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[bookmark: _Toc239422693]Abstract
This report analyses a radiological incident that occurred on 21 October 2024 at a university medical physics facility operating a Nordion JS-9600 panoramic gamma irradiator. A mechanical defect prevented the cobalt-60 source carrier from seating fully in its shielded position, while a degraded source position switch falsely confirmed a safe condition and permitted access to the service vestibule. A technician received an effective dose of 18.9 mSv, as measured by thermoluminescent dosemeter, with a concurrent electronic personal dosimeter reading of 14.8 mSv. Source activity at the time of the incident was determined by exponential decay to be approximately 46.9 TBq. The unshielded dose rate at 1 m was estimated by the gamma constant method at between 14.3 and 16.4 Sv/h, and the recontstructed dose by phase produced a total dose of 4.3 to 14.1 mSv, broadly consistent with the measured values once uncertainties in distance, duration and attenuation are considered. The incident is assessed against the Ionising Radiations Regulations 2017 and the ONR Safety Assessment Principles, with particular reference to EKP.5, Defence in Depth. Proportionate improvements are proposed on ALARP grounds, including diverse redundant interlocks, removal of administrative overrides from safety-critical monitoring, and corrective maintenance of the source return mechanism.
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[bookmark: _Toc51833421][bookmark: _Toc239422694]Introduction
Facilities licensed to irradiate materials operate on the premise that a very intense radiation source is stored behind shielding, and personnel only approach it when the source is demonstrably safe. The safety case for such a facility rests on multiple independent barriers, and the credibility of the whole design depends on those barriers failing independently. However, on 21 October 2024, at the facility examined here, they failed simultaneously (Mason, 2026).
The Nordion JS-9600 is a panoramic gamma irradiator used for research irradiation and radiation processing. Sealed cobalt-60 source pencils are held in a cylindrical carrier rack mounted on a vertically translating mechanism. In normal operation the carrier rests in a shielded position at the base of the machine. When raised, it produces a near-isotropic gamma field within a shielded irradiation chamber. A service vestibule adjoins the chamber, separated by shielding and a labyrinth access path designed to limit radiation streaming. Two independent safety systems guard vestibule access: a mechanical source position switch and a fixed radiation monitor permissive. Both must confirm a safe condition before entry is permitted (Nordion, 2018; Howard, 2020).
This report explains why cobalt-60 suits this application, determines the source activity on the day of the incident, estimates the unshielded dose rate at 1 m, reconstructs the dose received by the technician across two exposure phases, compares the reconstruction with measured dosimetry, and examines the health, legislative and safety-principle consequences. It closes with recommendations justified on ALARP grounds.



[bookmark: _Toc239422695]Technical Exposition
[bookmark: _Toc239422696]Cobalt-60 as an irradiator source
Cobalt-60 decays by beta emission to excited states of nickel-60, which de-excite by emitting two gamma photons of 1.17 and 1.33 MeV. The gamma yield is a vital  property for a material to be used as an irradiator,. The mean photon energy of approximately 1.25 MeV gives good penetration (Valentin, 2009), which promotes dose uniformity through dense product loads and limits the shadowing that lower energy photons would suffer. An irradiation process must demonstrate that the minimum dose delivered meets the specified target, uniformity of dose is vital for successful function (IAEA, 2006).
The half-life of cobalt-60 is 5.27 years. This has multiple implications; Activity remains high enough to sustain process throughput for several years between source replacements, while decay is fast enough that a certified activity is meaningful and replenishment cycles are predictable. The metal's chemical compatibility with stainless steel encapsulation allow a doubly encapsulated source pencil that satisfies sealed source requirements, keeping the cobalt fixed and contained under operational stresses. These characteristics, high specific activity, useful photon energy, manageable half-life and robust encapsulation, together make cobalt-60 the standard choice for panoramic irradiators (Nordion, 2026).
[bookmark: _Toc239422697]Estimating dose rates from sealed gamma sources
The dose rate from a point gamma source follows the inverse square law. 
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where D is dose rate in mSv/h, A is activity, τ is the gamma ray constant in mSv h⁻¹ MBq⁻¹ at 1 m, and r is distance. τ for cobalt-60 is 3.062×10-4 mSv h⁻¹ MBq⁻¹ (Peplow, 2020).
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2-2 gives the dose rate in µSv/h from the activity M in MBq and the total photon energy per disintegration E in MeV. For cobalt-60, E is 2.5 MeV per disintegration, being the sum of the two photon energies. This provides an independent triangulation of the calculation.
Gamma attenuation through shielding is exponential. The half value layer (HVL), the thickness that halves the dose rate, is 1.2 cm for lead and 6.6 cm for concrete at cobalt-60 energies (OSHA, 2026). This allows the transmission fractions quoted in the incident reconstruction to be tested for physical plausibility.

[bookmark: _Toc51833419][bookmark: _Toc239422698]Case Analysis
[bookmark: _Toc239422699]Narrative of the incident
The events of 21 October 2024 were set in motion weeks earlier by two accumulating defects. First, the fixed radiation monitor intermittently reported spuriously low readings. Rather than removing the irradiator from service, the facility operated under administrative control relying on the source position switch alone. Second, wear debris had accumulated in the source carrier return mechanism, occasionally preventing complete seating of the carrier. Routine maintenance had not detected this condition. These two defects shared a common feature: each degraded one of the two independent access-permissive systems, and neither had halted operation.
At the end of a routine irradiation cycle on the day of the incident, the carrier was commanded to its shielded position and stopped short, leaving the source partially unshielded. The source position switch nonetheless indicated a safe condition, and the interlock permitted vestibule entry. A technician entered to investigate a reported transfer mechanism fault, unaware of the hazard. During the first phase, lasting 45 to 60 seconds, the technician remained just inside the vestibule entrance, roughly 2.5 m from the effective source position, where the field was attenuated to between 4 and 8 per cent of the unshielded rate. The technician then moved inward and leaned toward a panel for 10 to 20 seconds, at roughly 1.2 m from the source, with a less obstructed line of sight corresponding to 12 to 20 per cent transmission. A colleague approaching with a portable survey meter observed an elevated dose rate and raised the alarm, and the technician withdrew immediately.
The dose reconstruction below depends on these estimates of distance, duration and attenuation. All derive from human recollection and from post-incident survey, and witnesses are fallible. The figures carry corresponding uncertainty, which is treated explicitly in the analysis.
[bookmark: _Toc239422700]Source activity at the incident
The certified activity was 95 TBq on 6 June 2019. The interval to 21 October 2024 is 5 years and 137 days, or 5.375 years. 
With λ = ln2/5.27 = 0.1315 y⁻¹:
A = 95 × e^(−0.1315 × 5.375) = 95 × 0.493 = 46.9 TBq (46,850 GBq)
The full calculation is shown in Annex A.
[bookmark: _Toc239422701]Unshielded dose rate at  1m
Using the constant for Co-60, τ = 3.062 × 10⁻⁴ mSv h⁻¹ MBq⁻¹:
D(1 m) = 3.062x10-4 × 46,850 = 14.345 mSv/h ≈ 14.3 Sv/h
gives 14.3 Sv/h, and the approximation D = ME/7r² with E = 2.5 MeV gives approximately 16.7 Sv/h. The Peplow constant will be used for the reconstruction that follows, with the spread retained as an indication of systematic uncertainty.
[bookmark: _Toc239422702]Dose rates during the exposure phases
Applying the inverse square law and the reconstructed transmission fractions gives the results in Table 3‑1.


[bookmark: _Ref239414878]Table 3‑1 - Dose rates and doses by phase
	Phase
	Distance (m)
	Transmission
	Dose rate (mSv/h)
	Duration (s)
	Dose (mSv)

	Unshielded Reference
	1.0
	100%
	14346
	-
	-

	Threshold
	2.5
	4-8%
	92-184
	45-60
	1.3-3.1

	Close Inspection
	1.2
	12-20%
	1195-1992
	10-20
	3.3-11.1

	
	
	
	
	Total
	4.5-14.1



The transmission values can be sanity-checked against shielding physics. A transmission of 4 to 8 per cent corresponds to 3.6 to 4.6 HVL, which is 4.4 to 5.6 cm of lead or 24 to 31 cm of concrete at cobalt-60 energies. This is plausible for a labyrinth path combining deliberate shielding with geometric obstruction. Transmission of 12 to 20 per cent corresponds to 2.3 to 3.1 HVL, roughly 2.8 to 3.7 cm of lead equivalent, consistent with a shorter, less obstructed sight line to a partially exposed source. Using this maths, the attenuation values are therefore completely credible.
The measured maximum of 1,250 mSv/h is in the calculated range of possible does rates and close to the lower bound of the predicted inspection-phase range, and the delta in measured to calculated maximum dose rates could be due to EPD placement on the body, angle of incidence to the source as the technician leaned or changed position, and reporting error.
[bookmark: _Toc239422703]Estimated effective dose
Combining mid-range times with the transmission extremes gives a total effective dose between approximately 4.5 and 14.1 mSv. The arithmetic is set out in full in Annex A.

[bookmark: _Toc239422704]Discussion
[bookmark: _Toc239422705]Comparison with measured dose
The EPD worn on the chest recorded 14.8 mSv and the waist-level TLD recorded 18.9 mSv. The reconstruction brackets 4.5 to 14.1 mSv, so the calculated values lie just below the measurements, with the upper bound approaching the EPD reading. Four factors explain the shortfall.
First, the attenuation percentages are qualitative survey judgements, not measurements. If the real transmission at 1.2 m was nearer 25 per cent than 20, the inspection dose rises immediately towards the measured values. Second, durations and distances are witness estimates. A few seconds longer at the panel, or a lean that brought the torso closer than 1.2 m, adds several mSv. Third, the point-source inverse-square model ignores scattered radiation. In a confined vestibule, wall and floor scatter adds to the direct field, and this contribution is largest close to reflective surfaces and apertures. Fourth, dosemeter position matters. The TLD at waist level read 27 per cent higher than the chest-worn EPD, which is consistent with the technician leaning toward the panel: the waist faced the source with less body self-shielding while the chest angled away.
On the other side of this, the calculated rates are realistic for this situation. Occupational fields span from fractions of a µSv/h in controlled corridors to Sv/h close to unshielded high-activity sources. An unshielded rate of 14 to 16 Sv/h at 1 m from a ~47 TBq cobalt-60 source is consistent for panoramic irradiators, and attenuated rates of hundreds to thousands of mSv/h in an access area under fault conditions are entirely plausible (Ionactive, 2023). The measured peak of 1,250 mSv/h sits inside the predicted inspection range, which corroborates both the model and the reconstruction.
The TLD is the more reliable source of information in this scenario. It could have been tissue equivalent, was assessed quickly, and is the HSE approved dosemeter type for legal dose assessment, so 18.9 mSv should be treated as the best estimate of effective dose. The EPD has value for this scenario because it reads in real time and carries dose and dose rate alarms. That its maximum dose rate of 1,250 mSv/h apparently did not  seem to trigger an effective warning before harm, or that any alarm was not acted upon, is itself a finding requiring further invesgiation and an explanation.
[bookmark: _Toc239422706]Health implications
The dose of 18.9 mSv is far below every threshold for tissue reactions. Bone marrow depression begins around 0.5 Gy whole body, skin erythema near 3 Gy, and the LD50/60 lies between 3 and 5 Gy (ICRP, 2007). The received dose is under 2 per cent of the marrow threshold, so acute radiation syndrome was never plausible, and the Appointed Doctor's finding of no hand erythema is consistent with the skin threshold of 3 Gy (ICRP, 2007).
Under ICRP 103, the detriment-adjusted nominal risk coefficient for adult workers is 4.2 per cent per Sv for chronic exposure; The higher acute coefficients apply only above 200 mSv, which does not apply here. The excess lifetime risk from 18.9 mSv is therefore approximately 0.08 per cent, or about 1 in 1,300. Against a baseline lifetime cancer incidence near 50 per cent, this is a small increment, but it is a preventable one and it consumes almost the entire statutory annual dose limit in under two minutes of exposure. The technician should remain under Appointed Doctor surveillance, and occupational health support should address the documented psychological burden that follows inadvertent overexposure.
[bookmark: _Toc239422707]Compliance with IRR17
The facility did not comply with IRR17 in several respects (Great Britain, 2017).
Under Regulation 8, the risk assessment was inadequate. It evidently did not consider the very possible simultaneous prescence of a worn return mechanism and a defective radiation monitor, nor did it treat the known monitor fault as creating a single-point failure in the access-permissive chain. A suitable and sufficient assessment must examine combinations of degraded defences, with thinking like found in the Swiss Cheese Model, not isolated component failures.
Under Regulation 9, exposure was not adequately controlled. Operating a high-activity irradiator with a known-faulty fixed monitor, pending replacement and under administrative control, inverted the hierarchy of control. Engineering and physical barriers should be dominant; a procedural instruction cannot substitute for a functioning radiation monitor in this situation.
Designated-area requirements were also breached in spirit. The vestibule is plainly a controlled area, with an instantaneous dose rate under fault conditions exceeding the 100 µSv/h designation criterion by four orders of magnitude. The purposes of area monitoring include detecting breakdowns in control systems, which is exactly what happened. With the fixed monitor intermittent, the statutory monitoring function for that area was absent, and the access interlock it supported operated on an unverified signal.
The classification and designation framework was defeated. A dose of 18.9 mSv exceeds the 6 mSv threshold at which an employee must be designated a classified person. If the technician was non-classified, the written arrangements under which they entered the controlled area failed in the purpose, which is to keep doses below 6 mSv. If the technician was classified, the episode still demonstrates that written arrangements failed to keep doses ALARP in an area where a critical function, the source position indication, was known to be suspect.
Training and information duties are implicated as well. The technician entered unaware that the interlock indication could be false. Instruction for work in such areas must make clear that permissive indications are not infallible, particularly where faults have been formally acknowledged.
Regarding enforcement: IRR17 is enacted under the Health and Safety at Work etc. Act 1974, which places the general duty on the employer to ensure, so far as is reasonably practicable, the health and safety of employees. An accidental overexposure of this magnitude is reportable to HSE, and the dose exceeds any credible internal investigation level (Great Britain, 1974).



[bookmark: _Toc239422708]Assessment Against ONR Safety Assessment Principles
[bookmark: _Toc239422709]EKP.5, Defence in Depth
This principle demands successive levels of protection so that failure of one layer is caught by the next. The event failed this test at every level. Physical prevention failed because wear of systems and components was never detected. Control and alarm failed because the source position switch signalled safe while the carrier sat short of the required position. Mitigation failed because the fixed monitor, the independent radiation-based barrier, was unreliable and had been administratively overridden. Detection ultimately depended on a colleague arriving with a portable meter, which is chance, not a designed barrier. The lesson is that defence in depth is only real when each layer is periodically proven, and when a fault in one layer, the activity is then halted than a workaround being found. Where a critical function such as source position indication cannot be shown to work, it must be treated as failed and then access withheld.
[bookmark: _Toc239422710]ECO 3.3 (Safety Culture)
Operating pending a monitor replacement, on a mechanism showing intermittent seating faults, reflects an organisational drift in which continuity of work outranked demonstration of safety. A healthy culture treats anomalies in critical functions as stop conditions. Neither defect was stop-work worthy in the eyes of the organisation, which is the definition of a poor safety culture.
[bookmark: _Toc239422711]EHA.1 (Hazard Identification and Analysis)
The hazards of a partially unshielded source in a service vestibule were evidently not adequately identified. Had this state been examined in design or operation, the consequences of a single switch error combined with a worn return mechanism would have been clear, and additional diverse instrumentation or surveillance would have followed. The failure to foresee this reasonably foreseeable combination is itself a deficiency.

[bookmark: _Toc239422712]Recommendations on ALARP Grounds
Four proportionate improvements follow directly from the analysis, each justified on the standard ALARP test that a measure may be set aside only when its cost or trouble is grossly disproportionate to the risk reduction achieved.
Restore diverse redundancy in the access permission chain. The mechanical switch should be supplemented by a genuinely diverse second indication of carrier position, for example an independent proximity or optical sensor on a separate circuit. Cost would be modest and targeted at a demonstrated failure path. The risk reduction is large and the cost is clearly not grossly disproportionate, so the measure is required.
Remove administrative override of radiation monitors. Known faults in safety-critical monitors must trigger lockout of access until the monitor is restored, with no procedural alternative. The saving in irradiation continuity is trivial compared with the consequence demonstrated here, so a lockout is clearly ALARP.
Introduce condition based maintenance for the return mechanism. Scheduled cleaning and functional testing of the carrier mechanism, with positive confirmation of full seating on every cycle, goes after the initiating fault at little cost relative to the harm prevented.
Add periodic proof tests for all access-chain critical functions. Each element that contributes to the safe-state permissive, switch, wiring, logic and monitor, should be tested and drilled on a defined schedule with a thorough record. This restores the confidence that each defence layer actually functions, converting nominal redundancy into effective redundancy.


[bookmark: _Toc239422713]Conclusions
The technician received an effective dose of approximately 18.9 mSv, essentially the statutory annual limit, in under two minutes. Dose reconstruction from first principles, using source activity of 46.9 TBq and an unshielded rate at 1 m of 14.3 to 16.4 Sv/h, produces a total dose of 4.5 to 14.1 mSv, close enough to the measured values to confirm that the model captures the physics, with the residual gap attributed to uncertainties in duration, distance, attenuation and scattered radiation. The facility failed to comply with IRR17 in respect of risk assessment, control of exposure, and monitoring of designated areas. It fell short of the ONR principle of defence in depth by allowing several layers of protection to degrade simultaneously, and it exhibited cultural and analytical weaknesses that allowed known defects in critical functions to persist. The remedies proposed are inexpensive, targeted and clearly required to avoid a repeat scenario.
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Elapsed time and decayed activity. 
From 6 June 2019 to 21 October 2024 is 1,964 days = 5.375 years
λ = ln(2)/5.27 = 0.1315 y⁻¹
A = 95 × e^(−0.1315 × 5.375) = 95 × e^(−0.7068) = 95 × 0.4932 = 46.85 TBq = 46,850 GBq = 4.685 × 10⁷ MBq

Dose rate at 1 m
Ḋ = Aτ/r² 
= 4.685 × 10⁷ MBq × 3.062 × 10⁻⁴ / 1² 
= 14346 mSv/h ≈ 14.3 Sv/h

Cross-check, using equation 2‑2
E = 2.5 MeV per disintegration (1.17 + 1.33)
Ḋ = ME/(7r²)
= 4.685 × 10⁷ × 2.5 / 7 = 1.673 × 10⁷ µSv/h ≈ 16.7 Sv/h

Phase 1 - threshold
r = 2.5 m, transmission 4 to 8 per cent, duration 45 to 60 s
Unshielded dose rate at 2.5 m:
Ḋ₂.₅ = 14345 / 2.5² = 14345 / 6.25 = 2295 mSv/h
Attenuated dose rate: 
Lower: 2295 × 0.04 = 91.8 mSv/h
Upper: 2295 × 0.08 = 183.6 mSv/h
Dose (rate × duration): 
Lower bound: 91.8 mSv/h × (45/3600) h = 91.8 × 0.01250 = 1.15 mSv
Upper bound: 183.6 mSv/h × (60/3600) h = 183.6 × 0.01667 = 3.06 mSv
Mid-range: ≈ 2 mSv

Phase 2 - closer inspection
r = 1.2 m, transmission 12 to 20 per cent, duration 10 to 20 s
Unshielded dose rate at 1.2 m: 
Ḋ₁.₂ = 14345 / 1.2² = 14345 / 1.44 = 9960 mSv/h
Attenuated dose rate: 
Lower: 9960 × 0.12 = 1195 mSv/h 
Upper: 9960 × 0.20 = 1992 mSv/h
Dose (rate × duration):
Lower bound: 1195 mSv/h × (10/3600) h = 1195 × 0.00278 = 3.32 mSv 
Upper bound: 1992 mSv/h × (20/3600) h = 1992 × 0.00556 = 11.1 mSv 
Mid-range: ≈ 5.0 mSv

Total
Summed over both phases: 
Lower bound: 1.15 + 3.32 = 4.5 mSv
Upper bound: 3.06 + 11.1 = 14.1 mSv
Mid-range estimate: ≈ 7.0 mSv
Measured values:
EPD 14.8 mSv (chest)
TLD 18.9 mSv (waist)
Maximum recorded dose rate 1250 mSv/h
within the predicted inspection-phase range of 1195 to 1992 mSv/h

HVL
Phase 1: 
4 to 8 per cent transmission = 3.6 to 4.6 HVL
Lead HVL 1.2 cm gives 4.3 to 5.5 cm lead; 
concrete HVL 6.6 cm gives 24 to 30 cm
Phase 2: 
12 to 20 per cent transmission = 2.3 to 3.0 HVL = 2.8 to 3.6 cm lead equivalent
Sourced from (OSHA, 2026).
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