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Abstract. In this report, the purpose and status of the currently constructed ITEP
experimental accelerator driven system (XADS) are discussed. This hybrid electro-nuclear
facility of moderate power integrates the pulse proton linac (36 MeV, 0.5 mA) and heavy
water sub-critical blanket assembly (heat power of 100 kW). Most parts of the equipment
units are ordered for industrial manufacturing and some are under development. The
facility is supposed to be used for investigations of a wide range of problems concerning
both the target-blanket assembly and the accelerator-driver and at the same time explore
the dynamical processes arising during their combined operation. Some other applications
of the proton beam and neutron source are also discussed. It is possible in future to increase
the current and energy of proton or heavy ion beam.
Keywords. Experimental accelerator driven system; accelerator-driver; proton beam;
target, blanket.
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1. Introduction
The industrial ADS for transmutation will be based on proton beams of approximately 1 GeV energy and average current of about 30 mA. However, for demonstration these values could be limited to 600 MeV and 1–3 mA [1].
Nevertheless, an experimental test of ADS of even lower energy, current and cost
can be used for studying some problems concerning the work of hybrid systems as
well as dynamics of mutual interaction of linac and reactor facility. These investigations will be used for the study of safety and reliability issues of both these complex
facilities and testing of elements such as linac-driver approaches, optimization of
active core, target and blanket unit study and some problems of new nuclear fuel
cycles. All these data are very useful later for making full-scale facilities.
Electro-nuclear neutron generator (ENNG) is constructed at ITEP [2] with the
purpose of creating an experimental accelerator driven system (XADS) facility on
the basis of heavy-water reactor and a proton linac.
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Figure 1. Scheme of the ENNG.

Construction of such a facility is motivated by a number of applications, and a
few important ones are listed below:
(i) Obtaining an experimental base for the research of many engineering, technological, and nuclear physics problems arising at joint operation of such
different installations as proton accelerator and nuclear reactor.
(ii) Obtaining technical base for a wide range of applied usage of a proton beam
and neutron fluxes [3].
(iii) Creation of an educational center for training specialists in several branches
of nuclear science and technology.
(iv) Demonstration of the possibility of converting a decommissioned heavy-water
reactor to a new, safe and useful nuclear power plant.
ENNG will simultaneously serve as an experimental mock-up prototype (i.e.
XADS) of high-power electronuclear ADS systems.
2. Structure and main specifications of the installation
ENNG representing XADS (figure 1) is in the process of construction on the basis
of the body and equipment of a decommissioned heavy water reactor (HWR) and
a pulse proton linear accelerator ISTRA-36 [4] .
The Linac-driver ISTRA-36 will be placed on two floors of a special hall near
the subcritical assembly in the common building. Parameters of the ENNG [5] are
given in table 1.
2.1 The accelerator-driver
It consists of an injector with cold cathode duoplasmatron ion source, RFQ section
and two DTL cavities in which drift tubes are used. Linac will work in a pulsed
mode. Key parameters are given in table 2.
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Table 1. Basic parameters of ENNG facility for XADS.
Output proton beam energy (MeV)
Average beam current (mA)
Target
Intensity of fast neutrons (n/s)
keff
Thermal neutron flux in experimental channels (n/cm2 ·s)
Thermal power at keff = 0.95 (kW)

36
0.5
Be
3 × 1014
0.95
2 × 1012
100

Table 2. Parameters of the accelerator.
Pulse beam current (mA)
Duration of pulses (µs)
Repetition rate (Hz)
Beam power (pulse) (MW)
Beam power (average) (kW)
Intensity of protons (average) (s−1 )
Frequency of RFQ RF field (MHz)
Frequency of DTL RF field (MHz)

100
220
25
3.6
18
3.1 × 1015
150
300

The RF cavities are made of three-metal (stainless steel, steel-20 and cuprum),
that allow easy removal of the heat released. The cross-section of the RFQ cavity
is shown in figure 2. The focusing channel in the DTL cavities is constructed
on the base of quadrupoles with original permanent magnets (PMQ with SmCo5 ,
see figure 3), that makes it suitable, reliable and economical. This system has
been proposed in ITEP and will be commissioned at the accelerator site ISTRA36 junction of internal volumes of the drift tubes and the vacuum tube of the
DTL cavities simplifying fabrication and increased reliability of the tubes had been
checked in real conditions of long (several years) operation. Absence of gas-emission
materials in the design of PMQ in internal volumes of the tubes will not only provide
hermetic sealing of these tubes but also pump them out through the holes which
can be seen (in figure 3) at the external cylindrical surface of the tubes.
2.2 Target-blanket
The horizontal section of the target-blanket [6] part of the ENNG is shown in
figure 4 and the main blanket neutron-physics characteristics are presented in table
3. Beryllium target has a thickness of 6 mm. The proton beam with 36 MeV energy
is completely absorbed in the first 2 mm. Additional thickness helps in multiplying
fast neutrons according to the Be (n,2n) reaction.
Due to this, the flux of fast neutrons from the target is increased by 25%. The
thermal blanket has a triangular lattice with step of 110 mm. In its corners heatgenerating channels with highly enriched (90%) fuel of 235 U is placed. The height
of the active part of the assembly is 110 cm. Vertical experimental channels are
located in the blanket’s reflector.
Pramana – J. Phys., Vol. 68, No. 2, February 2007
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Figure 2. Cross-section of the RFQ cavity.

Figure 3. Quadrupole with permanent
magnets in drift tube.

Figure 4. Horizontal section of the sub-critical assembly.

Our calculations [7–9] show that on the internal surface of a conic target (diameter of the cone’s base of 96 mm, the corner at top 24◦ ) falls 98–99% of particles
from their total number in an output beam of the accelerator. Thus, density of a
proton beam in average part of a beam section (figure 5) remains uniform. Such
distribution is most suitable for implementation of a satisfactory thermal range of
the target during ADS experiment.
The use of three types of experimental channels 250, 100 and 42 mm in diameter
is being examined; the vertical channels are placed in the lattice points.
The form of a neutron pulse arising in the blanket as a result of a proton pulse hitting the target depends on the effective multiplication coefficient keff of the blanket.
Through the decay process parameters, it is possible to determine the instantaneous
value of the blanket reactivity [10]. Moreover, by measuring the parameters from
pulse to pulse, it is possible to analyze the reactivity dynamics [10]. The control
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Table 3. Main parameters of the blanket.
Parameters
Heavy water vessel diameter/height (m)
keff in operation
Fuel channels number
235
U load (kg)
235
U enrichment (%)
Fuel lattice step (mm)
Fuel assembly height (mm)
Moderator
Primary coolant
Reflector

Value
1.71/3.44
0.95–0.97
16
1.30
90
110
1110
D2 O
D2 O
D2 O followed by graphite

Figure 5. Target unit and proton density distribution.

and safety system (CSS) distinguishes the cause of power increase by measuring and
comparing the values of the proton beam current, beam position on the target, fast
neutron yield from the target, neutron pulse amplitude in the reflector or fuel zone,
averaged neutron flux (power) and the pulse decay parameters in a quasi-continuous
manner. Depending on the type of cause, the CSS will turn off the accelerator or
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insert the shut-down rods into active core, preventing transition into a critical state
and an uncontrolled pile run-away. In our opinion, every accelerator-sub-critical
blanket system must include a safety system of this kind [11].
3. Construction of ENNG
ENNG facility is intended for the following applications:
(i) Analysis of fundamental issues of creation of sub-critical facilities for energy
generation, transmutation of waste from nuclear power plant (NPP), production of radio-nuclides etc.
(ii) Experimental choice of the blanket’s composition, structure and configuration, research of the U–Th fueled lattices, validation of computer codes for
the calculation of blanket systems [12].
(iii) Improvement of the concept of sub-critical assembly safe control and interplay
of the accelerator-driver and target-blanket system, including simulation and
prevention of failure accidents; experimental analysis of linac operation peculiarities (including extraordinary situations) in conditions of its operation as
a driver [13].
(iv) Improvement of physical-engineering solutions on development of separate
parts of the facility to use them at full scale ADS facility, in particular, for
analysis of the efficiency of materials with small cross-sections in accelerating
channels for reduction of radiation level in the linac-driver [14].
(v) Production of radio-nuclides (both ‘reactor’ and ‘cyclotron’ types); biomedical
and industrial applications.
(vi) Carrying-out radiation tests of materials and objects.
(vii) Obtaining a source of cold and ultra-cold neutrons for fundamental researches.
(viii) Organization of a Centre for education and training of young specialists of
accelerator and reactor disciplines.
4. Present status
Presently, the main volume of R&D is finished, technical Project is sanctioned;
considerable number of technological systems such as sub-critical target-blanket
assembly and linac-driver are designed, and the physical launch of a front end of
the linac in temporary building is conducted.
4.1 Linac-driver ISTRA-36
The equipment of the injector on an average current of 1.1 mA and beam energy
of 82 keV are made. The high power amplifier stages (capable to operate with
full pulse and average power) of a linac RF system and HV modulators (but with
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Figure 6. Output RF stage (left) and its modulator (middle) for low d.f.
rating; a few units of drift tubes for resonator DTL-2 (right).

decreased d.f. rating) are made (figure 6). There are resonators DTL-1 and DTL-2
with two sets of drift tubes.
The acceleration of a proton beam energy up to 10 MeV is obtained with a beam
current of about 100 mA in 10 µs pulse duration (figure 7) [15].
The quadrupoles and bending magnets for LEBT, and for HEBT have been
developed (figure 8). Transportation of the beam on the target at the output of
the linac has been optimized using computer simulations. The possibility of using
thermovision engineering for the measurement of proton density distribution on the
target by means of temperature distribution has been estimated (figure 8, right).
4.2 Sub-critical blanket
Protective concrete vessel (figure 9, left) of the decommissioned heavy water reactor has been fabricated for placing it within the sub-critical blanket’s working
vessel. CSS stand (figure 9, right), the working vessel’s elements and the desk are
manufactured (figure 10).
The neutron yield by bombarding 36 MeV proton beam on C, Be, Al, Fe, Pb, W,
U material targets has been investigated (figure 11). Study shows that beryllium
yield is 2.5 times higher than that of aluminum. It is also noticed that out of all
the materials investigated, 238 U gives maximum neutron yield at ∼36 MeV energy
of proton beam. At ∼20 MeV proton beam energy, beryllium yield is considerably
higher than that of all other materials investigated, which makes it appropriate
to exploit the two-layer target composed of U and Be, operating at the elevated
efficiency.
The analyses of spectra and angular distribution of neutrons leaving 9 Be and 238 U
targets bombarded with 36, 100 and 200 MeV proton beams have been obtained.
Reaction cross-sections were determined using ALICE-IPPE, LAHET, CASCADO
and SHIELD codes.
For the experimental validation of the neutron-physical (quasi-statically and dynamically) parameters of the non-multiplying blanket ENNG, the latter’s physical
model has been created in the facility ‘MAKET’. Experimental data are obtained
Pramana – J. Phys., Vol. 68, No. 2, February 2007
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Figure 7. Front end of the linac [15] in the temporary hall (left) and the
accelerated beam’s spectrum (right).

Figure 8. LEBT: bending magnet (left); HEBT: quadrupole lens (middle);
image from target simulator on thermovision monitor (right).

regarding the neutron field
ical processes taking place
neutron radial distribution
of neutron fluxes along the
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space distribution and revealing the dynamics of physin a non-multiplying blanket. Results relating to the
are shown in figure 12. Results for energy distribution
vertical stretch of HEBT are presented in figure 13.
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Figure 9. Protective concrete vessel (left); CSS stand (right).

Figure 10. The working reactor vessel’s elements (left and middle) and the
desk control panel (right).

5. The investigative and applied activity program at ENNG facility
5.1 Technology of electro-nuclear systems
Development and experimental validation of principles for control and monitoring of
electro-nuclear systems have been achieved. So many investigations are planned to
understand the inter-connections and inter-influences between such distinguishing
facilities as the accelerator and the target-blanket unit.
Development of methods for testing the high-intensity proton beam distribution
over the target surface and its control will be investigated.
Experimental modeling of abnormal situations which could appear in ADS would
be done and proper method would be devised for their prevention. Results to be
obtained from such facility will be used for developing future high power ADS for
energy generation.
Development of methods for certification of ADS control and monitoring system
(CMS) will be done.
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Figure 11. The neutron yield from bombarding proton beam on several
material targets.

5.2 Physics and technique of the target-blanket assembly
Experiments for the validating strategy for transmutation of NPP wastes, particularly for VVER-type reactors are to be developed. Theoretical investigations are
going on in ITEP regarding the optimal VVER waste transmutation strategy. The
ENNG will give the possibility of experimental validation of theoretical reasoning
regarding the efficiency of waste transmutation in different energy spectrums.
Accelerator-driver experiments to validate the principles of natural negative feedback establishment and that of the possibility of emergency shutdown of an electronuclear facility are to be performed. Those negative feedbacks are inherent to
the modern natural safety critical systems but are not required due to the direct
approach of the subcritical operation mode.
In the facility there will be possibility for the experimental investigation of neutron flux parameters from targets of different materials and shapes. Experimental
data will allow to optimize the target design and construction and to determine its
optimal physical, thermal and technological characteristics.
Fuel lattice neutron-physical parameter investigations are aimed at the U–Th
cycle efficiency evaluations. The result of these investigations will be a set of precision experimental data revealing specifics of physical processes taking place in
U–Th lattices.
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Figure 12. Neutron field distribution in
the radial direction for the non-multiplying
blanket.

Figure 13. Neutron flux density distribution along the HEBT.

5.3 Physics and engineering of an accelerator used as a driver of an electronuclear
system
Development and experimental test of methods of beam dosage on the output of
the linac-driver should be done. The permissible unauthorized deviations of a beam
current in ADS should not exceed the limit of 1–2%. Therefore, dosage of a proton
beam on target and accuracy of its maintenance at a given level are of paramount
importance.
5.4 Experimental refinement of effective methods of transportation
of intensive beams
Transportation of a proton beam at pulse mode operation of the linac ISTRA36 on several targets will allow expanding capabilities of the ENNG installation.
Moreover, it will allow us to obtain vital experience in switching of a high intensity
beam and to develop the safe handling technology of this process for designing
heavy-duty cycle linac-drivers.
The processes responsible for an accelerating field loading by an intensive beam
and development of compensation systems for this effect would be developed. The
experience gained in this will be useful to develop the driver for full-scale ADS
installation.
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5.5 Applications of the facility
Short- and ultra-short lifetime radionuclides will be produced using a proton beam
of 10 MeV energy (figure 1). They will be used as the emitters for positron-emission
tomography on the tomograph developed and made in our Institute. The beam with
36 MeV energy will be used to manufacture a wide spectrum of radionuclides for
therapeutic purposes. Besides, it is planned to produce radionuclides that can be
used in various industrial applications.
Radiation tests of different materials, products and hardware are planned to be
carried out on the 36 MeV proton beam in a vacuum chamber or after being released
to the atmosphere through thin foil with energy ∼33 MeV.
The activation analysis using a proton beam with energy 10 MeV and 3 MeV,
will allow to trace the tiniest presence of a metal in another, traces of sulfur in
mineral oil etc.
Neutron fluxes are supposed to be used for implantation technologies (an irradiation of silicon for manufacture of semi-conductor elements), reactor-type isotopes
and the development of neutron-capture therapies.
6. Perspectives for the development of ENNG
In the long term there is a possibility of substantial improvement of parameters
(in comparison with design and the technical project) and broadening of ENNG
capabilities:
(i) The multilayer target ensuring more productive usage of proton beam will be
tested.
(ii) The increase of RF system power the average linac proton beam current can
be increased from 0.5 up to 2–4 mA, and neutron flux in 4–8 times.
(iii) In case of replacement of an accelerating resonator DTL-2 on superconducting sections the beam energy can be increased from 36 MeV up to approximately
100 MeV, which will increase neutron flux by a factor of 3.
(iv) The development of biomedical usage of the linac beam by engaging the
capabilities of the positron-emission tomography (PET) lab at ITEP should result
in the organization of medical PET-CENTER at ENNG.
(v) The implementation of pulsed beam transportation will provide simultaneous
operation by a number of users.
7. Conclusions
The ENNG-XADS facility will be an effective and safe experimental system integrating all classical components of ADS system; the proton linac, the neutronproduction target and the sub-critical blanket. This complex will allow us to carry
out researches on electro-nuclear technology and systems and their capabilities for
solving a set of problems of nuclear power engineering.
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Applied usage of proton beams and neutron fluxes will serve as the medicaldiagnostic and therapeutic purposes, to solve some problems of engineering and
radiation materials technology and will also have commercial significance.
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