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ABSTRACT

The analysis of data on nuclear research reactor (NRR) and socio-economic
conditions accross countries reveals highly significant relationships of reactor power with
GDP and R&D expenditure. The trends revealed can be used as preliminary guides for
feasibility assessment of investment in a NRR. Concerning reactor performance, i.e. the
number of reactor operation days per year, the covariation with R&D expenditure is most
significant, but moderate, implying that there are other controlling factors, e.g. the
engagement of country in nuclear power development. Thus, the size of the R&D fund is a
most significant indicator to look at in reactor planning. Unfortunately, the lack of adequate
R&D funding is a common and chronic problem in less developed countries.

As NRR is among the biggest R&D investment in less developed countries, adequate
cost benefit assessment is rightfully required. In the case of Vietnam, during 15 years of
operation of a 500 kW NRR 2300 Ci of radioisotopes were delivered and 45,000 samples
were analysed for multielemental compositions. From a pure financial viewpoint these
figures would still be insignificant to justify the investment. However, the impact of the
reactor on the technological development seems not to be a matter of pro and cons. The
status of reactor utilization and lessons learned are presented and discussed.

1. INTRODUCTION

The utilization of nuclear research reactors (NRR) worlwide has been going down
since the late 1970's. During the seventies and eighties, 117 NRRs were commissioned
instead of 155 shut down, mostly in industrialised countries [1]. This trend persisted during
the nineties with a number of facilities closed or suspended, especially in Eastern Europe. In
the developing world, 40 NRRs were operated in 1980, increasing to 60 by 1990, but very
few have been commissioned in the last ten years. NRRs are built and operated only in 25
out of 55 developing countries with populations greater than 10 million. Public attitude on
nuclear technology seems to have been contributing to this declining trend. Thus, the
"golden age" had been over when NRRs used to play a key role in fundamental research on
the structure of matter and in laying the foundation for the development of nuclear power
and nuclear weapons technology. This situation may have an impact in reactor planning, e.g.
whether, and in what conditions, investment in NRRs is still justifiable.
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The question becomes more challenging for countries with low levels of development
(less developed countries) where the lack of adequate budget for R&D and shortage of well
trained manpower are typical factors greatly limiting the effectiveness of the investment in
NRRs. However, it is from these countries new NRRs are expected to be set up as national
income as well as demands for technological development increase in the future. By
achieving some level of development, investment in NRR becomes feasible and impact on
social progress can be expected. This paper intends to reveal worlwide trends of reactor
utilization in relation to socio-economic conditions that may shed some light for the
assessment of reactor utilization in less developed countries. The status of reactor utilization
in Vietnam and lessons learned will be presented as a case study.

2. NRR UTILIZATION AND RELEVANT SOCIO-ECONOMIC INDICATORS

A survey of worldwide NRR information [1] reveals strong variabilities in reactor
utilization accross countries in terms of installed reactor power, number of operating facilities
and operation records. This obviously reflects the diversity in the size and the level of
development of reactor-owned countries [2, 3]. Simple statistical analyses allows us to search
possible relationships between indicators on reactor utilization and relevant socio-economic
conditions. Two reactor indicators are considered, namely the reactor capability and reactor
performance. The reactor capability of a country can be measured using the total installed
power (POWER). To assess the reactor performance, the number of operation days per year
was calculated by dividing the megawatt days produced per year by the megawatts installed
compiled in [1], i.e. the load factor (LOAD) for country having a single reactor. The two
selected indicators are relevant also in cost- benefit assessment. In fact, the cost increases
with the reactor POWER, while the LOAD factor reflects the volume of demands on reactor
operation and hence, the benefit of investment.

Concerning socio-economic indicators the most relevant are gross domestic product
(GDP) and per-capita GDP (pcGDP). Also considered were three other indicators which are
thought to have relationships with the reactor capability and performance, namely the
country's expenditure for research and development (R&D), the educated manpower
resource which can be measured as the number of students at the 3rd level per 100,000
inhabitants (3rd EDUC) and the total commercial energy consumption (ENERGY). The later
was considered to be relevant in view that energy may be among national long term goals of
the nuclear science development programme. The coefficients of correlation between
indicators are calculated in Table 1 using the 1990's statistics [1, 2, 3]. In computing
correlation coefficients all indicators except LOAD were converted to logarithmic scales to
take into account their lognormal distributions.

Some trends of covariation between indicators are shown in Table 1. For example,
the installed reactor power correlates strongly with GDP and R&D expenditure rather than
with three other indicators. In Fig. 1 are plotted the 1990's statistics on total installed reactor
power [1] versus GDP [2] from 45 reactor owned countries. A linear regression relationship
exists that can explain more than two third (R2 = 0.68, <r> = 0.82) of the variance among
countries.

Fig. 1 allows to estimate the minimum GDP level that becomes appropriate for
establishing a NRR in a low income country. Assume that the reactor power should at least
be 1 MW (for radioisotope production becoming feasible and viable), then the GDP level
should not be below approximately 10 billion USD according to the worlwide trend. At
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Table 1 Correlation between socio-economic and NRR indicators

GDP
R&D
ENERGY

pcGDP
3rd EDUC

POWER
LOAD

GDP

1.00
0.93
0.86

0.63
0.58

0.82
0.42

R&D

1.00
0.72

0.38
0.42

0.83
0.50

ENERGY

1.00

0.32
0.38

0.76
0.26

pcGDP

1.00
0.82

0.43
0.45

3rd EDUC

1.00

0.39
0.21

POWER

1.00
0.22

LOAD

1.00
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Fig. 1. Scatter plot of Ln(GDP) and Ln(total installed reactor power). Countries labelled in
italic are not included in the regression as NRRs were set up almost four decades ago.
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present quite a few "non-reactor" countries in the developing world had achieved this GDP
level. Also from Fig. 1 it can be speculated for example that Asian countries such as
Thailand, Malaysia and Australia would have increased their reactor power in compatibility
with their GDP and the worlwide trend.

The LOAD factor is again in correlation with expenditure for R&D (<r> = 0.50) and
GDP (<r> = 0.40). But the correlation is moderate implying that there are other factors
controlling the reactor performanve. In particular, in many countries reactor utilization is
largely linked with the programme on nuclear power (and nuclear weapons) development.

Thus, the feasibility of investment in a NRR in less developed countries can be judged
looking at the GDP level, or even better, the R&D expenditure, as crude socio-economic
criteria.

3. REACTOR UTILIZATION IN VIETNAM. THE DALAT NRR

In 1962 a 250-kW TRIGA MARK II reactor was established at Dalat City, 300 km
north of Saigon (presently Ho chi Minh City), Vietnam. There were very few activities with
that reactor due to the long war during the sixties and early seventies. At last, in spring 1975,
a few days before the end of the war, the core was taken away leaving the reactor idle until
1984, when it was reconstructed and upgraded to 500 kW with Russian technology [4].

The specific features of the reconstructed reactor were a new core of higher U-235
enrichment (36%) installed inside the old Triga graphite reflector and equipped with a<j)7x
58 cm berylium-lined water neutron trap in the central vertical channel (Fig. 3). The whole
core including control channels was suspended from above through a (J)40 x 160 m sucking
tube which has a function to enhance the vertical heat convection through the core. The
rigidly linked infrastructure of the old Triga reactor (tank, graphite reflector, horizontal
channel) remained untouched. Such a "hybrid" reactor was a best option at that time if
considering the high neutron flux (2.1xlOL' n. cm"2 s"1) vs. power (500 kW), as well as the
low cost and short time required for reconstruction compared to the alternative of
construction of a new reactor. However, even at that time the low power (neutron flux) was
regarded as an evident weakness of the reconstruction option in view of increasing demands
for radioisotopes and nuclear techniques in the future.

There were practically no experimental conditions suitable for reactor applications
when the reactor was reconstructed. During 1984-1989, efforts were made to establish
technologies for radioisotope production, neutron activation analysis, exploitation of
horizontal beam tubes, reactor physics, nuclear electronics and dosimetry. The IAEA played
an important role in funding and purchasing most of sophisticated measurement equipment
through its regular technical assistance programme. Local funding was mainly coming from
the governmental R&D expenditure which has gradually increased with the success of the
open market orientation policy in Vietnam, although the figures are still quite low compared
to any standards for a reactor operating centre. Customer demands in radioisotopes and
analytical services have been continually expanding, providing another important funding
source for reactor operation, but again, most of contracts are granted by the budgets for
health care and R&D. On the other hand, the weakness of low reactor power becomes more
evident in view of satisfying both quantity and quality requirements for reactor produtcs. In
fact, by the years 2000 the GDP of Vietnam reaches 25 billion USD, about
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Fig. 2 The core of the Dalat NRR
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threefold the 1984's figure when the reactor was reconstructed. At this GDP level a reactor
power around 3 MW would be appropriate according to the worlwide trend in Fig. 1.

4. NUCLEAR TECHNIQUES DEVELOPED AT THE DALAT NRR

Starting the reactor utilization programme much later than other countries, the most
appropriate approach in our conditions was a creative adaptation of proven nuclear
techniques that are required modest additional investment but also seem to have a good
prospect of customers [5]. The practice shows that the three above requirements are not
always overlapping. Moreover, market demands may change rapidly while manpower
developement is a permanent task and a high priority policy. In view of that the customer
demand criteria can sometimes be relaxed and the techniques were developed almost because
of "learning by doing". The techniques developed and their current status are summarised in
Table 2. Probably almost all techniques suitable for low power reactors were developed with
various degrees of success and sustainability. Only neutron diffraction was not planned in
view of high investment and lack of partners in materials science. Nuclear techniques were
developed through the pathway as follows:

i) acquisition of information and knowledge (e.g. through oversee training, expert
services,...)

ii) imitation;
iii) indigenization including laboratory quality assurance and technology innovation;
iv) products, services or technology transfer to the customers.

In most cases, the lack or inproper quality assurance was the main reason for the
technique not sustainable or even not reaching the customers. And the reason for such a
failure was mainly unadequate investments in R&D and lack of skill or innovative efforts in
technology indigenization.

5. ASSESSMENT OF BENEFITS

During 15 years of reactor operation over 2300 Ci of radioisotopes were delivered
and 45,000 samples were analysed for multielemental compositions. From a pure financial
viewpoint these figures would still be insignificant to justify the investment. However, the
impact of the reactor to the social progress and technological development seems not to be a
matter of pro and cons:

5.1 Nuclear medicine has taken shape with 22 units set up countrywide. In 1984 there were
only 2 nuclear medicine units with 3 rectilinear scanners as the most sophisticated
instruments consuming annually 2 Ci of imported radioisotopes. At present, 7 gamma
cameras, 2 SPECTs and many other instruments are functioning providing 150,000
diagnoses and 1000 treatments annually. Such a substantial progress was nourished by the
domestically produced isotopes which at present share 70% (160 Ci/year) of the domestic
market.
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Table 2 Nuclear techniques developed at the Dalat NRR and their sustainability

No

1

2

4

5

6

7

8

9
10

11
12

13

14

15

16

Technique

Multielemental INAA [6]

Radiochemical NAA

Cyclic NAA for short-lived
isotopes
Delayed NAA

Prompt gamma NAA [8]

Neutron radiography [9]

Filtered neutron beams [10]

Neutron doping of silicon
[5]
Colouring of gemstones
Prod, of radiopharmaceut.,
99mTc-generators and
compounds labelled with
131I,5lCr,32P... [13,14,15].
Kits for labelling with 99mTc
Manufacturing of nuclear
medicine instruments
In-vitro kits labelled with I2'I
imported
Production of Sc & Ir
glasses and radiotracer
materials
Preparation & use of tracers
in hydrology
Use of radiotracers in
secondary oil recovery

Year
establ

85

87

88

86

90

90

90

86

92
86-90

92
91

97
92

92

99

Sustainability

In regular use. About 3000-4000 samples/y.
High level of automation expected in 1999
Applied in trace elements analysis for
geochemical and environmental studies
Facilities set-up, but not in routine use.
Lack of reliability
No more customers after 1986, equipment
not in use
Used as complementary to INAA (for B, H,
Gd, Si) with low throughput, <100
samples/y
No customers, further activities to improve
the quality stopped
For nuclear data research [10, 11], neutron
radiography & prompt gamma NAA [12]
Stop, after a trial product, of 13,000 diodes

Stop, from radiation protection viewpoint
160 Ci/y, used in 22 hospitals. Substantial
increase required and expected since 1999.
Diagnosis: 150,000 patients/y
Therapy: 10,000 patients/y
9 kits, -9000 bottles/y
Supply to 20 nuclear medicine units accross
the country

Supply to hospitals expected in 1999
Use in sediment transport studies at harbour
areas [16]. 20 Ci of tracers produced. Sc-
glass supplied to Indonesia..
Used in ground water and dam leakage
studies since 1992 [17]

Applications started in 1999
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5.2 Advance techniques were able to be developed, e.g. tracer technology applied in
sediment movement mapping, dam leakage investigations and secondary oil recovery
Short-lived radiotracers are used in these experiments taking advantages of locally
produced isotopes. Instrumental neutron activation analysis (INAA) shares a large
amount of demands on trace element analysis (3000 samples/y). Given analytical
capability at hand, the Dalat nuclear research centre has actively engaged in national
environmental management programmes, (see e.g. [7]).

5.3 A number of scientists and technicians were grown up and their skills were gained
through "learning by doing". Notably to mention knowledges acquired through
maintaining the aging reactor with the infrastucture being nearly 40 years old, the
renovation of the reactor control system, the. invention of methods suitable for
radioisotope production for medical uses using low power reactor and the exploitation
of horizontal beam tubes using neutron filters.

5.4 Vietnam may eventually embark on a nuclear power programme in order to get the first
plant operated by the years 2010-2020. The investment made so far to create the DNRR
will be fully justified if its activities will properly matches with the future national
nuclear power programme.

6. THE LOW POWER CONSTRAINT

The low power of the reactor has been a major constraint limiting its practical
applications. While a maximum neutron flux of 2.1 x 1013 n. cm"2.s"' is quite good for NAA
and suitable for producing radiotracers applied in sedimentology, hydrology etc., it is
apparently low for neutron beam experiments and in achieving adequate quantity and quality
of radioisotopes for medical uses.

6.1 Radioisotopes for medical uses

As the nuclear reactor is too far from major cities, the supply of "Mo-99mTc
generators is a unique solution for hospitals using pertechnetate 99mTc in diagnosis without
significant loss of activity. At first, the popular technology based on MEK-extraction of
99mjc from j ^ s p a r e n t "Mo was adapted. But the MEK-extraction generator produced very
low specific activity of 99mTc (below 10 mCi/ml), not suitable for using gamma cameras.
Continuous efforts in research on gel materials and in improvement of generator
performance [13, 15] have resulted in the development of new gel-type chromatographic
generators using TiMo and/or ZrMo as both targets for neutron irradiation and column
packing materials. The performance of the generator (Table 3) satisfies requirements for use
with modern nuclear imaging instruments such as gamma camera and SPECT.

Given the achievement in 99mTc generator technology, the Dalat NRR had succeeded
to secure its role in nuclear medicine in Vietnam. However, the weakness of low reactor
power still remains, especially in satisfying demands in radioisotopes for medical treatment.
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99mnTable 3 The specifications of the Dalat mTc generator

Weight of zirconium-( ^ lo) molybdate gel 20 g (330 mg Mo/g gel)
Total parent nuclide radioactivity 600 mCi of 99Mo (at delivery)

. 99m.
Elution efficiency for yymTc 80%0

Concentration of 99mTc in pertechnetate solution 50 mCi 99mTc/ml
Elution time 7 min
Eluant 0.9% NaCl solution

6.2 Exploitation of neutron beams

Prompt gamma neutron activation analysis (PGNAA) was developed to enhance the
analytical capability of the reactor in terms of elements for which INAA is not suitable. In
encountering difficulties with low thermal neutron flux vs. high gamma and fast neutron
components, single crystal silicon filters were used to produce neutron beams with enhanced
thermal neutrons [8-11] (Table 4). The substantial gain in thermal-to-fast neutrons obtained
with Si-filter allowed to apply PGNAA in many cases as a technique complementary to
INAA. However, the low thermal neutron flux could not make PGNAA becoming viable in
routine use. Counting time for each prompt gamma spectrum usually is not less than 12
hours.

Table 4. Characteristics of the filtered thermal neutron beams at the tangential channel

Filter assemblies § & tj> (E>1 MeV) Rca(Au) Ig3mma
n.cm'2 s'1 n. cm'2 s'1 (R/h)

1.
2.
3.
4.

No filter
80 mm graphite +
80 mm graphite +
No2 + 366 mm Si

50 mm Pb
lOOmmPb

5
1
5
3

.8xl07

.2xlO7

.5xl06

.5xl06

4.
3.
1.
n

5xlO3

5x104

2xlO4

xlO1

5
12

19.5
77.5

4
1.8
0.8

0.22

7.PROBLEMS WITH INAA

The Dalat NRR is very suitable for INAA considering its neutron flux, neutron
spectrum characteristics and irradiation capacity (Fig. 2). INAA provides analytical data for
up to 25 -30 elements in 3000 samples/year. To further upgrade the INAA capability,
investments and improvement have been carrying out in three directions, i.e.

i) higher level of automation;
ii) proper QA&QC;
iii) analytical techniques for compositional, not solely elemental characterization.
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These requirements can be best illustrated in air pollution studies in which INAA used
to be applied to provide large data sets of accurate ambient concentrations for the purpose of
pollution sources characterization using receptor modelling techniques [18]. Table 4 shows
characteristics of sources of air particulates less than 2 |j.m collected in downtown Ho Ghi
Minh City [19]. Although INAA is shown robust, some sources revealed by receptor
modelling are deficient of elements-markers making their identification somewhat
unambiguous. Polarography method was applied to incorporate information on Pb, which
used to be a marker of car exhaust. But Pb was found mainly associated with the source No
4 whose nature could not be fully understood due to the lack of other marker elements. Ion
chromatography is currently developed to incorporate information on anions (SO4~, NO:,~,
Cl"...) and cations (NH4 , Na , K ...) which are important markers of air pollution sources
and atmospheric processes.

Table 4 Characteristics of PM-2 sources in downtown Ho Chi Minh City

Source identified

1. road dust
2. automobile
3. resuspended soil dust
4. Pb-emitting
5. coal burning
6. waste and biomass burning
7. unexplained

Marker elements found

Al, Ca, Cr, Cu, Mn, Na, Ti, V
Br, Cl, Zn
Co, Fe, Sc
Pb
As, Se
Sb, K

Impact at
receptor
(ng m-"")

3379 (21%)
2158(11%)
1470 (7.6%)
6371 (33%)
3260(17%)

189(1%)
2577 (13%)

8. CONCLUDING REMARK

NRR is among the biggest R&D investments in less developed countries, hence
adequate cost benefit assessment is rightfully required. For countries like Vietnam, however,
this task is very challenging, as material benefits alone from reactor products (radioisotopes,
analytical services etc.) cannot offset investment in reactor facilities, while the gain in human
and technological development is hard to be measured. The gain will be great if the
indigenization of nuclear techniques are innovative, rather than imitative. That was really an
appropriate approach for overcoming chronic difficulties with fund shortage and for striving
to proper quality assurance for reactor products.
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