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ABSTRACT.

This paper describes the sampling and analysis for beryllium at the JET fusion facility. The current
policy requiring 100% Personal Air Sampling (PAS) and taking many surface contamination smears
generates 40,000 samples/year. Sample processing, analysisand the QA program are described. Costs
are summarized to derive a cost/sample of =£4.2($8). This is economical but as 99.8% of PAS
measurements are <2ug/m3 and the aggregated costs are high reviewing the policy isjustified. The
disadvantages of the present strategy, the optionsfor achange of policy and therolethat an accredited
real-time analysis instrument could play are discussed. Retrospective analysis affects the machine
operating time; aquicker technique would have asignificant impact on improving experimental time.
The project’s experience is that turnaround times of 2-6 hours can be routinely achieved for large
numbers of samples.

INTRODUCTION

The Joint European Torus (JET), located in Oxfordshire, UK, is the world's largest facility for
investigating nuclear fusion reactions asapotential future energy source. Since 1989 up to 3 tonnes of
Beryllium (Be) has been installed in the torus as solid components and as an evaporated deposit; its
low atomic number, relatively high melting point and oxygen gettering properties make it an ideal
first wall material [1]. The occupationa hygiene aspects of working with Be are controlled by the
Health Physics Group who also operate an on site analysis facility [2].

LEGAL STATUSOF BE IN THE UK

Beryllium asatoxic material iscontrolled under the UK Control of Substances Hazardousto Hesalth
Regulations, and has an exposure limit of 2ug/m3 asan 8hr-TWA Workplace Exposure Limit (WEL)
[3]. The WEL label implies that for this substance, exposures be controlled to the lowest level
possible, even if measurement showsiit to be below the exposure limit.

HEALTH EFFECTS

Even small exposures to Be may produce a physiological effect in some individuals as a
hypersensitivity allergic reaction. Such sensitization can then lead to Chronic Be Disease (CBD)
which mainly affects the lungs, causing inflammation and the production of granulomas. Some
forms of Be notably soluble compounds and Be oxides are thought to produce a more toxic effect.
Long term handling of Beis aso thought to be risk factor for developing lung cancer.

USE OF BE AT JET

The predominant form of Be used at JET isasametal, with much smaller amounts of Be ceramics
and alloys. Although most of the handling is of pre-fabricated metal components, some minor
machining has been carried out. M achine operations cause erosion of thefirst wall surfaces generating
some dust. The potential for exposure occurs during entries to the torus vessel or in the breaches of
containment when components need to be removed or exchanged. Further exposure can occur in



the maintenance and decontamination of components and respiratory protective equipment in Be
handling areas. The potential for exposure to higher concentrations is generally limited to the
shutdown periods or particular campaigns of work on contaminated items. For most workers,
exposure is therefore intermittent rather than continuous, although a few activities, such as waste
handling occur throughout the year.

HEALTH SURVEILLANCE

The health surveillance program at JET relies on screening of individuals based on their medical
history, making annual lung-function tests, as well as follow-up of reported symptoms of ill
health. There is no routine screening of the workforce using the Beryllium Lymphocyte
Proliferation Test (BeLPT), but such tests could be undertaken as part of a CBD diagnostic
evaluation if needed. So far amongst the current workforce, there are no reported clinical signs
consistent with CBD, although the rate of sensitization (if any cases exist) is not known. The
presumption is that based on this surveillance, the current policy of workplace control and
monitoring has been adequate for prevention of CBD.

BE DESIGNATED AREAS

The project operates 20 permanent Be ‘ controlled” working areas where there is alow-moderate
risk of significant Be contamination being encountered if work is taking place [4]. Some of these
(eight) arein continuous use with an elevated potential for high levels of surface and/or airborne Be
contamination. The research nature of the project means that many tasks with Be are not routine
and the fluctuations in the use of Be changes the potential for exposures.

There are a further 80 Be ‘restricted access' areas which are only occasionally entered and
wherethereisonly asmall chance of low level Be contamination being encountered. Most of these
areas are iso-containers used for the storage of wrapped components. Treating the legacy of waste
and used itemsis liable to generate increased levelsin the future.

CURRENT SAMPLING POLICY

The current policy, which has remained in place since 1989, requiresthe full duration of al entries
to all Becontrolled areasto be monitored by Personal Air Sampler (PAS). Thewearing of respiratory
protective equipment in Be controlled areas is mandatory for all entriesto areas where >0.4ug/ m’
could be encountered. In practice the vast majority of entries to Be controlled areas utilize some
form of Respiratory Protective Equipment (RPE) even though concentrationsare likely to be below
0.4ug/m3. In addition static air samplersrun continuously in all Be controlled areas and are used to
survey all taskswhere airborne Be contamination might arise. Surface contamination smear surveys
are carried out routinely, but with a varying frequency, in all areas. Components and items are
required to be surveyed for surface contamination before transfer out of a Be area. An acceptance
level of <1Oug/m2 (O.lug/lOOcmz) is used. This practice is designed to minimise the spread of
contamination by ensuring that only clean items are removed from Be areas and that contamination



control practices are effective within the areas.

Thispolicy of 100% PAS and surface clearance sampling was adopted for the following reasons:-

» The widespread use of Be in fusion research applications was new and at least initially, it was
not known what airborne levels might arise in an area or be associated with a particular task.

» Thetypes of maintenance operations were wide ranging, from handling solid machined tilesto
grinding or welding in the torus, where mg/m2 and 10's of mg/m3 of Be might arise and where
pressurised suits would be required for protection.

* It providesreassurance to both the workforce and management that all exposures are monitored.
All positive PAS results are subject to investigation.

» The absence of any measurements would require exposure assessments to be made which is
time consuming, prone to errors, and would prompt a greater level of scrutiny from both staff
and the regulator than would otherwise be the case.

* It covers accidental exposures and unexpected situations.

It avoids non-Be workers becoming inadvertently exposed by checking surface contamination
levels on al transferred items.

SAMPLE NUMBER
Approximately 40,000 samples of all types are taken each year, of which between =3,000 and
14,000 are PAS samples (Fig.1).

The bulk of the remainder and by far the most numerous are surface contamination smears.
Static air samples from work areas, water and oil samples make up a small proportion of the total
number of samples. The large variation in the proportion of PAS samplesis due to changesin the
configuration of the machine i.e. whether lengthy shutdowns are required and the nature of the
maintenance work in each shutdown.

SAMPLE ANALYSISAND QA
Surface contamination cellulosefilter paper smears, and PAS and work areaair sampleson cellulose-
nitrate filter papers are dissolved in 1ml of 98% sulphuric and 5ml of 70% nitric acids at up to
400°C. Automatic sample digestion takes 21/2hr per batch of 40 samples. The method complies
with the UK Health & Safety Executive's specified technique [5]. The end result is a Be-sulphate
solution suitablefor analysis by flameAtomic Absorption Spectrophotometry (AAS) using anitrous
oxide and acetylene gas mix. Two Perkin Elmer instruments, an 1100B and an Analyst 300 operated
manually, achieve an analysis Limit Of Detection (LOD) of 0.03ug/sample. Sample turnaround
times vary between 6 hours for routine samples and 1 hour for urgent/incident samples, subject to
the analysis laboratory being manned. Extended days or shifts are operated if required. Although
not currently accredited the laboratory is pursuing accreditation with the United Kingdom’s
Accreditation Service (UKAYS) to undertake Be analysis.

The Quality Assurance (QA) surveillance consists of internal and external comparison schemes.
For theformer spiked samplesare submitted blind to the analyzing technician, the‘ observed’ versus



the ‘expected’ values are compared. In the external QA program samples are sent to a contractors
laboratory and analyzed by Induction Coupled Plasma- Optical Emission Spectrophotometry (ICPOES)
and again acomparison between the ‘ observed’ and the ‘ expected’ valuesis made. Theresults of these
checks (carried out since 1990) are summarized in Fig.2 and show that the differences are just afew
percent for al categories of samples.

The small negative bias on thelow, mid and high level sample categoriesrefersto thein-house QA
samples and is due to the small loss of liquor that results when the samples are transferred from the
digestiontube or beaker to the calibrated analysisvial. Thisisconsidered acceptable asthe comparison
with the external QA samples carried out by |CPOES shows a similar percentage positive bias.

These values are recorded to facilitate detection of any undesirable trends. New working
calibration solutions (1 and 2 ug/ml) are compared to the ‘in use’ standard and two other standards
from different suppliers before they are put into use.

COSTS

It costs approximately £37($70) million/year to operate JET and the average number of operational
daysistypically only 150/year, so maximizing the machine's availability is crucial. Maintenance
tasks are often in the torus operations area and the need to set up temporary Be controlled areas and
undertake clearance of these areas to restore normal access can result in delays. As such the
operational nature of the project demands the fastest possible sampl e turnaround times as delays of
just afew hourswill result in lost operational time. For thisreason in 1995 a new purpose-built on-
site Be analysis and Health Physics Laboratory was set up at a capital cost of £500k ($960k). The
total overall costincluding all the major elementsrequired to undertake Be analysisand the running
and operational costs over the following 10 years (1995-2004) are summarized in Figure 3.

Staff costs are comprised of, on average, four laboratory technicians, including a supervisor.
Three stainless steel fumecupboards were purchased and installed when the laboratory was built;
these are expected to last the lifetime of the facility. The cost for AAS instruments includes
replacement of obsolete instruments; an older instrument has been replaced. Digestion equipment
iscomprised of automatic and manual hotplates of varioustypes and includes replacement of several
sets due to wear and tear in a hostile environment. Two industrial duty washing machines have
been used for high quality decontamination of glassware, beakers, vials, digestion tubes etc. The
integrated running costsinclude all the consumables routinely used in the analysis process. A large
volume of waste (which isalso radioactive) is produced in the analysis process and includes, acidic
Be contaminated aqueous liquor, soft compactable wastes, contaminated glassware and plastic
pipettes etc. Professional support isrequired to writerisk assessments, produce laboratory standing
orders and oversee quality assurance checks.

THE COSTSASSOCIATED WITH AIR AND SURFACE
sampling is summarized in Figure 4. Thisincludes the cost of al PAS and static air sample pumps
including user replaceabl e spare partsand | osses due to wear and tear. Also included are the sampling



media costs, the manpower costs for the deployment, maintenance and calibration of the samplers.
Professional support takes the form of providing advice as to when sampling will be required and
monitoring and recording the PAS resullts.

The total overall cost for all the elements detailed in Fig's 3 & 4 is £3M($5.75M). Altogether
these costs equate to an average of £4.2 ($8)/sample.

POLICY REVIEW

It is clear that the current 100% PA S sampling policy, the large number of surface contamination
smears taken and the requirement to have fast turnaround times carries a significant cost overhead.
The disadvantages of the current policy arethe high cost in terms of both manpower and equipment,
and the possible diversion of resources from other safety issues.

Theoriginal policy wasformulated prior to the actual use of Be. Sincethen considerable experience

has been gained, and on average, the actual exposures have been much lower than anticipated. It is
arguable that resources currently devoted to sampling could potentially be more usefully invested in
medical screening and surveillance or the improvement of workplace controls.
Allowing for RPE protection factors, 99.98% of persona exposures are below the UK WEL and a
large proportion of surface smears are less than the 1Oug|/m2 acceptance level. Table 1 summarizes
the PAS sampling results from 1989 to the end 2004 and gives the results in seven concentration
intervals as a percent of all PAS samples taken. All results above the WEL occurred prior to 1994
when (in the UK) the Zug/m3 level changed in its legal status from an Occupational Exposure
Standard to the present WEL. A similar contamination profile exists for surface smear results.

TABLE 1

PAS results.
Respiratory protection factor corrected (8-hour TWA) Be concentration intervals (ug/ m3)

<003 00301 01-02 02-10 10-20 >2.0
Percent of total 9472  4.83 0297 0120 0.018 0.013
(92 332)

Inthe absence of evidence of direct health effectsand alarge volume of exposure datait isappropriate
to reconsider the extent of the sampling and the validity of the current policy.
A variety of modified policiesisfeasible and could consist of the following elements: -
» Reduce the number of surface contamination smears taken by concentrating on areas and tasks
where raised levels are likely to be seen. A 60% reduction might be achieved.
» Retain 100% PAS but only in areas where raised surface or airborne are known to occur.

Alternatively a more cautious approach could be: -
» Takesurface contamination check smearsfrom all areas other than those where contaminationis
very rarely seen. A 30% reduction in numbers might be achieved.



» Retain the 100% PAS sampling policy asitis.

This second set of options recognizes that achange in the WEL is possiblein the UK in the next few
years and that exposures considered low at present (closeto our LOD) may still be of importance[6].
Given the many years of experience, selecting those tasks and areas that could be subject to less
rigorous surveillance should be easy. However taking this step could be made more confidently if
a prompt assessment of the levels was available with a real-time (or close to real-time) monitor.
Such an instrument would allow selection of just those operations liable to generate significant
exposures and would trigger a higher level of surveillance with traditional analysis methods.

LASER INDUCED BREAKDOWN SPECTROMETRY AT JET.

In 1989 a prototype Laser Induced Breakdown Spectrometer (LIBS) instrument which could
potentially offer much quicker analysis (afew minutes) wastested at JET. Although the instrument
worked well with calibration filter papers (produced using a standard solution) there was found to
be a poor correlation between twin air sample papers taken from operational areas when one was
analysed by the LIBS instrument and the other by the wet chemistry method. On averagethe LIBS
results were 30 times lower than the AAS results. It is thought that the discrepancy was due to the
differencein form of the Be on the calibration papers and that on the work areasamples. The Beon
the work area papers would have been associated with graphite and in a particulate form. For this
reason its use as a survey instrument was not pursued. It should also be noted that use of such an
instrument for PAS assessments could only be realised if its performance was validated and the
UK’sHealth and Safety Executive approved it. A suitable monitor would haveto reach asufficiently
low LOD, be economic to purchase, easy to operate and be reliable. The economics of substituting
traditional techniques with real-time monitors would have to be considered.

DISCUSSION

Recent epidemiological studies point to potential for sensitization or CDB in persons exposed to
generaly low beryllium concentrations [7]. Many of these studies relate to beryllium machining
plants and generally to continuous or repeated exposures. Whilst there is much uncertainty in the
effects of low levels exposures, and further research is needed, there is clearly a need to reduced
exposuresto levelsAsLow As Reasonably Practical (ALARP) below the exposure limit. Whilst in
the US there are proposals for reductions in the exposure limit from certain groups representing
industrial hygiene standards [8], so far there is no similar indication from the US federal OSHA
body, nor from the UK the standard setting authority.

Nevertheless given that in the UK the statutory Be exposure limit may be reduced within the
next few yearsit is unlikely that our 100% PAS policy will be changed. The reassurance of being
able to prove that all personal exposures and not just work area levels are ALARP has important
legal and worker relations benefits. Even if the current level of PAS and contamination survey
sample numbers are not reduced the potential saving of machine downtime would be significant if
shorter analysis times could be achieved.



One other major UK facility has reported its results of Be exposure monitoring between 1961-1997
[9]. The authors report much higher exposure profiles than those reported here, with one confirmed
case of CBD. The processesinvolved (melting, casting, powder production, pressing, machining and
heat and surface treatments) were much more hazardous than those employed at JET.

Based on our 16 years of experience and much lower exposure levels this gives some
reassurance that our strict methods of exposure control may be successful in preventing CBD. It
should be pointed out that without routine use of screening tests such as the Be lymphocyte
proliferation test the rate of sensitization (as opposed to a diagnosis of CBD) isnot known in the
JET workforce. Therefore there are grounds for retaining both existing workplace controls and
the 100% PAS sampling strategy.

Inthefield of fusion research the next step machine, the Internationa Thermonuclear Experimental
Reactor, (ITER) has been designed and is ready to build; only its host country is yet to be agreed.
Asthis machine is expected to have aBe first wall and future modificationsto JET in 2007-8 will
involve more extensive use of Be the future benefits on any improvements in Be monitoring are
likely to have a significant impact.

The balance of JET experience shows however that even with a 100% sampling policy and
large sample numbers, an in-house analysis facility can deliver results within a few hours.
Improvements could possibly be made to traditional wet chemistry and AAS techniques by
increasing the level of automation.

For an accredited real-time Be analysisinstrument to replace traditional mass-based measurement
techniquesit must meet anumber of operational criteriaand in particular show that it iscost effective
In saving machine operational time at projectslike JET and at any future fusion machines. If future
studiesindicate that Be diseaseis caused by sub-micron sized particles then areassessment by us of
real-time particle sizing instruments (as compared to analysis instruments) would be required.

CONCLUSION
Overall the result of this analysis and review is that although thereis scope to significantly reduce
the number of surface contamination smears we are unlikely to change the policy with respect to
PAS sampling, despite the extremely low frequency of positive results. Thisis on the grounds that
the benefits of having aresult for each and every exposure provide both workforce and management
with ahigh level of reassurance. In addition alikely reduction in the maximum exposure limit for
Be in the future together with a recognition that the sensitization rate, if any, is unknown indicates
that changing this policy now would not be prudent.
With respect to surface contamination smear surveys there is clearly some scope for reducing the
number of samples taken. This might save a significant proportion of the analysis laboratories
running costs.

The arrangements for sampling and analysis at JET have largely remained unchanged for over
16 years. Following this review and despite the costs there is strong justification to retain the full



scope of sampling. Using traditional analysis methods, sample turnaround times of 2-6 hours are

routinely achieved and have minimal influence on machine downtime.
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