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Abstract
This report analyses a radiological incident involving a self-shielded Caesium-137 blood irradiator in a hospital haematology department on 3 February 2025. The incident occurred when a secondary shutter mechanism failed to close fully despite the control system indicating a safe condition. As a result, an operator was exposed to gamma radiation whilst investigating a drawer malfunction. The source activity on the incident date was said to be using radioactive decay calculations. Dose rates at relevant distances were estimated using the inverse square law and published gamma dose-rate constants. Effective doses received during the initial and close inspection were compared with measured dosimetry results. Health implications arising from the exposure were considered alongside the significance of measured whole-body doses and observed skin effects. Compliance with the Ionising Radiations Regulations 2017 (IRR17) was assessed, together with an evaluation against ONR Safety Assessment Principle EKP.5 Defence in Depth and selected supporting principles. Recommendations are proposed using ALARP principles, focusing on engineering improvements, maintenance controls, testing arrangements and operational procedures. The analysis concludes that deficiencies in maintenance verification, interlock design and safety assurance contributed to the incident.

Introduction
Blood irradiators are routinely used in healthcare facilities to irradiate blood products and prevent transfusion-associated graft-versus-host disease. These systems commonly employ sealed radioactive sources that provide reliable and continuous gamma radiation output without requiring electrical generation of radiation. (Federal Register, 2026)
The irradiator involved in this incident utilised Caesium-137 (¹³⁷Cs) source pencils arranged within a rotating source assembly. During normal operation, blood products are exposed to gamma radiation when the source moves into the irradiation position (ScienceDirect, n.d.). After completion of the irradiation cycle, the source returns behind shielding and a secondary shutter closes to provide additional attenuation.
Caesium-137 is a suitable isotope for blood irradiation because it emits gamma radiation with an energy of approximately 662 keV, allowing effective irradiation of blood products. It also uses a relatively long half-life of approximately 30.17 years, allowing many years of use before source replacement becomes necessary. Also its predictable decay and established shielding requirements make it practical for medical applications (National Academies Press, 2021).
This report evaluates the causes and consequences of the reported radiological incident and assesses the acceptability of the safety arrangements associated with the irradiator.

Technical Exposure
Caesium-137 Radiation Characteristics
Caesium-137 is a beta-emitting radionuclide that decays to metastable barium-137m, which subsequently emits a 662 keV gamma photon. This gamma emission is the primary source of external radiation hazard (Ionactive, 2023).
Important characteristics include:
· Half-life = 30.17 years.
· Principal gamma energy = 662 keV.
· Long operational lifetime.
· High penetrating capability requiring dense shielding materials such as lead. (Ionactive, 2023).


Radiation Attenuation
Gamma radiation intensity is reduced through:
· Time
Reducing exposure duration reduces dose proportionally.
· Distance
Radiation intensity follows the inverse square law:(Ionactive, 2023).


Doubling distance reduces dose rate by a factor of four.

· Shielding
Lead shielding attenuates gamma radiation through absorption and scattering processes. The irradiator uses both a primary shield and a secondary shutter system to minimise external dose rates (US EPA, 2025).
· Point Source Assumption
For dose-rate calculations the source may be approximated as a point source. This makes calculations simple but introduces uncertainty because the actual source assembly has multiple source pencils distributed over a similar volume. At distances much bigger than source dimensions, the approximate becomes valid. At 0.5 m and 0.9 m, some deviation from ideal point-source behaviour should be expected.


Case Analysis
Source Activity at the Time of the Incident
The blood irradiator contained a Caesium-137 source with an original activity of 240 TBq, certified on 12 May 1994. The incident occurred on 3 February 2025. Because radioactive materials decay over time, the source activity would have decreased since installation. 
Using the radioactive decay equation and the Cs-137 half-life of 30.17 years, the activity at the time of the incident was calculated to be approximately 118 TBq.

Estimated Dose Rate at 1 Metre
The dose rate from a radioactive source decreases with distance and can be estimated using the gamma dose-rate constant for Cs-137.
Using the calculated activity of 118 TBq, the unshielded dose rate at 1 metre was estimated to be approximately:
10 Sv h⁻¹


Initial Inspection Phase
Following the reported drawer problem, the operator opened the drawer and remained approximately 0.9 m from the source for between 75 and 105 seconds. The incident reconstruction suggested that the incomplete shutter reduced the radiation field to approximately 15-30% of the normal unshielded dose rate. 
Applying this attenuation gives a dose rate of approximately:
1.8-3.7 Sv h⁻¹
This would result in an dose of:
38-108 mSv
during the initial inspection phase.
The operator then leaned closer to inspect the drawer alignment. During this phase, the torso was approximately 0.5 m from the source and exposure lasted between 12 and 20 seconds. The reconstruction indicated that shielding effectiveness was reduced, resulting in radiation levels of approximately 35-50% of the unshielded field. 
Because the operator was much closer to the source, the estimated dose rate increased significantly to:
13.9-19.8 Sv h⁻¹
The estimated dose received during this phase was:
46-110 mSv
Estimated Total Dose
Combining both phases gives a total estimated dose of:
84-218 mSv
This calculation shows a range because the exact exposure time, operator position and degree of shielding are uncertain.

Comparison with Measured Dose
The operator's dosimeters recorded:
· EPD dose: 44 mSv
· TLD dose: 58 mSv
· Peak dose rate: 4.0 Sv h⁻¹ 
The calculated dose is higher than the measured dose. This is expected because the calculations assume a simple point source and use worst-case assumptions. The radiation field was uneven, shielding was still present to some extent, and not all parts of the body were exposed to the highest radiation levels at the same time. 





Discussion 
Comparison with Measured Dosimetry
Dosimetry is the scientific practice of measuring and calculating the quantity of ionizing radiation energy absorbed by a substance or living tissue (IAEA, 2021). 
Measured results:
· EPD dose = 44 mSv
· TLD dose = 58 mSv
· Peak dose rate = 4.0 Sv h⁻¹
The reconstructed dose range exceeds measured values. Several factors explain this inconsistency.
Firstly, the reconstruction assumes bounding values for attenuation and exposure time. Secondly, the radiation field was highly non-uniformed, which means that only parts of the body received the highest dose rates. Thirdly, detector position influences measured dose. The chest-mounted EPD and waist-mounted TLD experienced different exposure geometries, showing the difference in readings.
Also source shielding and scatter effects have likely reduced actual dose rates below the ideal point-source estimates.
The measured peak dose rate of 4.0 Sv h⁻¹ lies within the range predicted by the reconstruction and this also supports the conclusion that short-duration exposure happened.

Health Implications
Whole-body doses between approximately 50 and 100 mSv are unlikely to cause acute radiation syndrome (World Health Organization, 2023).
The operator's reported symptoms of headache, dizziness and numbness occurred immediately after the event. These symptoms are often non-specific and are not generally expected from whole-body doses of this alone.
However, localised exposure is a more significant concern. The appearance of mild erythema on three fingers three days later shows increased local skin dose to the extreme. This is consistent with the operator leaning towards the source and placing hands within a higher radiation field.
Long-term effects may include:
· Small increase in lifetime cancer risk (US EPA, 2024).
· Potential tissue effects to exposed fingers if extremity doses were significantly higher than whole-body doses (US EPA, 2024).
· Requirement for continued medical monitoring (US EPA, 2024).






IRR17 Compliance
IRR17 is the statutory UK legislation that legally binds employers to protect workers and the public from ionizing radiation by restricting exposures to the lowest reasonably practicable levels (Health and Safety Executive, 2017).
Regulation 9: Restriction of Exposure
In this incident, the operator received a significant radiation dose after opening the irradiator drawer while the secondary shutter was partially open. Although the source rotor was in its safe position, the failure of the shutter mechanism allowed radiation to escape through an unintended path. This indicates that exposure was not adequately restricted following an engineering failure and that existing control measures were not sufficient to prevent the operator being exposed.
Assessment: Partially Compliant / Potential Non-compliance

Regulation 8: Radiation Risk Assessment
Employers must carry out a suitable and sufficient assessment of the risks arising from work with ionising radiation, including reasonably foreseeable radiation accidents.
The irradiator had a history of drawer-closing problems and had recently undergone maintenance involving the shutter linkage system. However, no formal operational test of the shutter mechanism was recorded after maintenance. The risk assessment should have considered the possibility of the shutter failing to close fully and the consequences of opening the drawer while shielding was incomplete.

Assessment: Potential Non-compliance

Regulation 13: Contingency Plans
Employers must prepare contingency plans for reasonably foreseeable radiation accidents and take steps to prevent such accidents and limit their consequences.
Several safety barriers failed during this event: the shutter failed to close fully, the control system did not detect the fault, the drawer could still be opened, and the operator was unaware of the abnormal radiation condition. These failures suggest that the arrangements for dealing with a reasonably foreseeable radiation accident may not have been sufficient to prevent or limit exposure.
Assessment: Potential Non-compliance

Regulation 17: Designation of Controlled or Supervised Areas
Controlled and supervised areas must be designated where the radiation risk requires special procedures or controls to restrict exposure or prevent radiation accidents.
When the drawer was opened, a high radiation field existed near the irradiator. The investigation should establish whether the area was correctly designated and whether the designation was appropriate for the radiation risks associated with foreseeable equipment failures. However, the operator's ability to approach the irradiator does not alone demonstrate a breach of Regulation 17.
Assessment: Compliance cannot be confirmed / Potential Non-compliance




Regulation 11: Maintenance and Examination of Engineering Controls etc.
IRR17 requires engineering controls, safety features and warning devices used to restrict exposure to be properly maintained and, where appropriate, thoroughly examined and tested.
The incident dossier states that maintenance was carried out on internal components, including the shutter linkage system. Following this work, no formal operational test of shutter closure was recorded. Later inspection found increased friction and partial obstruction within the shutter mechanism. This is a strong indication that a safety-significant engineering control may not have been adequately examined or tested following maintenance.
Assessment: Likely Non-compliance

ONR Safety Assessment Principles
Defence in Depth requires multiple independent layers of protection.
The irradiator relied on:
1. Source positioning system.
2. Secondary shutter.
3. Interlock systems (NDE-ED, n.d.).
4. Administrative controls (NDE-ED, n.d.).
The incident demonstrates that multiple barriers failed at the same time. The shutter was not fully closed, the control system failed to detect the fault, and the drawer was allowed to open. Therefore, Defence in Depth was weakened because the failure of one engineered protection was not supported by barriers.
EDR.1 Failure to Safety
Safety systems should fail to a safe state.
The indication system confirmed a safe condition despite incomplete shielding. In result of this the equipment did not fail safely following shutter malfunction.
EMT.1 Maintenance, Inspection and Testing
Safety-significant equipment requires effective maintenance and verification testing.
No formal operational test of shutter closure was recorded after maintenance activity. In result of this, degradation remained undetected until the incident occurred.





ALARP Recommendations
The following improvements are justified according to ALARP principles.
Engineering Controls
· Install independent shutter position sensors.
· Require both source position and shutter position confirmation before drawer release.
· Introduce automatic lockout when disagreement between safety systems.
Maintenance Improvements
· Mandatory post-maintenance functional testing.
· Formal verification and sign-off of safety-critical components.
· Constant inspection of shutter linkage wear and alignment.
Radiation Monitoring
· Install fixed area gamma monitors with audible alarms.
· Introduce monitoring near drawer access points.
Procedural Improvements
· Establish reporting procedures for recurring mechanical defects.
· Require RPA review following maintenance affecting safety systems.
· Improve operator training on equipment.
Organisational Improvements
· Strengthen safety culture reporting.
· Enhance configuration control and maintenance documentation.
· Audit compliance with testing procedures periodically.

Conclusions
The incident demonstrates that significant radiation exposure occurred because the secondary shutter failed to close fully and the safety system incorrectly indicated a safe condition. The dose reconstruction and measured dosimetry confirm that the operator received a lot of exposure, with localised skin effects also reported.
The assessment identified some potential weaknesses in compliance with IRR17, especially regarding the exposure restriction, risk assessment, contingency planning and maintenance of engineering controls. Regulation 11 represents the strongest concern because no formal post maintenance test of the shutter was recorded, allowing the fault to remain undetected.
The ONR Defence in Depth assessment also identified some weaknesses because multiple safety barriers failed without preventing access to the radiation field. Improvements such as independent shutter monitoring, stronger interlocks, mandatory post-maintenance testing and improved operator procedures would reduce the likelihood of it happening again and help keep and maintain radiation exposures ALARP.
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