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[bookmark: _Toc240027592]Abstract
This report investigates a radiation incident involving a Gammacell-220R irradiator containing a Caesium-137 source. A mechanical rotor fault caused the rotor to stop at an unsafe position, while a previously bypassed shutter interlock allowed direct access to the source. An operator later entered the radiation field while doing a visual inspection while the safety systems where disengaged. The operator subsequently received a whole-body dose of 41.6 mSv.
Dose calculations estimated an exposure of approximately 35.6 mSv, with a lower and upper range of 24.7 - 49.5 mSv respectively. The incident was assessed against the Ionising Radiations Regulations 2017 and ONR Safety Assessment Principles EKP.2, EKP.3 and EKP.5. Significant weaknesses were identified in maintenance, contingency planning, and fault tolerance. Proportionate ALARP improvements are proposed, including fail-safe interlocks, improved maintenance, and independent prevention of access when the source position cannot be confirmed as safe.
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[bookmark: _Toc311194473][bookmark: _Toc51833421][bookmark: _Toc240027595]Introduction 
[bookmark: _Toc240027596]Overview of the incident as presented by the incident dossier
This report is an overview of an incident dossier involving a nuclear worker being exposed to a high-activity cesium-137 source. Approximately six months before the incident, a fault affecting the rotor mechanism had been reported. A technician temporarily bypassed the shutter-closed confirmation interlock which was not subsequently removed.
During the incident, carbon dust from the motor brushes caused the rotor's gear mechanism to slip, leaving the rotor at approximately 22° rather than its safe position. Because the interlock had been bypassed, the control system entered a recovery mode and released the electromagnetic drawer lock, allowing the source-access drawer to be opened.
Following the equipment fault-finding procedure, the operator entered the laboratory and opened the drawer to investigate the fault. Initially, the operator's torso was approximately 1.2 m from the effective source position, with the radiation field substantially attenuated by the source assembly. While attempting to free the mechanism, the operator changed posture and moved into a less attenuated radiation path at approximately 0.9 m from the source. The EPD subsequently alarmed, and the operator withdrew. The operator was later determined to have received a dose of 41.6 mSv from the incident.
[bookmark: _Toc240027597]Overview of the equipment involved
The Gammacell-220R Blood & Research Irradiator is a gamma irradiation system that is used to irradiate samples (Canadian Nuclear Laboratories, n.d.) (Nordion , 2018). These samples are typically biological in nature and as such relatively thick and dense. As a result, a gamma source is used in order for the electromagnetic radiation to be able to penetrate the samples fully. Cobalt-60 is the standard material used in the equipment as it emits gamma radiation during its decay into Nickle-60, along with a Beta Minus partial (Wolfram Research, Inc, n.d.). This then produces two high energy gamma rays at around the 1.17MeV and 1.33MeV regions (Nave, n.d.). 


[bookmark: _Toc240027598]Why was Cesium-137 used within the Irradiator instead of Cobalt-60
Cesium-137 can be used as a suitable alternative as it is also an efficient Gamma radiation emitter. It produces a single high energy gamma spike at 0.662 MeV during its decay into Barium-137. As the daughter nuclei of Cesium-137 drops energy to its ground state in one step compared to Cobalt-60’s two. This is due to Cobalt-60 being a smaller isotope and has fewer orbital electrons as a result. This means that it needs to lose a greater amount of energy than larger isotopes in order for the daughter isotope to react its ground state. The Barium-137 is the daughter isotope of Cesium-137 and is far larger than Cobalt-60 and as a result requires less energy to be lost via gamma radiation to reach its ground state. This does case the gamma radiation of Cesium-137 to be lower energy, and as such worse penetrator than gamma radiation from Cobalt-60.
Cesium-137 has a half-life of 30.1 years, compared to Cobalt-60’s 5.27 years. This mean that the irradiator will be able to function for longer, as well as contributing to the lower activity, having 3.2x10¹² becquerels per gram (Bg-1) compared to Cobalt-60’s 4.19x10¹³ Bg-1.
These factors make Cesium-137 comparable to Cobalt-60, which is the isotope commonly found in Gammacell-220R Blood & Research Irradiators. Due to its higher half-life irradiators are able to last longer without replacement, and its lower activity makes the isotope more safe in case of an accidental exposure. This makes it a safer overall option compared to Cobalt-60 if the increased gamma penetration is not required. 



[bookmark: _Toc240027599]Dose Calculations 
[bookmark: _Toc299631425][bookmark: _Toc299631487][bookmark: _Toc299631577][bookmark: _Toc299631653][bookmark: _Toc240027600]Determining the source activity on the day of the incident 
The source activity on the day of the incident can be determined by equation (3‑1) below.
	
	[bookmark: _Ref239998528][bookmark: _Toc240027414](3‑1)


The initial source activity on the day of instillation was certified to be 240TBq. As this was certified on the 12th of May 1994 and the incident occurred on the 14th of October 2024, a total of 11,113 days elapsed. As the decay constant of Cesium-137 is 7.31x10-10 s-1 (chemlin, n.d.) it can be calculated that the source activity on the day of the incident was 119 TBq. The full workings for this equation can be found in Appendix A.1.
[bookmark: _Toc240027601]Estimation of the unshielded dose rate at 1 m from a point source
When the gamma ray constates for point source is knows, such as the value for Cesium-137 being 8.228x10-5 mSvh-1MBq-1 at 1m (Peplow, April 2020), the following equation (3‑2) can be used to estimate the unshielded dose rate.
	
Using the source activity of 119TBq for Cesium-137, the unshielded dose rate can be found to be 9791.32mSvh-1. The full workings for this equation can be found in Appendix 9A.2.
While using a point source to determine approximate dosage is efficient, in the case of the incident the gamma radiation was produced by 12 "Pencils" made up of Caesium-137 compacted into a caesium chloride ceramic. As such self-absorption and wave scattering are not taking into account. The post incident report suggest that experimental data shows a 12% reduction in exit flux owing to self-shielding. 
Using this 12% reduction for self-shielding in the above equation, the total unshielded dose rate at 1 m from a point source can be estimated to be 8616.36 mSvh-1.
While this still does not take in to account all factors, it is an efficient way to get a quick estimation of the dose rate without having to resort to computer modelling.
	[bookmark: _Ref240021414][bookmark: _Toc240027415](3‑2)


[bookmark: _Toc240027602]Estimating the dose rate during the initial inspection phase
During the initial inspection phase, according to the report upon opening the drawer the operator was estimated to be approximately 1.2 m from the effective source position. In the state with the rotor stopped at 22o, it was estimated by the incident report that the attenuated field ding this point of the inspection as ~10% of the unshielded dose rate.
Using equation (3‑2) substituting in the new distance of 1.2 meters and an average exposure time of 90 seconds, a total dose can be calculated to have been 14.96 mSv. The full calculations for which can be found within Appendix 9A.3. However, as the report gives a range of 1-2 minutes exposed, the upper and lower bounds of total dose is between 9.97 mSv and 19.95 mSv for 60 and 120 seconds of exposed times respectively.
[bookmark: _Toc240027603]Estimating the dose rate during the forward-lean phase
The incident report does not give an angle for the position of the draw during this phase and only describes the attenuation as being ‘’significantly less’’. In order to find the worst-case scenario for potential exposure, this report will use the assumption that the attenuation in the forward-lean phase was negligible.
Appendix 9A.4 shows the full calculation of the received dose, using the average of 7 second seconds of exposure time at 0.9m. This the dose received would have been 20.68 mSv, with the upper and lower bounds being 14.77 mSv and 29.55 mSv for the 5 and 10 second exposure time respectively. 
[bookmark: _Toc290554238][bookmark: _Toc299621203][bookmark: _Toc299631428][bookmark: _Toc299631490][bookmark: _Toc299631580][bookmark: _Toc299631656][bookmark: _Toc240027604]Estimate of effective received by the operator 
From the previous calculations, the estimated dose can be calculated by combining the two results. Using the average time for both phases, the total body dose received would have been 35.64 mSv.
However, due to the estimations in time exposed from the incident report, a best and worse case dosage can also be calculated from the maximum and minimum total exposure time. The minimum total body dose is 24.74 mSv and the maximum possible body dose is 49.5 mSv. Due to the unattenuated nature of the second phase, as well as the operator being closer to the source, any additional time spent in this phase will be a much greater factor in total exposure compared to the inspection phase. 


[bookmark: _Toc240027605]Compassions between the calculated dose and the measured effective dose
The incident report states that a whole-body TLD indicated a personal dose of 41.6 mSv. This was done by the Approved Dosimetry Service and can be assumed to be accurate. This was 5.96 mSv higher than the total body dose received for the medium time calculated and 7.9 mSv lower than the maximum possible body dose achieved during the time laid out by the incident report.
As previously stated, the wide discrepancy in total exposure time from the incident report is one of the factors that can 
Another factor that can cause discrepancy between the induced dose and the dose of 22.4 mSv recorded by the Personal Electronic Dosimeter (PED) is the possession of the body during the inspections. Due to the nature of needing to use to eyes for inspection, and the total opening of the rotor being 120 mm x 200mm, the PED may not have been in direct line of the source. As the incident report described the PED as ‘’chest mounted’’ this is the most likely cause for it not setting of an alarm until the forward-lean phase.  
The discrepancy of the lower dose rate of 2000 mSvh-1, compared to the 10637.48mSvh-1 calculated is most likely due to PED oversaturation. All PED’s have a maximum measurable dose-rate range, this is typically between 1000 mSvh-1and 10000 mSvh-1 depending on the exact model (Labmate Scientific LLC, n.d.) (Tracerco, 2023). Even if there was some interference from the partial attenuation as well as some shielding from the operator’s body, the expected dose from 119 TBq of Cesium-137 is far in advance of the 2000 mSvh-1 recorded. The exact value of 2000 mSvh-1 would also suggest an electric limitation set on the PED to avoid component overload (Oliver Hupe, n.d.). A full look at the specific PED’s technical documentation would need to be reviewed to check this however.
While an electronic PED should have an alarm for oversaturation (Labmate Scientific LLC, n.d.), this could have been ignored or missed in the post incident report, which is partly why the initial estimation far lower than the subsequent ADS test.


[bookmark: _Toc290554240][bookmark: _Toc299621205][bookmark: _Toc299631430][bookmark: _Toc299631492][bookmark: _Toc299631582][bookmark: _Toc299631658][bookmark: _Toc240027606]Health implications from the radiation exposure in this incident 
The worker received a total dose of 41.6 mSv as indicated by the incident report. Using the ICRP 103 Risk Coefficients for Stochastics Effects (ICRP, n.d.) weighted cancer detriment for nuclear workers of 4.1%, it can be calculated that the dose received during the incident increased the risk of cancer over the workers lifetime by 0.17%.
As this was received while carrying out a visual inspection, it can be assumed that the eye was in view of the source foe greater than 50% of the time during the event. The Ionising Radiation Regulations 2017 (IRR17) (Health And Safety Executive , 2017)  has a yearly limit of 20mSv, which it can be assumed was exceeded during the event. As this was not This can cause damage to the lens of the eye, potentially causing radiation-induced cataract late in life (World Health Organization, 2023).



[bookmark: _Toc290554243][bookmark: _Toc299621208][bookmark: _Toc299631433][bookmark: _Toc299631495][bookmark: _Toc299631585][bookmark: _Toc299631661][bookmark: _Toc240027607]Assess compliance with the Ionising Radiations Regulations 2017
The site has major non compliances with the IRR17 (Health And Safety Executive , 2017) which lead to the incident. Regulation 11 - Maintenance and examination of engineering controls and Regulation 13 - contingency planning are two regulations which were breached before the event, which where major factors that cased it. When the "stutter" in the rotor movement was reported, to stay in compliance with regulation 11.1.b, the device should have been repaired or replaced within a ‘’suitable interval.’’ Six months could in no way be considered a ‘’suitable interval’’ between repairs of a critical safety component. 
Breach of this is also shown in the build-up of carbon dust within the rotor motor. Build up to the point of causing parts to jamb shows a clear lack of maintenance, a clear breach of Regulation 11.1.a. 
Where a radiation accident is reasonably foreseeable, Regulation 13 requires that the employer must prepare a contingency plan designed to restrict exposure and protect personal. Employees who may be involved must receive suitable instructions and, where appropriate, suitable dosemeters or other devices. Because of the rotor had already demonstrated a "stutter" six months before the incident, it should have been identified as a foreseeable accident scenario and the contingency plan updated.
The assumption that the safety system would always work by putting the system in to ‘’Locking-Out’’ out mode was also an error in planning. The safety system is in place to act as a backup, not the sole safety device preventing exposure. An ALARP Fault-Finding Flowchart should have first started with external checks via camera or mechanical means to ensure that the shutter was closed. Instead, the flowchart assumed that it always would be, even when historic evidence of the stutter showed demonstratable that it was a known issue. 
While there may have been other breaches such as Regulation 15 - Training/instruction and Regulation 34 - Interference/misuse, they are in most clear breach of Regulation 11 and Regulation 13.
[bookmark: _Toc240027608]Evaluation of the event against ONR Safety Assessment Principle
The Office for Nuclear Regulation (ONR) sets out key safety principles for nuclear facility’s (Office for Nuclear Regulation, 2020). While primarily for static nuclear facility’s such as powerplants, they provide a useful benchmark for assessing whether the safety arrangements in place provided a sufficient independent layer of protection.
[bookmark: _Toc240027609]EKP.3 Defence in depth
EKP.3 states that ‘Nuclear facilities should be designed and operated so that defence in depth against potentially significant faults or failures is achieved by the provision of multiple independent barriers to fault progression’ (Office for Nuclear Regulation, 2020).
While the irradiator possessed multiple safety barriers, the incident demonstrates that they did not operate as sufficiently independent layers of protection. A known mechanical defect was allowed to persist with the rotor movement. This in turn lead to the manual bypass of a safety interlock for approximately six months. The control system subsequently permitted full access to the irradiator following a rotor-position fault which the operator was able to get direct exposure from without independent confirmation that the source was in a safe configuration. 
A proposed improvement to increase the defence in depth would be to add a mechanical indicator on the outside of the machine that is mechanically connected to the shutter. This would allow for a visual and non-electronic view of the position of the shutter without the need to look into the irradiator to check. While human factors mean that this is cannot and should not be the only safety feature, it adds an additional low cost and low complexity way to externally check the rotor in the case of computer faults or power outage. This would be a solution that keeps to the As Low As Reasonably Practicable (ALARP) best practice laid out within the ONR regulations.
[bookmark: _Toc240027610]EKP.5 Safety measures
EKP.5 states that ‘Safety measures should be identified to deliver the required safety function(s)’ (Office for Nuclear Regulation, 2020). While there where some positive safety measures in the case of the 2,500 kg lead-filled steel casting and the intended use of the ‘’Fail-Safe Shutter.’’ However, these safety features were shown to be easily bypassed and therefore not suitable to deliver the required safety functions.
The shutter-closed confirmation loop was a critical safety measure intended to confirm that the radiation path was safely closed. Once this was bypassed the system software should have been able to detect this as an error with the safety shutter. As this is a critical piece of safety equipment, it therefore should not have allowed the rest of the machine to operate as it had for six months.
A proposed improvement to the safety measures of the equipment while remaining ALARP would be preventing any way to bypass critical interlocks. Adding safety-rated control system, such as a Safety Integrity Level (SIL) of level 2 or higher would be one way to accomplish this (ONE Asset Integrity Management Software, 2026). While more expensive to implement, given the high activity of the Cs-137 source and the demonstrated potential for significant personnel exposure, the additional safety measures it would provide would help reduce the likelihood of future events.

[bookmark: _Toc240027611]EKP.2 Fault tolerance 
EKP.5 states that ‘The sensitivity of the facility to potential faults should be minimised.’ (Office for Nuclear Regulation, 2020). For this facility, this means that any one fault should not be able to cascade and lead to unacceptable consequences. The initiating event that led to the incident was the failure of the rotor drive mechanism. First with it staring to "stutter’’, and then again on the day of the incident when it became jammed at a 22o angle, exposing the irradiator.
While this could have been delayed with proper maintenance, the single motor becoming more worn could have made the incident happen eventually. Ensuring that failure of the drive cannot result in loss of the source-access safety function is essential. One improvement to the safety system would be to add an additional redundant motor to the rotor drive mechanism. While if improperly done this could introduce additional failure modes, having both motors able to work wholly independently, such as via a relay (IP, 2026). If this was done, even if there was an error with one motor that required it to be removed from repair, the safety critical system would not need to be bypassed. 


[bookmark: _Toc240027612]Conclusion
The incident demonstrated a significant weakness in the maintenance and management controls of the system. Repeated breaches of the IRR17 and best practises laid out within the ONR cased a nuclear worker to be exposed to a high activity source of Cesium-137. This raised their risk of cancer by 0.17% and caused them to potentially gain double the yearly lens of the eye equivalent dosage in one exposure, causing further potential eye issues as they age. 
The assessment against the IRR17 act identified significant weaknesses in the arrangements for maintaining engineering controls and preparing for reasonably foreseeable radiation accidents. In particular, the known rotor fault was not rectified within an appropriate timescale. Instead, a critical shutter interlock was bypassed and remained so for six months. Despite this, the contingency arrangements and fault-finding procedure where not updated to account for the possibility that the rotor or shutter could be in an unsafe or unknown position.
The assessment against the ONR Safety Assessment Principles further demonstrates that the incident was not solely the result of a mechanical rotor failure and human error. 
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[bookmark: _Ref239999539]Determine the source activity on the day of the incident.

A(t) = Final source activity (TBq)
AO = The initial activity (240 TBq)
λ = Decay constant of Cesium-137 (7.31x10-10 s)
t = The elapsed time (11,113 days)



[bookmark: _Ref240000836]Estimation of the unshielded dose rate at 1 m from a point source 

D = The dose rate (mSvh-1)
A = Activity of the point source (
τ = Gamma ray constant (8.228x10-5 mSvh-1MBq-1 at 1m)
r = Distance from the point source (1m)



[bookmark: _Ref240002488]Estimation of the dose received form the initial inspection phase

D = The dose rate (mSvh-1)
A = Activity of the point source (
τ = Gamma ray constant (8.228x10-5 mSvh-1MBq-1 at 1m)
r = Distance from the point source (1.2m)



As 12% of the flux is lost to self-shielding, the total dose rate can be expressed as:


The attenuated field during the initial inspection corresponds to approximately ~10% of the unshielded dose rate. As such the total dose rate that the individual was exposed to in the attenuated field can be expressed as:


The initial inspection phase lasted of the order of 1–2 minutes, using 90 seconds for an estimate, the total dose rate doing the initial inspection can be estimated to be:





[bookmark: _Ref240003584]Estimation of the dose received form the forward-lean phase

D = The dose rate (mSvh-1)
A = Activity of the point source (
τ = Gamma ray constant (8.228x10-5 mSvh-1MBq-1 at 1m)
r = Distance from the point source (9m)



As 12% of the flux is lost to self-shielding, the total dose rate can be expressed as:




The initial inspection phase lasted of the order of 5-10 seconds, using 7 seconds for an estimate, the total dose rate doing the initial inspection can be estimated to be:
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