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FOREWORD

Industrial and medical applications of ionizing radiation continue to bring
benefit to millions of people around the world. More than 160 large gamma irradia-
tion facilities and more than 600 electron beam irradiation facilities are operating in
TAEA Member States. Experience with this irradiation technology has demonstrated
its safety. Continued improvement in design and careful operation by qualified,
trained operators have led to a good safety record.

Nevertheless, on occasions safety systems or procedures are ignored or bypassed
and serious radiological consequences ensue. On 17 November 1992 one such event
took place at an electron accelerator facility in Hanoi, Viet Nam. An individual, enter-
ing the irradiation room without the operators’ knowledge, unwittingly exposed his
hands to the X ray beam. His hands were seriously injured and one had to be
amputated.

A review was undertaken by the IAEA to document the circumstances and
causes of the accident and to draw general lessons for all responsible for facility
safety and for treating radiation injuries. The present report — one in an IAEA series
on lessons learned from radiological accidents and the first involving an accelerator
— details the circumstances of the accident, its medical consequences and the
governmental response.



EDITORIAL NOTE

Although great care has been taken to maintain the accuracy of information contained
in this publication, neither the IAEA nor its Member States assume any responsibility for
consequences which may arise from its use.
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1. INTRODUCTION

A November 1992 radiological accident involving a research X ray accelerator
at the Hanoi Institute of Nuclear Physics (HINP), Viet Nam, resulted in severe
exposure of the hands of a member of the staff. The individual — the irradiator facility
director — entered the irradiation room without the operators’ knowledge. He was
adjusting a sample to be irradiated when, owing to the lack of safety systems or
procedures to prevent it, the operator switched on the machine. Exposure to the
individual’s hands was only for a few seconds but at a very high dose rate, and the
severity of radiation damage led within months to amputation of the whole of one
hand and of two fingers on the other.

In March 1993, at the request of the Vietnamese Government, the IAEA sent a
team of specialists to Hanoi to assist in the medical treatment of the injured man and
to assess the lessons to be learned from the accident. This report details the circum-
stances of the accident, its medical consequences and the governmental response, and
recommends actions for preventing similar accidents from happening again and for
improving the emergency response of organizations which may be required to help
deal with actual or suspected cases of radiation overexposure.

1.1. BACKGROUND TO THE IAEA POST-ACCIDENT REVIEW

Technologies that make use of radiation continue to expand around the world.
Millions of people are employed in radiation related occupations and hundreds of
millions of people benefit from these applications.,Facilities using intense radiation
sources for purposes such as nuclear research require special care in design and opera-
tion to prevent radiation injury. Experience has shown that while such technology is
generally being safely used, safety systems and procedures have sometimes been
ignored and serious radiation injury has been the result.

Although the causes of accidents are highly case specific, review of the circum-
stances in which they have arisen can yield generally applicable lessons to help prevent
other accidents and improve the response to those that do occur. This was the motivation
for IAEA post-accident reviews of several events at irradiators using radioactive sources:
in Brazil (1987) [1], El Salvador (1989) [2], Israel (1990) [3] and Belarus (1991) [4].

There have also been accidents at irradiation facilities that use radiation induced
by accelerators, rather than radiation from a radioactive source. There are more than
600 electron beam facilities around the world, many in developing countries, that
produce radiation for research and for medical and industrial applications. The few
accidents which have happened at such facilities have been described in Refs [5-7].
The post-accident review reported here is the first IAEA publication to address an
accident — albeit a non-fatal one — at an accelerator facility.



VINATOM

]
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2. REGULATORY CONTROL IN VIET NAM

At the time of the accident a primary responsibility of the Viet Nam Atomic
Energy Commission (VINATOM) was to develop the peaceful uses of atomic energy
in Viet Nam and thus operate facilities involving sources of ionizing radiation (Fig. 1).
However, VINATOM has another responsibility, namely to oversee and regulate
ionizing radiation safety everywhere in Viet Nam, including the HINP accelerator irra-
diation facility. Viet Nam is a Member State of the IAEA and VINATOM serves as the
appointed national competent authority and point of contact in all Viet Nam’s
relationships with the IAEA. The radiation protection infrastructure of Viet Nam, a
developing country, is relatively new, but development work is under way, with assis-
tance from the international community, including the IAEA.

VINATOM is charged with: (1) drafting regulations and subsidiary documents
(codes of practice, guides, etc.) for the safe use of nuclear energy in Viet Nam;
(2) licensing facilities using radiation sources and nuclear materials; (3) inspecting
radiation safety in licensed facilities; (4) making an inventory of and registering all
radiation sources and nuclear materials used in Viet Nam; (5) assisting national emer-
gency planning; (6) working with other Viet Nam agencies to establish and develop
the national radiation protection infrastructure; and (7) assessing international agree-
ments relating to radiation safety matters and advising the Government on their imple-
mentation.

Temporary regulations from 1972 were superseded in 1988 by Safety
Regulations for Ionizing Radiation and Regulations for the Safe Transport of
Radioactive Material. VINATOM has also published a booklet on Radiation
Protection Terms and Definitions that gives guidance and general recommendations
for the use of ionizing radiation.

VINATOM is empowered by law to inspect all radiation facilities and to control
the use, transport and storage of radiation sources (Article 38 of Viet Nam 1991
Labour Decree and paragraph 28 of the Guide to the Labour Decree). However, prior
to the accident, VINATOM had not, for lack of resources, appointed trained inspec-
tors. (Viet Nam has since appointed inspectors and in late 1993, in co-ordination with
the IAEA, carried out a national training course in radiation protection.) There were
also some formal difficulties for the inspection of HINP since the head organization
— the National Centre for Scientific Research — to which the HINP belonged was on
the same level as VINATOM in terms of governmental structure.

One of the lessons learned from this accident is the need to separate the radia-
tion regulatory body from radiation source users and facility operators in order to have
an effective and efficient regulatory control. In accordance with this principle, Viet
Nam has recently reorganized VINATOM (The Prime Minister’s Decree of September
1993). VINATOM has been put under the Ministry of Science, Technology and
Environment (MSTE). The Department of Radiation Protection and Nuclear Safety is



now separated from VINATOM and comes under MSTE. It plays the role of the
regulatory body for Viet Nam (Prime Minister’s Decree of August 1994). The new
organizational chart is presented in Fig. 2.
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FIG. 2. New organizational chart of VINATOM.




3. THE IRRADIATION FACILITY

3.1. FACILITY ORIGINS AND LAYOUT

A governmental entity entirely separate from VINATOM, the Viet Nam
National Centre for Scientific Research (NCSR), also operates many facilities using
ionizing radiation sources (Fig. 3). The facility discussed in this report was, in fact, at
the HINP, a unit of NCSR.
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FIG. 3. Organization chart for the National Institute of Physics (organization of the Viet Nam
National Centre for Scientific Research).

HINP research includes work on: (1) photon- and neutron-induced nuclear
reactions, such as (V,Y’), (y,n), (v.p), (v,np), (Y,a), and (Y,f) reactions induced by
bremsstrahlung and cross-section determinations using nuclear reactions induced by
14 MeV neutrons; and (2) nuclear methods development and applications, such as
material analysis using photon and neutron activation and X ray fluorescence spectro-
metry, and geology, medicine, agriculture, industry and environmental applications of
nuclear techniques.



HINP has two accelerators to carry out such work. The first, obtained from
Hungary in 1974, can produce 14 MeV neutrons and has an automatic sample
changer, built-in timer and multichannel analyser. However, this machine has not been
used since the vacuum pump failed in 1991 as the pump has been difficult to replace
because of its high cost and the lack of easy availability. The second accelerator, the
device involved in the present accident, is a Microtron MT-17 that produces neutrons
and X rays. from electrons accelerated up to 15 MeV.

HINP’s MT-17 was an experimental model originally built in 1973 at the Joint
Institute for Nuclear Research (JINR) at Dubna (then USSR) and operated there until
1980. In 1982, it was given to Viet Nam by the former USSR and shipped to HINP,
which had had close links with JINR for many years. HINP staff who had worked with
the MT-17 in Dubna assembled it in Hanoi. They installed it in a facility they designed
from outline measurements they had made in Dubna, as there were no Vietnamese
language manuals (only the Russian language manuals were supplied with the machine)
specifying the type and density of materials or special construction techniques. Their
only design criterion appears to have been that wall thicknesses and room dimensions
be similar to those in Dubna. The HINP MT-17 room layout and the relation to the
control room are shown in Fig. 4. The room walls were reported to be 1.8 m thick and
the maze wall 1.4 m — made of concrete of unspecified density. No other details of
wall and roof construction were available.

Several cable and ventilation ducts pass perpendicularly through the walls
instead of through angled ducts as is normal practice elsewhere. There had been no
audit of the completed installation’s safety systems or even a dose rate survey outside
the room to assess the efficacy of the shielding. While the HINP staff had the highest
academic qualifications, virtually the only radiation protection training or experience
they had was at the Dubna laboratory. Owing to lack of funding, there was little in the
way of radiation monitoring equipment. Moreover, there were only handwritten
instruction manuals addressing equipment operation, but not the associated safety
systems, room design or radiation protection procedures.

3.2. ACCELERATOR DESIGN AND OPERATION

A general view of the accelerator room is shown on Plate 1. The MT-17 accel-
erator operates on principles similar to those of betatrons, accelerating electrons in a
circular orbit and directing them to an appropriate target material. It is fitted with two
guide tubes, one with a tungsten target to produce X rays and the other with a uranium
target to produce neutrons. (A schematic diagram of the equipment is given in Fig. 5.)
At the time of the accident, the electrons, accelerated to 15 MeV, were directed through
a horizontal guide tube into the 2 mm thick tungsten target, producing a conical
(6° solid angle) X ray beam for use in a (y,n) activation experiment. The beam current
was variable and at times had been run up to 16 pA but the maximum attainable
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current had decreased over the years. At this time it was run at only 6 pA, the maxi-
mum then attainable. (By March 1993 only 3 pA was attainable.) Table I details the
typical currents and workloads of the machine.

TABLE 1. OPERATING REGIMES OF MT-17 MACHINE

. Beam current Operating time
Period
(uA) (h)
19821985 14-16 250
1986 10-14 360
1987-1990 5-10 300
1991-1993 3-6 360

Control console and its operation. The control console (Plate 2) has no master
key, but it was considered unlikely that the machine would be used by unauthorized
persons, as all the controls were labelled in Russian. Moreover, the switch-on proce-
dure is complicated:

(1) The vacuum pumps, water cooling, air conditioning and three-phase generator
must first be switched on and allowed to reach their operating pressures,
temperatures, etc.

(2) The phase control, cathode current and electromagnet must then be switched on
in the correct order and their parameters slowly adjusted to the required levels.

(3) The magnetron current can then be switched on and slowly increased whilst the
other parameters are balanced. The magnetron pulse is displayed on the oscillo-
scope on the control console.

Sample transfer and counting. Samples can be remotely transferred into and
out of the accelerator room, if desired, through a hollow plastic tube that leads from
the accelerator room to the counting room. The accelerator room end is manually
positioned in front of either the tungsten or the uranium targets before the experiment
commences. Compressed air is then used to drive the sample into or out of the room.
(This system was said to have been operational when the accident occurred, but was
not used because the sample was to be changed after only an hour.) The accelerator
has no timing device or dose control cut-out and irradiation times are measured by
wrist watch. After the sample has been irradiated for the required time, the activation
products are normally measured by the high purity germanium detector and multi-
channel analyser, which is situated in the measurement room that is adjacent to the
microtron control room.



3.3. SAFETY SYSTEMS AND PROCEDURES

Interlocks and warning lights. At the time of the accident there were no safety
systems to warn persons who might have been inside the room that radiation was
about to be, or was being, generated, nor was there an interlock on the door to the
room. There was a radiation detector positioned halfway down the maze, but its
ratemeter was in the control room above the console. Immediately outside the accel-
erator room door and in the corridor to the control room were signs that were illumi-
nated when the beam current was switched on. The radiation detector and both
illuminated signs were said to have been operating at the time of the accident. HINP
staff relied on word of mouth to ensure that no one was inside the accelerator room
and that the machine could be switched on.

Radiation monitoring. The output of the single radiation detector (in the maze)
was in counts-per-second and the system was not calibrated. Thus, it did not give
quantitative dose rate information but merely indicated the presence of radiation. At
the time of the accident the total inventory of portable radiation monitoring equipment
at the Institute consisted of a single end-window Geiger tube connected to a ratemeter
scaled in counts-per-minute, and two quartz fibre electroscopes, neither of which had
been calibrated (Plate 3). Owing to lack of equipment and training, no radiation
monitoring had ever been done outside either of the accelerator facilities.

Radiological safety at the Institute. At the time of the accident there was a
group responsible for radiation protection but owing to the lack of rigorous work rules
and resources, it was ineffective. Several staff members had attended short training
courses but no one had ever received systematic, comprehensive radiation safety train-
ing. Written procedures were available but concentrated on accelerator operation, not
on radiation safety matters. Owing to the difficulty in obtaining spare parts and the
high price of such parts, the accelerator operations group carried out routine preven-
tative maintenance on the machine, but made no checks on the safety systems.



4. THE ACCIDENT AND THE RESPONSE

4.1. THE ACCIDENT

In mid-afternoon on 17 November 1992 (day 1), a research group led by the
facility director was doing experiments involving irradiation of gold ore samples. As
noted earlier, samples could be changed remotely using the compressed air system,
but in this case the first sample was to be changed in just an hour, so they decided to
do it by hand. The first experiment went according to plan, with the director and two
assistants entering the accelerator room and removing the first sample.

After positioning the second sample close to the tungsten target, they left the
accelerator room and walked towards the control room. When they were halfway there
(Fig. 4, position P), the director asked one assistant to get him some soap and he
turned around as if to head towards a sink outside in the courtyard. The assistant,
having to pass close to the control room to get the soap, told the operator that the
experiment was ready and the machine could be switched on.

However, instead of proceeding outside, the director re-entered the MT-17 room
to check the sample’s position and decided it was not quite correct. Using some wax
blocks stored in the room, he adjusted the position (see Fig. 6). He later recalled
handling the sample about three times. In doing so, his hands were only 3-30 cm from
the target. Unfortunately, at some time during this period the accelerator had been
switched on without his being aware of it.

The assistant got the soap and went outside to give it to the director, but he was
not in the courtyard. She shouted for him several times and, receiving no reply, ran to
the MT-17 room, where she found the door open. She again shouted his name, but got
no reply. (With the generator, air conditioning and cooling systems operating, the
ambient background noise in the room is high and the director probably could not hear
the shouting. However, when the magnetron current is switched on, it makes a
distinctive noise discernible above the ambient noise. The director vaguely recalled
hearing it, but did not react to its implications.) The assistant then ran to the control
room and told the operator to stop the accelerator immediately. The MT-17 had been
on for about 2—4 min at a beam current of 6 pA.

The operator and the assistant ran back to the accelerator room. The door was
open about 60 cm, and they saw the director handling some wax blocks at the corner
of the maze. Not realizing what had happened, the director calmly proceeded outside
to wash his hands. When informed that the accelerator had been switched on a few
minutes earlier, possibly whilst he had been in the room, he went very quiet, but at this
point it was not clear whether in fact he had been exposed.

After a few minutes he considered that if his hands had been irradiated, they
may have become activated, so he and the assistant went to the measurement room to
use the germanium crystal gamma spectrometer. Within 30 s a well defined peak at

10
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FIG. 6. Diagram of exposure position.

511 keV was visible on the screen. The director realized then that his hands had been
irradiated, but not the seriousness of that exposure. (Owing to the lack of equipment,
dose rates in the main beam were never measured. Although HINP staff recognized
that the MT-17 could produce high radiation levels, they did not appreciate the impli-
cations.) Fifteen or twenty minutes later the director remeasured his hands in the
gamma spectrometer, but no peak appeared.

(A neutron activation experiment suggested later by a member of the IAEA
team confirmed the validity of the reported gamma spectrometer peak. A fresh
chicken leg irradiated in the main X ray beam for 4 min showed a 511 keV peak in
just a few seconds. HINP scientists found that the effective half-life of the activation
product(s) was about 9 min and that the peak was probably annihilation radiation from
positron emitters activated in the tissue by gamma—neutron reactions.)
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4.2. THE RESPONSE

Within hours everyone at the Institute had heard about the accident but no one
seemed to appreciate the implications and no one, including the director, took any
immediate action. That evening his hands began to feel ‘strange’, but since he had
rheumatoid arthritis, he did not link this feeling with the incident that day. He merely
washed his hands in warm, salty water as recommended for his arthritis. For the next
eight days he continued to go to work as usual. An annual medical examination on
day 10 did not raise serious questions and even after he sought a hospital examination
of his swollen hands, radiation was not considered the cause. It was more than two
weeks after exposure before he was hospitalized with obviously serious injury and
only then was it concluded that the damage was due to radiation. (The medical
chronology is described in more detail in Section 5.)

In late January 1993, nearly two and a half months after the exposure,
VINATOM heard of the event and asked the NCSR for an official report on the accident.
NCSR promptly discussed the matter with HINP and sent a report to VINATOM on
2 February. In mid-February, VINATOM was informed of the progress of the medical
treatment at the National Centre for Burns (NCB). The NCB physicians estimated the
exposure to the patient’s hand to be more than 25 Gy. In early March, VINATOM
made the first dose rate measurements in the MT-17 accelerator room and found
that the exposure dose to the patient’s hands ranged from 20 to 80 Gy depending on
the exposure time (ranging from 1 to 4 min) and that the whole body exposure was
low. On 8 March, VINATOM wrote to the Director General of the IAEA, informing
him about the accident and requesting assistance. During the last two weeks of March,
an IAEA team of experts — a physician and a health physicist — visited Hanoi to
assist in the medical treatment and to study the accident and assess the lessons to be
learned.

Meanwhile, HINP had fitted both a magnetic interlock and a padlock to the
MT-17 room door. The magnetic interlock was wired such that if the door was open,
a light on the control console illuminated. (The operators reported that the accelerator
could not be operated if the room door was open, but this was not demonstrated to the
IAEA team during the visit.) The manually operated pre-warning system — a bell
inside the accelerator room that the control room operators could sound just prior to
switching on the beam current — had also been repaired. A second button in the accel-
erator room had been added to warn the operators not to switch the machine on. (The
team noted inside the accelerator room a broken light that might once have served to
warn that radiation was being generated.)

12



S. MEDICAL MANAGEMENT

5.1. BEFORE HOSPITALIZATION

During the evening on the day of the accident (probably 6-8 h after exposure)
the director felt tension and clumsiness in the fingers, but as he had rheumatoid arthri-
tis, he did not link this strange feeling with the incident. He used a warm salt water
bath for his hands as prescribed for his arthritis. The next day he rode to work on his
motor cycle as usual. His hands and face looked very grey (“almost black,” one person
said), but he had no problems using his hands. During the following ten days he
worked as usual and continued to drive his motor cycle.

On day 10, during his annual medical check-up, a slight desquamation of the
palms of both hands and slightly higher than normal blood pressure were found. He
told the doctor that his hands had probably been exposed to radiation, but she
considered the desquamation a vitamin deficiency and recommended he see a derma-
tologist. The next day his hands were swollen and painful. He went to the general
hospital, where blood samples were taken but nothing was done for his hands. The
blood test results appeared normal and he was not hospitalized, although changes to
the skin progressed.

He continued to bathe his hands in salt water. On day 14, he photographed his
hands to record the bright erythema and pronounced oedema, especially on the right
hand (Plate 4(a)). Pain in the hands progressed day by day and vesicles on fingers
appeared that turned into large bullae by day 22. Finally, he went to a specialized
hospital — the NCB — on day 24 (11 December 1992) and was hospitalized with
oedema, deep ulcerations and skin necrosis in both hands. The doctors were certain
then that the damage was due to radiation exposure.

5.2. IN HOSPITAL IN HANOI

On day 24, the patient had: all fingers (except the first of the left hand) swollen;
dark blue skin erythema; pussy blisters; difficulty in moving fingers; some pain, but
not severe (controlled with simple analgesics); no X ray defined pathology. The
diagnosis was of radiation (y ray) induced third to fourth degree burns of both hands
(4% of body surface). Systematic antibiotic therapy, along with tranquilizers, was
administered, and the hands were dressed with a plant oil cream of sulphadiazine.
Blood analysis showed no abnormalities except a slight leucocytosis (8.6 x 109 L1).

On day 28 (14 December), the patient was examined by the director of the NCB.
Bullae were opened and all ‘necrotic skin’ was removed surgically, the usual method
for treatment of thermal burns (Plate 4(b)). Several ‘domestic’ medicines, including
something considered ‘radioprotective’, were added to the treatment. Later, the patient
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was treated more intensively. On day 36 (22 December), doctors used frog skin as a
biological dressing to stimulate regeneration. Direct blood transfusions, as well as
transfusions of stored frozen plasma, were made several times when a slight anaemia
appeared. On day 37 (23 December), erythrocytes were found to be 3.8 x 10121 and
haemoglobin was 11 g/L, typical for severe burns.

On day 50 (5 January 1993), the first skin graft was done using skin from the
patient’s shoulder. All injured surfaces except the third right finger were covered with
transplants (about 150 cm?2). Three days later a second operation covered about 70 cm?2
more of the third right finger, again using skin from the shoulder. The first grafting
held, but not the second, as the third right finger remained an open wound without
signs of regeneration. The next attempt to graft skin, on day 95 (19 February), also
failed.

While at the NCB the patient was examined carefully for signs of whole body
irradiation: blood was analysed two or three times a week, sternum bone marrow was
examined, and chromosome aberration analysis of peripheral lymphocytes was made.
None of these tests revealed signs of acute radiation syndrome. During the fourth
month after exposure, necrosis of the third right finger progressed. X ray examination
on day 113 (9 March) showed widespread osteoporosis of all right-hand fingers and
arthrosis of some joints. Photographs of the hands taken on that day are presented in
Plate 4(c).

The day after her arrival in Hanoi, the physician in the IAEA team examined the
patient (day 123, 19 March). Her diagnosis was of highly severe, acute radiation
injury to both hands, with incomplete recovery complicated by necrosis of the third
right finger and extensive osteoporosis of all other fingers. She confirmed that the
hands had been exposed to highly penetrating radiation and estimated that the
absorbed dose probably exceeded 50 Gy. She found no evidence of clinical symptoms
to indicate significant total body exposure. At her recommendation the necrotic finger
was amputated (exarticulated) on day 127 (23 March). The bone, together with the
cotton shirt the patient had been wearing on the day of the accident, were sent to the
Institute of Biophysics in Moscow for electron spin resonance (ESR) dosimetry,
which is considered very useful for exposure evaluation in the case of accidents [7, 8].
The results are discussed in Section 6.

5.3. SPECIALIZED TREATMENT IN PARIS

In accordance with the recommendation of the IAEA experts and in agreement
with local physicians it was decided that the patient should be transferred to a specia-
lized hospital better equipped to diagnose and treat radiation injuries, especially in the
late stages. On day 154 (19 April), the IAEA Emergency Response Unit (ERU) was
called by Viet Nam officials with a request for urgent assistance to facilitate the transfer
since the patient’s state had deteriorated. The IAEA, acting under the international
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Convention on Assistance in the Case of a Nuclear Accident, worked with the Institut
de protection et de sireté nucléaire (IPSN) of the French Commissariat a 1’énergie
atomique and arranged to transfer the patient, at Viet Nam and French Government
expense, to the Boucicaut Hospital in Paris, where he was admitted on day 159
(24 April).

On arrival in Paris, the patient evidenced no fever, was mentally clear and had
normal mobility. (In succeeding days, however, a high undulant fever set in, with signs
of severe bacteraemia.) The right hand was infected at the amputation site, with
significant pain; the back and palm of the hand showed infected wet epithelitis in the
distal metacarpal region and on the thumb and index finger. The left hand showed
apparent healing, large de-pigmented zones at the dorsal part of the fingers and normal
nail growth. Hand functions were very limited in terms of both movement and strength.

On day 161 (26 April), the distal part of the third metacarpus was excised to
clean the amputation site. On day 171 (6 May), the third right metacarpus was
removed, and the right hand fingers and upper palm were embedded in subcutaneous
tissues of the left inguinal (abdominal) region in the hope of preventing re-infection,
encouraging revascularization and enhancing the chances of future skin graft success.
The amputated third metacarpus was sent to Moscow for ESR dosimetry to compare
with previous measurements.

By day 182 (17 May), the patient’s general condition had improved and pain
become more tolerable. The left hand was quickly recovering mobility and strength,
which were already sufficient for everyday living; some escharotic lesions still remained
on the distal parts of the fingers and de-pigmented areas were unchanged. The right hand
did not exhibit any particular problems. On day 190 (25 May), the right hand was taken
out of its ‘natural pocket’and a skin graft attempted on the distal part of the thumb. The
left hand continued to improve, both physically and functionally.

Over the next month (up to day 213, 17 June) the patient was in very good
general condition. His left hand was totally functional. However, the right hand,
despite all the therapeutic measures taken, was in poor condition. Necrosis was accen-
tuated and pain was resistant to analgesics. The doctors decided that the second right
finger should be amputated within a week, depending on developments and the
survivability of the right thumb.

On day 226 (30 June), the second finger (forefinger) of the right hand was
amputated in the hope of saving the thumb. However, these palliative surgical attempts
did not succeed; necrosis progressed and pain increased. On 9 July, with the patient’s
assent, the remainder of the right hand was amputated at the wrist level. After the
operation the wound healed normally and on day 256 (30 July) the patient was
discharged from the hospital. He then received, on an outpatient basis, specialized
rehabilitative care in Vanves, a Paris suburb.

Three months later (October 1993), however, some further late effects of radia-
tion injury appeared in the left hand. Pain, skin ulceration and then necrosis developed
in the fourth and fifth fingers. Conservative treatment at Boucicaut Hospital was

15



unsuccessful and on day 370 (22 November 1993) the fourth finger had to be ampu-
tated. The fifth finger was also amputated on 3 February 1994. At the end of 1993, two
prostheses for the right hand were provided; on a subsequent visit in 1994, it was
observed that the prostheses seemed to be helpful for the patient.

Further outpatient treatment continued into 1994 because of recurrent problems
of localized infection and also in order to provide adequate physiotherapy for the left
hand, which exhibited stiffness related to radiation induced fibrosis. The patient’s
condition was judged satisfactory by the end of June and he was consequently
discharged. He returned to Hanoi at the end of July 1994.
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6. ASSESSMENT OF THE DOSE TO THE PATIENT

6.1. POST-ACCIDENT MEASUREMENTS AT THE FACILITY

Prior to the arrival of the IAEA team, some assessment of the dose to the
patient’s hand had been carried out. In January, NCB physicians, on the basis of the
symptoms, estimated the dose to the patient’s hands to be more than 25 Gy. On
6 March, VINATOM, using Fricke dosimeters, estimated the mean dose to the patient
to be between 20 and 80 Gy, depending on the exposure time. The whole body dose
was assessed as low, although some symptoms presented by the patient, such as the
change in skin colour of the face and diarrhoea (February), caused some concern
about the magnitude of the whole body dose. Further thermoluminescent dosimeter
(TLD) measurements estimated the whole body dose to be between 1 and 2 Gy.

The IAEA team’s health physicist, with assistance from VINATOM, made a
radiation survey as a basis for assessing the dose to the patient. He also surveyed the
radiation in areas surrounding the accelerator facility to assess worker exposure.
Despite their many uncertainties, these measurements indicated significant dose rates
in nearby offices, laboratories and corridors when the MT-17 was operating. Details
of dose rates and estimated annual occupational doses are given in the Annex.
Estimates of levels of scattered photon radiation, based on measurements using TLDs
and film badges at the approximate position where the exposed man was standing
when handling the sample, are given in Fig. 6. Dose rates found in the main radiation
beam are given in Fig. 7. At the time of the accident the accelerator was operating at
a beam current of 6 nA, whereas at the time of the measurements it could only be
operated at 3 pA owing to operational difficulties. So the measured results were
doubled to calculate dose rates for a beam current of 6 pA.

Dose rate (Gy/min)
| T T 1

1090 272 68 30
L I l
== __ | T T
_‘_,__I 5 10 ——___ 20 30 Distance from target (cm)
5 10 20 30

Beam diameter (mm)

FIG. 7. Dose rates in the accelerator beam.
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21 £5Gy

30 + 10 Gy
(shirt cuff)

FIG. 8. ESR estimated dose to right hand.

The results should be treated with caution. The measurements showed very
steep gradients, both at the edge of the wooden box over which the exposed man was
leaning and close to the tungsten target where his hands would have been. To compli-
cate matters, film badge measurements of scattered radiation indicated a wide energy
spectrum of both photon and electron radiation from bremsstrahlung in accelerator
components such as bending magnets and the guide tube, from target backscatter and
from scatter off lead shielding. Moreover, buildup under the skin of dose rates from
high energy photon and electron radiation (maximum dose rates might be several
centimetres beneath the skin, depending on radiation energy and type) also affects
dose estimates. (Physical dosimetry measurements made two months later on day 185
(20 May) by HINP indicated that the dose rate at the approximate location of the
patient’s thorax did not exceed 2.4 Gy/min at 10 cm depth.)

Nevertheless, such measurements, and even more detailed ones using sophisti-
cated radiotherapy depth—dose equipment and phantoms, do not provide an adequate
basis for estimating patient dose without a good estimate of his distance from the
target and of the time he spent there. The operators reported that the MT-17 had been
on for about 4 min but it is unlikely his hands were exposed that long because other-
wise the biological damage would have been much worse. He himself could not
remember just how long he was near the target, how many times he picked up the
sample, or how many trips he made into the maze to get wax blocks. Thus, a reason-
able estimate of patient exposure from field measurements is not feasible.
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6.2. MATERIALS EXPOSED IN THE ACCIDENT

ESR measurements. As noted above, the patient’s amputated bone and the shirt
he was wearing when exposed were sent, at the suggestion of the IAEA team, to the
Institute of Biophysics in Moscow for ESR analysis. The results on days 191 and 202
(26 May and 6 June 1993) on bone samples were that the mean dose to the third right
finger was 45 £ 11 Gy, with a 21 £ 5 Gy mean dose to the third right metacarpus. On
the basis of ESR measurements of the cuffs of the patient’s shirt, the estimates were
30 £ 10 Gy to the outer (cuff link area) wrist of the right hand and 20 + 6 Gy to the
inner part (see Fig. 8) and 8 + 3 Gy to the left wrist.

Chromosome aberration measurements. Blood samples were analysed in the
Paris laboratories of the IPSN. Results on day 162 (27 April 1993) showed 5 dicentric
anomalies per 500 cells, indicating that the exposure was about 0.3 Gy (95% interval:
0.1-0.5 Gy) mean whole body dose. After correction for delay between exposure and
analysis and for uneven exposure, the upper body dose was estimated to be about
1.5 Gy. (On day 211 (15 June 1993), neurophysiological dosimetry was also carried
out in Paris; EEG slow waves indicated an irregularly distributed cephalic dose of
about 1-2 Gy, with a dose to the face of about 5 Gy.)

On the basis of a physical dosimetry calculation using all information available
on 5 June 1993 (e.g. well defined beam with 100% efficiency at 2.5-3 cm depth), a
most probable value of 10-25 Gy was estimated in Paris for the left hand and
20-50 Gy for the right one, roughly consistent with the estimates made in Moscow
from shirt cuff ESR measurements and fully corroborating the IAEA team member’s
initial 50 Gy observational estimate.
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7. LESSONS LEARNED

7.1. CONCLUSIONS

Viet Nam, like other developing countries, has given first priority to meeting the
immediate needs of its people for housing, education and economic development.
HINP’s limited budget made the purchase of scarce spare parts much more difficult
and this contributed to the likelihood of an accident. Moreover, the HINP staff had the
highest academic qualifications but they lacked sufficient training in radiation protec-
tion and failed to build an adequate safety infrastructure. These weaknesses were com-
pounded by inadequacies, again for lack of resources, in regulatory oversight and
expert radiation protection advice at the national levels. (Many of these problems had
been noted earlier in the report of a 1988 IAEA mission to Viet Nam.) The need for a
stronger infrastructure was made all the more necessary by inadequacies in the safety
system documentation available for the MT-17 accelerator.

The standard of radiation safety at HINP before the accident was so low that an
accident was not unlikely, especially as the extremely high dose rates in the MT-17
beam can cause severe radiation damage in seconds. Improvements to the safety
systems and procedures are essential to prevent another accident, possibly with life
threatening consequences. Moreover, the radiation shielding of the accelerator room

_is likely to be insufficient to control exposure to workers in adjacent areas if the accel-
erator were to be used more intensively.

Although the patient had pointed out the radiation incident to physicians on two
occasions (at a medical checkup and again at a hospital), the signs of radiation injury
were not recognized. Only when he again — more than three weeks after the expo-
sure — sought attention at the NBC was the radiation induced nature of the injury
recognized and action taken. Moreover, even the NBC physicians, although highly
experienced in treating thermal chemical burns, knew very little of radiopathology.
Their knowledge was insufficient to deal effectively with the more protracted nature
of radiation injury effects.

Implementing some of the recommendations concerning specific hardware or
procedural steps to upgrade safety in the future may require further local, national or
international resources. However, much can be done to avert future accidents, more
promptly recognize their seriousness and more effectively alleviate their conse-
quences. Those responsible for design, construction or operation, for regulatory over-
sight, or for medical response can, at their own initiative, take effective steps to ensure
safety and to limit the consequences of safety failure. There is a fundamental need to
inculcate a sense of responsibility for safety — a ‘safety culture’— in all concerned
if the net benefit of radiation uses is to be maximized. In particular, designers and
constructors can make greater efforts to-anticipate and prevent possible misuses of a
facility; maintenance personnel can identify patterns suggesting safety weaknesses;
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operators can insist that safety take priority over production; regulators can visit all
facilities within their jurisdiction to assess their safety; and the medical community
can update educational curricula to include basic information to help ensure that
physicians promptly identify the earliest signs of radiation injury and act upon that
recognition.

7.2. RECOMMENDATIONS TO ORGANIZATIONS OPERATING
IRRADIATION FACILITIES

Safety systems improvements

1. In all accelerator rooms, a number of important safety systems should be
installed, including: automatic pre-warning, automatic warning, emergency cut-out
buttons, door interlock system, search and lock-up system, area radiation monitors,
warning signs and a closed circuit television system. These safety systems, especially
the interlock system, should be regularly checked and properly maintained (with
written records) if the intended degree of safety is to be achieved. These systems are
described more fully below.

(a) Automatic warning signals before and during radiation generation

Before radiation can be generated, an audible or visible warning (e.g. a rotating
yellow beacon) must operate for 10-15 s or more. During radiation generation a
second audible or visible warning (e.g. a rotating red beacon) which is clearly
distinguishable from the pre-warning signal must operate. These warning signals
must be fully automatic, i.e. not rely on an operator pressing a button. Audible
warnings must be clearly distinguishable above ambient noise. Visible warnings
must have a sufficient number of lamps to be clearly visible anywhere in the
room. Moreover, these warning devices must be designed as fail-to-safe, i.e. any
component failure must prevent radiation generation until the fault is repaired.
Signs that clearly explain the significance of the warnings must be displayed
inside and outside the irradiation room.

(b) Emergency cut-out buttons

On each wall of the accelerator room there should be at least one switch that can
be pressed to stop further radiation generation automatically and immediately, to
sound an alarm bell outside the room, and to prevent restart until the operator has
entered the room and reset the switch. All emergency cut-out buttons must be
clearly labelled.

(¢c) Door interlock system

The accelerator room door must have an interlock system such that if the door
is open, radiation cannot be generated, or if the door is accidentally opened
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during radiation generation, generation is automatically terminated (see Fig. 9
for recommended interlock mounting method). Given the greater precaution
needed in such a high radiation intensity facility, a single interlock is not suffi-
cient, and a second interlock should be installed that operates in a different
mode from the first (e.g. using mechanical position switches, with the contacts
on one normally closed and the other normally open). The correct operation of
any interlock system should never be assumed. Regular checks must be carried
out and written records maintained.

FIG. 9. Sliding door mounting method. (The use of two position switches, one with contacts
normally open and the other with contacts normally closed, provides a higher degree of safety.)

(d) Search and lock-up system

A system should be installed that incorporates a time delay switch inside the
room to be activated by the operator immediately prior to returning to the
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control console. If the accelerator is then not switched on within a pre-set time
(e.g. 30-60 s), radiation generation should be prevented until the operators
physically check inside the room and re-set the time delay switch.

(e) Area radiation monitors

At least one permanently installed area radiation monitor should be mounted
inside the room to sound an alarm or illuminate a rotating beacon if radiation is
present above ambient background levels. This warning should operate inde-
pendently from and in addition to the other warnings described above.

() Warning signs

Inside the accelerator room, large notices should be displayed which clearly and
concisely state the significance of the various warnings and what must be done
in an emergency (e.g. “Press nearest emergency stop switch and leave the room
immediately.”)

(g) Closed circuit television system

A closed circuit television system would be useful to allow the operators to view
inside the room from the control console.

2. Outside accelerator rooms, pre-warning and warning devices similar to those
inside should be installed, and a security key and a timer on the control console
should be installed to limit the duration of radiation generation.

Shielding

3. Radiation exposure from the operation of irradiating facilities should be con-
strained by appropriate shielding to be as low as reasonably achievable. Particular
attention should be paid to the roof, doors, ventilation and cable ducting to ensure no
direct radiation leakage path. The use of maze entrances and shield plugs is essential
to reduce radiation fields at the point of exit to acceptable levels. The amount of
shielding required should be determined by reference to dose rate requirements speci-
fied by the competent authority.

4. A detailed dose rate survey should be performed outside accelerator rooms
using a range of appropriately calibrated monitors so as to provide a sound basis for
logical and cost effective shielding improvements. Particular care should be taken to
measure all areas outside the room and to take account of: (a) air scattered radiation
in buildings and offices adjacent to, and above accelerator rooms; (b) areas where
cable or ventilation ducts pass through the walls into the accelerator room (see Fig. 10
for recommended cable ducting methods); and (c) radiation levels in the area imme-
diately outside the accelerator room door.
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FIG. 11. Interlock mounting method.

(Notes: Care should be taken to distinguish between dose rates due to radiation
transmitted through the door and dose rates from stray radiation around the door
frame. To reduce leakage radiation, it is recommended that a sliding door be used
which overlaps the walls and can be recessed into the floor to provide greater shield-
ing (see Fig. 11). With some high energy accelerators, neutrons can ‘stream’ around
the wall and cause high dose rates outside the entrance to the maze; in that case boron
tiles on the maze wall can be used to absorb the neutrons.)
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Procedural controls
5. All facilities should have a well trained radiation protection officer.

6.  Local rules must be drafted to include: (a) the name of the radiation protection
officer(s) and their responsibilities; (b) the names of persons authorized to operate
the equipment; (c) procedures for ensuring the radiation safety of all persons; (d) pro-
cedures for regular radiation monitoring outside the facilities, with the names of
those responsible for carrying out such monitoring; and (e) emergency procedures
clearly stating what is to be done in the event of fire, mechanical damage, component
failure, etc.

7.  Radiation warning signs that conform to international standards should be dis-
played on the doors to accelerator rooms, at the start of the maze and, if access is not
physically barred, on the roof of the accelerator room.

Training in radiation safety

8.  Radiation protection training must be given to all persons involved in opera-
ting or maintaining accelerators. Special training on medical aspects should be given
to local physicians responsible for surveillance of exposed workers.

Monitoring worker exposure

9.  Personal dosimeters (TLDs) should be issued to all those working with accel-
erators to continually monitor their exposure.

10. A routine monitoring programme using properly calibrated equipment that
permits thorough dose rate surveys around accelerators should be established.

7.3. GENERAL RECOMMENDATIONS TO REGULATORY AUTHORITIES

1. It should be required that radiation protection officers be appointed and
trained at all major establishments where ionizing radiations are used.

2. The appointed (and trained) inspéctors should audit all major ionizing radia-
tion users in the country. A written report of inspection results that details required
improvements should be sent to the user. A follow-up visit (after a suitable time
period) should be made by the inspectors to ensure that all recommendations have
been implemented.
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Monitoring

3.

Inspectors should check exposure rates around the facilities, using a range of

suitable monitors, including:

4.

Dose rate monitors. A range of monitors should be available that can measure
dose rates from environmental levels, through protection levels, up to high dose
rates. A suitable selection of ionization chambers, Geiger detectors and scintil-
lation detectors is recommended, including some small-area detectors capable
of measuring leakage radiation. The inventory should include monitors that can
measure beta, gamma and neutron radiation of all relevant energies.

Contamination monitors. The range of contamination monitors should include
probes capable of detecting alpha, beta and gamma radiation from low to high
energies. In addition to end-window Geiger detectors, scintillation probes
should be available as they have proved to be robust, reliable and fast respond-
ing.

A national calibration centre should be established to calibrate a full range of

recommended monitors so that all monitoring equipment meets national and inter-
national standards.

Codes of practice

5.

The regulatory authority should prepare codes of practice and supplementary

guidance for all users of ionizing radiation sources.

National inventory

6.

The regulatory authority should seek to develop a national inventory of radia-

tion sources.

Licensing

7.

Licensing procedures should be established at the national level.

7.4. RECOMMENDATION TO MEDICAL AUTHORITIES

Medical doctors should have a knowledge of radiopathology which is adequate

to assess symptoms of overexposed persons and prov1de first aid treatment prior to
referral to specialist hospitals [11, 12].
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7.5. RECOMMENDATIONS TO EQUIPMENT SUPPLIERS

All organizations which install ionizing radiation generators/radioactive sources
should ensure that the equipment is left in a ‘safe’ condition. This should be done by
the installers or an independent organization carrying out a commissioning survey to
ensure that adequate shielding has been provided and that all safety control systems
operate correctly. The depth and detail of the commissioning survey should be
commensurate with the complexity of the equipment and the potential for operators
(or others) to receive a significant radiation exposure. However, even for simple com-
missioning surveys, a written report should be provided by the person or organization
carrying out the work. These requirements should be discussed and contractually
agreed before the equipment is supplied.
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PLATE 1. General view ofaccelerator room equipment.



PLATE 2. Control consolefor the MT-17 accelerator at HINP.






PLATE 4. The exposed man’s hands on
(a) day 14, (b) day 28 and (c) day 113.



Annex

ACCELERATOR AREA RADIATION SURVEY
AND WORKER DOSE ASSESSMENT

DOSE RATE MEASUREMENTS OUTSIDE THE MICROTRON ROOM

An initial survey of the levels of X ray radiation outside the facility was carried
out by an IAEA radiation protection expert. The results are given in Table A-1, but
several points must be noted:

(a) The monitor used was a relatively new FAG FH-40 F2 compensated Geiger but,
as no calibration details were available, the dose rates given in Table A-1 were
‘as read’ from the digital display and should be interpreted accordingly.

(b) The accelerator was at the time operating at a 3 pA beam current with no sample
in position but with lead and wax shielding positioned close to the X ray output.
(The accelerator log book showed that significantly higher beam currents had
been used previously and, as dose rates outside the accelerator room increase
more or less linearly with beam current, past radiation levels may at times have
been excessive and, given the lack of appropriate monitors, the operators may
have been unaware of it.)

(c) Neutron radiation contributes to exposure outside the room, but its significance
could not be assessed owing to lack of a suitable monitor.

Despite these caveats, the survey showed significant X ray dose rates imme-
diately outside the room door and in the corridor next to the control room, but occu-
pancy of these areas was probably low. The area of most concern was in the MT-17
control room, where dose rates up to 25 pSv/h were measured and where operators
could be at the control console during the whole of an experiment.

Annual doses to the operators were estimated (Table A-2) from data supplied by
HINP and account only for X radiation, as neutron levels were not measured.
Moreover, the added dose from the Hungarian designed neutron accelerator also
cannot be estimated, as dose rates outside that facility were unknown and the unit was
not operational.

DOSE ASSESSMENT OF OPERATORS IN THE MT-17 ACCELERATOR
CONTROL ROOM
Estimates of dose to nearby workers from accelerator produced photons are

given in Table A-2. The estimates are based on HINP supplied beam-on times and
beam current values and on the JAEA team’s survey of X radiation in the MT-17
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control room. The estimates assumed: (a) an average beam current; (b) uniform opera-
ting frequency over the years; and (c) a 100% control room occupancy factor.
(Assessment of exposure to accelerator induced neutrons would require a neutron
survey.)

TABLE A-1. DOSE RATE MEASUREMENTS
OUTSIDE THE MICROTRON ROOM

X ray dose rate

(uSv/h)

Measurement position

Control cabin area (a) 10-25 in general cabin area
(b) 50 on wall near to accelerator room

In the corridor, close to the measurement 200
room door
Surface of accelerator room door and 100200

surrounding area

On roof of accelerator room 300

In first floor rooms that overlook (a) up to 35 next to windows

the accelerator room (b) up to 2 in general working areas
On top of main roof overlooking 120 at edge of roof

accelerator room

TABLE A-2. DOSE ASSESSMENT OF OPERATORS
IN THE MICROTRON CONTROL ROOM

Period Beam current Operating time Annual dose
(nA) (h) (mSv)
1982-1985 14-16 250 5
1986 10-14 360 25
1987-1990 5-10 300 3
1991-1992 3-6 360 5
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