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National Science Center “Kharkov Institute of Physics and Technology” jointly with the Argonne National Laboratory
developed, designed and constructed the Subcritical Nuclear Facility “Neutron source based on the subcritical assembly
driven by electron linear accelerator”. The article presents the main results obtained during the physical start-up of the
plant, the program of which involved the staged loading of fuel assemblies into the core with subsequent measurements
of its neutron-physical characteristics. In total, 37 fuel assemblies of WWR-M2 type were loaded into the facility core.
The values of the effective neutron multiplication factor k.. and reactivity p of the subcritical assembly were measured
after each loading step using the multiplication and area ratio methods. In addition, the neutron flux to electron current
ratio method was tested for on-line reactivity monitoring. The investigations were performed when the accelerator was
operated with 100 MeV electron beam energy, 2.7 us electron pulse duration, 20 Hz pulse repetition rate and < 40 mA
beam pulse current. The obtained results were analyzed in terms of ensuring the facility nuclear safety at the next stage
of its commissioning which is the pilot operation.
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Introduction. National Science Center “Kharkov Institute of Physics and Technology”
(NSC KIPT) jointly with the Argonne National Laboratory (ANL) developed, designed and
constructed the Subcritical Nuclear Facility “Neutron source based on the subcritical assembly
driven by electron linear accelerator” (SNF “Neutron Source”) [1—3].

The technological process of intensive neutron flux generation at such facilities is based on
the multiplication of primary neutrons in the fissile material. The configuration, geometry and
mass of the fissile material is chosen to provide the value of neutron multiplication factor k_; lower
0.98 in normal, abnormal, and accident conditions. Such solution guarantees the nuclear safety of
the plant, and this is its fundamental difference from research and power reactors operating in the
mode of self-sustained nuclear chain reaction of actinide fission.

After completion of construction, installation and commissioning works, as well as individual and
comprehensive tests of all systems, the physical launch of the SNF “Neutron Source” was initiated. The
corresponding program included the step-by-step loading of fuel assemblies (FAs) into the core and
measurements of the effective neutron multiplication factor k_; and reactivity p of the subcritical as-
sembly after each step of the loading by using the multiplication and area ratio methods. In addition,
the neutron flux to electron current ratio method for on-line reactivity monitoring was tested with the
aim of using it in the next stage of commissioning the SNF “Neutron Source” — pilot operation.

Experimentally determined core characteristics were compared with the results of numerical
Monte Carlo simulations performed using MCNP 6.2 code and ENDF/B-VIL.O0 nuclear data library.

The first fresh fuel loading into the core of SNF “Neutron Source” was started in 2020.

1. Facility description. The base of SNF “Neutron Source is the subcritical assembly (SCA),
where low-enriched uranium (with 19,7% enrichment by U isotope) is used as fissile material
for primary neutron multiplication.

A high current electron linear accelerator (LINAC) of 100 MeV electron energy [4, 5] and the
neutron generating target [6] is used to generate the external primary neutrons via photo-nuclear
(y,n) reactions in plates of heavy materials (tungsten) of the target due to the hard gamma radia-
tion produced by the deceleration of electrons in the target material (bremsstrahlung).

Simulated data on the neutron yield per 100 MeV electron for the tungsten target are given in
[3]. The neutron spectrum has a maximum at about 1 MeV, which is similar to the fission spec-
trum. The high-energy component of the spectrum is not sensitive to the electron energy, and its
magnitude is very small.

Generated primary neutrons cause the fission of *°U isotope of FAs. The resulting neutron
generation rate and the value of neutron flux in the SCA core, respectively, is determined by inten-
sity of the primary neutron flux and by the value of the effective multiplication factor kg The pro-
cess of fission and neutron generation stops when the acceleration electron beam is switched off.

Fig. 1 shows a general view of the SCA core. A neutron-generating tungsten target is installed in
the center of the core, around which FAs of WWR-M2 type are located. The neutron reflector is formed
by two types of elements. The first one is beryllium elements (82 items). The second one is the ring of
graphite consisting of blocks enclosed in a sealed housing made of the aluminum alloy SAV-1. All core
elements are installed in a fuel mark attached to this casing. The core and neutron-generating target
SCA are equipped with independent cooling circles with demineralized water as coolant. The shape
and geometry of the moving elements of the core are 1dent1ca1 to FAs of WWR-M2 type.

All SCA core elements are located inside the 6 m® tank made of the aluminum alloy SAV-1
and surrounded by biological shielding made of heavy concrete with the density of 4.85 g-cm -,
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All loading/unloading/reloading operations of the main elements inside the tank are per-
formed by the fuel-handling machine.

Fig. 2 shows a vertical cross section of SNF “Neutron Source” layout and technological equip-
ment allocation.

After passing the accelerating sections, the electron beam is directed to the target through a
transport channel consisting of two 45-degree dipole magnets, a quadrupole lens and two scan-
ning magnets, which allow scanning the electron beam and distributing it uniformly over the
surface of the target plates. Behind the first dipole magnet of the transportation channel there is a
magnet-induction electron beam current detector (MID) made by “Bergoz Ltd” (France) which
allows to measure beam current with accuracy of about 1%. An electron beam loss sensor is in-
stalled after the second dipole magnet of the transport channel. The electron current is detected
on the target by measuring the electron current using the MID with minimum beam loss in the
transport channel after the second dipole magnet.

Prior to the physical start-up, LINAC was configured for stable, reproducible operation with
the following electron beam parameters:

beam energy — 100 MeV;

repetition rate — 625 Hz;

pulse duration — 2.7 ys;

pulse current — 0.6 A;

average beam power — 100 kW.

Table 1. Results of MCNP simulations of FAs loading during the physical startup

FAs keff std, n - 107 p Beﬂ std, n - 107
4 0.26854 3 —2.72384 0.00799 13
8 0.42698 4 —-1.34203 0.00794 10
12 0.5352 5 —-0.86846 0.0079 9
14 0.59216 5 —-0.68873 0.00803 9
16 0.64486 4 -0.55072 0.00789 8
18 0.6932 5 —-0.44259 0.0076 8
20 0.72727 5 -0.37501 0.00789 8
22 0.75933 5 -0.31695 0.00768 7
24 0.78961 5 —-0.26645 0.00761 7
26 0.81427 5 -0.22809 0.00777 7
28 0.83751 6 —-0.19402 0.00747 7
30 0.86007 6 -0.1627 0.00776 7
31 0.87376 5 —0.14448 0.00778 7
32 0.88674 5 -0.12773 0.00765 7
33 0.90005 5 -0.11105 0.00758 7
34 0.91257 5 —-0.09581 0.00752 7
35 0.92525 5 —-0.08079 0.00765 7
36 0.93713 6 -0.06709 0.00758 7
37 0.94748 5 —0.05543 0.00759 7
38 0.95721 6 —-0.0447 0.00744 7
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Fig. 1. Layout of the core: a —
horizontal cross-section (I —
neutron generating target, 2 —
FAs, 3 — beryllium reflector
elements, 4 — graphite reflector,
5 — cooling channels); b —
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Fig. 2. Vertical cross section of SNF “Neutron Source” layout and technological equipment allocation: I — LINAC
tunnel; IT — Kklystron gallery. 1 — electron gun power supply; 2 — electron gun; 3 — first accelerating section;
4 —energy filter; 5 — accelerating section; 6 — waveguide circuit; 7 — klystron modulator; 8 — quadrupole triplet;
9 — transportation channel; 10 — SCA tank

2. Fuel loading steps. Step-by-step loading of fresh FAs into the SCA core was carried out in
the following sequence: from the 1st to the 3rd loadings four FAs each, from the 4th to the 12th —
two FAs each, and from the 13th to the 20th — one FA each.

Loading of fresh FAs into SCA core was performed according to cartogram (see Fig. 1) ob-
tained by simulations using the MCNP 6.2 code [7].

Table 1 shows the obtained simulated values of the effective neutron multiplication factor kg
and reactivity p of the SCA core for each step of FAs loading.

3. Neutron flax monitoring system. The neutron flux monitoring system with three measur-
ing channels is equipped with a set of neutron detectors of CFUF34, CFUF54 and CFUF28 types
with different sensitivities in each channel [8].

The characteristics of the detectors are presented in Table 2. Fission chambers manufactured
by “Photonis” (France) are used as neutron detectors. The CFUF34 type and CFUF54 detectors
are located above the graphite reflector alternately at a vertical distance of 849 mm from the me-
dian plane of the SCA and 540 mm from the center of the neutron generating target in the radial
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direction. Three CFUF28 type detectors are located 90 mm above the median plane behind the
graphite reflector at distance of 625 mm from the center of the SCA. The CFUF34 and CFUF54
type detectors are arranged at 60° angle to each other.

The CFUF34 and CFUF54 detectors can be operated in individual neutron counting and
fluctuation modes. In addition, CFUF28 detectors can operate in current mode. The detectors
located above the graphite reflector were used for measurements during the physical start-up of
SNF “Neutron Source” Detectors in median plane are designed to monitor the neutron flux in
output neutron channels.

Accelerator timing system generates synchro-pulses that control the operation of accelerator
systems, including synchro-pulse whose front edge corresponds to the start of the accelerated
electron pulse. This synchro-pulse controls the system for recording the neutron response of the
SCA to an external neutron pulse.

Reception and primary generation of signals from neutron detectors are performed by the
RNL-04.06 wide range analogue modules manufactured by “Regtron” (Hungary).

The signal from the division chamber is fed to the input of the preamplifier. It amplifies the
measurement signal and divides it into pulse and variable components. The pulse signal is pro-
cessed in the amplifier with amplitude discriminator. The amplitude discriminator converts the
incoming detector pulses into standard pulses if the discriminator threshold voltage is exceeded.

The measured pulse signals are given from the RNL-04.06 wide range analogue modules to
inputs of the neutron flux counter unit (NFCU) and the pulse response counter unit (PRCU) con-
trolled by strobe-pulse of the accelerated electrons. NFCU and PRCU are based on PSI-8101RT
controllers with N16602 module that contains eight 32-bit counters. PRCU contains of the strob-
ing generator with duration of control pulses from 1 up to 100 ps which provides measurement of
the SCA response to an external neutron pulse.

The strobing pulses with 5 ps duration were used in the performed measurements. In addition
to the normative functions, NFCU also provides measurement of neutron registration time after
the synchro-pulse.

Before the physical start-up of the facility, the discrimination curves of CFUF34 detectors
were measured under real experimental conditions based on manufacturer’s recommendations.
The discrimination curves measured at high voltage U = 400 V for all three detectors CFUF34 are
shown in Fig. 3.

The value of discrimination threshold was chosen to be 0.6 V for all three detectors. This was
done for two reasons: 1) the manufacturer’s data sheets for neutron detectors specify the range 0.6—

Table 2. Characteristics of detectors of the neutron flux monitoring system

Characteristics Dimension CFUF28 CFUF34 CFUF54
Sensitivity to thermal neutrons in pulse mode s (em - s 107 10 107
Sensitivity to thermal neutrons in fluctuation mode A% Hz Y(em™.s7h 10 4.107% 4.107"
Sensitivity to thermal neutrons in current mode Al(cm™-s7h 107" — —
Neutron flux density range in pulse mode eam s 10°—10° 10°—10° 10°—10"
Neutron flux density range in fluctuation mode em s 10°—3.10"|10’—3-10"| 10°—3- 10"
Neutron flux density range in current mode em s 10°—10" — —
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0.9 V as the recommended value of the discrimination threshold; 2) the regions of the discrimina-
tion curves between 0.56 V and 0.61 V have a minimum slope angle. Further measurements at
several loads compared the measured reactivity at several close values of the discrimination voltage.

4. Pulsed external neutron source. It was determined by computer analysis of the SCA model
by using the MCNP 6.2 code that after the loading of 37 FAs the prompt neutrons from the SCA
under external neutron pulse of 3 us duration decay within 23 ms, and therefore, for reliable
experimental registration of the delayed neutron flux from the SCA, the acceptable duration of
registration of the neutron response to the external neutron pulse is 50 ms, which corresponds to
the pulse repetition rate of accelerated electrons of 20 Hz.

The accelerator pulse current during the physical start-up was selected to be ~ 40 mA in order,
on the one hand, to have the acceptable neutron count rate and to ensure the use of CFUF34 detec-
tors until the complete loading of FAs (37 items) into the core. On the other hand, such value of
the electron pulse current provides the possibility to perform measurements using CFUF54 detec-
tors at the late stages of FAs loading (after the loading of 28 FAs), which ensures the cross-linking
of results of SCA reactivity measurements by two different types of neutron detectors. Thus, the
parameters of the accelerator beam for the facility start-up should be:

beam energy — 100 MeV;

repetition rate — 20 Hz;

pulse duration — 2.7 ys;

pulse current — < 40 mA;

average beam power — ~ 200 W.

Time of establishment of quasi-static equilibrium at selected parameters of electron beam and
standard characteristics of delayed neutrons was estimated to be 270 seconds and was verified
experimentally [9].
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5. Physical start-up results. Using the multiplication method. Measurements of the effec-
tive neutron multiplication factor kg of the SCA core using the multiplication method were per-
formed based on the ratio [10]:

ke =1-Ny/N,, (1)

where N, is the number of neutrons registered without the loading of fuel elements into the core,
N. is the number of neutrons registered after i-th stage of loading of fuel elements into the core.

During the measurements of the effective neutron multiplication factor k,; using the multipli-
cation method, a series of 5—6 measurements, consisting of 3600 accelerator pulses with 20 Hz ac-
celerator repetition rate and 35—40 mA pulse current were performed at each stage of FAs loading.

Fig. 4 shows the results of inverse curve plotting for each step of FAs loading into the SCA core.

Critical value of the number of FAs in the SCA core was determined by intersection of linear
approximation of inverse count curve with abscissa axis. After loading of 37 FAs at the core the
value of k_, measured with the multiplication method, was equal to 0.95939 and critical value of
the number of FAs in the SCA core was m_, = 41.

Fig. 5 shows the effective neutron multiplication factor k_g of the core at each step of FAs load-
ing measured with the multiplication method averaged for three measuring channels in compere
with MCNP 6.2 code results.

Using the area ratio method. Measurements of the reactivity p of the system by the area ratio
method (or the area method) is based on the ratio [10]:

_ P _Na (2)

b

Beff Np

where B is the effective fraction of delayed neutrons, based on simulations by the MCNP 6.2
code for each step of the fuel loading (see Table 1), N, is the number of registered prompt neu-
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Fig. 5. Effective neutron multiplication factor kg of k.
the core at each step of FAs loading measured with the k. =0.96

multiplication method in compare with simulation ~—  [777777 77T I n I e
results 09+

trons, N, is the number of the registered de-
layed neutrons. This ratio is obtained in the 0.6}
point reactor model when a quasi-stationary
neutron flux equilibrium is established in the —e— MCNP

SCA core under the existing parameters of the —s— Multiplication
external neutron source. During the facility 0.3} method
start-up the core reactivity value p was mea- . . .
sured sequentially from five measurements of 0 12 24 36
36000 electron pulses at a pulsed beam cur- FAs

rent of about 40 mA.

To measure reactivity based on the ratio (2), it is necessary to measure the neutron response of
the SCA to an external neutron pulse with sufficient statistical accuracy, from which the number
of fast and delayed neutrons can be calculated.

Instrumentally, to register the SCA response, an electronic system with double gating of neu-
tron yield from SCA is used. Each external neutron pulse corresponds to a strobe at the beginning
of the neutron pulse (repetition rate 20 Hz) and the same pulse triggers the gating system for mea-
suring the neutron yield from the SCA. The strobing period can be selected in the range from 1 ps
to 100 ps. Based on experimental experience, a strobing period of 5 us was selected.

So, the total number of registered neutrons in SCA pulse response N, , is measured by sum-
marizing the number of registered neutrons during the measuring session.

For the subcritical assembly, the fast neutron output completely ceases during the decay time
of 25 ms after the external neutron pulse. The number of delayed neutrons in the neutron re-
sponse of the subcritical assembly N, after the decay of the prompt neutron output under quasi-
static equilibrium conditions remains constant until the next electron pulse that is 50 ms for our
case. To determine the number of delayed neutrons N, after the initial external neutron pulses one
should count the number of neutrons between each 25th and 50th ms of the measurement session
and double it, since the number of delayed neutrons between 0 and 25 ms after the initial pulse is
the same as between 25 and 50 ms.

Total number of prompt neutrons N_ is determined as the difference between the total num-
ber of neutrons N, , in response and the number of delayed neutrons N:

N, =N, —Ny. 3)

Fig. 6 shows pulse responses of SCA to external neutron pulse for each stage of FAs loading. The
comparison of experimental pulse of SCA response and the one obtained by simulation with MCNP
6.2 code is given in Fig. 7 at loading of 37 FAs. Values of reactivity p measured with the area ratio
method at each step of the FAs loading averaged on three measuring channels are shown in Fig. 8.

After the 37 FAs loading into the core the averaged on three measuring channels value of k_
15 0.943 £ 0.01%.
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Fig. 6. SCA impulse responses to an
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stage of loading measured on one of
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Spatial correction. For an adequate estimation of the reactivity p with the area ratio method,
it is necessary to take into account the spatial correction of the measurements due to location of
the neutron detectors [10]:

f — Perit , (4)
Pscr
pcor:f'pexp’ (5)

where p__. is the calculated reactivity value obtained as a result of modeling using the MCNP code
in the criticality mode, p__is the calculated value of reactivity in the source mode, Pexp 15 the re-
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activity value experimentally measured by the
area ratio method, f is the spatial correction
factor, which excludes the dependence of the
measured value at each neutron detector loca-
tion, p_is the corrected reactivity value.

Table 3 shows the results of spatial correc-
tion simulation for CFUF34 neutron detec-
tors. The simulations were performed when
the contributions of the prompt neutrons N,
and delayed neutrons N to the whole number
of counting can be separated.

Experimental results for k. measure-
ments. After loading of 37 FAs the number
of recorded neutrons released from SCA is
increased in M = 1/(1 — k_g) times in com-
parison with the number of neutrons released
from SCA without FAs. Estimates from kg

oF
=
=
ks
S
[~
oL
—eo— MCNP
—a— Area ratio
method
0 12 24 36

FAs

Fig. 8. Comparisons of the reactivity p of the core at each
step of FAs loading measured with the area ratio method
and MCNP simulation results

measurement results give the following results for the increase of the neutron yield:
k. measured by the area ratio method gives increase of the neutron yield in 17.4 times;
k. measured by the multiplication method gives increase of the neutron yield in 23.9 times.
The results of kg value simulations with MCNP 6.2 code for referent parameters of the FAs
and results of k . measurements with multiplication, area ratio methods and taking into account

spatial correction are summarized in Table 4.

Fig. 9 shows the value of k_simulated with MCNP 6.2 code and measured by different meth-
ods and averaged over three measurement channels for each fuel loading step in the core.
As one can see, the measurement results of the area ratio method are in a good agreement

with MCNP 6.2 simulation results.

The data of Table 4 show a systematic overrun of kg values measured with multiplication
method over k_; measured with area ratio method and MCNP 6.2 simulation results. Herewith, the
value of overrun is ~ 1,5% at 37 loaded FAs and increases with 12 loaded FAs into the core up to

Table 3. Accounting for spatial correction for the area ratio method

FAs p f Peor

28 -0.1911 1.0487 -0.2004
30 -0.1624 1.0425 -0.1693
31 -0.1453 1.0251 -0.1490
32 -0.129 1.0231 -0.1320
33 -0.1137 1.0332 -0.1175
34 -0.0993 1.0190 -0.1012
35 -0.0849 1.0084 -0.0856
36 -0.0718 1.0162 -0.0730
37 -0.0607 1.0247 -0.0622

Note. f — average values of the spatial correction factors for CFUF34.
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~ 4 %. Such difference in measured Values of k.-can be caused by difference in efficiency of neutron
registration generated by the target and U fission neutrons because of essential difference of neu-
tron energy spectrum. For this reason, it can be argued that k  values obtained with multiplication
measurements have systematic excesses. To eliminate this natural disadvantage of the multiplicative
measurement method it is necessary to approximate the energy spectrum of external neutrons to
the spectrum of U fission neutrons. It can be supposed, that (d,d) reaction can be used as pri-
mary reaction for the external primary neutron generation.

In addition, the results of area ratio method are systematically slightly higher than simula-
tion results of MCNP 6.2 code. But the value of overrun with 37 FAs loaded to the core are less
than 1 %. The spatial reactivity correction does not lead to a closer match between the results
and the simulation.

Preparation of the facility pilot operation. The physical start-up program envisages verifica-
tion and development of the on-line monitoring methodology of SCA reactivity for the next stage
of the facility operation — pilot operation of the SNF “Neutron Source”. The pilot operation stage
provides for an increase in the electron beam power up to 100 kW with a corresponding increase
in the neutron flux yield in the SCA. To ensure the realization of the pilot operation stage of the
facility, the following studies were carried out:

= starting from 28 FAs loading to the facility core the CFUF54 detectors with 10~ > were put in
operation;

= tests of on-line method of reactivity monitoring with use of neutron flux to electron beam
current ratio were carried out using SNF “Neutron source” equipment.

Table 4. The results of k., simulations with MCNP 6.2 code for referent values
of FAs parameters and k . measurement results with multiplication and area ratio methods

FAs MCNP Multiplication Area ratio Area ra.tio metho.d
method method with spatial correction

4 0.26854 0.3113 0.2646 —

8 0.42698 0.4837 0.4367 —
12 0.5352 0.5891 0.5426 —
14 0.59216 0.6438 0.6027 —
16 0.64486 0.6961 0.6555 —
18 0.6932 0.7449 0.7037 —
20 0.72727 0.7732 0.7366 —
22 0.75933 0.8149 0.7665 —
24 0.78961 0.8249 0.7953 —
26 0.81427 0.8467 0.8183 —
28 0.83751 0.8688 0.8394 0.8331
30 0.86007 0.8868 0.8601 0.8552
31 0.87376 0.8995 0.8731 0.8704
32 0.88674 0.9082 0.8857 0.8834
33 0.90005 0.9202 0.8982 0.8949
34 0.91257 0.9299 0.9096 0.9081
35 0.92525 0.9392 0.9217 0.9211
36 0.93713 0.9474 0.9331 0.9320
37 0.94748 0.9577 0.9428 0.9414
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Fig. 9. k ¢ values of MCNP 6.2 simulation results for referent parameters of FAs and experimental measurement
results for different measurement methods

Using CFUF54 detectors. Starting with 28 FAs loaded into the SCA core, the number of neu-
trons registered by the CFUF54 detectors became large enough to provide acceptable statistics
and measurement accuracy. Therefore, simultaneous measurements with CFUF34 detectors were
performed with CFUF54 detectors with a sensitivity of 10",

Before the measurements, the discrimination curves of CFUF54 detectors were measured. Tak-
ing into account the absence of detector manufacturer recommendations concerning discrimina-
tion voltage value of the CFUF54 detectors, the discrimination voltages were set in accordance with
number of registered neutrons, that should be in 10” times less than for next CFUF34 detectors. The
discrimination voltage values for the detectors were chosen to be 0.64 V, 0.69 V and 0.63 V.

The results of k and reactivity measurements with area ratio method with CFUF54 in com-
pare with the CFUF34 detector measurement results are presented in Table 5. As it can be seen
from the data, the results of CFUF34 and CFUF54 measurements agree well.

Table 5. Experimental data on the effective neutron multiplication factor kg,
and reactivity p obtained by the area ratio method for detectors CFUF34 and CFUF54

CFUF34 CFUF54
FAs
ke p kg p

28 0.8395 -0.1911 0.8255 -0.2114
30 0.8603 -0.1624 0.8602 -0.1625
31 0.8732 —0.1453 0.8744 —-0.1436
32 0.8857 -0.129 0.8848 -0.1302
33 0.8979 -0.1137 0.8976 -0.1141
34 0.9097 -0.0993 0.9099 —-0.0991
35 0.9218 -0.0849 0.922 -0.0846
36 0.933 -0.0718 0.9328 -0.072
37 0.9428 —-0.0607 0.9429 —0.0606
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Using the flux-to-current ratio method. During the step-by-step loading of FAs into the SCA
core the system reactivity control method by the ratio of neutron flux to current was tested [10]:

CI)ref /1 ref

4
i (4)

Pi = Pref
where p_is the reactivity reference value measured by area ratio method, ®_,is the measured ref-
erence value of neutron flux, I_;is the measured current reference value of the linear accelerator-
driver, @, is the measured current value of neutron flux, I is the measured current value of linear
accelerator current.

To determine the SCA reactivity by the ratio of neutron flux to electron current, results of
reactivity measurement by area ratio method with CFUF34 detectors were used as reference

Table 6. Averaged on three measuring channels reactivity p measured
with flux to current ratio method and calculated for different reference values of p_, @ ., I

ref> “ref

" MOND Averaged P. with Averaged p with flux to current ratio values

area ratio i—1 ref i-2 ref i—3 ref i—4 ref
28 —0.19402 -0.1911 -0.194 -0.199 -0.212 -0.214
30 -0.1627 —-0.1624 -0.166 -0.169 -0.173 —-0.184
31 —0.14448 —-0.1453 —-0.142 -0.145 -0.147 -0.151
32 -0.12773 -0.129 -0.131 —-0.128 -0.131 -0.133
33 —-0.11105 -0.1137 -0.110 -0.112 -0.109 -0.111
34 —0.09581 —-0.0993 —-0.102 —-0.098 -0.100 -0.097
35 —0.08079 —-0.0849 —-0.090 —-0.092 —-0.089 —-0.090
36 -0.06709 -0.0718 -0.068 —-0.072 —-0.073 -0.071
37 —-0.05543 -0.0607 -0.061 -0.057 -0.061 -0.062

Table 7. Efficiencies of the FAs in the core

MCNP Multiplication method Area ratio method Flux.—to—current
FAs ratio method
P Ap p Ap % P Ap % p Ap %

31 -0.1445 | 1820 | -0.1120 | 1000 | -22.49 | -0.1453 | 1710 | 0.55 | —0.1420 | 2430 | -1.73
32 -0.1277 | 1680 | —0.0963 | 1570 | —-24.59 | —0.1290 | 1630 | 1.02 | —0.1313 | 1070 | 2.82
33 -0.1111 | 1660 | —0.0827 | 1360 | -25.56 | —0.1137 | 1530 | 2.34 | —0.1100 | 2130 | —0.99
34 -0.0958 | 1530 | -0.0717 | 1100 | -25.16 | —0.0993 | 1440 | 3.65 | —0.1017 | 830 6.16
35 —-0.0808 | 1500 | —0.0620 | 970 | -23.27 | —0.0849 | 1440 | 5.07 | —0.0873 | 1440 | 8.04
36 -0.0671 | 1370 | -0.0533 | 870 | -20.57 | —-0.0718 | 1310 | 7.00 | —0.0690 | 1830 | 2.83
37 —-0.0554 | 1170 | -0.0423 | 1100 | -23.65 | —0.0607 | 1110 | 9.57 | —0.0613 | 770 | 10.65

Note. Ap is integral efficiency of one FA, pcm; % is deviation of experimental efficiency from calculated value

pexp

—11-100, %.
Pmcnp
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Fig. 10. Comparisons of the reactivity p of the core at of
each step of FAs loading measured with the flux-to-
current ratio method and MCNP simulation results

values. At i-th step of FAs loading, the re-
activity value at the previous (i—1)-th load-
ing step was selected as reference value. The
reactivity value at each loading step was —2r
determined as the average value of all three —e— MCNP

—a— Flux-to-current
CFUF34 detectors. method

The on-line reactivity monitoring meth- , , ,
od was tested starting with 28 FAs loaded 0 12 24 36
into the plant core with CFUF54 detectors in FAs
the same manner.

Fig. 10 shows on-line reactivity monitoring results with CFUF34 detectors with neutron flux
to electron beam current ratio starting from the 8 FAs loaded in the core.

On-line method of reactivity monitoring with neutron flux to electron beam current was
tested starting from 28 loaded FAs up to 37 FAs loaded to the core when I_;and @, were chosen
after reactivity measurements with i—1, i-2, i—3 and i—4 FAs. Results are presented in Table 6.
As can be seen, the measurement results are in good agreement with the direct reactivity mea-
surements. To ensure sufficient statistical reliability of the method, the number of electrons that
reached the target and the registered number of neutrons for all measurement sessions were used.
Taking into account the measurement results, it can be stated that the on-line method of reactivity
control by neutron flux to electron beam current can be used at the stage of pilot operation of the
SNF “Neutron Source”.

Table 7 shows the values of reactivity efficiency Ap, obtained as a result of single loading of
the FAs in the core. Based on the data analysis, it can be stated that the area ratio method and the
flux-current method estimate the “weight” of one FA closer to the calculated value compared to
the multiplication method.

On the base of simulation and experimental results obtained by different methods the value
of kg increasing due to loading of 38th FA into the core can be estimated. Thus, the forthcom-
ing value of kg is 0.950—0.952, and reactivity p after 38th FA loading is about ~0.05. Such values
provide safe loading of the 38th FA into the core.

Conclusions. In accordance with the program of physical start-up of SNF “Neutron Source”
the following studies were performed:

= 37 FAs of WWR-M2 type were loaded into the SCA core;

= values of the effective neutron multiplication factor k_g of the SCA core at all stages of FAs
loading were obtained by multiplication method;

= values of reactivity p of the SCA core at all stages of FAs loading were obtained by area ratio
method.

The measured neutron-physical characteristics of the SCA core are in satisfactory agreement
with the modeling calculations performed with the MCNP 6.2 software code and the SCA design
characteristics.

Reactivity
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Pre-calculated corrections for neutron detector positions improve the agreement between the
experimental results for k g and the calculated model values using the MCNP 6.2 program code.

The performed simulations of reactivity p (as well as effective neutron multiplication factor
ki) of the SCA core using MCNP 6.2 software code and the values of these parameters measured
by the area ratio method show the possibility to load 38 FAs into the SCA core with ensuring the
nuclear safety criteria k¢ < 0.98.

Together with the studies mandatory for the physical start-up of SNF “Neutron Source’, the
following studies were performed to support the work at the next stage of the facility life cycle
“pilot and industrious operation”:

= method of on-line monitoring of reactivity p of SCA core by measured neutron flux to elec-
tron current ratio was tested and the possibility of using this method at the next stage of the facility
life cycle “pilot and industrious operation” was shown;

= at final stages of FAs loading into the SCA core (starting from 28 FAs) CFUF54 detectors
with neutron registration efficiency 10~ were also used, and the results of reactivity p measure-
ments by CFUF54 detectors are in satisfactory agreement with CFUF34 detectors.
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TOCHIIPKEHHA HEMTPOHHO-®I3VTYHUX XAPAKTEPUCTUK ANEPHOT HITKPUTUYHOT
YCTAHOBKU “IIDKEPE/IO HEMTPOHIB” HHII XOTI B ITPOLIECI ®PI3MYHOTO ITYCKY

HanionanpHmit HayKoBUiL LeHTP “XapKiBcbKuit Ppi3MKO-TeXHIYHNIT IHCTUTYT CIIIBHO 3 APrOHCHKOIO HalliOHa/Ib-
HOIO0 1ab0paTopi€ro po3poOuB, CIPOEKTYBAB i HOOYAYBAB sIEPHY MIAKPUTUIHY YCTAHOBKY “J)Kepeno HeilTpOHiB,
3aCHOBaHe Ha MiIKPUTUYHIN 36iplii, 1[0 KepyeTbcs NiHITHUM IPUCKOpPIOBaYeM eeKTPOHIB”. Y cTaTTi HaBefeHO
OCHOBHI pesy/IbTaTH, Oflep)KaHi Iiff yac Gi3uaHOro MyCKy YCTAaHOBKM, BiAMOBIJHOO IIPOTrPaMoIo KOro 6yIo Ie-
penbadeHo MoeTaIHe 3aBaHTAXXEHH:A TEIUIOBU/IIIBHUX 36iPOK 0 aKTUBHOI 30HM IiIKPUTIIHOI 361pK1L 3 IOfjasb-
MMM BUMIPIOBaHHM Ii HeMTPOHHO-(Pi3sMIHNX XapPAKTEPUCTHUK. 3aTa/IOM /{0 AKTUBHOI 30HN MiKPUTUIHOI 30ipKu
3aBaHTaXeHO 37 TeIIOBMAIBbHYX 30ipok Tuiry BBP-M2. Tlic/ist KOXXHOTO KpOKY 3aBaHTaXeHHsA 0y/10 BUMIPSIHO
3HaueHHA eeKTUBHOTO Koedil[ieHTa POSMHOXEHHS HENTPOHIB K Ta PEaKTUBHOCTI p MAKPUTUIHOI 36ipKM Me-
TOJIaMM 3BOPOTHOTO MHOYKEHH:I i BiffHOIIIeHH 1101, [IolaTKOBO apo60BaHO MeTOJ, MOHITOPUHTY peaKTMBHOCTI
p migKpUTHIHOI 36ipKY 32 BiHOIIEHHIM HEITPOHHOTO IIOTOKY [0 €eKTPOHHOTO CTPyMy. JJOCTIiI)KeHHsI BUKOHA-
HO IIifj 9ac po6OTY PUCKOPIOBaYa 3 €HEPri€l0 eJIeKTPOHHOrO myuka 100 MeB, TpuBaicTio €/1eKTpOHHOTO iMITy/Ib-
Cy 2,7 MKC, 4aCTOTOIO HallOBHEHH:A immynbcy 20 I i iMmynmbcauM cTpymoM myuka < 40 MA. ExcriepuMeHTanbHO
BU3HAUeHi XapaKTepyCTUKYU aKTUBHOI 30HM IiIKPUTUIHOI 361pKI1 TTOPIBHAHO 3 MOIETIBHIMU PO3PaXyHKaMI, BU-
KOHAHNMMI 3a foromoroio kogy MCNP 6.2 ta 6i6miotexu spepunx gannx ENDF/B-VILO. Ogepxxani pesynbraru
IpOaHaTi30BaHO 3 TOUKM 30py 3abe3IedeHH AepHOi 6e3MekM Ha HACTYIIHOMY eTalli BBeIeHH YCTAHOBKU B €KC-
IyaTalio — ii JOCIiIHO-TIPOMMCIIOBOTO BUKOPUCTAHHA.

Kntouosi cnosa: sioepra niokpumuuna ycmanosxad, 0xepeno Hellmponis, Pisuunuti nycx, epexmueHuti koedivicnm
PO3SMHONMCEHHS HEUMPOHiB, PeaKmMuUsHiCMb.
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