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Aresearch nuclear facility, the Neutron Source Based on the Subcritical Assembly Driven by a Linear Electron
Accelerator (Neutron Source), is under commissioning in the National Scientific Center «Kharkiv Institute
of Physics and Technology» (NSC KIPT), Ukraine, as an international collaborative project of NSC KIPT and
the Argonne National Laboratory (ANL), USA. The Neutron Source is intended to study subcritical accelerator
driven systems and generate neutrons to be used in applied and fundamental research in physics, chemistry,
biology, and medicine. The construction of a state-of-art nuclear research facility is a challenge for both the op-
erating organization (NSC KIPT) and the regulatory authority (SNRIU). NSC KIPT faced the technical challenges
caused by the unique design features of the facility. SNRIU faced the two major challenges: no regulations
to govern nuclear and radiation safety; no experience in licensing such a type of facility. This paper discusses
aspects related to the challenges and solutions in licensing of the Neutron Source, including development
of the regulatory and legal framework on nuclear and radiation safety, review of the safety justification docu-
ments for the new nuclear subcritical facility and verification calculations.
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NSC KIPT, with support of the ANL, is con-
structing the subcritical accelerator driven
dystem (ADS) facility «Neutron Source Based
on the Subcritical Assembly Driven by the Linear
Electron Accelerator» (Neutron Source). According
to Article 1 of the Law of Ukraine «On Nuclear
Energy Use and Radiation Safety» [1], the Neutron
Source is a nuclear facility that requires all mea-
sures on its safety assessment and licensing.
Under the implementation of the Neutron Source

S
ISSN 2073-6231. fipepHa Ta pagiauinHa 6e3neka 4(84).2019 NR

project in accordance with the Law of Ukraine
«On Authorizing Activities in Nuclear Energy Use»,
the following separate stages of nuclear installa-
tion life are subject to be licensed: construction
and commissioning; operation; decommissioning.

Thelicensing activities are carried out by the State
Nuclear Regulatory Inspectorate of Ukraine (SNRIU)
with the technical support of the State Scientific
and Technical Center for Nuclear and Radiation
Safety (SSTC NRS).
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Design features of the Neutron Source

The Neutron Source is an entirely new type
of nuclear research facility where the rate of 235U
isotope fission in the core is driven by an electron
accelerator. The IAEA classifies such facilities as ADS
(Accelerator Driven Systems) [2]. The target de-
sign applies tungsten or natural uranium for neu-
tron production through photonuclear reactions
from 100-MeV electrons. The layout and geometry
of the SA core ensure that the effective neutron mul-
tiplication factor is not higher than 0.98 (keff<0.98).
Therefore, the self-sustaining chain fission reaction
of 235U must not occur in the Neutron Source SA
core [4], [5]. This approach ensures nuclear safety
of such research facilities. This is the fundamental
difference and advantage of the nuclear subcriti-
cal facility from nuclear research reactors, which
are operated through self-sustaining fission chain
reaction.

The Neutron Source consists of the following
components (Fig. 1) [3] — [5]: subcritical assembly
(SA) on thermal neutrons with shielding; neutron
producing target (NPT) to produce primary neutrons,
located inside the subcritical assembly core; linear
electron accelerator (LEA) with a channel for beam
transport; facility control panel; general engineering
systems; test neutron channels for nuclear and phy-
sical research; engineering systems for the facility.

The NPT made from metal tungsten or natural
uranium and located in the SA core center between

fuel assemblies is a source of external neutrons.
The mechanism of neutron emission from the tar-
get is based on photonuclear (y, n)-reaction which
occurs after its irradiation by hard y-radiation
with energy of y-quantum, exceeding neutron-
binding energy in target nuclei (8...10 MeV). Such
F-radiation (deceleration, y-radiation) is generated
during deceleration of high-energy neutrons (over
10 MeV) in material from heavy chemical elements.
The linear electron accelerator is used to produce
electrons with energy of 100 MeV, has average
current 1 mA and beam power 100 kW. A vacuum
electron transportation channel with magnetic
optics elements intended to focus the electron
beam, change its direction and form necessary
dimensions of the target irradiation area is used
to transfer the beam from LEA to SA, which are spa-
tially separated. The SA core consists of 37 fuel as-
semblies in case of a uranium target and 38 in case
of a tungsten target, and is located in the subcritical
assembly tank. The core is surrounded by a com-
pound radial reflector consisting of beryllium units
and an annular graphite reflector. The SA core uses
nuclear fuel in fuel assemblies of VVR-M2 type with
low enriched uranium with 19.7 % of 235U isotope.
Normal operation of the main process equipment
to receive and use neutrons is maintained by auxilia-
ry control and support systems. The design envisag-
es an automated control system (ACS) of the Neutron
Source. ACS controls the state of facility systems, op-
erating modes, diagnoses equipment malfunctions
and failures and incompliance of parameters with

1 — biological shielding; 2 — SA tank; 3 — hanging racks; 4 — graphite reflector; 5 — beryllium reflector; 6 — core;
7 — target (NPT); 8 — refueling machine; 9 — core and target cooling circles

Fig. 1 — Neutron Source layout
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setpoints, provides relevant information to the op-
erator, performs necessary tripping in accordance
with the set of algorithms and interlocks. There is
also an automated radiation monitoring system
(ARMS) as an integral part of ACS. ARMS functions
independently of other systems both during facility
operation and in shutdown state (scheduled outage,
maintenance, etc.). For removal of heat generated
in the process equipment during the nuclear faci-
lity operation, several two-circle system are used for
cooling of: the subcritical assembly (260 kW), the tar-
get (100 kW). The LEA (985 kW) cooling system in-
cludes three subsystems of water cooling. Ventilation
cooling towers of secondary cooling system ensure
heat dissipation in the environment [3] — [5].

The Neutron Source is intended for scientific in-
vestigations of subcritical assemblies, generation
of neutrons and their applications in nuclear phy-
sics, solid state physics, biology, generation of med-
ical isotopes, radionuclide transmutations and train-
ing of experts in the nuclear energy.

Neutron Source licensing

The construction of the state-of-art nuclearresearch
facility (Neutron Sources) is a challenge for both the op-
erating organization (NSC KIPT) and the regulatory
authority (SNRIU). NSC KIPT faced the technical chal-
lenges caused by the unique design features of the fa-
cility. SNRIU faced the two major challenges. First, there
were no regulations to govern nuclear and radiation
safety of such a type of facilities. Second, there was
no experience in regulating the nuclear and radiation
safety and licensing of such a type of facilities.

Development of regulatory framework on nu-
clear and radiation safety for the Neutron Source.
Availability of the regulatory framework is the neces-
sary condition of licensing process. At the beginning
of the Neutron Source construction, the Ukrainian
regulatory framework included only two valid for-
mer USSR's regulations with regard to SA:

Nuclear safety rules for subcritical stands
(PBYa-01-75) put into force in 1975;

General safety provisions for research reactors
during design, construction and operation (OPB IR)
put into force in 1988.

Perceiving that the above mentioned regulatory
requirements had to be revised considering state-of-
the-art IAEA standards and international experience,
SNRIU in cooperation with SSTC NRS developed and
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brought into action the regulation «General Safety
Provisions for Nuclear Subcritical Assembly» (GSP) [6].

The basis for the development of the GSP [6] was:
accumulated national experience in research facili-
ties, current regulatory requirements for nuclear
power plants which were used applying the graded
approach, as well as accumulated international ex-
perience, in particular the IAEA’'s developments for
research facilities and subcritical systems, which
were elaborated and published as SSR-3 «Safety
of research reactors» [7] by the IAEA later.

The new regulation establishes the criteria and
principles for safety of the nuclear subcritical facility,
the requirements and conditions for ensuring nucle-
ar and radiation safety at all stages of the life cycle
of the nuclear subcritical facility, the main technical
means and organizational measures aimed to pro-
tecting personnel, the population and the envi-
ronment from possible radiation exposure. GSP [6]
states that the main safety objective of the nuclear
facility is to ensure protection of personnel, popu-
lation and the environment against negative ra-
diation impact of this facility during commission-
ing, operation and decommissioning. The nuclear
facility will comply with the safety requirements if
its radiation impact on personnel, the public and
the environment under normal operation, opera-
tional occurrences and design-basis accidents is
below the dose limits for personnel, the public, and
the levels of permissible environmental releases.

The GSP [6] defines general requirements for
all stages of the Neutron Source lifecycle. Some re-
quirements should be specified in other lower level
regulations (for example, safety requirements during
tests at the Neutron Source). If foreign regulations are
used, it is necessary to ensure harmonization of their
requirements with Ukrainian law on nuclear and radi-
ation safety. International regulations and rules may
be used, if: a) their requirements are more conserva-
tive; b) the aspects that are not reflected in national
regulations need to be addressed. Comparative ana-
lysis of regulatory documents (analysis of compliance)
should be submitted to the SNRIU for consideration.

Expert review of the Neutron Source
documents

In the Neutron Source’s licensing process, SNRIU
with the involvement of the technical support or-
ganization SSTC NRS performs an expert review
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of the licensing and operational documentation.
The purpose of the nuclear and radiation safety expert
review is to assess the compliance of the submitted
materials with the requirements of nuclear and ra-
diation safety regulations, rules and standards, as well
as the assessment of the completeness, correctness,
sufficiency and justification of the information pro-
vided. SSTC NRS has evaluated the Feasibility study,
Preliminary Safety Analysis Report (PSAR) and Neutron
Source Design at the first stage of licensing process.
The following main conclusions were made as a result
of the expert review.

The defense-in-depth strategy has been imple-
mented in the Neutron Source. This strategy is
based on a system of safety barriers to prevent re-
leases of radiation and radioactive substances into
the environment and a system of technical features
and organizational measures to protect the safety
barriers and preserve their efficiency. The safety
barriers include the fuel rod and NPT claddings, pri-
mary system, confinement system.

The Neutron Source is designed to fulfill the princi-
ples of ensuring nuclear safety at all stages of Neutron
Source life in accordance with the GSP [6]. The results
of the calculations of subcriticality presented in PSAR
[5] of the Neutron Source indicate that safety criteria
are not exceeded during normal operation, opera-
tional occurrences and design-basis accidents.

The experience of the Fukushima-1 NPP ac-
cident was taken into account in the Neutron
Source design (in the design-basis earthquake, safe
shutdown earthquake (SSE) is 7 points according
to the Medvedev-Sponheuer-Karnik scale (MSK-64),
which provides an adequate supply of seismicity
with respect to the seismicity of the site that is 6
points according to MSK-64 scale. As a part of the ac-
cident analysis, an assessment was carried out and
the safety of the Neutron Source was proved in case
of loss-of-heat-sink accident and total blackout.
The Neutron Source cooling systems are designed
as two-circle. The redundancy of equipment is pro-
vided, and passive flooding of SA during failure
of operating and backup cooling pumps will be en-
sured. Coolant pressure in the primary circle is lower
than operating pressure of cooling water in the se-
condary circle, which eliminates the possibility of ra-
dioactive coolant penetration into the secondary
system in case of heat exchanging pipe leakage.

The cooling systems are systems of normal
operation that are important to safety. The safety
analysis of the subcritical assembly cooling systems
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failure indicates that the temperature of the nuclear
fuel element cladding does not exceed the accep-
tance criteria.

On 26 September 2013, the SNRIU Board made
a decision to issue a license to the NSC KIPT for con-
struction and commissioning of the Neutron Source.
It was granted on 10 October 2013 (License Series
EO 001018). The above-mentioned license later was
extended by SNRIU until 01 December 2020.

Verification calculations. Licensing of new nucle-
ar installations is impossible without using of various
types of analytical tools for the verification safety ana-
lysis. Besides, IAEA recommends developing and us-
ing of independent expert models for regulatory safe-
ty assessment of nuclear installations. In the Neutron
Source licensing process, SSTC NRS with the support
of European experts (in frame of INSC projects [10])
developed the independent models of key nuclear
facility elements and performed calculations for veri-
fication safety studies using non-identical analytical
tools. The models of key nuclear facility elements
were developed in the directions of neutron-physics
calculations, thermal hydraulics safety analysis and
radiation protection calculations.

Neutronic calculations. In order to confirm
the calculations of subcriticality provided in PSAR
[5] of the Neutron Source, the calculation models
were developed. Neutronic verification calculations
were performed with the SCALE code package [6].
Neutronic calculations covered the VVR-M2 fuel as-
sembly, the subcritical assembly, the transport cask
for fresh fuel and spent fuel storage facility. The calcu-
lations used standard 238-group library of the SCALE
program package based on the ENDF/B-VI data files.
Configuration of the subcritical assembly with 38
fuel assemblies was calculated for using of the NPT.
The target itself was not modeled at this stage since
its removal increases the multiplication properties
of the SA. Using the average design fuel parameters,
a good compliance of the results of the verification
calculation and the result given in PSAR was obtained.
At the same time, according to expert estimates, with
the conservative consideration of changes in the pa-
rameters of fuel assemblies within the technological
tolerances for their manufacture, keffmax may exceed
the permissible value of 0.98. To resolve this issue,
the number of the nuclear fuel assemblies, which
are permitted to be loaded into the core, was limited
to 35 nuclear fuel assemblies (instead of 38), with
the subsequent justification of the possibility of in-

creasing this number to 38 if k.. . is not exceeded.
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The criticality of the spent fuel storage pool was cal-
culated with variation in the density of cooling fluid
(water or water-air mixture). The obtained results are
consistent with the results of the calculations in PSAR
[5]1 and confirm a significant margin to achieve
the safety criteria for the spent fuel storage poolin all
operational modes.

Thermal hydraulic safety analysis. According
to GSP [6], the Neutron Source safety is ensured by
consistent implementation of defense-in-depth
strategy based on the use of physical barrier system
on the way of radiation and radioactive substance
spreading to the environment, and system of tech-
nical means and organizational measures on pro-
tection of physical barriers and maintaining of their
efficiency. Neutron Source physical barrier system
on the way of radioactive substances and radiation
spreading includes: fuel and NPT cladding, equip-
ment of primary cooling circuits of the subcritical
assembly and the NPT, confining system of leaktight
compartments. The integrity criteria for the men-
tioned physical barriers are established and justi-
fied in Neutron Source PSAR [5]. Non-exceeding
of the established criteria justified for all operating
modes of the Neutron Source, emergencies and ac-
cidents. Accident management guides and their
justifying documents were developed based on pur-
poses not to reach or exceed criteria of physical bar-
rier integrity. As it is shown by the integrity criteria,
the following components of the Neutron Source
are the key components affecting safety: NPT and
the fuel assembly with claddings of aluminum alloy
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Fig. 2 — Isometric view of the SA

Fig. 3 — The results of the thermal
hydraulic calculations of the NPT
and nuclear fuel assembly

with the lowest melting temperature in the system.
In order to perform independent verification calcu-
lations the technical support organization SSTC NRS
are working to develop independent models of key
«Neurons Source» components using other analyti-
cal tools [11]. Related to the verification of the safety
criteria, two types of calculations are performed with
the CFD code ANSYS CFX. The first one describes
the NPT and the second one describes the fuel as-
sembly. Geometries, meshing, boundary conditions
are summarized and calculations are carried out
for steady state normal operation and few accident
transients. Comparison of the results with the PSAR
shows comparable temperatures of the neutron

Fig. 4 — Neutron Source biological shielding
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generating target plates and fuel assembly for steady
state normal operation [11]. According to the results
of the analysis of the accidents, it was confirmed
that the established safety criteria were not ex-
ceeded, however, recommendations were given
for the actions of personnel which will be included
to the Accident Management Guidance.

Radiation protection calculations. In the frame-
work of review of the technical solutions for estab-
lishing biological shielding for the Neutron Source,
calculations of biological shielding for the radial part
of the SA core were performed. Biological shielding
of SA is a system of concrete structures consisting
of a radial shield for the core and two sections of up-
per shield for the electron beam and nuclear subcrit-
ical assembly. The basis for the radiation protection
calculations (radiation is generated directly by linear
accelerator and SA) is energy characteristics and ra-
diation intensity, geometry of the Neutron Source
and protective structures. The radiation protection
is calculated using the MCNPX code. The analysis
showed the adequacy and correctness of the calcu-
lations performed in the PSAR [5] on the one hand,
and, on the other hand, the fulfillment of the basic
requirements for the safety of the personnel that
will be located in the experimental room.

Project progress and current activities

The Neutron Source is being commissioned under
License Series EO N2 001018 (valid until 01 December
of 2020). The license conditions define activities
on the Neutron Source commissioning, which require
some separate permits (for the first nuclear fuel deliv-
ery, physical start-up and trial operation) and define
a list of documents for each stages. Currently, all con-
struction activities, installation and functional tests
of equipment and systems important to safety have
been completed on the NSC KIPT site. The compre-
hensive test (with dummy fuel assemblies) has been
conducted successfully at the end of November 2018.
First separate permit for the first nuclear fuel delivery
to the NSC KIPT industrial site was issued by SNRIU
on 12 April 2019. Fuel has been delivered at the NSC
KIPT site in May 2019. The next step now is obtaining
the separate permit for the physical start-up. On this
way, the NSC KIPT and regulator with TSO are dealing
with new tasks and challenges. One of them is updating
PSAR based on construction activities and tests. A prac-
tical solution of this task primarily depends on hard
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and careful NSC KIPT work. SNRIU and SSTC NRS are in-
volved in this process due to working interaction with

NSCKIPT by providing necessary comments and clarifi-
cations. The second one is subcriticality calculations for
safety justification of the first core loading. SSTC NRS

has proposed approaches to subcriticality calculations

for the first Neutron Source core loading. They include

options for calculations and appropriate stages of their
implementation. In particular, the following three op-
tions have been proposed: (1) Realistic approach — Al

specifications for each fuel pin are given correspond-
ing to its passport data: e.g., enrichment, the mass

of 235U, fuel density, core length; (2) Partially Realistic
and Conservative approach — Core length for each

fuel pin is given conservatively corresponding to its

maximal value (520 mm). All other specifications (en-
richment, the mass of 235U, fuel density) for each fuel

pin correspond to its passport data. (3) Conservative ap-
proach — all specifications for each fuel pin are given:

according to passport data: i.e., enrichment 19.907 %,
the mass of 235U in the fuel assembly — 42.1 g, fuel

density 4.07 g/ccm, core length 519 mm; or according

to technical specifications (DKO) data: enrichment is

19.95 %, the mass of 235U in the fuel assembly — 43.8 g,
fuel density is given according to the conservative value

in passport data — 4.07 g/ccm, core length is 520 mm.
Based on proposed approaches the following decision

were made — calculation for loading first 35 fuel as-
semblies is performed in accordance with conservative

approach. The results of NSC KIPT calculation and

SSTC NRS verification calculations meet the regulatory
requirements, but slight differences were detected.
The calculation models will be validated during the first
stage of core loading by comparison results with ex-
periments. The subcriticality calculations for safety
justification of the 36-37-38 fuel assemblies loading

will be done in accordance with realistic approach after
loading first 35 fuel assemblies and models validation.
The tentative period for commissioning of the Neutron

Source is the end of 2020.

Conclusions

Construction of a fundamentally new nuclear
research facility in Ukraine like the Neutron Source
is a challenge for both operating organization
(NSC KIPT) and regulatory authority (SNRIU). The
regulatory authority SNRIU with SSTC NRS technical
support created all the necessary conditions for licens-
ing of the Neutron Source. The regulation «General
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Safety Provisions for the Nuclear Subcritical Facility»
was created based on IAEA standards and interna-
tional experience. Review of the Neutron Source
safety justification documents has been performed
with high quality level. Moreover, the working in-
teraction between SSTC NRS and NSC KIPT (with
informing of the SNRIU) was organized to hurry-up
the commissioning process. Independent thermo-
hydraulic, neutronic and radiation shielding models
of key nuclear facility elements were developed
with further performing the verification calculations
of safety studies using non-identical analytical tools.

Notwithstanding with challenges in licensing
of the Neutron Source, almost all of them are solved.
Nowadays, the Neutron Source is at the final stage
of commissioning. The physical start-up is planed
by the end of this year.
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JliueHsyBaHHA AAepHOI NiAKPUTUYHOI YycTa-
HOBKN «[l)kepeno HeWTPOHIB»: BUKAUKU
Ta WAAXN BUPiLLEHHA

Kyxoubkuii 0.B.", Binogia €.1.7,
WeniTyak A.B.2, Hemuyosa C.A.2

1 lep>kaBHe MiaNpueMCTBO «[lepkaBHui
HayKOBO-TEXHIYHUI LEHTp 3 AfepHOT

Ta pagiauinHoi 6esnekmn», M. Knis, YkpaiHa
2 [lep>kaBHa iHCMeKLifA AAepHOro perynioBaHHs
YKpaiHu, m. Knis, YKpaiHa

HocnigHuupbKa agepHa ycTaHoBKa «[Ikepeno Hel-
TPOHIB, LL{O 3aCHOBAHE Ha NigKPUTMYHIN 36ipLi, AKa Ke-
PY€eTbCA NiHINHAM NPUCKOPIOBAaYEM eNeKTPOHIB» Ha-
pasi 3HaXoAuTbCA B CTafil BBeAEHHA B eKcnnyaTawii
B HauioHanbHOMy HayKoOBOMY LIEeHTPi «XapKiBCbKMiA
bisnKo-TexHiUHWN iHCTUTYT» (HHL XOTI) AK MixHa-
pogHuin npoekT HHL XOTI i AproHcbKkoi HauioHanb-
Hoi nabopatopii (ANL), CLWIA. Oxepeno HeNTPOHIB
npusHayeHe ANA BMBYEHHA NIAKPUTUYHUX CUCTEM
Ta reHepyBaHHA HENTPOHIB ANA BUKOPUCTAHHA B NpU-
KnagHux Ta yHAaMeHTanbHUX AOCiOMeHHAX 3 di3n-
Ku, ximii, 6ionorii Ta meguumHu. bygiBHMUTBO Ccyvac-
Horo ob'ekTa AnA AfepHUX pocnigxeHb — [xepena
HENTPOHIB — € BUKAMKOM fAK ONA eKCryaTylouoil
opranizauii (HHL, XOTI), Tak i gna perynioioyoro op-
raHy (JepxatomperymioBaHhs). HHL| X®TI 3iTkHyBCA
3 TeXHIYHUMW BUKINKAMW, 3YMOBMEHUMWN YHiKanb-
H/MN KOHCTPYKTMBHUMMK 0CO6nMBOCTAMM OO'eKTa.
[epaTomperynioBaHHA 3iTKHYI0CA 3 BOMa OCHOB-
HVMU BMK/IKaMW — BifCYTHICTb HOPMaTMBHOI 6a3u
3 AfepHoOI Ta pagiauinHoi 6e3nekn AnA Takoro Tuny
YCTaHOBOK i BiACYTHICTb AOCBiAY NiLeH3yBaHHA Tako-
ro Tmny o6'exTiB. Y Lill CTATTi pO3rNAfaloTbCA acnekTy,
NOB'A3aHi 3 BUK/IMKaMK Ta iX BUpILIEHHAMMW Nig 4vac
niueH3yBaHHA AJepHOI  NiIAKPUTUYHOI  YCTaHOBKM
«[l>Kepeno HeNTPOHIB», 30KpemMa po3pobKa Hop-
MaTMBHO-MPABOBOI 6a3n 3 AfepHOl Ta pagiauiiHol
6e3neKkun, po3rnAg OOKYMEHTIB, WO O6rPYHTOBYIOTb
6e3neKy ana HoBoro o6’ekTa Ta BUKOHaHHA Bepudika-
LiNHNX pO3paxyHKiB.

KniouoBi cnoBa: gxepeno HENTPOHIB, eK-
cnepumeHTanbHa YCTaHOBKa, NiueH3yBaHHA, 6es-
neka.

OTpurmaHo 26.07.2019

[DEPXABHE MIANPUEMCTBO
[LEEPXKABHWI HAYKOBO-TEXHIYHWIA
LIEHTP 3 AAEPHOI TA PALIALIAHOT
BE3MEKM

SSTC



