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[bookmark: _Toc239419982]Abstract
This report analyses a simulated radiological incident at a cobalt-60 gamma irradiation facility in Warrington, UK. In which a mechanical conveyor belt caused the source rack to become snagged above the shielded position, leading to interlock override and unplanned exposure to a technician. The report establishes the radiation science underpinning cobalt-60 use in industrial sterilisation, then reconstructs the incident quantitatively, verifies the maze shielding performance against measured values and reconstructs a plausible exposure scenario consistent with the technician's recorded dose of 27.1 mSv. This dose is evaluated against acute and stochastic health effects, UK legislation (IRR17) and relevant ONR safety assessment principles. Revealing the engineering controls functioned correctly and the failure was due to procedures and human factors, ALARP justified recommendation are proposed to address these gaps. 



[bookmark: _Toc239419983]Introduction
Cobalt-60 gamma irradiation is a well established industrial process, with around 200 commercial gamma facilities operating worldwide, roughly 85% of which are dedicated to the sterilisation of healthcare products as an alternative to other outdated methods like steam based sterilisation technologies established over 5 decades ago [1]. The core of such a facility is the cobalt-60 source itself, typically constructed as a rack of sealed stainless steal tubes containing cobalt-60 pellets, sized so that pallets of product can be irradiated as they pass around it [2]. The general design of a soirce rack, a conveyor or tote box transport system and a shielded irradiation cell is consistent with the facility examined in this report: a continuous flow, high dose gamma irradiator located in Warrington processing palletised medical surgical kits. 
When not in use the source rack in a facility like this is lowered into some deep water to provide shielding known as a safe configuration, this allows cell to be accessible for maintenance. The cell is has interlocks which prevent personnel from accessing unless the source is confirmed to be shielded. On the 2nd November 2024 a mechanical fault in the conveyor system at the Warrington facility triggered an emergency stop during which the source rack failed to fully return to the safe position which led to a sequence of instrumentation discrepancies, an interlock override and an unplanned radiation exposure to a maintenance technician.
This report examines the incident from the radiation science around the facilitys design and operation, a quantitative reconstruction of the doses involved and evaluation of the event against UK radiological protection legislation (IRR17) and the ONR’s safety assessment principles, before concluding with ALARP justified comments. 

1. [bookmark: _Toc239419984]Technical Exposition
1.1 [bookmark: _Toc239419985]Question 1: Suitability of Cobalt-60
Cobalt-60 is used almost exclusively as the radioisotope source for industrial gamma sterilisation because of both its nuclear properties and practical handling characteristics. It decays with a half-life of 5.27 years, emitting two gamma photons per decay at energies of 1.17 MeV and 1.33 MeV [3]. The half-life is long enough that a source can remain being used for production for many years while still being short enough to guarantee the source is not a long term environmental liability once retired [3]. The photon energies are high enough to penetrate densely packed pallets of product allowing sterilisation of items after final packaging, a key advantage of gamma processing over methods requiring pre packaging sterility [4]. 
Cobalt-60 is also comparatively straightforward to produce via neutron irradiation of stable cobalt-59 in a nuclear reactor and unlike caesium-137 an alternative gamma emitter it’s insoluble in water simplifying source containment and reducing the environmental dispersal risk in the event of encapsulation failure [5]. The combination of penetrating power for sterilisation, manageable half-life and the physical/chemical stability is the reason it’s so dominant in industrial gamma sterilisation, consistent with the water pool stored source rack design used at the Warrington facility. 
1.2 [bookmark: _Toc239419986]Q2: Why very high activities are needed
Medical device sterilisation requires delivery of a validated minimum dose “for medical devices is established under ISO 11137 and is typically 15-35 kGy (KiloGray), with 25 kGy being the most common reference dose. The dose required depends on the bioburden on the product before sterilisation – lower bioburden allows lower dose.” [6]. The engineering challenge this creates is one of throughput, a gamma facility operating at a typical dose rate of around 10 kGy per hour requires 2.5-3 hours of exposure per item to reach a 25 kGy dose [7]. For a commercial facility to sterilise a continuous flow of palletised product the source must be of very high total activity, since dose rate at a fixed product to source distance scales directly with source activity. 
Dose rates fall off with the square of the distance from the source and are further weakened by the product itself and any self absorption within pallets that are packed densely. A source of modest activity would deliver exposure times that are impractical for a commercial facility or fail to achieve a uniform dose across a large product load. High total activities such as the 185 PBq certified at the Warrington facility are therefore a direct result of the needed sterilisation levels, acceptable time to process and the geometric issues that come with a real conveyor based machine.

2. [bookmark: _Toc239419987]Case Analysis 
2.1 [bookmark: _Toc239419988]Q3: Source activity on the day of the incident 
Method: Radioactive decay follows
[bookmark: _Toc239413859]Equation 1 - Radioactive Decay Law
 , where 
Data:
· , certified 14th June 2022 
· T1/2 (CO-60) = 5.2714 Years [8]
· Incident date: 2nd November 2024 
· Elapsed time: 2 years 141 days = 2.386 years
Calculation: 



Interpretation: By the time of the incident, the source had decayed to roughly 73% of its certified activity a loss of about 50 PBq over the 2.4 year period this is expected and unremarkable for a facility that hasn’t yet undergone source replenishment. 
2.2 [bookmark: _Toc239419989]Q4: Dose rate at 2m (point source estimate)
Method: Point source dose rate calculation:
[bookmark: _Toc239413860]Equation 2 - Point Source Dose Rate

Where  is the dose rate constant (mSv.h-1 per GBq at 1m) A is the source activity in GBq, and  is the distance in meters. 
Data:
A = 135 PBq = 1.35 x 108 GBq (from Q3)
  (CO-60) = 0.315 mSv·h⁻¹·GBq⁻¹ [9]
r = 2m
Calculation: 




Interpretation in context of the incident: 
An unshielded dose rate of 10,000 Sv/h at 2m is many orders of magnitude beyond any survivable exposure a whole body dose of 4-5 Sv/h could be fatal meaning less than a seconds direct exposure at that distance would be lethal. 
Therefore, this has two important inferences for the incident. First it confirms the facilitys safety case is relying on the water pool, lead/steel baffles and 1.5m barytes concrete walls so shielding aspects rather than time or distance controls since no increase in distance or exposure time could could make exposure at that position safe. Secondlt it confirms the technician was never in the direct unshielded beam, a dose of this magnitude sustained for a few seconds would be fatal not the 27.1 mSv recorded. His real exposure must therefore have been sustained at reduced distance, geometry and concrete shielding consistent with a scattered and attenuated exposure received via the maze rather than direct line of sight this will be quantified in the next two questions. 
The gamma constant is treated as fixed assumption for this calculation published values range from 0.30 – 0.37 mSv/h-1.GBq-1 at 1m which would shift the result very slightly but not its order of magnitude.
The calculation above also treats the source as a single point 2m away. In reality the source is a vertical planar rack of many pencils so its physical size is comparable to the 2m distance being modelled. At such close range a point source approach will likely overstate near the centre and understate at the edges, a more accurate treatment would model the actual geometry of the rack. For this report the point source estimate is kept as a simple conservative approximate useful to show the scale of the hazard but not a precise prediction. 




2.3 [bookmark: _Toc239419990]Q5: Maze attenuation check at Maze Entrance 
Method: Radiation mazes reduce dose by forcing radiation to scatter around one or more 900 bends before reaching the entrance, with each bend providing a substantial reduction in dose rate which is a standard design principle in facilities using high activity sources [10]. As instructed, I am calculating a 1000 fold dose reduction per 900 bend the brief describes a doucle legged maze so two 900 bends. 
Data:
· Gamma detector at the first bend (nearest the source) = 850 mSv/h
· Supervisor's portable meter at the maze entrance: below 1 µSv/h
· Apparatus handbook design value at the maze entrance (source fully exposed): below 2.5 µSv/h. 
Calculation: 
Starting from the measured dose rate at the first bend and applying a 1000 fold reduction per bend.
[bookmark: _Toc239413861]Equation 3 - Dose Rate at Maze Entrance


Interpretation: 
The hand calculate value of 0.85 µSv/h at the maze entrance sits below the handbook's design limit of 2.5 µSv/h and closely matches the supervisors actual measurement of below 1 µSv/h at the doorway. This is a good consistency check even with the source rack not fully returned to the shielded position the double legged maze was providing its intended level of protection at the entrance. The danger in this incident was not a failure of the mazes shielding performance it was the fact the technician went past the entrance and into the maze itself as we know the dose rates climbed close to the first bend from the 850 mSv/h reading in the brief. 
It’s also worth noting the supervisors handheld meter reading “approached 1µSv/h” which 850 times lower than the fixed gamma detector reading. This gap likely reflect the fact the supervisor did not reach the exact position of the fixed detector and we know the dose rate changes rapidly with positions close to an unshielded source. Small differences in the exact location  near a bend can produce large difference in reading, this sensitivity is relevant to Q6 since it means the technicians precise position and depth of entry into the maze would have a very large effect on the dose he received. 

2.4 [bookmark: _Toc239419991]Q6: effect of geometry of the maze and technician movements on recorded dose
This section works backwards from the elements we are confident in recorded TLD dose (27.1 mSv) and the fixed gamma detector reading closest to the source (850 mSv/h) to see what exposure time that implies and check whether that is physically consistent with the maze layout and the witness accounts. 
Calculation: 
Assuming the technician was near the location of the fixed gamma detector, the exposure time consistent with the recorded dose is: 
[bookmark: _Toc239413862]Equation 4 - Exposure time Calculation

Interpretation: 
The figure aligns far more closely with the supervisor's estimate of “at least two minutes” than the technician's own recollection of “only a few moments.”  As a check on this a consideration whether the dose could have been accumulated only in the outer low dose part of the maze even for a full two minutes 


Is roughly a thousand times to small to account for the recorded 27.1 mSv. This points to a scenario in which the technician passed through the low dose region and advanced near the inner bend to investigate the jam remaining there for close to two minutes before retreating. The gap between the two time estimates is plausibly explained by the effect of acute stress on time perception, rather than deliberate misstatement so the dosimetric evidence is the more reliable indicator of exposure time. 

3. [bookmark: _Toc239419992]Discussion 
3.1 [bookmark: _Toc239419993]Q7: Health Implications
The technicians' recorded dose is far below the threshold associated with acute radiation syndrome (ARS), which typically requires a whole body dose in excess of 700 mSv, with nausea reported from 1-2 Gy upward [11]. Which suggests the reported nausea is a stress/anxiety response rather than a physiological effect since psychological factors can produce the same symptoms [12]. 
The more relevant consideration at this dose is long terms stochastic risk. Using the ICRP detriment adjusted nominal risk co-efficient for adult workers [13]. Under the linear-no-threshold (LNT) model which assumes no dose is entirely risk free, the exposure corresponds to an estimated additional lifetime cancer risk of:
[bookmark: _Toc239413863]Equation 5 - Stochastic Risk Co-efficient (lifetime cancer risk)


This is small but non-negligible and well above the UK annual limit for occupational radiation workers of 20 mSv per year however usually they receive less than that meaning this single event delivered years of normal occupational dose in less than two minutes. This is also roughly ten years worth of typical Uk background exposure 2.7 mSv/year. By contrast the supervisors 0.1 mSv reading carries negligible added risk consistent with him remaining near the entrance.
3.2 [bookmark: _Toc239419994]Q8: IRR17 (UK radiological protection legislation)
This incident engages several core duties under the ionising radiation regulations 2017 (IRR17). Most obviously the technicians recorded dose of 27.1 mSv exceeds the whole annual dose limit of 20 mSv for classified workers [14] as mentioned previously meaning this incident breached the maximum dose permitted for an entire year which is a clear regulatory failure regardless of any other findings. Under IRR17, employers are also obligated to investigate immediately and without delay whenever an employee have received a dose that is higher than a relevant limit and notify the HSE accordingly. The fact the supervisor had contact with the HSE following the technicians TLD reading is consistent with this duty being upheld however it does not change the fact the exposure itself happened. 
IRR17’s general principles require employers to restrict exposure using a hierarchy of controls with engineering controls given priority over systems of work and personal protective equipment and to write contingency plans “where reasonably foreseeable accidents are identified in the risk assessment, contingency plans must be set down in writing for preventing the accident occurring and limiting any exposures should they occur.” [15]. The facilitys interlock which prevented anyone accessing the maze unless the source was confirmed to be shielded demonstrates an engineering control that functioned as intended throughout the incident, the door remained locked until manually overridden. This shows the regulatory failure was not from an engineering control but the absence of a correct procedure for this type of incident. A conflicting instrument reading is a foreseeable failure mode for this type of design and the fact somebody could resolve it using an override key suggests either no local rules covered this scenario or the existing rules weren’t followed either way a gap in the contingency planning required under regulation 13 and in the wider duty to consult a radiation protection advisor about foreseeable accident senarios. [16]
Overall, the incident shows why IRR17’s ALARP principles depend on more than just one control, engineering controls without procedures behind them are insufficient and the weakest point in the system was the human interaction. [16] 


3.3 [bookmark: _Toc239419995]Q9: ONR Safety Assessment Principles 
One clarification before this analysis the brief refers to EKP.5 Defence in Depth and in the current ONR Safety Assessment Principles (2014 edition, revision 1, 2020), defence in depth is actually EKP.3; EKP.5 is “Hierarchy of Control” [17]. Both principles are genuinely relevant to this incident so both addressed below EPK.3 as instructed by the brief and EKP.5 as one of the additional SAP’s, which resolves the discrepancy but still covers the necessary points. 
EKP.3 – Defence in Depth: This principle requires multiple independent barriers so that the failure of one does not lead directly to harm [17]. This facility had multiple barriers like the the water pool shielding, the interlock and the warning sign and it is important to note that all barriers functioned correctly throughout the incident as the interlock stayed locked and the warning sign remained active. The defence in depth failure was not the individual barriers themselves but because an individual could defeat the interlock by using an override key without another individual barrier preventing the action. 
EKP.5 – Hierarchy of Controls: This key principle states “Passive safety measures that do not rely on control systems, active safety systems or human intervention.” [17] It holds engineered safety measures should take priority over procedural or administrative the incident did not follow this hierarchy rather than trusting the engineered barrier (the interlock) an administrative judgment based on an unreliable secondary indicator was used to justify bypassing it a clear failure of EKP.5.
EHF.3 - Identification of actions impacting Safety: “A systemic approach should be taken to identify human actions that can impact safety across all operating modes and fault or accident conditions.” [18] There was no indication that overriding the interlock when two safety indicators were conflicting had been identified in advance as an action to take as a fallback procedure. Instead it appears it was just an unplanned judgment call made under operational pressure, which is exactly the gap this principle exists to close. 
4. [bookmark: _Toc239419996]Recommendations 
4.1 [bookmark: _Toc239419997]Q10: ALARP justified Improvements
Each recommendation below targets a specific failure point mentioned throughout this report and is assessed on if the cost and effort is proportionate to the risk reduction achieved the core of ALARP [19].
Engineering control – conflicting indicators. The cable tension indicator should not be capable of contradicting the limit switches' “source shielded” status so either it should be removed as an indicator that a decision can be influenced by or the control system should be modified to ensure an override is physically impossible unless the primary limit switch confirms a safe state. This is a moderate cost engineering change addressing the root technical cause and proportionate, given it removes the specific failure mode that led to the exposure. 
Procedural control – Verification before override. For an individual to use an interlock override key it should require a documented independent radiological check, like a portable dose rate reading at the door immediately beforehand rather than using a reading from an unrelated indicator. This closes the gap identified in EHF.3 and the benefit of this highly outweighs the expenses as this is an extremely low cost solution. 
Organisational control – Mandatory Radiation Protection Supervisor (RPS) consultation. Use of an override key should be a rare situation and should require real time consultation with RPS rather than being a decision made solely by the technician and shift supervisor another low cost change with high benefit. 
Training – warning sign significance. Staff should receive specific training that the illuminated warning sign is an independent indicator linked to the source and should always supersede any other beliefs about the interlock status, another ALARP improvement. 

Collectively, these are proportionate, cost justified ALARP improvements that strengthen the engineering, procedural and organisational barriers. 
 


5. [bookmark: _Toc239419998]Conclusion
This incident was result of a mechanical fault causing the source rack to become stuck above its shielded position, compounded by conflicting safety indicators and a decision to override the maze interlock. The dose rate calculation confirmed the source's unshielded field is instantly lethal at close range, showing why the facility depends heavily on shielding. The maze itself performed as designed, and the scenario reconstruction identified the technician spent nearly two minutes near the innermost bend accounting for his 27.1 mSv dose which is below any acute health threshold but exceeds IRR17 annual dose limit in one single event. 
The regulatory evaluation found the engineering controls worked correctly the failure came through procedure and human factors gaps, most notably the lack of a defined response to conflicting indicators and reliance on individual judgment to override a safety barrier. The recommendations proposed addressed those gaps. 

[bookmark: _Toc239419999]ANNEX A: Supplementary Material
[bookmark: _Toc239420000]A.1 — Incident Timeline
The dossier does not provide exact clock times, so events are presented in sequence order as reported.
	Step
	Event

	1
	Drive chain on conveyor snaps during shift change, causing a "Tote Jam" operator initiates emergency stop.

	2
	Winch motor de-energises; source rack becomes snagged on a bent guide rail 1.5 m above the water surface.

	3
	"Source Shielded" indicator remains red (limit switch at pool base not triggered) PLC maintains Cell Lock, keeping the maze door locked.

	4
	Maintenance technician arrives and determines the jam is inside the irradiation cell.

	5
	Supervisor, noting the cable tension indicator reads "slack" (a previously unreliable indicator), believes the source has probably reached the pool despite the persistent red indication.

	6
	Technician uses an override key to open the interlocked maze door.

	7
	Technician enters the maze the independent "Radiation – Danger of Death" warning sign remains active throughout.

	8
	Technician advances to the vicinity of the first bend (nearest the source) and remains there for an estimated ~1.9 minutes (Q6), before retreating.

	9
	Technician retreats and consults the supervisor reports feeling nauseous.

	10
	Supervisor takes portable dose rate readings: <1 µSv/h at the doorway, approaching ~1 mSv/h near the first bend.

	11
	Supervisor contacts the RPA.

	12
	TLDs sent for emergency reading: technician 27.1 mSv; supervisor 0.1 mSv. ADS contacts the HSE.

	13
	RPA investigates; remote gamma detector at the first bend reads ~850 mSv/h; findings inform this report's reconstruction (Q6).



[bookmark: _Toc239420001]A.2 — Dose-Rate Comparison Table
Consolidates handbook design values, dossier measurements, and this report's calculated values at each key location.
	Location
	Source
	Value

	Product position (2 m, unshielded)
	Calculated (Q4)
	~10,630 Sv/h

	First bend (nearest source)
	RPA fixed gamma detector (dossier)
	850 mSv/h

	First bend (nearest source)
	Supervisor's portable meter (dossier)
	~1 mSv/h

	Maze entrance
	Calculated (Q5)
	0.85 µSv/h

	Maze entrance
	Supervisor's portable meter (dossier)
	<1 µSv/h

	Maze entrance
	Apparatus handbook design value (dossier)
	<2.5 µSv/h


The close agreement between the calculated and measured entrance values (0.85 µSv/h vs. <1 µSv/h, both below the 2.5 µSv/h design limit) supports the conclusion in Q5 that the maze itself performed as designed throughout the incident.
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