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Abstract. The Dalat Nuclear Research Reactor (DNRR) with the nominal power of 500 kW is today the unique one and plays an important role in the nuclear sector in Vietnam. It was reconstructed and upgraded from the original 250-kW TRIGA Mark-II reactor in 1983 and loaded with highly enriched uranium (HEU) fuel of Russian designed WWR-M2 type with 35% U-235 enrichment. The reactor core was converted from using HEU to LEU (Low enriched uranium) fuel with 19.75 % U-235 enrichment in 2011. The main purposes of the reactor are radioisotope production, neutron activation analysis, basic and applied researches, and nuclear education and training. More than 90% of reactor-operating time and over 80% of reactor irradiation capacity have been exploited for research and preparation of radioisotopes mainly 131I solution and capsules, 32P applicators and solution, 99mTc generator and its labels, and other isotopes upon request. Besides, the utilization for neutron activation analysis (NAA), prompt gamma neutron activation analysis (PGNAA), basic and applied research on nuclear data using neutron beam ports, as well as research on reactor physics and thermo-hydraulics have also been implemented. With the rising demand in development of human resources for national nuclear power program, the DNRR has been playing an important role in the nuclear education and training for students from universities and professionals with interest in reactor engineering. This paper presents main results of DNRR utilization for medical and industrial applications, for scientific research as well as for education and training purpose. Besides, a brief status of the new multipurpose research reactor project in Vietnam is also given.
1. Introduction

The DNRR is a 500-kW pool-type reactor loaded with the Soviet WWR-M2 fuel assemblies. It was reconstructed and upgraded from the USA 250-kW TRIGA Mark-II reactor built in early 1960s. The first criticality of the renovated reactor was on the 1st November 1983 and its regular operation at nominal power of 500 kW has been since March 1984. The first fresh core was loaded with 88 HEU fuel assemblies (FAs) enriched to 36% of U-235.  

In the framework of the Russian Research Reactor Fuel Return (RRRFR) program, the DNRR core was partly converted from HEU to LEU with 19.75% enrichment in September 2007. Then, the full core conversion of the reactor to LEU fuel was also performed in November 2011. At present, the DNRR has been operated with a core configuration of 92 LEU FAs and 12 beryllium rods around the neutron trap. The characteristics of neutron flux at irradiation positions and actual utilization of the reactor after full core conversion showed that the reactor core with LEU fuel is not much different compared with the previous core with HEU fuel [1].
The reactor is used as a neutron source for the purposes of radioisotope production, neutron activation analysis, basic and applied researches and training. As a unique research reactor in Vietnam, the DNRR has been playing an important role in the research and development of nuclear technique applications as well as in nuclear power programme development of the country. Safe operation and effective utilization of the reactor expected at least to the year 2030 are a long-term objective of the DNRR. The main results of the DNRR utilization and application, especially after its core conversion are presented in this paper.

2. Brief Description of the DNRR 
The DNRR is a pool type reactor, moderated and cooled by light water. Main specifications of the reactor are listed in TABLE 1 [2].
TABLE 1. Specifications of the DNRR.

	Reactor type
	Swimming pool TRIGA Mark II, modified to Russian type of IVV-9

	Nominal thermal power 
	500 kW, steady state

	Coolant and moderator
	Light water

	Core cooling mechanism
	Natural convection

	Reflector
	Beryllium and graphite

	Fuel types
	WWR-M2, dispersed UO2-Al with 19.75% enrichment, aluminum cladding

	Number of control rods
	7 (2 safety rods, 4 shim rods, 1 regulating rod)

	Materials of control rods
	B4C for safety and shim rods, stainless steel for automatic regulating rod

	Neutron measuring channels
	6 combined in 3 housings with 1 CFC and 1 CIC each

	Vertical irradiation channels
	4 (neutron trap, 1 wet channel at cell 1-4, 2 dry channels at cells 7-1 and 13-2) and 40 holes at the rotary rack

	Horizontal beam-ports
	4 (1 tangential - No #3 and 3 radial - No #1, #2, #4)

	Thermal column
	1

	Maximum thermal neutron flux
	2.1x1013 n.cm-2.s-1 (in the neutron trap at core center)

	Main utilizations
	RI, NAA, PGNAA, basic and applied researches, nuclear training
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	FIG. 1. Vertical section view of the reactor.
	FIG. 2. Cross-section view of the reactor core with 92 fuel assemblies.


Most ex-core structures were retained from the former TRIGA reactor. These include the aluminum tank, graphite reflector, thermal column, horizontal beam tubes and concrete shielding. The reactor consists of a cylindrical aluminum tank 6.26 m high and 1.98 m in diameter of the original TRIGA reactor. The reactor core, positioned inside the graphite reflector, is suspended from above by an inner cylindrical extracting well so as to increase the cooling efficiency for coping with higher thermal power of the reactor. FIG. 1 shows the vertical section view of the reactor and FIG. 2 illustrates the cross-section view of the reactor core.
The reactor core has a cylindrical shape with a height of 60 cm and a diameter of 44.2 cm and the core cooling is maintained by natural convection. Type of fuel with a 235U enrichment of 19.75% of UO2+Al covered by aluminum cladding is used. Each LEU FA contains about 50.5 gram of U-235, distributed on three coaxial fuel tubes, of which the outermost one is hexagonal shaped and the two inner ones are circular. A number of experimental irradiation facilities are present inside and around the reactor core, consisting of a central neutron trap, one in-core vertical wet and two in-core dry (pneumatic transfer) irradiation channels, a rotary specimen rack at the graphite reflector around the core, a graphite thermal column, and four horizontal beam-ports. The neutron trap with the highest thermal neutron flux of 2.2x1013 n.cm-2.s-1 and the in-core vertical wet channel at cell 1-4 with thermal neutron flux of 1.1x1013 n.cm-2.s-1 have been used mainly for radioisotope production (RI). The rotary specimen rack providing 40 wet irradiation positions has the average thermal neutron flux of 3.8x1012 n.cm-2.s-1 used for neutron activation analysis (NAA) and for RI as well. The rotary rack located in a circular well of 30-cm depth within the upper part of the graphite reflector consists of an aluminum rack for holding specimens during irradiation inside a ring-shaped, seal-welded aluminum housing. The rack has 40 evenly-spaced tubular aluminum containers (holes), open at the top and closed at the bottom, which serve as receptacles for specimen containers. The maximum internal space in each of 40 holes is 31.75 mm in diameter by 274 mm in length. The rack was modified to operate completely within water. 

There are two pneumatic transfer systems with vertical tubes penetrating the core at two peripheral cells. The first system with the tube occupying cell 7-1 is remote-operated at a sample-drive-command terminal located about 50 m far from the reactor for NAA. The second system with the tube at cell 13-2 is used for fast activation analysis; its sample-drive-command terminal is located just inside the reactor hall. The thermal neutron flux at these two cells is of about 4.0x1012 n.cm-2.s-1.
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FIG. 3. Horizontal section view of the DNRR.

The reactor has four horizontal beam ports, which provide beams of neutron and gamma radiation for a variety of experiments. They also provide irradiation facilities for large specimens in a region close to the reactor core. Besides, the reactor also has a large thermal column with outside dimensions of 1.2m by 1.2m in cross section and 1.6m in length (see FIG. 3). Three of the beam tubes (No #1, #2 and #4) are oriented radially with respect to the center of the core, and the beam tube No #3 is tangential to the outer edge of the core. Two of the radial tubes (No #1 and #2) terminate at the outer edge of the graphite reflector. The radial beam tube No #4 penetrates into the graphite reflector and terminates at the inner surface of the reflector, just at the outer edge of the core. The tangential beam tube No #3 terminates at the outer surface of the reflector, but it is also aligned with a cylindrical void, which intersects the piercing tube in the reflector graphite. 
The reactor can be operated at variable power level up to a maximum of 500 kW without pulsing capability. At present, the DNRR is operated mainly at nominal power of 500 kW for radioisotope production, neutron activation analyses, basic and applied researches and at lower power levels for education and training. From the first start-up to the end of 2014, it totaled about 39,000 hrs of operation, a yearly average of 1300 hrs, and the total energy released was about 780 MW.d.

3. Main Results of Reactor Utilization
3.1. Radioisotopes and Radiopharmaceuticals Production 

Research on radioisotope and radiopharmaceutical production serving nuclear medicine and other users such as industry, agriculture, hydrology and scientific research is oriented towards efficient use of the reactor. Via such research a variety of products including 131I, 32P applicators and solutions, 99mTc generators, etc. have been produced. For medicine applications, radioisotopes and radiopharmaceuticals have been delivered to 25 hospitals throughout the country [2, 3]. 

The main radioisotopes, such as 131I in NaI solution and 131I capsule type, 32P applicators for skin disease therapeutics and 32P in injectable orthophosphate solution, 99mTc generator of gel type by 98Mo(n, ()99Mo reaction have regularly been produced and supplied. Other radioisotopes as 51Cr in injectable sodium chromate solution and Cr-EDTA, 60Co, 65Zn, 64Cu, 24Na, etc. have been also produced in a small amount when requested. 53Sm in solution form was ready for labelling. Totally, about 5,500 Ci of radioisotopes have been produced and supplied to medical uses so far with a yearly average in the last 5 years of about 300 Ci.

In order to support the application of 99mTc, 113mIn, 177Lu and 53Sm radioisotopes in clinical diagnosis and therapeutics, the preparation of radio-pharmaceuticals in Kit form for labelling has been carried out. About 17 labeled compounds Kits have been regularly prepared and supplied to end-users, such as Phytate, Gluconate, Pyrophosphate, Citrate, DMSA, EHIDA, DTPA, Macroaggregated HSA, EHDP, HmPAO, MIBI, MDP, etc. The annual production rate is about 1000 bottles for each Kit which is equivalent to 5000 diagnostic doses. The Radioimmunoassay (RIA) Kit production and distribution programme have also started. T3 and T4 Kits have been selected locally by end-users with a share of 50% of domestic market. Other RIA and IRMA Kits can be supplied to end-users by dispensing process based on the contract. 
 

Other application of radioisotopes produced at the DNRR is radiotracer technique in sediment studies, oil exploitation, chemical industry, biology, agriculture and hydrology. Some main products are 46Sc, 192Ir, 198Au, 131I, 140La, etc. Research on sediment using radiotracer techniques was sucessfully carried out to investigate bed load layers displacement at estuaries navigation channel region and to explain the sediment deposition phenomenon causing frequent dredging activities. In addition, some small sources of 192Ir and 60Co with low radioactivity have also been produced for industry applications. The status of supply/demand of radioisotopes and diagnostic Kits in the country is shown in TABLE. 2 and main products of DNRR are shown in FIG. 4.
TABLE 2. The supply/demand for radioisotopes and diagnostic Kits in Vietnam.
	    Product
	Supply
	Demand

	131I- Diagnostic and therapeutic capsule/ solution
	20 Ci/month
	40-50 Ci/month

	99mTc-Generator
	20 generators (200-500mCi/each)/month
	40 generators (200-500mCi/each)/month

	32P- Solution/Applicator
	50 Ci/month
	50 Ci/month

	Kits for 99mTc-Labelling

· MDP

· DTPA

· DMSA

· PHYTATE
	300 Kit/ month

100 Kit/ month

100 Kit/ month

100 Kit/ month
	400 Kit/ month

200 Kit/ month

200 Kit/ month

200 Kit/ month
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FIG. 4. Radioisotopes and Radiopharmaceuticals produced at DNRR.
Besides, under the framework of Forum for Nuclear Cooperation in Asia (FNCA), the PZC based technology for production of 99mTc- generator has been studied at DNRR. It is believed that ZrMo, TiMo and PZC based generator could play an importance role as alternative technology for production of 99Mo/99mTc generator from reaction 98Mo(n, γ)99Mo. However, these methods were not very appropriate for the low power research reactor as DNRR.

3.2. Neutron Activation Analysis 

Research on analytical techniques based on neutron activation and other related processes consists of the elaboration of analytical processes and the design and construction of analytical instruments. Requests of many branches of the national economy for various types of samples have quickly been responded. NAA at the DNRR has always been met the demand of analytical services for geology exploration, oil prospecting, agriculture, biology, environmental studies, etc. [2]
The relatively high neutron flux in irradiation channels of the reactor allows elemental analysis using various neutron activation approaches, such as instrumental NAA (INAA), radiochemical NAA (RNAA), and prompt gamma NAA (PGNAA). By the end of 2014, a total of about 60,000 samples have been irradiated at the reactor with a yearly average of 2000 samples. It can be estimated that those make up 60% of geological samples, 10% of biological samples, 20% of environmental samples, 5% of soil and agriculture materials, 3% of industrial materials.

In order to analyse short-lived radionuclides, the method of cyclic INAA with the alternation of irradiation and measurement was implemented by using the thermal column and vertical irradiation channel. A new auto-pneumatic transfer system at DNRR can transfer a sample from irradiation position in the reactor core to measuring detector about 3 seconds. This system was applied to determine the concentration of Se in the biological sample by using the short-lived nuclide of 77mSe (T1/2=17.4 s). The results obtained have opened the new possibility of NAA using extremely short-lived nuclides at DNRR [4]. 
The k-zero method for INAA has been also developed to analyse airborne particulate samples for investigation of air pollution; crude oil samples and base rock samples for oil field study. Based on developed k0-INAA method, a multi-element analysing procedures have been applied to simultaneously determine concentration for about 31 elements including Al, As, Ba, Br, Ca, Cl, Cr, Cu, Dy, Eu, Fe, Ga, Hf, Ho, K, La, Lu, Mg, Mn, Na, Sb, Sc, Sm, Sr, Th, Ti, V, Yb, and Zn.
After conversion of the core by LEU fuel assemblies, the thermal neutron flux in the irradiation holes and facilities for NAA decreases by 6÷9% while the epi-thermal neutron and fast neutron flux increase by 2÷6%. It means that neutron spectrum becomes‘harder’, however this effect is not much to the NAA application.

3.3. Neutron Beam Utilization

The reactor has four horizontal beam ports, but at present only three beam ports (No #2, No #3 and No #4) and the thermal column have been used for reseaches and applications (see FIG. 3). At the beam port No #2, a BGO-HPGe gamma-rays Compton suppression spectrometer has been recently installed for PGNAA and experimental researches on neutron capture reactions. The filtered thermal neutron beams extracted from the tangential beam port No #3 are used for nuclear structure studies, especially for experimental determination of nuclear energy levels and level density in regions below neutron binding energy. The filtered neutron beams at the piercing beam port No #4 with quasi-monoenergies of 24keV, 54keV, 59keV, 133keV and 148keV are used for the mesurement of total neutron capture cross sections. In addition, these neutron beams are also applied for practical study on radiation shielding design. Typical research activities using neutron beams of the DNRR are listed below [2, 5].

3.3.1. Neutron physics and nuclear data measurement

In the keV energy region, filtered neutron beams are the most intense sources, which can be used to obtain neutron data for reactors and other applications. The following experiments have been carried out at the reactor including:

- Total neutron cross section measurement for 238U, Fe, Al, Pb on filtered neutron beams at 148 keV, 54 keV, 24 keV and evaluation of average neutron resonance parameters from experimental data;

- Gamma ray spectra measurement from neutron capture reaction of some reactor materials (Al, Fe, Be, etc.) on filtered neutron beam at 54 keV and 148 keV;

- Measurement of average neutron radioactive capture cross section of 238U, 98Mo, 151Eu, 153Eu on the 54 keV and 148 keV neutron beams;

- Measurement of isomeric ratio created in the reaction 81Br(n, ()82Br on the 54 keV and 148 keV neutron beams;

- And other investigations, such as average resonance capture measurements, using the (-( coincidence spectrometer for study on the (n, 2() reaction, etc..
3.3.2. Application of neutron capture gamma ray spectroscopy
- Development of PGNAA technique using the filtered thermal neutron beam in combination with the Compton-suppressed spectrometer for analyzing Fe, Co, Ni, C in steel samples; Si, Ca, Fe, Al in cement samples; Gd, Sm, Nd in uranium ores; Sm, Gd in rare earth ores; etc..
- Utilization of the PGNAA method for investigating the correlation between boron and tin concentrations in geological samples as a geochemical indication in exploration and assessment of natural mineral resources; analyzing boron in sediment and sand samples to complement reference data for such samples from rivers;

- Development of the spectrometer of summation of amplitudes of coinciding pulses for (n, 2() reaction research and for measuring activity of activated elements with high possibility of cascade transitions.
3.4. Education and Training

Since 1999, a training center at Dalat Nuclear Research Institute has been established to use the DNRR as a main tool and related experimental systems to train and re-train staffs of Vietnam Atomic Energy Institute (VINATOM) and people working in organizations in the field of nuclear energy and application of nuclear techniques. So far, training courses on reactor engineering, reactor operation, nuclear and radiation safety, radioactive waste management, application of nuclear techniques and radioisotopes in industry, agriculture, biology and environment, etc. have been regularly conducted [2]. 

The training courses utilizing the DNRR include an one-week practical training course for undergraduate and graduate students, and a three-week training course on reactor engineering for professionals such as researchers, regulators, engineers, and teachers from universities. The training program of one-week practical course consists of introductory lectures, computer code exercises, experimental exercises at laboratories and reactor facility visit. The training program of three-week course on reactor engineering comprises theoretical lectures, computer code exercises, experimental exercises carried out at the reactor and laboratories, and reactor facility visit. For exercises on computer code and experiments, participants work in group of 5-6 participants each. Each group is required to make presentations on exercises they carried out and all participants are expected to join the discussion. At the end of the course, the final written examination for all participants is done to evaluate their knowledge and grant the ceritificate. 

Beside the DNRR and its experimental facilities used as a main tool, a set of equipment supported under IAEA TC project, bilateral co-operation projects with JAEA of Japan and BARC of India is also used for practical training. The measuring systems for practices at the training center can meet the fast increasing demand and are expected to move forward to the regional standard in nuclear training. As a strategy for development of human resources for nuclear power programme of the country, an oriented training programme in the four key areas on reactor engineering, research and development activities, State management, and university lecturer training program has been established.
3.5. Other Applications

Although power of the DNRR is limitted, gemstone colorizing experiments of topaz and sapphire in the reactor core, in the rotary rack as well as in horizontal channels have been done for the research purpose and for commercial service with limitted amount as well.

As research purpose, silicon mono-crystals have been irradiated at the central neutron trap of the reactor. Irradiated products of good quality, appropriate for fabrication of power diodes and thyristors have been created thanks to proper neutron distribution in this irradiation facility and suitable cadmium ratio.

Research on radio-biology consists of using gamma radiation associated with other factors for improving agricultural seeds and applying radioactive tracers for studying biological metabolism, especially nutrition problems. These studies are to investigate phosphorus absorption and other nutritional problems during the growing processes of rice and other plants. Irradiation effects on some plants to gain higher yield or environment adapted varieties were also studied.

5. Conclusions
DNRR was reached criticality at 15:35 on November 30th, 2011 with 72 LEU FAs and the working core with 92 LEU FAs for reactor long run was achieved from January 9th, 2012 that are consistent with calculated results. Experimental results of physical and thermal hydraulics parameters of the reactor during start up stages and long operation cycles at nominal power showed very good agreement with calculated results too. Besides, based on the obtained experimental results of parameters related to reactor safety such as peaking factor, axial and radial neutron flux distribution of reactor core, negative temperature coefficient, temperature at inlet/outlet of primary and secondary cooling systems, it could be confirmed that current core configuration with 92 LEU FAs meets the safety and exploiting requirements. Measured neutron flux at irradiation positions and actual utilization of the reactor after full core conversion also showed that the reactor core using LEU fuel is not much different in comparison with the previous core using HEU fuel.
After fuel conversion, the reactor has been used for radioisotopes production for medical and industrial applications, neutron activation analysis of geological, crude oil and environment samples, performance of fundamental and applied researches on nuclear and reactor physics, as well as training for human resource development on reactor technology and application of nuclear techniques in the country. A strategic plan and long-term working plan for the DNRR have been set up in order to continue its safe operation and effective utilization at least to 2030. To achieve that, maintaining and upgrading the reactor technological systems have been done with a high quality. The reactor physics and thermal hydraulics studies have also provided the important bases for safety evaluation and in-core fuel management to ensure its safe operation and effective exploitation. The safety and security for the reactor are one of the main issues that national and local authorities are particularly interested in and strongly support up. 

As the unique nuclear research reactor in the country, the DNRR has been playing an important role in the use of atomic energy for peaceful purpose in Vietnam. However, due to the limitation of power and numer of irradiation facilities to support requested experiments on material studies of DNRR, a high power multipurpose research reactor project was approved to establish a new centre for nuclear energy science and technology (CNEST) in Vietnam. ROSATOM of Russian Federation is a partner of this project with the intergovernmental agreement signed on 21 November 2011. So far, both Vietnam and Russian sides have been actively working on preparation of technical specifications for the new reactor and siting for the CNEST. It is expected that the new research reactor may be put into operation between 2020-2022. Therefore, the DNRR is still necessary and keeps playing its important role in scientific research, applications and human resource development of the country.
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