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The test program of critical experiments was based on an experience of a full-scale critical facility – a physical model of PIK. The MCNP code was used as certified software tool for computation maintenance of planned experiments.

The test program has been completely fulfilled. There are no significant deviations of neutron characteristics in comparison with the calculated ones or with the experimental results obtained at the critical facility. All the experimental results correspond to the software certificate for nuclear facilities that was issued by the regulatory bodies under necessary verification and validation procedures. 
Further management plans for the completion of the construction and commissioning of the reactor complex are being discussed. 
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The first criticality of the high-flux PIK research reactor was achieved on February 28, 2011.
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Staff in the Main Control Hall during the first criticality of the reactor PIK
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Loading fuel assemblies during the first criticality of the reactor PIK 


1. Characteristics of the reactor facility

The PIK reactor is being constructed at the B. P.Konstantinov Petersburg Nuclear Physics Institute (Gatchina, Leningrad District) that associates with the National Research Center “Kurchatov Institute”. 

The high-flux PIK reactor with the thermal power of 100 MW is a steady state type facility [1–7] for basic and applied research. The major part of experiments at the new reactor will be carried out on neutron beams. Despite the general tendency of the reduction of nuclear research facilities in the world, the demand for the reactors of this type increases because of the expansion of the scope of application of neutron radiation in new fields of science and engineering where methods of neutron scattering can be used [8, 9].

The construction of the PIK reactor started in 1976. After the Chernobyl disaster, the design of the reactor was completely revised in 1990, taking into account new safety requirements. In 2007, the construction was resumed by the decision of the Government of the Russian Federation. In 2009, the first start-up complex of buildings and facilities was put into operation, and in 2011, the first criticality was achieved. The construction of the reactor complex, which comprises of 38 buildings and facilities with a the total area of 66 000 sq.m., will be finished in 2013. After the construction is finished, the process of debugging, testing and acceptance of the systems to meet the regulation requirements will begin as well as preparation of permits for commissioning stages and power operation. 
The commissioning of the PIK research reactor complex (Fig. 1) will insure an essential increase of the share of Russia on the world markets of the high tech services for use of neutron and nuclear methods by the development of new materials and products. The new complex will give the possibility to meet the demands for neutrons of all interested users not only from Russia and other CIS members, but also from other countries. 
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Fig. 1. Overall view of the PIK reactor complex

At the present time the proposal for the creation of the International Center for Neutron Research (ICNR) on the basis of the high-flux reactor PIK is being prepared to realize the decision of the Government of the Russian Federation. The international experience confirms the high efficiency of the creation of research centers on the basis of mega facilities [10], powerful neutron sources are among them. This kind of centers will provide new opportunities for scientific research.
The primary concept of the PIK reactor was presented in the description of application for the invention “Beam research nuclear reactor” in the certificate of authorship of the State Committee of the Council of Ministers of the USSR for Inventions and Discoveries No. 550034 to the application 2038057 with priority dd. 27 June 1974, issued for the joint team of NIKIET and LNPI of the USSR Academy of Sciences. The design concept of the reactor was based on the use of the compact core with the light water moderator and a heavy water reflector of the high capacity (Fig. 2, 3) [11]. Originally, the reactor design had such solutions as an exchangeable core vessel and exchangeable channels as well as a dismountable biological shielding.
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	1 – reloading machine

2 – rod drive

3 –hydro seal

4 –central experimental channel

5 – reloading cylinder

6 - cold neutron source

7 –dismountable shielding

8 –absorber rod

9 –reactor vessel with the core;

10 – heavy water reflector

11 – horizontal experimental channel 

12 - shutters drive
	

	Fig. 2. Drawing of the PIK reactor 
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	1– Hf absorbing shutters;
2 – burnable absorber rods  Gd2O3 + ZrO2;

3 – Zr fuel assembly cover;

4 – fuel elements with reduced fuel contents  (0,48 of nominal content);

5 – fuel elements with nominal fuel contents;

6 – fuel assemblies with witness-specimen of vessel material;
7 – irradiated samples 


	

	Fig. 3. Core of the PIK reactor (with operating set of fuel assemblies)


	


The large experimental volumes with a high neutron flux and a relative ease of installation of the new experimental devices in the heavy water provide the best opportunities for the scheduling of future experiments in comparison with a beryllium reflector.
The design of the reactor complex developed by VNIPIET (formerly the State Research Institute VNIPIET and Sosnovy Bor State Design and Survey Institute VNIPIET) included the creation of a powerful infrastructure of buildings and facilities providing technological support both of the reactor operations and future experimental facilities. 

One of the most important solutions was arrangement of the laboratory of hydrogen isotope separation that made possible to create and successfully apply modern technology for heavy water production and its treatment from protium and tritium. The created semi-industrial facilities are being successfully used to meet the demand for high quality heavy water in Russia and many research centers abroad. The operation of such a powerful tritium source like the PIK reactor is not possible without a high capacity industrial facility for the extraction of tritium from heavy water, which construction has been provided in the project. The development of technology in this direction is very important both for the modern nuclear power industry and for the future implementation of the thermonuclear energy. 

All the above mentioned solutions have laid the basis to keep the project actual in the long term perspective, despite the unavoidable changes of the market conditions for researches by reactors in total and the emergence of totally new subjects and directions of the neutron researches.
The basic conception of the reactor design, namely a light water cooled core and a heavy water reflector, which was applied for the first time in the PIK reactor project, is now recognized as the most efficient and technological. 

The most successfully operating reactors of the same design are: ORPHEE (France), HANARO (South Korea), OPAL (Australia), and finally the FRM-II reactor (Germany) with a super compact core, where the maximum value of "quality" - the ratio of the thermal neutron flux in the reflector to the reactor power, was possible to realize. The CARR reactor (China) with its high performance characteristics, where the equipment of the reactor complex with scientific installations has been already started, should also be mentioned.
The PIK reactor differs from the majority of the similar projects abroad due to its increased neutron fluxes in the reflector, the presence of a neutron trap with a very high neutron flux, and the possibility to irradiate materials inside the core. The modification of the fuel assembly with a space for the material irradiation is foreseen.
The neutron beams channels rise in the reflector (Fig. 4, 5). The reactor is equipped with special sources of hot, cold and ultra-cold neutrons. The use of neutrons with a given neutron spectrum in a wide energy range (from fission neutrons to UCN) is possible in experiments. Most experiments on the neutron beams are carried out with slow neutrons. The placement of tangential channels and the employment of neutron guides provide low background conditions of the fast neutrons and gamma rays for researching. The use of the advanced neutron guide system can provide simultaneous work of up to 50 experimental installations.
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	Fig. 4. Layout of the experimental channels (full set): 1 – core; 
2 – reflector D2O; 3 – actuators of control system
	Fig. 5. Horizontal channels hall with radiation protection of neutron guides 


The arrangement and functional distribution of the control system actuators assist to the efficient use of neutron fluxes.
The central actuators of control system are two absorbing shutters made of hafnium in the form of a ring absorber of a large diameter (98 ( 6 mm) that gives the possibility to make a light water neutron trap (Fig. 2) and to install the central experimental channel (CEC) equipped with an autonomous loop and necessary safety systems for testing materials of nuclear machinery.
The maximum density of the undisturbed thermal neutron flux in the central experimental channel is close to the value of 5(1015 сm-2(с-1, which almost corresponds to the record values obtained in the trap-type reactors: SМ (Russia) и HFIR (USA). The design of CEC gives the possibility to irradiate the samples under research without stopping the reactor for their loading and unloading.
During the reactor’s operation, the shutters slide apart symmetrically from the center of the core creating necessary space for efficient irradiation of the samples in CEC. All the rods in the reflector after start and 135Xe poisoning are brought in the upper position and do not affect the neutron fluxes in the experimental channels.
The high density of energy release (up to 6,6 МW/l) is provided by the use of cross-shaped fuel pins with dioxide uranium based fuel dispersed in a copper-beryllium matrix. [12]. This type of fuel elements gave a good account of itself during the operation of the high-flux material research reactor SM. In comparison with the SM reactor the height of the fuel layer in fuel elements at the PIK reactor has been increased from 350 to 500 mm. 
For the developing of the fuel loading three modifications of fuel assemblies are used including the fuel assembly with the space for irradiation of witness specimen of the vessel material. The burnable absorber rods based on gadolinium are used in the fuel assembly that allows increasing the maximum duration of the reactor campaign from 15 up to the 30 days [13, 14]. The specific feature of the core as compared to the core of the SM reactor is a fuel profiling. The fuel elements with a reduced amount of fuel are placed near the neutron trap that allows reducing the volumetric coefficient of the fission reaction rate (KV).
Two types of the fuel assembly different in configuration and quantity of fuel elements allow varying the share of the reloaded fuel elements and creating conditions for the arrangement of an optimal fuel reloading schedule depending on the goals of the experiments and restrictions for the fuel costs. 
It is planned an operational cycle that includes operation at power of 100MW for 20-24 days followed by a shutdown for the next seven days for cooling, fuel reloading, inspection of the reactor equipment and preparations of the experimental installations. The useful (operating) time depends on arrangement of the operation, but anyway it should be longer than 200 days per year.

2. Results of criticality 
The first criticality of the high-flux PIK research reactor was achieved on February 28, 2011. 
Some episodes of the reactor loading with fuel are shown in Fig. 6. 
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	Fig. 6. Episodes of the loading of the first fuel assembly into the core 

	


The power of the reactor was limited to 100 W that was enough for confirmation of all necessary neutron-physical characteristics obtained earlier during operation of the full-scale critical model of the PIK reactor which was an exact copy of the reactor under construction. [15]. 

For the first time the results were announced in the report at the 13th Russian conference “Safety of Nuclear Research Facilities”. [16]. The software tools MCNP and MCU certified by Rostechnadzor were used for the validation of the criticality of the PIK reactor and further analysis [17]. Computer models based on the use of MCNP and MCU codes reproduce all the experiments carried out at the reactor according to the criticality program in the proper way. The reactivity resource, the efficiency of the actuators of control system, the distribution of the fission reaction rate in the core, and the neutron fluxes normalized to the power were measured at the reactor. 
The energy release distribution and the volumetric ratio of non-uniformity of the energy release, with the actual position of the actuators of control system taken into account, have been defined by the measurements of the fission product activity in the fuel after irradiation with the special dismountable fuel assemblyThe detailed cartogram of fission rate distribution in the core for every single fuel element has been drawn.

The absolute power of the reactor according to activity of 140La in the fuel and to the activity of the neutron activation detectors installed in the core and the reflector has been defined. Presentation of the neutron fluxes in the form of values normalized to the power assures a computational accuracy check of the neutron fluxes disturbed by the channels and actuators of control system.
The measurement program repeated in many respects the experiments on the critical stand of the PIK full-scale model that made the measurement processing easier. The use of the modern calculation methods gives the possibility to consider very precisely the design of all the devices in the reflector and the effect of their placement on the neutron flux density, which is very important for the maintenance of the reactor of this type. During the measurements of neutron-physical characteristics, the interference of the channels and the interference of the absorber rods were adequately considered in the evaluation as well. 
During the first criticality of the PIK reactor the startup core was used that consists of 12 fuel assemblies and 6 aluminum displacers (Fig. 7-9). 
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Fig. 7. Placement of the experimental channels and detectors of the regular and additional equipment of control system during the first criticality
	The main detectors ASUZ-03R: channels К-1(К-8 with the lead, 4 main used channels of control system ASUZ-03R (No. 1- 4) are marked in the drawing.
Neutron source: central experimental channel (CEC).
Detectors of additional equipment: calculational launch installation CLI 1-1ММ: 

No. 1 in the detector channel-2 iron-water protection tank or iron-water protection tank, No. 2 in the inclined experimental channel 2, No. 3 in the inclined experimental channel 4 or inclined experimental channel 6.

Neutron activating detectors: central experimental channel (CEC) (Au – 11 pcs, In – 2 pcs, Ni – 1 pc.), horizontal experimental channel 4-4/ (Au – 10 pcs., 2 pcs.), vertical experimental channel 1 (Au – 5 pcs.), vertical experimental channel 3 (Au – 5 pcs.), inclined experimental channel 2 (Au – 1 pc.), inclined experimental channel 4 (Au – 1 pc.), inclined experimental channel 6 (Au – 1 pc., In – 1 pc.) indicated by x marks.
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	Fig. 8. Cartogram of the first criticality
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	Fig. 9. Cartogram for the irradiation of the neutron activating detectors: 1– Ni foil; 2 –  dismountable fuel assembly; 3 –  rabbit ( 43 ( 1,5 (Zr); 4 – tube ( 21 ( 1 mm (Al); 5 – rod ( 6 mm (Al) with Au, Ni, In foils  


The reduced reactivity margin of up to 1,8(1) (eff provided a possibility to control the actuators of control system with various methods: a rod drop method as well as an asymptotic period method in combination with the use of reactivity margin overcompensation for different groups of the control system actuators. The measurements of reactivity with the additional start-up equipment in connection with the increase of power were duplicated with a reactimeter which is a part of the standard equipment of ASUZ-03R. The measurement results and the integral characteristics of the control system actuators are presented in the Appendix (Table 1P and 2P, Fig. 1P-3P). 
The comparison of the results achieved by the critical stand of the full-scale critical model and by the reactor provided the possibility to check the effect of the technological factors related to the manufacturing and assembly of the reactor equipment on the neutron-physical characteristics of the reactor.
The applied methods took into account the location aspects of the control system actuators. The dependence of the efficiency of the rods in the reflector on the distance from the core vessel as well as the influence of the symmetric position of the shutters in relation to the center of the core on their efficiency and distribution of neutron fluxes were checked. 
The measurement results of neutron flux density normalized per unit of the reactor power are represented in Fig. 10 and Fig. 11. 
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	Fig. 10. Thermal neutron flux density normalized per 1 W of the reactor power in CEC  
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	Fig. 11. Thermal neutron flux density normalized per 1 W of the reactor power along the horizontal experimental channel 4-4




The maximum deviation between the estimated and experimental results for the neutron fluxes in the reflector did not exceed 8%. The experimental and estimated results for the efficiency of the control system actuators agreed with a precision of 5%, i.e. within the experimental error.
The results of the first criticality of the PIK reactor confirmed that the accuracy of estimation of the neutron-physical characteristics of the reactor corresponds to the errors indicated in the manual for the applied MCNP software [17].
Similar conclusions can be made regarding the computer models developed at JSC «NIKIET» on the basis of the MCU software. The results of neutron-physical calculations for various models almost do not differ from each other. The correction of the developed evaluation models is not required.
The control system was one of the main systems that were tested during the first criticality. The electronic devices were developed at JSC «SNIIP-SYSTEMATOM». The designed equipment complex ASUZ-03R was not intended for the control of fresh fuel loading, and thus an additional standard control system was equipped with calculational launch installations used in the critical assembly. During the performance of experiments the signals from the sensors of the standard and additional equipment were continuously transferred to the data processing system (RACURS). Their record was stored in the form of electronic archive and was used in the processing of the measurement results.
The standard control system equipment has enough sensitivity for the operation of the loaded reactor during standard refueling in the presence of the irradiated fuel; its characteristics are approved and meet the requirements of the project. Nevertheless, there is a need for additional control system equipment with a special set of start-up instrumentation for the power operation. Additional high sensitivity equipment is necessary for checking of neutron-physical characteristics during various phases of the running on power including the change of the core loading, the transition to the new modifications of fuel assemblies as well as periodically during the regular operation of the reactor.
During the operation of the control system after the first criticality, some imperfections of the shutter drives and of the control equipment for the step motor blocks were revealed. The modification of the shutter drives was scheduled during the preparation for the power operation.
3. Prospects of complex commissioning 
At the present time the construction of the reactor complex (RC) PIK is going to be finished. According to the project schedule, its commissioning is being implemented step by step. A part of the reactor equipment and systems was put into operation as a part of the first start-up complex of 19 buildings. According to the license of Rostechnadsor for the operation, the reactor power was restricted up to 100 W.
After the construction has been finished, the PIK reactor will comprise 38 buildings, where the process of adjustment and testing during the operation before power operation will be continued. 
Taking into account the functional obsolescence of the equipment and the release of new safety regulations, a project of the reconstruction of engineering and technical systems for the PIK research installations maintenance is being prepared at the present time. A number of safety systems are expected to be brought in correspondence with the current regulatory requirements of radioactive waste and spent nuclear fuel management, as well as a plant for the isotope purification of heavy water will be created.  
A project for the reconstruction of the laboratory complexes is being developed in accordance with the requirements of the creation of the International Center for Neutron Research. The work includes: the cold neutron source with the cryogenic complex, the neutron guide system for transportation of cold neutrons, engineering technical infrastructure in the neutron guide hall (Fig. 12), and the data processing center. 
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	Fig. 12. Overall view of the neutron guide hall, Building 104  

	


The scientists cooperate very actively with the neutron research centers abroad (Germany, France, and other countries) during the preparation to the reconstruction of the laboratory complexes and their fitting with modern equipment. The main part of these works was previously not included in the project of the reactor complex. 
The project of a plant for the isotope purification of heavy water from tritium and protium is being designed on the basis of the PNPI experience obtained during the operation of the experimental-industrial heavy water facilities of various types. 
One of the tasks of the power operation is a completion of the core to 18 fuel elements. The core for the power operation consists of 15 fuel elements (Fig. 13) and was studied precisely on the critical stand of the PIK reactor full-scale model. [18]. The limitation of the quantity of the loaded fuel assemblies is necessary to keep the normative subcriticality of the shutdown reactor. 
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	Fig. 13. The core for the power start-up (simulation on the critical stand of the full- scale PIK model) 




The use of low absorbed neutron followers installed instead of the fuel assemblies provides the efficiency preservation of the control system actuators and reduction of the volumetric coefficient of an energy release in comparison with the operation set of the fuel assemblies. In the start-up fuel assemblies, the area of the fuel profiling consists of two rows of the fuel elements near the neutron trap in the fuel volume reduced to 1/3 of the nominal power. This allows compensating a specific (nominal) power density increasing in the core and makes possible testing the equipment on a rather high power level (practically nominal). A change of the followers on the fuel assembly is possible step by step after three short-time campaigns. In spite of the limited reactivity  resource, a reduced influence of the xenon effect makes it possible to reach the necessary fission product build up without an interim overload by a small average power at the beginning of the running on power. It is possible to change three followers at once, which is more convenient when scheduling the program of power start-up. 
The final phase of the running on power has to show the operation with the modernized fuel assemblies (operation set, Fig. 14).
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	Fig. 14. Maintenance set of PIK-2 fuel assembly 1 – fuel elements; 2 – space bars; 3 – fuel center; 4 –  fuel assembly protection tube (E-125 or E-110); 5 – angle displacer; 6 – burnable absorber rods; 7 – capsule with witness samples; 
8 – fuel elements with fuel load of 0.48 of the specific power. 


These fuel assemblies have rods of burnable absorber [7, 13, 14] which should replace startup fuel assemblies step by step after passing to the operation of the core by the complete fuel assemblies quantity. For this type of the reactor, the duration of the operation cycle is extremely important because it determines an efficient use of the expensive equipment as well as experimental installations located on the neutron beams. 
Three models of the fuel assemblies of the PIK-2 with rods of burnable absorber (Fig. 14) have to be designed and produced. To meet the safety requirements for the reactor operation, the operation set of the fuel assembly PIK-2 must have fuel assemblies with the space for the fluence irradiation of the witness samples produced of the material of the reactor core and the central channel. It’s necessary to develop a procedure for reloading of samples into the hot cell facility and a research program. The modified fuel assemblies will be designed on the basis of the primary design and do not require to change the main equipment of the reactor. The operation experiences with this kind of fuel assemblies at the critical stand of the PIK full- scale model and SM reactor have been taken into account by the design. 
Parallel to that, the calculations are being prepared for the further increase of the experimental capability of the PIK reactor by the change of copper-beryllium matrix in the fuel elements and stainless steel of the core vessel to materials with a low absorption of neutrons. [19–22]. The first experiments to test modified fuel elements based on the aluminum matrix developed by JSC “VNIINM” were carried out at JSC “SSC RIAR” [22]. The fuel elements with lower harmful neutron absorption allow to increase the neutron fluxes in the reflector by 1.5 times without increasing the power of the reactor [19]. At the same time provision is made for the essential reduction of the consumption of highly enriched uranium and, if necessary, an increase of the duration of an operation cycle. The loading of uranium and other characteristics of the fuel assemblies have to be optimized while keeping a high unification level of fuel elements production of the high flux reactors PIK and SM. 
It is planned to execute a test installation of the experimental setups or their simulations in the reflector and in the core in order to detect possible discrepancies and correct them before running on power. First of all, these plans concern the neutron guide channels and intra-channel setups, hot neutron and cold neutron sources placed directly in the reactor. One of the tasks for the Chief designer together with designers of such devices is to define safety conditions for their installation. A possibility of the independent operation of the reactor as well as installed setups should be considered in case of the failure of the cryogenic provision or external cooling or an absence of the staff on the facilities, etc.
The plans of the achievement of the reactor capacity and equipment with devices and instruments will be coordinated and the most perspective and advanced solutions will be taken into account. 
Being a user center, the future International Center for Neutron Research has to be established on the basis of the close cooperation of the scientists of various schools and directions. 
At present, science and engineering are closely connected with the progress in the development of nano-materials that can lead us to remarkable changes of the world around us, comparable to the discovery of electricity and antibiotics in the XX century and development of the Internet in the modern society. The development of new nano-systems, materials and advanced technologies on its basis is a universal instrument for rearrangement of the world that will give one a possibility to manipulate the matter on the level equal to a possibility of the computer to manipulate the information [23].
The development of and nano-technologies require an improvement of the experimental basis and design of new facilities to carry out scientific research. The use of neutron scattering methods that allows one to get detailed information about the nano-systems and materials characteristics on the microscopic level is extremely importance to solve these tasks. The main purpose of this approach is to identify the correlation between nuclear structures and their physical and technological characteristics, between biological function and structural changes in vivo. At the same time, the modern researches will be connected with biological objects, chemistry and polymer physics, nano-dispersions, laminated hetero-structures, etc., for which long period and unordered structures are typical. Accordingly, the requirements for the use of cold neutrons and methods like small-angle scattering and reflectometry will increase. 
At the same time, the Russian neutron sources are equipped in the majority with the difractometers and inelastic-scattering spectrometers [24]. Thus, at the present time, the neutron research centers have the tasks not only to modernize the equipment of neutron sources but to orient more actively to research programs connected with nano-bio-technologies. In accordance with this, it is necessary to design equipment for neutron small-angle scattering and reflectometry. These requirements of modern sciences will be taken into account while creating the International Center for Neutron Research based on the PIK reactor complex. 
All the works connected with the completion of the PIK reactor construction will be executed by a community of institutions. 
The operating institution and the head of research is PNPI under the supervision of the NRC “Kurchatov Institute” as the founding organization. The management authority for the implementation of the law on the use of nuclear energy use by operating institutions is the Ministry of Education and Science of the Russian Federation. For many years the arrangement and construction of the PIK reactor have been supported by the Ministry for Atomic Energy of the Russian Federation (ROSATOM). 
The head designer of the reactor facility is JSC “NIKIET”, the head of the engineering is JSC “VNIPIET”, the head contractor is  JSC CONCERN TITAN-2 , and the head assembly institution is OJSC NIKIMT-Atomstroy.
The authors appreciate very much the team of the reactor of physics and technique department and other departments of PNPI that participated in the preparation and realization of the first criticality of the PIK reactor. 
The authors thank P. A. Sushkov for the spectrometer measurements, M. S. Onegin and A. S. Poltavsky for the verification and certification of the software MCNP and a big volume of the conducted research,   I. M. Kosolapov for the detailed calculation by the safety argumentation for the first criticality and processing of the measurement results. 
APPENDIX 
	


Measurement and [image: image18.png]


efficiency estimation results of the actuators during the first criticality of PIK 
Table 1P
Measurement and efficiency estimation results (MCNP) of control system actuators 
	
	Control system actuators
	Drop method, (eff.
	Efficiency of actuators,  total, (eff.

	
	
	
	Experiment (drop method)

	Experiment (measurement to the period)


	Estimation

	02.03.11

14-10
	Shutters, total
	8,86(25)
	10,7(5) *

10,6(4) **
	–
	11,7(2)

	10.03.11

19-34
	Shutter, upper


	4,46(25)
	–
	–
	–

	02.03.11

18-30
	Shutter, bottom


	4,66(34)
	–
	–
	–

	04.03.11

13-41
	Shim rod 1
	0,52
	0,53
	0,52(3)
	0,59(4)

	04.03.11

15-41
	Shim rod 2
	0,53(5)
	0,54(1)
	0,51(3)
	0,54(4)

	04.03.11

12-14
	Shim rod 3
	0,52(5)
	0,53(1)
	0,49(3)
	0,60(4)

	02.03.11

19-25
	Shim rod 4
	0,47(5)
	0,48(5)
	0,46(3)
	0,58(4)

	03.03.11

12-10
	Shim rod 5
	0,49(5)
	0,49(1)
	0,53(3)
	0,59(4)

	04.03.11

18-39
	Shim rod 6
	0,58(5)
	0,59(4)
	0,57(3)
	0,62(4)

	03.03.11

14-47
	Scram rod 1
	0,62
	0,63
	–
	0,61(4)

	03.03.11

17-17
	Scram rod 2
	0,55(5)
	0,56(1)
	–
	0,57(4)


* – Measurements at the reactor without adjustment to the spatial effects 
** – Measurements at the full-scale critical model of the PIK reactor without adjustment to the spatial effects.
Table 2P П 

Estimated results of the rods efficiency with MCU-5 and comparison with experiment 
	Control system actuators


	Efficiency factor with the submerged rod

Кeff

	Efficiency of actuators

	Experiment

	Relation


	
	
	Δ(Р, %
	Δ(Р, βeff
	Δ(Э, βeff
	Δ(Р/ Δ(Э

	Shim rod 1
	Кeff=
0,9965(1)
	0,38(2)
	0,50(2)
	0,52(3)
	0,96

	Shim rod 2
	Кeff=
0,9964(1)
	0,39(2)
	0,51(2)
	0,51(3)
	1,00

	Shim rod 3
	Кeff=
0,9965(1)
	0,38(2)
	0,50(2)
	0,49(3)
	1,02

	Shim rod 4
	Кeff=
0,9962(1)
	0,41(2)
	0,54(2)
	0,46(3)
	1,17

	Shim rod 5
	Кeff=
0,9964(1)
	0,39(2)
	0,51(2)
	0,53(3)
	0,96

	Shim rod 6
	Кeff=
0,9962(1)
	0,41(2)
	0,54(2)
	0,57(3)
	0,95

	Scram rod 1
	Кeff=
0,9961(1)
	0,42(2)
	0,55(2)
	0,61(4)
	0,90

	Scram rod 2
	Кeff=
0,9963(1)
	0,40(2)
	0,53(2)
	0,57(4)
	0,93

	Average

	
	0,40(2)
	0,52(2)
	0,53(5)
	0,99(8)
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	Fig. 1P. The integral characteristics of shim rods 1(6 
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	Fig. 2P. The integral characteristics of the shutters:  1 – shutters, total; 

2 – shutter, upper; 3 – shutter, bottom 
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	Fig. 3P. Differences control of the integral characteristics of the upper and bottom shutters caused by adjustment of the position indicator: 1 – bottom shutter;  2 – upper shutter; 3 – upper shutter after offset of the reference coordinate H for 10 mm 
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