer – Neutrak Detector

CR-39
Fast/Intermediate/
Thermal Neutron dosimeter



Landauer – Neutrak Detector



BTI – Bubble Detectors

 2005-2006 - An extensive  study of neutron 
radiation was conducted at the UF6 operation 
plant using BTI neutron bubble detectors.

 The average neutron radiation dose inside the 
UF6 plant was less than 0.3 µSv/h.

 The operators in the cylinder lay down area 
logged the highest dose rate at 0.12 µSv/h. 

 All other operators showed lower dose rates.  



BTI – Bubble Detectors

 The study also looked at neutron dose to the public 
and the environment.  The maximum neutron dose 
along the fence line was 0.28 µSv/h.

 The studies concluded that neutron radiation at the 
PHCF represents a small fraction of the total whole 
body dose received by employees and therefore does 
not pose a risk to employees. 

 Cameco will continue to use these devices to 
demonstrate that neutron radiation levels at the 
facility remain constant.



The End
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Hinton (2005) 
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Pereira (2005a) 
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Pereira (2005b) 
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Takala (2001) 
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