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Abstract. ENEA is the operator of two RRs (Research Reactors) at Casaccia Center near Rome, Italy. The thermal source RR is a TRIGA Mark II reactor (in Italy named RC-1) which reached its first criticality in 1960. The reactor core was realized with 61 standard TRIGA fuel elements, aluminum cladded. In this condition, the reactor was operated until August 1965 at a steady state power level of 100 kW. In the summer of 1965, a program to increase the reactor power to 1 MW was established. The new criticality was reached in July 1967, after significant plant modifications, in order both to adapt the reactor to the new operative circumstances (including safety requirements) and to extend reactor flexibility in a widest research areas. The first configuration at 1 MW was obtained with 76 standard TRIGA fuel elements, stainless steel cladded. Despite aging and financing problems the RC-1 reactor is still operating.
The fast neutron source RR TAPIRO, operating since 1971, is a unique design currently working in the world. The project, entirely developed by ENEA's staff, is based on the general concept of AFSR (Argonne Fast Source Reactor - Idaho Falls). The reactor is basically composed of a cylindrical uranium metal critical core (radius 6.3 cm, height 10.9 cm) enriched to 93.5 % in 235U, surrounded by a natural copper reflector (external radius 41 cm) and a large concrete biological shield; it is cooled by helium, and the reactivity control is achieved by adjustment of the core neutron leakage from the reflector.
In this work some characteristics of the two facilities, together with their experimental devices, will be described. Furthermore a brief overview of the available infrastructures at ENEA C.R. Casaccia, together with the ongoing scientific activity on different research areas, including education and training activities, will be provided.
1. Introduction

Since the beginning of 60's the ENEA Casaccia research centre, located 30 km north of Rome, has been chosen as the site of several research reactors in the context of the Italian nuclear program. Among all, nowadays two research reactors are still operating: a thermal reactor, TRIGA RC-1 [1], and a fast one, named TAPIRO [2]. This paper provides the description of the two facilities and their current and planned activities.
2. Research reactor TRIGA RC-1
2.1. Overview

The TRIGA RC-1 nuclear research reactor (Training Research isotopes General Atomic Reactor Casaccia 1) is a source of thermal neutrons based on the Mark II General Atomic design, built in 1960 in its first version with 100 kW power as part of the U.S. Atom for Peace initiative. In 1967 its power was upgraded to 1 MW based on the ENEA staff design. FIG. 1 shows the reactor hall.
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FIG. 1. TRIGA RC-1 reactor hall.
The TRIGA RC-1 core consists of an annular structure arranged in a honeycomb-like array forming an annulus with seven coaxial cylindrical rings of fuel elements. It's located at the bottom of an aluminum vessel filled with demineralized water acting as coolant, moderator and first biological shielding. Actually TRIGA RC-1 operates with 111 fuel elements providing a reactivity excess of 4.9% Δk/k. FIG. 2 shows a typical RC-1 core configuration and a vertical section of the core [1].
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FIG. 2. TRIGA RC-1 typical configuration and vertical section.
The core is cooled by natural convection and the thermal power generated is exchanged with the environment by two suitable loops, heat exchangers and two cooling towers. Such components are designed to ensure a maximum temperature at the top of the vessel of 50 °C. TRIGA RC-1 has also a negative void coefficient.

TRIGA RC-1 core contains 4 control rods: 3 fuel follower rods and 1 fine regulation rod. The fuel, composed by a ternary alloy H-Zr-U, ensures a safe operation of the reactor. The physical properties of the fuel make possible a remarkable value of the negative temperature coefficient (at least -10 pcm/°C). The core is loaded with low enriched U, 19.95% 235U enrichment, and the Uranium content is 8.5 % weight of the H-Zr-U fuel alloy. Each fuel element, whose active zone is 381 mm height, has an upper and lower reflector zone (see FIG. 3). Fuel elements are stainless steel cladded, whereas the first 100 kW version of the reactor was equipped with 76 aluminum cladded fuel elements [3, 4]. Actually the burn up level of the core loaded and the storage capacity of the facility is sufficient for future utilizations. TAB. I contains some general features of the TRIGA RC-1 core and its main components [5].
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TRIGA RC-1 has been and is currently used for irradiation with neutron and γ fields. Various positions are characterized with different neutron fluxes, from 106 to 1013 n∙cm-2∙s-1, each available for different sample's sizes [3]. In FIG. 4 a schematic representation of the TRIGA RC-1 shows the six horizontal channels together with a view of a horizontal section. Other irradiation facilities are:
•
1 Central Channel

•
Lazy Susan with 40 Positions in rotating rack

•
1 Pneumatic transfer system  ("Rabbit”)

•
1 Loop for irradiations of liquids

•
1 Thermal  Column

•
1 Thermalizing Column

•
Irradiation cavity in the core (3 el. space)

•
Irradiation cavity in the Thermal Column inside the reactor pool
TABLE I. TRIGA RC-1 general features.
	Core
	Cylindrical diameter
	535mm

	
	Height
	670mm

	Fuel
	Type
	U–H–Zr alloy (8.5% Wt U)

	
	Enrichment
	20 % 235U

	
	Moderator
	H2O, H-Zr

	
	Coolant
	Demineralized water in natural convection

	Control Rods
	Type
	3 B4C Fuel Follower
 1 B4C Regulating Rod

	Reflector
	Cylindrical Inner Reflector diameter
	543 mm

	
	Outer Reflector Diameter
	1098.5 mm

	
	Overall Height
	733.4 mm

	
	Radial thickness
	214mm

	
	Material
	Graphite
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FIG.4. Experimental channels view (top) and horizontal reactor section (bottom).
TAB. II shows the main characteristics of the experimental facilities available at TRIGA RC-1. All experiments with radioisotope, especially those related to the use of the rabbit facility, can be executed with the support of ancillary facilities and the radiochemical laboratory. This last is adjacent to the reactor hall, and the rabbit tube starts and ends in a shielded space located inside the radiochemical laboratory. Also the loop for in core irradiation of liquid samples can be used with the support of the radiochemical laboratory. Samples irradiated in the Lazy Susan, when extracted by the operator on the top of the reactor, can be inserted into suitable pits just around the reactor in order to allow a safety decay of radioactivity for the necessary management by researchers.
TABLE II. Experimental facility features.
	Experimental Facility
	Φ Thermal n/(cm2·s)
	RCd

	Shape
	Dimensions (mm)

	A - Radial Channel
	4.8·1012
	~ 2.2
	Cylinder
	Ø Int. = 152

	B - Radial Channel
	4.3·1010
	~ 3
	Cylinder
	Ø Int. = 152

	C - Radial Channel
	4.3·1010
	~ 3
	Cylinder
	Ø Int. = 152

	D –Tangential  Channel
	5.4·1010
	10.4
	Cylinder
	Ø Int. = 152

	Piercing Tangential Channel
	1.1·106
	1.8
	Cylinder
	Ø Int. = 180

	Thermal Column Horizontal Channel
	2.2·106
	3.8
	Cylinder
	Ø Int. = 40

	Thermal Column Vertical Channel (with plug of graphite)
	1.9·1010
	4.3
	Square
	Side = 100

	Thermal Column Vertical Channel (without cap of graphite)
	4.2·109
	~ 4
	Square
	Side = 100

	Central thimble
	2.7·1013
	1.7
	Cylinder
	Ø Int. = 34.04

	Thermalizing Column
	1.3·108
	> 100
	Parallelepiped
	608 x 608 x 155

	Rotary Specimen Rack
	2.0·1012
	2.7
	Cylinder
	Ø Int. = 32

	Removable grid cavity
	1.3·1013
	2.2
	Triangular Prism
	L = 75, h = 650

	RABBIT 
(Pneumatic transfer tube)
	5.1·1012
	2.0
	Cylinder
	Ø Int. = 14

Ø Int. Tube = 27

	Loop for irradiation of liquids
	~5.0·1012
	
	Cylinder
	V ~ 150 ml


2.2. TRIGA RC-1 utilization
Since the beginning, TRIGA RC-1 has been deeply involved in various applied research fields:
· Irradiation in neutron thermal field;
· Neutron activation analysis;
· Radioisotope production;
· Plant operators education & training;
· Collaboration with Universities;
· Reactor modeling. 
Many irradiation positions (see TAB. I) are characterized by a well thermalized neutron spectrum, but among all the thermalizing column has a very high Rcd value. This irradiation position is achievable by the use of a cavity: it is a Plexiglas cylindrical (diameter 170 mm, length 330 mm) waterproof cavity (see FIG. 5) which can be moved in the water and placed in front of the thermalizing column neutron beam, deeply in the shielded tank. The cylinder is also equipped with a tube allowing the connection of the cavity, by wires or cables, with the external of the pool. It’s possible to introduce a wide variety of objects: from gold foils to ampoule or others containers of sufficient dimensions to test irradiation effects on various materials. It is provided with a positioning system to facilitate operations. Another position of interest is the thermal column, even if the size available for samples is limited because of the channel diameter.
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FIG. 5. Cavity position in the Shielding tank.
As a special application of the neutron beam extracted form the core, a facility for neutron radiography is installed at the entrance of the thermal column. The feasibility of this activity was studied during recent years, and results have been presented in many conferences on this topic.

Neutron Activation Analysis (NAA) has been widely employed by means of TRIGA RC-1 since 1963. In TRIGA RC-1 NAA is mainly performed by in pile irradiations using either a vertical channel passing through the core center (Central Thimble), a second vertical channel characterized by a pneumatic tube to transfer the irradiated samples (Rabbit), a rotating rack with forty holes for samples introduction (Lazy Susan), and a water pool, separated from the reactor core, with a thermalizing D2O layer (Thermalizing column). Gamma spectrometry measurements (see FIG. 6) are performed by means of HPGe detectors equipped with adequate instrumentation and software. 
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FIG. 6. Experimental apparatus for NAA.
By exploiting the instrumental analysis (INAA) potentials it is possible to study analytically and determine, either by thermal, epithermal, or fast neutrons, or by the radiochemical separation, the majority of the macro constituents, minor constituents, trace, and ultra-trace elements in a very wide set of matrices and materials. The samples that may be analyzed and the applications of the INAA range from alloys to soils; from sediments and suspended matter to the atmospheric particulate matter; from archaeological materials to detector materials used in the field of elementary particles; from radiotracers to the execution of forensic studies.

TRIGA RC-1 reactor has been used for the preparation of isotopes for nuclear medicine. 18F has been produced irradiating LiNO3 by 16O(t,n)18F reaction using tritons from 6Li(n,t)4He reaction. The produced 18F has been efficiently purified, and used for the synthesis of 18F-FGD medical grade, in a semi-automatic synthesis apparatus. The reactor has also been used for the preparation of the isotope 166Ho, by starting from 165Ho; the obtained 166Ho was employed for the synthesis of different therapeutic carriers, and used in the experimental therapy of human patients in solid tumors. An international patent on the technique has been filed. Actually a new original facility is under installation, devoted to the preparation of isotopes of clinical interest in therapy and diagnostics, (131I, 133Xe, 99Mo). 
TRIGA RC-1 reactor has been used for the characterization and follows up of industrial processes. In one application radioactive 198Au has been prepared by neutron irradiation and dissolved in molten aluminum of industrial electro winning cells. The follow up of isotopic 198Au dilution allowed a complete study of mass balance, and the optimization of efficiency electrolysis parameters of the industrial cells. In a second application 133Xe prepared by neutron irradiation was used as a gaseous tracer in the process of coke preparation. The system has been applied in industrial coke oven process, and allowed a precise monitoring of temperature set point for industrial continuous coke preparation. An international patent on the technique has also been granted. 

During the last years the activities carried out at the TRIGA RC-1 Reactor by Nuclear Materials Characterization Laboratory’s personnel were aimed at the radiological characterization of drums containing wastes produced in the routine activities of the plant.
TRIGA RC-1 is involved in many national and international collaborations and networks. Nowadays, following an increasing trend of last years, many students and PhD's from Italian Universities are involved in activities regarding experiments and reactor modeling. 
For what concerns international collaborations, TRIGA RC-1 is involved in different IAEA working groups focused on research reactors. In particular, concerning IAEA recommendations, the plant documentation has been enriched with the redaction of the Periodic Safety Review (PSR), following the indications of the Italian Regulatory Body. Applying a graded approach to the IAEA document available for NPP, last year has been published the first release of the TRIGA RC-1 PSR.
Reactor modeling activities provide a fundamental contribute to research activities based on experimental measurements. MCNP models of TRIGA RC-1 (see FIG. 7) have been developed, and improved in the context of the TRADE experiment [6], and up to day such calculation models represent a valid tool for experiment's results prediction and validation.
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FIG. 7. MCNP model of TRIGA RC-1 core.
3. TAPIRO research reactor
3.1. Overview

The TAPIRO nuclear research reactor (see FIG. 8), is a fast neutrons source. The reactor name comes from the Italian acronym TAratura PIla Rapida potenza zerO (Fast Pile Calibration at 0 Power) [2]. It was built to support an experimental program on fast reactors and it is in operation since 1971. In the frame of an agreement between ENEA and SCK/CEN Mol (Belgium), an extensive neutronic characterization of the TAPIRO source reactor was carried-out (1980-1986) [7]. It was found that TAPIRO is able to provide a family of neutron spectra of extremely variable hardness (about pure fission spectrum near the core center). This remarkable feature makes the TAPIRO most suitable to many metrology and nuclear data analysis [8] applications, also taking into account that a good spherical symmetry of the neutron flux shape was evidenced by the joint ENEA-SCK/CEN experimental campaign. It can operate at the maximum power of 5 kW, and the neutron flux at the center of the core at full power is about 4×1012 n∙cm-2∙s-1. The reactor core is a cylinder , whose diameter is about 120 mm, with a diameter/height ratio close to 1. It's made of highly enriched metallic uranium (weight 98,5% U; 1,5% Mo). with a density equal to 18.5 g/cm3. Stainless steel with a thickness of 0.5 mm ensure the fuel cladding. The core is a cylindrical reflector having an internal diameter of 348 mm and an outer diameter of 800 mm. All around a spherical high density concrete structure has the function of biological shield, with a mean thickness of about 1.7 m. The core is cooled by means of a forced He loop working with a ΔT = 10 °C (inlet He flux temperature 25 °C and outer flux temperature 35 °C). Three shims, two safety and one regulation rods control the reactor power level. The experimental channels, three at the reactor mid plane and one tangential above the reactor core, allow the irradiation of devices in different neutron spectra. 
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	FIG. 8. TAPIRO reactor hall.
	FIG. 9. TAPIRO exp. locations (see text).


Some TAPIRO main features are summarized in TAB. III.
TABLE III. TAPIRO main features.
	Core
	Cylindrical:
   diameter about 120 mm

Diameter/height:    about 1

	Fuel
	Uranium-molybdenum alloy (weight 98.5% U – 1.5% Mo)

Density:
18.5 g cm-3

Enrichment:  93.5%  235U

	Cladding
	Stainless steel:  thick 0.5 mm

	Reflector
	Cylindrical Inner Reflector:  diameter 348 mm

Outer Reflector:
diameter 800 mm

Overall Height:  700 mm

Material:  Copper

Weight:
2600 kg

	Cooling system
	Forced He: 100 g/sec @ 7.5 atm
Inlet core temp: 25° C - Outlet 35° C

	Biological shield
	Shape:
near spherical

Thickness: 1.75 m

Material: high density borate concrete

Density:
3.7 g cm-3

	Irradiation channels
	3 channels at the reactor mid-plane

1 tangential (to the top edge of the core)

	Control rods
	2 Shim Rods + 2 Safety Rods +1 Regulating Rod


Irradiation facilities available for material irradiation are (see FIG. 9): (1) Diametral channel, (2) Tangential channel, (3) Radial channel 1, (4) Radial channel 2, (5) Plant detector channels, (6) Paraffin, (7) Thermal column. Each channel consists of a metallic cylindrical jacket and a plug for shielding purposes. The channels have a gradually reducing section to lower the gamma streaming effect. Each channel plug is essentially constituted by a casing filled with shielding material for the entire section, and it is provided with a copper extension occupying the area of penetration in the reflector. This extension may be modified for hosting the sample container. The plugs are provided with three holes available for remote control or power cables eventually needed by the experiments. The experimental equipment is complemented by a thermal-column. The purpose of the thermal column is to provide an epithermal neutron flux, allowing at the same time the assembling of large experimental equipment. TAB. IV summarizes the main features of the irradiation channels.
TABLE IV. Irradiation channel features.
	Name
	Position
	Penetration
	Useful diameter

	Diametral channel (D.C.)
	Piercing. Horizontal Diametral in the core
	Inner and outer fixed reflector. Core.
	10 mm in core

	Tangential channel
	Piercing. Horizontal
	Inner and outer fixed reflector.
	30 mm in reflector

	Radial channel 1 (R.C.1)
	Radial. Horizontal
	Inner and outer fixed reflector
	56 mm in reflector

	Radial channel 2
	Radial. Horizontal
	Outer fixed reflector
	80 mm in reflector

	Grand Horizontal Channel (G.H.C.)
	Radial. Concentric with  R.C.1.
	Up to

reflector outer surface
	400 mm near reflector

	Grand Vertical Channel (G.V.C.)
	Above core
	Outer fixed reflector
	800÷900 mm in reflector

	Thermal column
	Horizontal
	Shield
	110x116x160 cm3

	Irradiation cavity
	On safety plug upper base
	7.4 mm
	33 mm


3.2. TAPIRO utilization
Since the beginning of its operation TAPIRO has been involved in many research projects regarding various fields and also nowadays it has a large utilization. In particular, it is used for: 
•
validation of calculation codes for generation IV reactors design;
•
benchmark for nuclear data testing;
•
evaluation of fast neutron damage induced on different materials (i..e. electronic components for ITER, LHC CERN, ...);
•
qualification of chains of innovative detectors;
•
hands-on experience in nuclear engineering courses.
Experimental channels of TAPIRO allow  evaluations on neutron induce damage on different types of materials, this due to the various features available for each different irradiation position inside the reactor. Recently a great number of measurement have been carried out for:
•
Neutron radiation damage on Avalanche Photo-Diodes (APD) used in ATLAS LHC experiments;

 •
Neutron radiation damage on Monitored Drift Tubes (MDT) and APD of the electromagnetic calorimeter CSM of LHC;

•
Fast neutron effects on electromechanical devices (piezo-motor) to be used in the nuclear fusion ITER project;

•
Test of self-powered neutron detectors to be used in ITER;

•
Fast neutron damage of electronic components for aerospace application.

Another important application of the TAPIRO reactor concerns those experiences for the validation of codes applied to the analysis of GEN IV nuclear plants (i.e. analysis of the neutron propagation in lead layers in support of Lead Fast Reactors technologies). TAPIRO is also naturally suitable for experiments regarding benchmarking of nuclear data due to its particular neutron spectrum.

Modeling activities of TAPIRO (see FIG. 10) support the realization of experimental equipment or material tests campaigns in different irradiation positions.
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FIG. 10. Deterministic (a) and Monte Carlo (b) TAPIRO calculation models.
4. Conclusions
The aim of this paper was to describe the two research reactors operated by ENEA, TRIGA RC-1 and TAPIRO, with particular focus on associated R&D activities. For both reactors a global description of the reactor, experimental channels and associated facilities was given.  A synthetic description of the main application areas for the two research reactors was provided, taking into account the experiences of the past.  The two installations are, until today, significant resources in the context of scientific and applied research in Italy, and they are a necessary infrastructure to support research institutions and Universities. In the context of international collaborations (in particular IAEA sponsored collaborations), both TRIGA RC-1 and TAPIRO reactors are involved in different working groups devoted to utilization, operation and maintenance of research reactors.
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FIG. 3. Fuel element detail.








�RCD = Cadmium ratio. This is an index of the degree of thermalization of the neutron flux. RCD ranges from 1 (flux not thermalized) to values >>1, proportionally to the degree of thermalization of the neutron flux.
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