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[bookmark: _Toc239425563]Abstract
This report covers an incident where an industrial imaging device was being used for routine checks on welding. The worker attempted to move the device into a safe configuration for packing up but the mechanism which moves the radioactive source failed. This led the worker to be exposed to radiation for a period of minutes.
As part of this report, calculations have been undertaken to estimate the dose received by the worker. With this data, recommendations will be provided to prevent repeat incidents. 
The findings are that the worker did not breach any legislation or procedure. That the maintenance and inspection of radiation equipment needs to be improved and that the design of the imaging device had a single failure point with no visible or audible indication. The exposure to the worker was minimal but could have been far more severe if the coworker had not arrived.

[bookmark: _Toc239425564]Section 1: Introduction
[bookmark: _Toc239425565]1.1: Source
The system housing the radioactive source was a Gamma Radiography Exposure Device (Projector Type B(U)). This is used in non-destructive testing of welds for internal defects.  These systems consist of an ionizing radioactive source contained within a housing built out of a shielding material. This ensures that ionizing radiation does not proliferate in undesired directions and that all radiation is contained while the device is not in use. 
To begin operation, the source is moved with a hand crank so that it protrudes from its housing into the waveguide, which directs the radiation as desired. Once finished, the source is moved with the hand crank back to its original position. The device contains an indicator to show the position of the source and a locking mechanism to prevent it from moving freely.
[bookmark: _Toc239425566]1.2: Personnel
There was a single individual working in this scenario. A second worker arrived and noticed the ongoing exposure incident and both workers retreated to a safe distance. In the second worker was present for a negligible time period.
[bookmark: _Toc239425567]1.3: Area Safey
A controlled area was cordoned off with signage to denote an active radiation hazard in accordance with the Ionising Radiation Regulations 2017 (Legislation, 13). Due to this, only authorised personnel were permitted entry to the work area. 
[bookmark: _Toc239425568]1.4: Incident
While working on an evening shift, a worker began the process of disassembling the apparatus. One of the first steps in this process is to retract the radioactive source back into its casing so that it no longer emits along the waveguide. The operator attempted to do this however the mechanism which retracts the source failed while the indicator showed that it had been safely retracted. This led to a period of 5 to 6 minutes where the worker was exposed to an emitting Iridium 192 source until a fellow employee arrived and recognised what was going on.

[bookmark: _Toc239425569]Section 2: Technical Exposition
[bookmark: _Toc239425570]2.1: Iridium
Iridium (Ir) 192 is an extremely dense radioactive isotope. It is commonly used in the medical field to treat cancers (Tsige Y. Gebremariam, 2023). In this scenario the material had an activity of 3.2 TBq when certified on 01/08/2024. Iridium has a half-life of 73.83 days (Anon., n.d.). The radiation emitted from this isotope is primarily beta minus decay. This is where an unstable nucleus turns one of its neutrons into a proton and electron. Due to the positive nature of the nucleus, the negatively charged electron is emitted with high energy. The other form of decay Ir-192 undergoes is electron capture. In this mode of decay, the nucleus absorbs an electron from one of the inner orbital shells. This then combines with a proton to create a neutron.
[bookmark: _Toc239425571]2.2: Dosimetry  
A dosimeter is a device used to track the dose of radiation accrued. Depending on the situation, different types of dosimeters are used. Electric Personal Dosimeters (EDPs) are worn by radiation workers and provide an instant reading at any one time. The often incorporate an audible noise when the dose is increasing providing awareness to the user that they are actively being exposed to ionizing radiation. The drawback of EDP is that they are less accurate than a Thermoluminescent Dosimeter (TLD). These are often worn in conjunction with a PED so that an instant reading can be viewed and an accurate reading can be recorded. The only way to get the reading of a TLD is to have it sent to a laboratory to undergo a heating process.
[bookmark: _Toc239425572]2.3: Dose
The dose received by an individual can be measured in Grayes (Gy) or Sieverts (Sv). A gray measures energy absorbed per unit of mass. This is useful for an estimate to the severity of an exposure but does not take into account the susceptibility of individual tissue types or how different forms of ionizing radiation affect them. Because of this, the sievert is used to quantify biological risk. This is done with weighting factors decided by the International Commission on Radiological Protection (ICRP) using scientific test data. The most recent revision of these weighting factors was released in ICRP Publication 103 in 2007 (ICRP, 2007).


[bookmark: _Toc239425573]Section 3: Case Analysis
Assumptions:
· The worker weighs 75 kilograms and is male
· Average male surface area is 1.9m2 (Anon., 2026) and half of this value was consistently exposed to radiation for the duration of the incident
· The worker does not have pre-existing medical conditions
· The worker is above the age of 18
· The worker was exposed for 300 seconds
· The worker did not deviate from the distance of 0.7 metres for the duration of exposure
· The second worker received a negligible dose
· The exposure was from a point source
· Each emission from the Ir-192 source has 380 keV of energy
· The atmosphere would provide negligible shielding at the distances in the scenario

[bookmark: _Toc239425574]3.1: Activity
The source was certified on 01/08/2024 as having an activity of 3.2 TBq. On the date of the incident (15/10/2024) this would have decreased to 1.58 TBq 12 due to the 75 days elapsed. Radioactive activity is measured in Becquerels with 1 Becquerel equalling 1 decay per second. 
[bookmark: _Toc239425575]3.2: Exposure
The recorded exposure on the EPD recorded a whole-body dose of 27mSv. This is already in excess of the annual allowance for a radiation worker in the UK, which is 20mSv for over 18-year-olds (Legislation, 13). The operator then sent off the TLD for laboratory analysis. This came back with a reading of 35.6mSv (whole-body dose). 
Effective Dose: The worker was in the presence of the exposed source for between 5 and 6 minutes. In all calculations the worst case time of 300 seconds will be used. The dose rate at 0.7 metres is calculated as 0.105 mSvs-1 (3.d.p.). For the duration of 300 seconds this gives a result of 31.399 mSv (3.d.p.)13. This result is above what the EDP recorded and below the reading on the TLD.
Absorbed dose: The absorbed dose is calculated by taking the average energy of each emission (380keV) and multiplying that by the number of emissions per second (the activity at 0.7m) to get the energy emitted per second – 0.015 Js-1 (3.d.p.). This is then multiplied by the duration of exposure (300s) to get the total energy absorbed – 4.457 J (3.d.p.). Finally, the total energy absorbed is divided by the mass of the individual (75kg) to get 0.059 Gy (3.d.p.)13.
Committed effective dose: In this incident there were no ingestions, injections or inhalations of radioactive material therefore the committed effective dose is 0 Sv.

[bookmark: _Toc239425576]3.3: Shielding
Contained within stainless steel and depleted uranium (U-238). Half Value Layers (HVLs) for steel are 12.7mm and for uranium 2.8mm (Anon., n.d.)[footnoteRef:1]. This can be used to calculate the steel casing would have a attenuation coefficient of 5.458m-1 (3.d.p.) and the uranium  has an attenuation coefficient of 24.755m-1 (3.d.p.). A similar device to the one in the incident lists the steel thickness ranging from 10mm to 90mm (Anon., 2026). At its thinnest the steel would reduce the radioactive output by 40% and at its thickest would reduce the radiation to less than 1% of the initial value. If the average is 50mm thick then the dose rate per second approaches 0 13. The uranium casing is likely very thing but is very dense and will act to catch any radiation that passes through the steel case. [1: Iowa State University: Centre for Non-Destructive Evaluation, Physics of Nondestructive Evaluation > X-Rays > Half-Value Layer, Approximate HVL for Various Materials when Radiation
is from a Gamma Source, https://www.nde-ed.org/Physics/X-Ray/HalfValueLayer.xhtml] 

[bookmark: _Toc239425577]3.4 Regulatory Compliance
No evidence of regulatory non-compliance in this scenario.

[bookmark: _Toc239425578]Section 4: Discussion
The incident took place on an evening shift. The worker may have been tired and less perceptive than usual. The incident also took place at the end of the operation as the worker was disassembling the system. This also may have contributed as the worker may have been hurrying to complete their work for the day. However, regardless of impairments, the worker saw the indicator show the source was fully enclosed. In this incident, the worker would only have realised the issue if they undertook checks that were not part of normal operations.
There is some inaccuracy in the calculated results. The worker would most likely have been continuously moving and changing their profile. This means that the actual dose received would vary from the calculate one, but the model is representative of most possible scenarios. One way the worker may have been exposed to more than estimated is if they every approached closer than the 0.7m assumed during the 6 minute period. As radiation emits from a point source it is subject to the inverse square rule. Due to this the dose gets exponentially larger the closer the victim is to the source.
Another inconsistency with the mathematical estimations is that the source was emitting from a waveguide. The nature of this is to only allow radiation in a specific direction. Due to this the user would be at less risk than if dealing with an exposed source. Depending on how much of the time they spent in the line of projection, the user may have received a less substantial dose.
The values vary slightly depending on how they were gathered. The 2 dosimeters the worker wore returned 27mSv and 35.6mSv. The calculated dose was 31.399mSv. The electronic dosimeter was worn on the chest pocket while the TLD was worn on the belt. The disparity between the 2 devices suggests that the radiation may have been focus on the worker’s lower half. The disparity between the TLD and the calculated value may be due to the dosimeter having tracked the workers radiation on previous jobs.

[bookmark: _Toc239425579]Section 5: Recommendations
Procedural Control: The physical cause of this incident was the mechanism failing to retract the source sufficiently. Furthermore, the device contained an indicator which falsely confirmed the source was in a safe condition. To overcome the physical issues of the device, a more robust monitoring and maintenance regime of the mechanism should be employed.
Procedural Control: The operator relied only on the physical indicator that the device was in a safe condition. An additional check of testing with a Geiger–Müller counter (which were available in this situation) to check for beta particles once the operator has fully enclosed the source. This would immediately make a failure of the retraction apparent. This would also make any leaks in the shielding apparent, adding confidence that the device is suitable and safe to use.
Engineering Control: The design of the Gamma Radiography Exposure Device was simplistic and had a single line of defence. When the hand crank failed, providing faulty information that the source was back in its housing, there was no alternative indicator to confirm that the source had returned properly. The design should be reviewed and safety indication systems added to provide a second layer of assurance that the source is in the correct location before the assembly is dismantled. Alternatively, an audible or visual indication should be active while ionizing radiation is being transmitted through the waveguide.
[bookmark: _Toc239425580]Section 6: Conclusions
The incident was handled well after the second worker arrived and noticed the fault. All personnel immediately withdrew to a safe distance and the incident was resolved remotely to prevent any further exposure.
The incident will not have a significant adverse effect on the workers life expectancy, nor will there be a significant increase in cancer risk. This is because the absorbed does was below 0.5 Gy. At this level of absorption, visible symptoms are unlikely. The dose recorded by the worker was in excess of the prescribed limit for workers in the UK over the age of 18, however as this was a one time acute dose rather than a chronic dose so the effect on the body is more severe than if it had been accrued over a long period of time. 
In regards to regulations, this event breaks the IRR 2017 and as such may be treated as an offence. At the Health and Safety Executive’s (HSE) discretion, an improvement or prohibition notice may be issued to the employer until they are satisfied that operations are safe to continue. If it was deemed that either the employee or employer were wilfully acting contrary to legislation or policy, the HSE may peruse criminal prosecution.
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[bookmark: _Toc239425557]Table 1 - Table of Terms
	Symbol
	Value
	Note

	A0
	 Bq
	Certified Activity

	At
	Bq
	Activity on date of incident

	
	 s-1m-2
	Number of emissions passing through 1 square metre at 0.7m away

	r
	0.7m
	Distance from source

	
	m
	Decay constant

	t
	6480000 s
	Time elapsed since A0

	D
	0.104664032 Bqs-1
	Dose rate

	
	0.59163 mSvh-1 MBq-1
	Gamma ray constant

	HVLsteel
	12.7mm
	Half Value Layer

	HVLuranium
	2.8mm
	Half Value Layer

	steel
	
	Linear attenuation coefficient

	uranium
	24.75525645
	Linear attenuation coefficient



Activity

[bookmark: _Ref239423380][bookmark: _Toc239425551]Equation 1 - Activity at time t

Bq


[bookmark: _Toc239425552]Equation 2 - Flux at distance r
Activity at 0.7m on 1m2

 s-1m-2

Activity at 0.7m on front surface area of human male:
 

Dose

[bookmark: _Ref239423426][bookmark: _Toc239425553]Equation 3 - Dose Rate


Siverts per second




Absorbed Dose





[bookmark: _Ref239423450][bookmark: _Toc239425554]Equation 4  - Absorbed Dose
=0.05943591419 Gy

Shielding (steel)

[bookmark: _Toc239425555]Equation 5 - Half Value Layer




Shielding (Uranium):
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Dose rate at 50mm of steel shielding
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