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[bookmark: _Toc240031051]Introduction 
This report presents a comprehensive investigation into a radiological incident that occurred on 3 November 2024 at the University Hospital Laboratory, involving a Gammacell-220R Blood and Research Irradiator. The incident resulted from a combination of latent mechanical degradation, control-system failures, and the normalisation of unsafe working practices, leading to an operator being accidentally exposed to a high-activity Caesium-137 source without adequate shielding.
The following analysis reconstructs the incident to estimate the effective dose received by the operator and evaluates this against the potential deterministic and stochastic health effects of radiation exposure. Furthermore, the incident is assessed for compliance with the Ionising Radiations Regulations 2017 (IRR17) and evaluated against the Office for Nuclear Regulation (ONR) Safety Assessment Principles (SAPs). Finally, a formal Bowtie risk assessment tool is used to identify proportionate, engineered safety improvements, with the aim of reducing the likelihood and consequences of a similar event in accordance with the As Low As Reasonably Practicable (ALARP) principle.


[bookmark: _Toc240031052]Suitability of 137Cs as an Irradiation Source

137Cs Is a common medical irradiation source due to some of its properties [1] [2]: 
[bookmark: _Toc240030721]Table 1 Suitability of 137Cs
	Properties
	Description
	Benefits

	Half-life
	137Cs has a physical half-life of approximately 30.17 years [3]
	Minimal need for calibration updates for equipment as the radiation output drops by only about 2.3% per year. This allows the system to deliver stable, predictable doses without frequent calculation adjustments

	Ideal Gamma Ray Energy
	Through beta decay, 137 Cs turns into the metastable isomer Barium-137m , which instantly emits a 662 keV gamma ray [4]

	Monoenergetic radiation (photons have the exact same amount of kinetic energy) are useful in medical imaging, radiation therapy, and material analysis because they prevent beam-hardening artifacts and reduce scattering providing better resolution imagery. [5] [6]


	Sealed Source Design
	Caesium chloride ceramic can be densely compacted into a powder and be double encased in encapsulated stainless-steel pencils (C-188) although the use of pencils for 137Cs is not that common. [7] [8]
	Minimizes the risk of contamination if the primary encapsulation fails this containment is required as caesium chloride is highly soluble in water.








[bookmark: _Toc240031053]Dosimetry Equipment vs Effective Dose calculations

By combining the calculated means (averages) of both phases 31mSv + 31 mSv, the Total Estimated Effective Dose to the operator's torso is ≈ 62 mSv
 
[bookmark: _Toc240030722]Table 2 Data congruence
	Dosimeter
	Location
	Wearing Period
	Measured Dose
	Calculated Dose
	Data Congruence

	TLD
	Waist
	Phase 1 & 2
	63.5mSv
	≈ 62 mSv
	Close match: TLD was worn throughout, capturing the full two-phase exposure.

	Electronic Personal Dosimeter (EPD)
	Chest
	Phase 2 Only
	41.2 mSv
	16–52 mSv
	Within range: EPD missed Phase 1 entirely, so it only recorded the closer, higher rate exposure.



The TLD's near total exposure reading (63.5 mSv) compared to the EPD's partial reading (41.2 mSv) is explained by the wearing period alone, the EPD was worn only for the second direct inspection, so it excludes the Phase 1 dose the TLD captured. However, the EPD's peak rate of 4.5 Sv/h falls below the calculated Phase 2 range (5.82–9.32 Sv/h), likely because the chest badge was shielded by the operator's own torso as she leaned into the drawer, whereas the calculation assumes line of sight.

[bookmark: _Toc240031054]Health implications of the radiological exposure 

In order to understand the possible health implications from this exposure it is important to break down the possible effects into short-term effects (acute) and long-term-effects (chronic).

[bookmark: _Toc240031055]Short-Term Effects (Acute)

Post incident it was noted that “The worker was sent to the Appointed Doctor for a check-up.” Where “No signs of radiation injury (such as erythema) were noted.” 

To determine whether this is consistent with the literature written on the subject it is important to first determine the Absorbed Dose () required to present with erythema.

By using The Radiation Weighting Factor ) which is used to determine the damage that each radiation type does which is found by looking at the ICRP they sate that the gamma radiation weighting factor is 1 we can convert the 62mSv effective does into the Absorbed does () measured in Grays 


With ) = 1 and  = the effective does = 62mSv  we can determine that the Absorbed Dose () = 62 mGy

mGy

The International atomic energy agency (IAEA) states that “It is unlikely for a skin reaction to occur for doses lower than about 2 Gy on the skin surface.” [9] as the dose received by the operator is a approximately 32 times smaller than 2 Gy it seems consistent that no erythema would be present. 

However, there are more possible acute symptoms rather than just erythema for example the first symptoms of acute radiation exposures is usually vomiting and nausea this usually occurs within the first 24 hours however symptoms can present earlier if the exposure is greater however as the operators dose was lower than 0.5Gy these symptoms are unlikely. [10]
Furthermore, there is usually a latent period (the time delay between the radiation exposure and the appearance of a disease) for acute radiation exposure the latent period is usually between two and 10 days however the latent period is dependent on the severity of the absorbed dose. However, with the operators absorbed dose being approximately 0.062Gy it is unlikely that they will present with any side effects. 


[bookmark: _Toc240031056] Stochastic effects (Long-Term Effects)


Stochastic effects may occur following either an acute dose or a chronic dose. There are two well recognized types of stochastic effects, the induction of cancer in exposed individuals, and hereditary disorders in the kin of those exposed.
The ICRP uses the Linear No-Threshold (LNT) model [11], which theorizes that any exposure to radiation will increase the probability of stochastic effects, usually in the form of cancers from radiation exposure. When combining this model with the ICRP 60 excess lifetime fatal cancer risk coefficient of 4.1% per sievert, which is usually rounded to 4% per sievert for workers (5.5% or 5% for the general population), the operator's exposure causes a 0.26% increased lifetime risk of developing fatal cancer. This puts a quantifiable number to the long-term health risk associated with the operator's exposure.
[bookmark: _Toc240031057]Ionising Radiations Regulations 2017
[bookmark: _Toc240031058]Regulation 8 Radiation risk assessments 

Regulation 8, focusing on worker protection, requires that “an employer before commencing a new activity involving work with ionising radiation” “must make a suitable and sufficient assessment of the risk to any employee” for the purpose of “identifying the measures the employer needs to take to restrict the exposure of that employee” to ionising radiation. [12]
Within the report, intermittent faults with the drawer-position sensor had been reported; however, no formal intervention or maintenance was undertaken. This could suggest that the risk of sensor failure, and the consequent possibility of exposing a worker to ionising radiation, had been identified within the risk assessment. The fact that these faults were reported indicates that a process may have existed for identifying and communicating hazards. However, if this risk had not been identified within the assessment, it could instead demonstrate a failure to reasonably foresee and assess the potential hazard associated with the sensor fault.
Furthermore, the absence of follow-up action suggests that any hazard identified through the risk assessment did not have adequate controls or mitigation measures applied after the faults were reported. Consequently, the employer failed to take reasonably practicable measures to adequately restrict employee exposure, indicating that the risk assessment was not sufficiently effective in controlling and mitigating the identified risks.
[bookmark: _Toc240031059]Regulation 9 Restriction of exposure

Regulation 9 requires that exposure be kept As Low As Reasonably Practicable (ALARP). The normalized practice of operators "cycling the drawer" to clear faults, rather than reporting the equipment as unfit for use and requiring repair, demonstrates that the employer failed to limit exposure to ALARP and failed to communicate the potential consequences of radiation exposure clearly enough for operators to recognize the risk in their own workaround.

[bookmark: _Toc240031060]Regulation 11 Maintenance and examination of engineering controls etc and personal protective equipment

During the routine checks on the equipment degradation of the secondary shutter return spring had not been identified this demonstrates that the current in place systematic inspection of the equipment was inadequate thus demonstrating their failure to have appropriate maintenance schedule Aswell as systematic inspections.

[bookmark: _Toc240031061]Regulation 12 Dose limitation 
The legal dose limit for an adult worker is 20 mSv per calendar year. However, a dose of up to 50 mSv may be permitted in a single year under authorised circumstances, provided the worker’s dose over the previous five years, including the current year, does not exceed 100 mSv. The report does not state that such authorisation applied to the operator. Furthermore, the operator received 63.5 mSv from a single event, exceeding the standard annual limit and is an illegal overexposure.



[bookmark: _Toc240031062]Regulation 14 Radiation protection adviser (RPA)

Based on the report, the employer demonstrates partial compliance with Regulation 14. The existence of Local Rules requiring the use of an EPD indicates that an RPA was consulted regarding appropriate radiation monitoring instrumentation.
However, the lack of preventative controls suggests that full compliance may not have been achieved. The RPA should also advise on arrangements for preventing accidents and incidents. It was reasonably foreseeable that an operator could forget their EPD, as occurred during the incident. Additional safety barriers should therefore have been considered using EKP.3 Defence in Depth, rather than relying solely on operator behaviour. 
One improvement could be an engineered interlock requiring the operator's EPD to be present before the irradiator can operate. An RFID or similar identification system could achieve this. However, the radiation tolerance of the electronic components would need to be assessed to ensure reliable operation. This would provide an additional layer of protection and reduce reliance on operator memory.
[bookmark: _Toc240031063]Regulation 18: Local Rules and Radiation Protection Supervisors (RPS)

Following on from Regulation 14, Regulation 18 mandates the establishment of written Local Rules and the appointment of an RPS to ensure adherence to them. The incident reveals significant failures in two respects:
1. The operator did not comply with the Local Rules, initially approaching the irradiator and opening the drawer without wearing the required EPD.
2. The RPS failed to effectively supervise the controlled area. As a result, the preceding weeks had a dangerous, non-approved workaround, manually cycling the drawer to clear faults was readily accepted and normalised. The RPS's failure to intervene and halt activity until the equipment was properly maintained shows a severe breakdown in safety management and a failure of the safety culture in the workplace.



[bookmark: _Toc240031064]Regulation 24 Dosimetry for accidents etc & 26 Investigation and notification of overexposure

Starting with regulation 26 As the effective dose exceeded 20 mSv the Approved Dosimetry Service and the employer might have executed their obligation as the report states that’s that they notified the Health and Safety Executive (HSE) however within regulation 26 it states that “as soon as practicable notify the suspected overexposure to; the appropriate authority” the regulation also defines who the appropriate authority is this being “in relation to overexposure as a result of work carried out on nuclear premises, the ONR” it specifically sates it’s the Executive otherwise as the location of the site is a university it is possible for a part of the campus to be a licensed nuclear site like how the imperial collage London was [13] however as there are currently no University’s with a nuclear site licence it is likely that they fulfilled their obligation by notifying their appropriate authority and would be assumed that they would further comply with their regulatory obligation to further notify the appropriate authority of the result of the dose assessment as soon as possible, as they had already started that process appropriately.


[bookmark: _Toc240031065]ONR safety assessment principles (SAPs)

[bookmark: _Toc240031066]EKP.3 Defence in depth 

ONR's defence-in-depth approach expects several levels of protection so that a single fault does not directly result in a significant consequence similar to the Swiss cheese model [14] [15]
It could be seen that irradiator initially appears to possess defence in depth through having:

· The shielded irradiator body
· The rotor indexing system
· The pneumatically actuated sample drawer
· The secondary tungsten shutter
· Radiation monitoring (EPD) and operator awareness (Training)
· Local rules and arrangements

However, the incident demonstrates the systematic flaws between these defences. The report states that the drawer sensor had become unreliable. The shutter return spring had degraded and the rotor had not fully reached its safe position. all these faults occurred however most significantly, the control system indicated that the system was safe to open when this was not the case.
This incident shows that protections and barriers in place were not sufficiently independent in the system. As a single unreliable sensor could contribute to the defeat of an interlock of the sample drawer, while a degraded shutter could simultaneously reduce the physical barrier to contain the radiation. The resulting faults culminated in the operator who also was not wearing the correct Radiation monitoring equipment to get unknowingly exposed to the Caesium-137.Moreover, the incident represents a significant failing of the objective of defence in depth.


[bookmark: _Toc240031067]EMT.2: Maintenance, Inspection, and Testing
“Structures, systems and components should receive regular and systematic examination, inspection, maintenance and testing as defined in the safety case.”
EMT.2 Not met:
· The "intermittent faults" reported in the weeks prior were not actioned, and no formal maintenance was undertaken. The mechanical degradation of the shutter spring should have been identified as a fault though systematic scheduled testing, inspections and maintenance as this degradation would have happened over time allowing for multiple opportunities to address the issue.

[bookmark: _Toc240031068]RP.2 – Radiation Protection in Accident Conditions
“Adequate protection against exposure to radiation and radioactive contamination should be provided in those parts of the facility that will need to be accessed during faults or as part of accident management. This should include prevention or mitigation of accident consequences.”
RP.2 Not met:
· The incident demonstrates that the university was negligent in preparing for the foreseeable equipment fault, as well as the human error of forgetting to wear an EPD, which resulted in overexposure of the operator. The operator was unaware that they were being exposed to the unsafe conditions they were working in, and if it had not been for them realising that they were not wearing an EPD, they would have received an even greater dose of radiation. Physical barriers of protection should have prevented personnel from entering the room without the appropriate equipment. This would have limited the exposure, mitigating the consequences of prolonged exposure.




[bookmark: _Toc240031069]ALARP Improvements 

The Bowtie diagram illustrates a formal fault analysis and risk assessment process (FA.1 & FA.2) by identifying the threats that cause the event, the preventive controls designed to reduce the likelihood of the event occurring (EKP.3 & EMT.2), the mitigations deployed to reduce the impact of the incident (AM.1 & LC 11), and the final outcome of the event, ensuring that the hierarchy of control has been appropriately implemented (EKP.5).

[image: ]
Figure 1 Bowtie Diagram
[bookmark: _Toc240031070]Controls (Reducing Likelihood)
Preventative Maintenance Schedule (EMT): Implement a required, systematic examination, inspection and testing regime for the irradiator's structures, systems and components (SSCs), in line with the Maintenance, Inspection and Testing principles (EMT.1–EMT.8). As retrospectively, the secondary tungsten shutter return spring and the drawer position sensor should have been replaced with communication with the manufacturer to gain insight into manufacture recommended maintenance intervals, rather than it working to the point of failure and to prevent the latent mechanical degradation identified a contributing factor to the incident.
Engineered EPD Interlock (EKP.5 & EKP.3): Install a barcode scanner linked to the Irradiator pneumatic logic controller. The irradiator drawer must remain physically locked and unpowered until an EPD is scanned. This would be classified as an automatically initiated active engineered safety measure (EKP.5(b)) that enforces a fail-safe state without reliance on the operator’s memory or judgement. It provides an additional, independent barrier consistent with the defence-in-depth requirement (EKP.3) that no single failure mechanical or person should be sufficient to allow drawer access while the source is exposed.

[bookmark: _Toc240031071]Mitigations (Reducing Consequence)

Active Room Radiation Monitor (EKP.3): Install an alarmed ambient gamma monitor inside the room. Rather than preventing the fault itself, this measure acts once an unsafe hazardous event has occurred, providing immediate, un-by passable auditory feedback of the hazard and prompting instant operator evacuation. This directly reduces exposure duration and consequently the dose, this would be independent of the operator's own awareness or EPD status as a redundancy, consistent with the mitigation objective within the defence in depth hierarchy.

Robust Emergency Arrangements (LC 11 / AM.1): Establish and rehearse clear accident management procedures. In line with Licence Condition 11's requirement that the licensee make and implement adequate arrangements for dealing with any accident or emergency arising on site (LC 11), and consistent with the accident management and emergency preparedness principle (AM.1), the facility must ensure rapid isolation of the affected area and immediate consultation with the RPA and Appointed Doctor once an incident has occurred, to mitigate further acute or stochastic risks.
[bookmark: _Toc240031072]ALARP Cost-Benefit Analysis

Under Regulation 9 of IRR17, a risk must be reduced unless the cost in money, time, or effort is grossly disproportionate to the safety benefit gained.
· The Risk: The systemic failure of the original setup resulted in an illegal 63.5 mSv occupational exposure, a 0.26% increased lifetime risk of fatal cancer to the operator, and noncompliance with IRR17.
· The Cost: The EKP.5(b)-aligned EPD interlock and gamma monitor are low-cost, off-the-shelf components, the EMT aligned maintenance schedule adds only routine servicing already required in operating the equipment, and the LC11&AM.1 emergency arrangements are required and just procedural. Against the cost of operating a 119 TBq Class 1 source and the cost of an illegal overexposure event, including regulatory action and reputational harm the implementation costs are negligible. [16]

[bookmark: _Toc240031073]Conclusion 

This incident started from a systemic breakdown across multiple barriers sensor, shutter, and false "safe" indication compounded by human error, resulting in an illegal ≈62 mSv exposure and breaches of IRR17 Regulations 8, 9, 11, 12, 14, and 18. To conclude, the implementation cost required is grossly disproportionate in the other direction relative to the severity of a radiation overexposure. Appropriately reimplementing the EKP.5 hierarchy of safety measures and the EKP.3 defence in depth these controls support, alongside AM.1&LC 11 mitigation, is not only reasonably practicable but also legally required to achieve a compliant ALARP state.
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[bookmark: _Toc240031076]Dosimetry Calculations 

Original Activity: Cs‑137 ≈240 TBq certified on 12 May 1994

Half-life of 137Cs = 30.17 years
Reduction in 137Cs for one year is =  = 0.977 or 97.7% ≈ 2.3% decay each year

There are 30 years, 5 months, and 22 days between 12 May 1994 and 3 November 2024
137Cs as a % after decay= (1/2)^t/^t1/2 = (1/2)^(30.48/30.17) = 0.4965 = 49.6% left

Current Activity: 119.16 TBq (119160 GBq)

Dose rate ≈ Γ

Where: 
Γ = gamma constant for the isotope (mSv·m² / (GBq·h)) 
A = source activity (GBq) 
r = distance from the source (m) 

Dose rate ≈ = 9532.8 mSv/h or 9.5328 Sv / h
There is a 12% reduction due to the absorption of the cage: Resulting in the effective unshielded does rate at 1m = 9.53 X (1 – 0.12) = 8.3864 Sv / h ≈  8.386 Sv / h


[bookmark: _Toc240031077]Initial Investigation

The torso dose rate is estimated as approximately 10–25% of the nominal unshielded field at that distance

Does rate ranges = 10% of 8.386 Sv / h = 0.839 Sv / h
Does rate ranges = 25% of 8.386 Sv / h = 2.0965 Sv / h ≈ 2.097 Sv / h
Does rate ranges averaged 17.5% of 8.386 Sv / h = 1.468 Sv / h

Duration ranges = 
Given time rages
· 60 seconds = 1 min = 0.0166666 hours  
· 90 seconds = 1.5 mins 0.025 hours  
Average
· 75 seconds = 1.25 mins 0.0208 hours 

So
Dose Calculation (Minimum) = 0.839 Sv / h X 0.0167 = 0.0140113 = 14mSv
Dose Calculation (Maximum) = 2.097 Sv / h X 0.025 = 0.052425 = 52 mSv
Dose Calculation (Average) = 1.468 Sv / h X 0.0208 = 0.0305344 = 31 mSv

Dose average ≈ 31 – 33 mSv

[bookmark: _Toc240031078]Direct Inspection

They are now 0.6 meters for 10 to 20 seconds with the operator leaning across the line of site with a 25–40% of the nominal unshielded field at that distance.

Initial Unshielded Rate at 0.6 m =  =  = 23.294 Sv/h
Where 8.386 is from the post cage 12% production and  is from r² of the Dose rate ≈ Γ × A/r²

Dose rate ranges (Minimum) = 25% of 23.294 = 5.8235 Sv/h
Dose rate ranges (Maximum)  = 40% of 23.294 = 9.3176 Sv/h
Dose rate ranges (Average) = 32.5% of 23.294 = 7.57055 Sv/h


Duration Range: 
· Minimum 0.0028 hours 
· Maximum 0.0056 hours 
· Average = 0.00416 hours

Dose Calculation (Minimum) = 5.8235 Sv/h X 0.0028 = 0.0163058 = 16 mSv
Dose Calculation (Maximum) = 9.3176 Sv/h X 0.0056 = 0.05217856 = 52 mSv
Dose Calculation (Average) =7.57055 Sv/h X 0.00416 = 0.031493488 = 31 mSv

Dose average ≈ 31- 34 mSv
[bookmark: _Toc240031079]Summary 
Radiation does not affect all parts of the body equally this is because some parts of the body are more sensitive to radiation than others, because of this the ICRP created Tissue weighting factors that are assigned to each specific organ for example bone marrow which is more susceptible to developing radiation induced cancers has an Tissue weighting factor of 0.12 while skin which is much more resistant to radiation due to its evolutionary need to deal with the constant exposure to ultraviolet radiation has a tissue weighting factor of 0.01.


Where 
E= Effective dose (measured in Sieverts, Sv)
= Tissue weighting factor for tissue or organ
= Equivalent dose to tissue or organ

But when applying this to the irradiator incident, where the operator was standing directly in front of the machine there torso was exposed to the radiation and the torso contains a bulk of the highly weighted organs such as the breast, lungs, stomach, colon, etc. which means majority of these organs can be approximated to have had received the same dose we can instead use  which means that the equivalent does measured to the toros is approximately equal to the whole body effective dose.

image1.png
Threats Controls igations
Control Reduced Acute
System Failure Radiation
Preventative Operator Exposure Risks
Maintenance evacuation
Schedule and check up
. EMT.2) ; Room (AM.1)
Mechanical d = ) —, Fail Radiation—b Reduced Stochastic
Degradation Engineered Safe o Cancer Risk
EPD Interlock onitor Emergency
(EKP.3) Response
arrangements
(RP2&LC 11)

Human Error &
Culture

Regulatory
compliance





