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Safety assessment methodology in management of spent sealed sources
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Abstract

Environmental hazards can be caused from radioactive waste after their disposal. It was therefore important that safety assessment method-
ologies be developed and established to study and estimate the possible hazards, and institute certain safety methodologies that lead and
prevent the evolution of these hazards.

Spent sealed sources are specific type of radioactive waste. According to IAEA definition, spent sealed sources are unused sources because
of activity decay, damage, misuse, loss, or theft. Accidental exposure of humans from spent sealed sources can occur at the moment they
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ecome spent and before their disposal. Because of that reason, safety assessment methodologies were tailored to suit the m
pent sealed sources. To provide understanding and confidence of this study, validation analysis was undertaken by considering
f an accident that occurred in Egypt, June 2000 (the Meet-Halfa accident from an iridium-192 source).
The text of this work includes consideration related to the safety assessment approaches of spent sealed sources which constitute

ontext, processes leading an active source to be spent, accident scenarios, mathematical models for dose calculations, and
onsequences and regulatory criteria. The text also includes a validation study, which was carried out by evaluating a theoretic
ompared to the real scenario of Meet-Halfa accident depending on the clinical assessment of affected individuals.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The general management process of radioactive waste ma-
erial (liquid and solid) has been established to protect hu-
ans and the environment. This process starts with waste

ollection and ends by their disposal in suitable sites. Usually,
nvironmental hazards from radioactive wastes appear after
losure of the disposal site. The radionuclides can find their
ay to migrate from the burial design to reach the human
nvironment. Due to that reason and according to interna-

ional concepts[1] in the management of radioactive wastes,
afety assessment procedures were established for the dis-
osal processes[1–4]. These safety procedures are carried
ut to ensure compliance with the radiological protection and
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nuclear safety standards necessary for the disposal site
carried out by the estimation of the possible hazard o
radioactive waste disposed using mathematical models
environmental pollution and possible individual exposu
calculated help the decision-makers to take into consid
tion safety procedures and regulations to prevent impac
currence.

Sealed sources are encapsulated radioactive mater
high specific activity ranging from 1 KBq to more than 1 P
[5]. The capsule is strong enough to prevent dispersio
radioactive material. Several types of mobile and sta
ary sealed sources are used for various applications m
medicine, industry, research, agriculture, and other purp
under normal conditions. However, according to the IA
definition [5], damaged, lost, and stolen sources are
considered spent sealed sources. This definition is de
from the fact that these sources are difficult to retrieve w
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lost or stolen. The number of spent sealed sources in de-
veloping countries is more than 100,000 sources according
to the IAEA estimates[5]. Spent sealed sources are consid-
ered as radioactive waste of specific forms and nature. Health
hazards, and sometimes environmental pollution, may result
from sealed sources during the operational life of the source,
mostly during transportation, operation, and storage steps (by
damage, misuse, loss, and theft). On average, more than two
accidents have been reported worldwide per year[5]. These
accidents may cause uncontrolled radiation exposure to hu-
mans. Health hazards resulting from radiation exposure in-
clude acute deterministic effects and/or delayed stochastic
effects[6,7]. The type and severity of effects depend on the
absorbed dose and mode of exposure (external or internal)
[1]. Therefore, the safety assessment methodology in man-
agement of spent sealed sources should be adopted to suit
their purposes. The protocol proposed in this treatise is based
on the lessons learned from previous accidents in order to pro-
vide certain degree of confidence and credibility. In addition,
this treatise deals with the safety management of spent sealed
sources during operation and storage before their permanent
disposal.

2. Objective of the work
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2.1. Appraisal of safety assessment methodology of
spent sealed sources

Essentially, safety assessment methodologies of radioac-
tive wastes are based on basic sequential components[1]
namely: (1) identification of phenomena that could lead
to human exposure, (2) estimation of the probability of
exposure occurrence, (3) quantification of the effects of
these phenomena, (4) calculation of the radiological con-
sequences of exposure and (5) estimation of subsequent
health effects to individuals. The improvement of these
methodologies is performed through additional analysis;
namely sensitivity analysis, uncertainty analysis and val-
idation processes which offer a realistic image of a par-
ticular situation and reduces the uncertainty parameters.
The safety assessment studies are the responsibility of the
assessor.

The safety assessment methodologies for radioactive
waste are tailored to accommodate the procedures required
for the safe assessment in management of spent sealed
sources. Each item of safety methodology should be condi-
tioned to suit the purpose of this objective.Fig. 1a describes
the sequential steps for the safety assessment methodology
for radioactive waste andFig. 1b describes the proposed
safety assessment methodology for spent sealed sources.
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Management of spent sealed sources requires edu
nd training for regulatory bodies, vendors and users a
mmended in the “Code of Conduct on the Safety and S
ity of Radioactive Sources”[8–10]. This code was prepar
y IAEA to overcome the unacceptable exposure incid
nd to ensure the safety and security of radiation sou
he present study can be considered as fundamental tr

or users of sealed sources. The objective of this treat
wo-fold:

1) The primary objective is to adapt the steps of the sa
assessment methodologies of radioactive waste to
the assessment methodologies for the safe manag
of spent sealed sources. This requires the proper u
standing of accident causes and their possible co
quences; aiming to improve the regulations and guid
related to the safety and security of spent sealed so
(Section2.1).

2) The second objective is to evaluate and assess the a
safety methodology proposed for spent sealed so
(Fig. 1b). This was done through the performance o
evaluation and assessment study by consideration
proposed scenario of a real accident, and comparin
sults to the actual events of the accident and its co
quences; in particular the clinical manifestations of
exposed individuals. This can lead to the optimiza
of safety assessment procedures in the managem
spent sealed sources (Section2.2).
t

d

.1.1. Assessment context of sealed source
The assessment context of spent sealed sources s

onstitute of two previously documented reports namel
he design evaluation report and (b) security evaluation re

(a) Design evaluation report
This report should be prepared by a qualified perso
behalf of the supplier and should include the followi

• Type and form of source encasement (shield).
• Source type, form (powder or solid state), activity

specific activity (in Bq and Bq/g), half-life, and ty
of radiation emitted and energy spectrum.

• Form of encapsulation (inner shield), dimensio
thickness and type of metal used.

• Design and dimensions of equipment.
• Dose levels at surface of outer shield (at time of so

production).
• Exit and entry of source from equipment.
• Mechanism of operation and estimated operati

life.
• Precaution information during the different phase

equipment operation.
• Safety items in equipment design, and probabilit

damage.
• Corrective actions during the malfunction or dam

of equipment.
• Type of equipment and field of application.
• Recommendation for proper transportation.
• Recommendation for proper storage.
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Fig. 1. (a) Safety assessment methodology of methodologies radioactive wastes; (b) proposed safety assessment of spent sealed sources.

(b) Security evaluation report
The security report should be presented on official stan-
dard forms by the responsible health physicist and ap-
proved by the utility owner. This report should describe
all details concerning the following:

• Type of source.
• Description of equipment design.
• Field of application.
• Site of operation (mobile or stationary).
• Design and shielding of storage site (room or pit).
• Operational procedures of source.
• Regulatory control procedures adopted.
• Security measures against loss, theft, and damage.
• Emergency plans and remedial actions, according to

consultations with official radiation protection and
health physics offices.

• Disposal procedures of decayed sources.
• Name, qualification and license of user/s.

2.1.2. Processes leading the active source to become
spent

The probable processes leading an active source to be
spent should be considered in the light of the safety measures
presented in the design evaluation and security reports. Con-
sideration should concentrate on causes whose occurrence is
m o re-
p y the

assessor. Screening of these processes should be performed
to select the most probable processes that may lead the active
source to be spent.

2.1.3. Development and justification of scenarios
An accident scenario is a sequential process of events con-

sidered for the purpose of illustrating the range and ramifi-
cation of these events and the involvement of human behav-
ior. The scenario selected should provide adequate overall
picture of the exposure situation and should provide justi-
fication for the different situations of the scenario. In some
situations, an accident from spent sealed sources may involve
environmental pollution. A scenario describing such accident
will require consideration dealing with the various pathways
leading to human exposure both internal and external. The
scenario dealing with spent sealed sources depends mainly
on human behavior, which makes estimation of the sequence
of events hard to follow. Therefore, the choice of appropriate
scenarios and the justification of their events should be based
on causes described by IAEA publications[11,12]. These
causes are based on knowledge of the several accidents that
have occurred[13–18]. Accurate knowledge of the events of
previous accidents provides suitable logistic information to
help formulate intelligent justified scenarios. The develop-
ment of suitable scenarios and its consequences are consid-
e ology
o

ore probable in spite of the restrictions made by the tw
orts. These should be carefully described and studied b
red of major importance in safety assessment method
f spent sealed sources.
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2.1.4. Formulation and implementation of dose
absorbed models

The conceptual models are based on scenarios proposed
and are used to describe all different processes causing the
different exposure modalities to individuals. These concep-
tual models are further formulated into mathematical equa-
tions. There are various mathematical models that treat the
external and/or internal exposure dose to individuals such
as Popular Model[19], Energy Deposition Model[14], and
the French Approach[20]. The Popular Model is popular
due to its low uncertainty and low error factor compared to
other models. This method utilizes the criteria of the gamma
constant. This model was adopted in the evaluation and as-
sessment study considered in this treatise. However, Energy
Deposition Model is utilizing the energy deposition in the
whole body with the association of high degree of uncer-
tainty due to the assumptions involved the same as for the
French approach, which is complicated model using specific
multifactorial organ dose scenarios.

Conservatism/and or simplification should be carefully
used to overcome the uncertainty of the prediction of human
behavior. Uncertainty may be reduced by the performance of
evaluation and assessment processes.

2.1.5. Interpretation of results
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than the regulatory limit, the safety provisions of the equip-
ment under consideration are sufficient and the safety as-
sessment methodology undertaken is adequate. If not, this
indicates that the equipment requires more additional safety
design and more security provisions.

2.2. Evaluation and assessment

In order to gain confidence in the assessment method-
ology adapted, evaluation analysis was performed by con-
sideration of a real accident, which occurred in Egypt dur-
ing May–July 2000 (Meet-Halfa accident). The evaluation
analysis through the proposed scenario will help the mod-
eler to consider various other scenarios of human behavior in
similar accidents involving spent sealed sources. It will also
improve and integrate the mathematical formulations[26] in-
volved in the calculation of the radiation exposure to exposed
individuals.
The assessment contextthat deals with the safety design

and security evaluation reports is not available for this case.
Therefore, the available information about the source and
some known facts are used as the content of the assess-
ment context to predict a suitable scenario of the accident.
The source involved was Ir-192 industrial radiological source
used to test pipe welding. The source is a long bar of 18 cm
w in
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The results obtained from the mathematical calculat
rovide an estimate of the radiological consequences in
f radiation dose. A radiological event is quantified by
verall consequences of human exposure. On the other
uman exposures should compare with the dose limit
ided by the Safety Series on radiological protection of
AEA [21], and the ICRP[22] publications. It is important t
ealize that human impacts due to release of radioactive
fter disposal may occur with various probabilities mo

rom low dose exposure[23,24]. On the other hand, hum
mpacts due to exposure from spent sealed sources u
ccur mostly from high dose exposure resulting in acute

erministic effects and possibly death[25]; however, proba
ilistic delayed effects after low dose exposures are pos

.1.6. Adequacy of safety assessment implemented
The final stage of the safety assessment methodolo

pent sealed sources is the judgment of the adequacy
onsiderations undertaken. This adequacy is judged by
aring the regulatory limit, which based on the “ALAR
rinciple and established by the national authority, with
ose exposures obtained. If the exposures calculated a

Fig. 2. Schematic
,

s

ith 8 mm× 4 mm active volume at one end as shown
ig. 2. The activity of the source was 31.5 Ci when it w

ound on May 5, 2000[27].
The known facts about Meet-Halfa accident are as fol

27]: the number of the family involved in the accident w
even including the father (60 years old), sister (55 years
ife (50 years old), elder son (22 years old, an army rec

wo daughters (17 and 13 years old) and young son (9
ld). The seven members of the family lived in a small ho
f two rooms and hallway; one utility room which is n

requently used by the family. The upper floor of the hous
ncomplete and was used at night for sleeping during sum
ays (Fig. 3).

The loss of the source by the radiographer in the fie
he processleading the active source to be spent.

Since the exact facts concerning the details of the
osure patterns of the different individuals of the fa

ly are unknown;Scenario Proposed and Dose Calcu
ions portray the human behavior, which influences
arious types of the exposure patterns. The scenario
osed will deal separately with each individual mem
f the family as related human behavior and expo

of the iridium source.
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Fig. 3. Plan of the ground floor of the house.

patterns during the period from finding the source to its final
retrieval.

- The father, after finding the source, he placed it in his pocket
for 20–30 min until he arrived home at a distance about
3 km. Therefore, the exposure was localized to an area of his
trunk. It is important to recognize that the highest quantity
of the bone marrow is in the trunk[28], which was certainly
affected by the absorbed dose. This is resulted in acute
exposure to skin. At home, he examined the source for
about 1 h at a distance of about 50 cm causing exposures
to whole body and hands after showing the source to the
family members, and he returned handling the source for
another 1 h. During these 2 h, he contacted the active part
for 30 min. Afraid to lose the source, he hid the source in
a safe place.
During the following 14 days at home, the father trying to
discover the nature of the source over interrupted periods
by handling the source by different ways and distances; he
was exposed to protracted doses over different time periods
taken as an average of approximately 1.5–2 h at distances
of 0.5–1 m. During the following period until his death,
the father gradually became aware of several skin burns on
his hands and complained of body weakness resulted from
chronic whole body exposure. Therefore, he became con-
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ted in

Table 1
Calculated dose received by the father

Organ Absorbed dose (Gy)

Trunk dose 1.5
Whole body dose 7.1–8.4
Hands fingers 5

- Theyounger sonduring the first 2 weeks, the young son was
the most attracted member of the family to the source. He
was always close while his father handled the source. He
also received direct protracted exposure when he personally
handled the source for approximate half-hour daily. During
that time, he touched the active part of the source on several
occasions for at least 5 min on each occasions. After the
first 7–10 days, his hands showed signs of skin burns of
various degrees; a condition which prevented him from
handling the source with his hands. During the following
10 days, the young boy set close to the source observing
without handling it with his hands at a distance about half
a meter. Besides receiving a dose to his hands, the boy
received a total protracted body dose during all the period.
These accumulated doses are known to cause death of the
exposed individuals (Table 2).

Table 2
Calculated dose received by the younger son

Organ Absorbed dose (Gy)

Exposure dose of hands 4.2
Whole body dose 6–7.5
cerned with his condition, and also the health conditio
his son who showed similar medical complaints. The m
ical condition of the father imposed him to remain at ho
with few occasionally period of handling the source. Th
accumulated doses are known to cause death of the ex
individuals. The calculated exposure doses are presen
Table 1.
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Table 3
Calculated dose received by the younger daughter

Organ Absorbed dose (Gy)

Whole body dose 3.4–4
Hands 3

Table 4
Calculated dose received by the elder son

Organ Absorbed dose (Gy)

Whole body dose 4.4–5
Skin dose 4.4

- The younger daughterhad very limited chance to handle
the source during the first 10 days. She handled the source
more frequently during the second-week when her brother
was not able to handle the source because of the burns
of his hands. She only succeeded to handle the source in
that period during which she received maximal dose to the
hands and smaller dose to her body. Depending on the dose
calculated inTable 3, the girl had suffered severe hands
burns but not severe condition of bone marrow depression.

- The elder son, who is an army recruits, came to the house
over the weekends. During the weekends, he handled the
source more than any member of the family (being the
eldest son of the family). For two successive weekends,
the elder son was fascinated by the nature of the metallic
source and wished to exhibit the source by putting it in
his belt for about 4–5 h during the whole weekend. This
gave a substantial dose to the area of the abdomen behind
the source (right lower quadrant of the abdomen). This
dose mostly received during the period before the severe
illness of his brother and father.Table 4shows the local
dose calculated for the elder son. Clinically, he suffered
from bone marrow depression in addition to his abdomen
burns.

- The mother, sister, and elder daughterthose three mem-
bers of family, depending on the scenario, received similar

in dif-
e ex-
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d
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had crossed the limit of exposure dose defined in IAEA[21],
and the ICRP[22] publications. According tothe safety as-
sessment methodology adopted, the safety management sys-
tem of the iridium source is not adequate. The reasons led to
this accident:

• the mal function of the equipment (mechanical defect),
• weak security,
• leak in the qualification of radiographer,
• leak in the surveillance program of the responsible of phys-

ical protection in the utility,
• ignorance of people about the sealed sources.

Consequently,additional safety design and security re-
quirementsshould provided to improve the safety manage-
ment system of similar source.

2.2.1. Clinical manifestations of the real accident
Three weeks after May 5 (time when the source was found

by the father), the young son and the father developed marked
skin burns and complained of marked weakness. Seeking
medical advice, the young boy was hospitalized and died
1 week later. The diagnosis was severe infected skin burns
and bone marrow depression without indication of the cause.
About 1 week later, the father died complaining of the same
clinical manifestations.
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doses. The three are more wises and more occupied
ferent work to do. Based on that, the three members ar
posed to the source 4–5 h daily at 3 m far during the 5 w
until the retrieval of the source. They suffered from b
marrow depression with lately appearance than the
members. Clinically, the three are recovered from b
marrow depression after hospitalization. The protra
dose calculated for each is represented inTable 5.

The exposure dose of the family members calculate
ending on the scenario proposed and presented inTables 1–5

able 5
alculated dose received by the three members (mother, sister, an
aughter)

rgan Absorbed dose (G

hole body dose in 14 days 3.3–4.3
The source was retrieved on the 26 June, and the r
he family members were hospitalized in a specialized
ital. The clinical manifestations reported was marked b
arrow depression with severe skin burns to both hand

ngers of the younger girl and severe localized skin bur
he elder son appearing on the right lower quadrant of th
omen. All the five members were given the necessary m
al treatment and discharged from the hospital after 1 m
he burn of the elder son was attended by skin graft on
ccasions. However, the three grafts failed due to under

nfection. The rest of the family members recovered from
one marrow depression and discharged.Table 6presents th
omparison of radiation dose estimated to the exposed g
s recorded by the medical investigations[27] and the radia

ion dose calculated in the proposed scenario. This dat
rovided by a competent attending physician closely re

o the accident event[28].

able 6
omparison of radiation dose clinically recorded and calculated depe
n scenario proposed

embers Dose (Gy) recorded
by the clinical
investigations[27]

Dose (Gy) calculated
through the scenario
proposed

ather 7.5–8 total body 7.1–8.4 total body
ounger son 5–6 total body 6–7.5 total body
ounger daughter 3.5–4 localized 3 localized
lder son 3.5–4 localized 4.4 localized
ister 3.5–4 total body 3.3–4.3 total body
ife 3.5–4 total body 3.3–4.3 total body
lder daughter 3.5–4 total body 3.3–4.3 total body
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The radiological dose tabulated for the two cases clinically
and theoretically depending on the scenario, as is presented
in Table 6, show nearest dose that lead to the same radio-
logical effects. Except for the localized dose of the younger
daughter, the theoretical value represents higher value than
the recorded clinical dose. However, this slight difference
does not contribute to different radiological effect. That is re-
sulting convenient proposed scenario with the real situation
of the accident. This concludes the relevance of the adopted
safety assessment methodology for the management of spent
sealed sources.

3. Summary and conclusions

A safety assessment methodology was adopted for the
safe management of spent sealed sources from the safety
assessment methodology of radioactive waste disposal. The
structure of the adopted methodology consists of assessment
context, processes leading an active source to be spent, de-
velopment of scenarios, mathematical models for dose calcu-
lations and radiological consequences, and comparison with
regulatory criteria.

The assessment context of the adopted methodology is
represented by the design evaluation and the security eval-
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- The safety assessment methodology of radioactive waste
disposal is a flexible methodology, which can be adapted
to suit the safe management of spent sealed sources.

- The design and the safety provisions of sealed sources are
the key components for the safe management of the source
at the moment it becomes spent.

- The prediction of human behavior during the development
of scenarios is considered the most complicated aspect
in the methodology. Therefore, this prediction should be
based on suitable logistic information to help create intel-
ligent justified scenarios.

- The choice of appropriate scenarios and the justification of
their events should be based on causes described by IAEA
publications. These causes are based on knowledge of the
several accidents that have occurred.

- On the same time, the scenario developed should be gen-
eral, flexible and reflects a common behavior depending on
the following factors:
(a) source type, form, and dimension,
(b) sex, age, social state and conditions of persons handling

the source,
(c) place of scenario and its dimension.

- The assessor should be aware of the radiological effect
of the calculated dose to individual to develop the most
realistic scenario.
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ation reports. The first is prepared by the supplier and
econd by the utility owner. These two reports will provide
ssessor all information and details about the sealed s
nder consideration. Based on these reports, the assess
xpect the probable processes that lead the active sou
ecome spent and suitable scenarios will be built base

hese processes. The scenario proposed is formulate
uitable mathematical dose exposure models. The exp
oses calculated are compared with the radiological nat
egulatory criteria to assess the safety measures and se
rovisions, which are applicable.

In order to gain confidence in the assessment method
dopted, evaluation analysis was performed by consider
f a real accident, which occurred in Egypt during May–J
000 (Meet-Halfa accident). The various items of the met
logy were demonstrated and analyzed by the discussin

eatures of the accident. A scenario of the accident wa
umed. The results of individual dose exposures obta
rom the scenario proposed were evaluated by compa
ith the clinical manifestations of the exposed individu
nd their consequences. The comparison showed the
adiological effects.

From the present treatise the following conclusions
eached:

The spent sealed sources are specific type of radioa
waste that requires distinctive management becaus
majority of accidental exposures of humans from s
sealed sources occur at the moment they become spe
before their disposal.
l

The adopted safety methodology will help assess the s
and security of the management of spent sealed source
provide an understanding of what is needed to assur
improve safety for present and future management.
Additionally, this methodology helps to improve the sa
of the management system provided for the source d
its operational life.
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