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Abstract 
 

The work presents the results of determining the blanket subcriticality for a zero-power heavy 
water reactor MAKET at the Institute for Theoretical and Experimental Physics, Moscow. The 
blanket is hexagonal lattice made of 36 90%-enriched 235U fuel rods spaced 173mm apart. The 
subcriticality was varied from ~0.3% to 5% by adjusting the heavy water level. The 
subcriticality values were calibrated using the dependence of reactivity on heavy water level. 
The pulsed neutron source technique was used to measure the temporal dependence of neutron 
field at different blanket points for the calibrated subcriticality values. The subciticality values 
obtained in terms of the “inverse clock” formulae using the decay constants of the measured 
dependences proved to differ from the calibrated subcriticalities by not more than 7% at the 
average. 
 
The MCNP code-aided simulations of the experiment made has given the calibrated keff values 
at prescribed heavy water levels and led to the neutron field decay constants at given points, 
which differ on the average from their experimental values by not more than 7% too. 
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1. Introduction 

Some pilot ADS facilities have been designed to attempt finding out if the facilities of the 

type can be used to transmute nuclear waste. They include ENNG (ELecroNuclear Neutron Genera-

tor) [1] (ITEP. Russia). SAD [2] (JINR. Russia). and TRADE [3] (ENEA. Casaccia. Italy). whose 

main technical data are presented in Table 1 

Table 1 

Parameters of the ADS facilities 

Parameter ENNG [1] SAD [2] TRADE [3] 

Target Beryllium  Plumbum  Tantalum 

Blanket: fuel, moderator (coolant), 

keff. 

90%U, D20, 

0.95 

MOX 30%Pu, CO2, 

0.95 

20% U, H2O, 

0.95 

Proton beam (MeV. mA) 36; 0.5 660; 1.5 140; 0.5 

 

The purpose of the pilot facilities is to verify the physical models for full-scale facilities. 

The most important ADS facility parameters include the effective multiplication factor keff 

that has to be controlled during both startup and run-on periods. As stated by the nuclear safety 

regulations adopted all over the globe (see, for example, the Nuclear Safety Guidelines for Subcriti-

cal Facilities (NSGSF)-2005, NP-059-05, Engineering Supervision Agency of Russia [4]), given keff 

≤0.98, the ADS facility control and protection system (CPS) is not obligatory when designing any 

subcritical facility with an external neutron source. However, denial of a standard CPS must be 

compensated for by using any validated experimental technique that involves a reliable estimated 

accuracy in measuring subcriticality because mere claiming a respective calculated value alone is 

obviously insufficient. 

The applicability scope of the techniques for controlling subcriticality in a real subcritical 

blankets was validated and determined by experimenting with the MAKET facility that imitates the 

heavy water blanket of the ENNG facility of ITEP [5-8]  

 

2. Formulation of the problem 

The problem of controlling the multiplication properties of subcritical blankets, given an ex-

ternal pulsed neutron source, is known to be solvable in case the functionals related unambiguously 

to the blanket subcriticality are discriminated in the space-time distribution of the blanket neutron 

field. Normally. the shape of the subcritical blanket neutron response to an external neutron pulse is 

used as such a functional because it is the response shape that gets contingent upon the blanket 

physics parameters and is independent of the external source intensity. In terms of the reactor phys-

ics. that technique is called “the pulsed neutron source method” (PNSM) [9]. The theoretical and 
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experimental computational techniques are used here to determine the subcriticality. The former is 

based on the mathematical model of the computational MCNP code system [10], and the latter on 

the pulsed neutron source techniques [9.10]. In both cases it is necessary 

• to construct a physical model for the ADS facility heavy-water blanket; 

• to determine the critical parameters of the model; 

• to determine the integral, ρ = f(h), and differential, ∂ρ/∂H = g(h), dependencies of reactivity 

on heavy water level to permit the critical-to-subcritical state (given keff from 1 to ~0.95) 

transition of the physical ADS facility model constructed; 

• to determine the neutron space-time distributions in the physical ADS facility models at 0.95 

≤ keff ≤ 1 and under pulsed operation mode of the external neutron source; 

• to construct a mathematical model for the ADS facility with heavy water blanket; 

• to calculate the neutron space-time distribution in terms of the mathematical ADS facility 

model at 0.95 ≤ keff ≤ 1 and under pulsed operation mode of the external neutron source; 

• to compare between the experimental and calculated neutron space-time distributions with 

the view of determining the MCNP code system predictive power for subcriticality. 

3. Experimental research 

The problem stated above was resolved with the MAKET critical heavy water facility [5-8]. 

3.1. Description of the MAKET facility 

The MAKET facility (see Fig. 1) used in the experiments is housed by a separate building lo-

cated in the ITEP territory. As shown in Fig. 1, the MAKET biological shielding divides the build-

ing into the technological (rooms 1-3) and laboratory (rooms 4-10) sides. The placement prevents 

radiation from acting on personnel and environment when preparing and making the experiments. 

The technological rooms house the critical facility and its functioning systems. The critical 

facility has been assembled in the core tank placed in a box. On top. the facility is covered with the 

protective hut. which is a conventionally hermetic room partitioned off from other rooms and can 

be accessed only through airlock. 

The MAKET hydraulics placed in the reactor hall and in the core box consists mainly of 

heavy water tanks, namely, 

• the main core tank (T-1) that houses the critical facility together with the lattices to be stud-

ied; 

• the protective tank (T-0) to gather heavy water in case tank T-1 gets depressurized; 
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• the dosing tank (T-3) to pump heavy water measured strictly out in doses into T-1; 

• the dump tanks (T-4 and T-5) to store all heavy water. 

 
Fig. 1: The MAKET facility. 

 
Tank T-1 is placed on the bottom of tank T-0 that is at least 2 m distant from the box walls 

and from the floor and rests on tubular jacks. thereby minimizing the leakage neutron backscat-

tering effects on the critical dimensions of lattices. Table 2 presents the technical data of tanks T-0 

and T-1. 

Table 2 

Technical data of tanks T-0 and T-1. 

Tank 
Outside dia-

meter, 
mm 

Wall thickness, 
mm 

Height, 
mm 

Bottom 
thickness, 

mm 

Volume, 
m3 

Material, 
weight % 

T-1 2600 10 3650 16 19 

T-0 3400 10 3700 16 33 
Al-98.3 

Mg-0.7, Si - 1.0 

  

Two distancing lattices are placed inside tank T-1. The lower 25-mm thick distancing lattice 

lies right on the tank bottom. The upper 50-mm thick distancing lattice rests on the tank T-1 barrel 

shell, its position being fixed rigorously with the tank T-0 inner diameter. Table 2 indicates also the 

distancing lattice materials. From above, tank T-0 is covered with an additional biologic shielding, 

which a cell-structured lattice welded of massive duralumin beams filled with borated paraffin. The 

lattice points are used to fasten the drives of the control and protection system (CPS). 
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The upper distancing lattice has a task-oriented “insert” with a 250-mm diameter orifice in its 

center to provide mounting the dry channel. The tank T-1 center (cell 34-20) and the “insert” center 

are mutually two cell-shifted. i.e. the shift is 100 3 ≅173 mm. 

 

3.2. Description of the physical model for ADS facility blanket 

A lattice denoted 24-2 was formed in the MAKET facility core tank with a view of experi-

mental research into the neutron physics parameters of the physical model for the ADS facility 

blanket. Figs 2 and 3 are the diagrammatical sectional drawings of the lattice 24-2 modifications 

designated as lattices 24-2-1 and 24-2-2 (the two lattices differ only in the arrangement of the «dry» 

channels that house the neutron counters).  

An Al alloy-made ∅200×5-mm dry channel of 5-mm bottom thickness was placed in cell 34-

18 at the lattice center to simulate the ADS facility ion guide (the Al alloy composition is presented 

in Table 2). The channel houses an ING-03 neutron pulse generator [12] mounted using the task-

oriented Al alloy-made holder (made also of the materials presented in Table 2) that permits ING-

03 to be fixed at any given height above the tank T-1 bottom. The device consists of two ∅160 mm 

flanges. The lower flange is solid and has three M6-thraded orifices. The upper ∅outer=160mm, ∅in-

ner=120 mm, h = 10 mm flange has three ∅8 mm orifices for studs to pass through. The M6-

threaded ends of three ∅8 mm studs are screwed into the lower flange. The length of each thread 

that protrudes from the lower flange is l = 16 mm. Further, the ING-03 is placed on the lower flange 

(∅generator=130 mm, generator length is 900 mm) and tightened then with two studs and two flanges. 

To meet the studs, the upper flange has angle bars fastened for ING-03 to move up and down in the 

dry channel when tied to a steel cable wire or a capron string. The upper flange of 120-mm inner 

diameter permits engaging electric connector and cables.  

Two-side-threaded bushings are screwed on three treaded studs, with the bushing lengths be-

ing duly selected. After that, the bushings are fastened with M6 screws to a stool of variable height. 

During the experiments, the ING-03 target center is at a 540-mm height from the zero mark taken to 

be the upper surface of the lower distancing lattice. Fig.4 is a schematic of the ING-03 placing in 

dry channel. 

Ninety technological channels (TC) are arranged around the dry channel after each 100 × 3  

≈ 173 mm in the regular lattice nodes. The channels are Al alloy-made tubes of 60-mm outer diame-

ter and 57-mm inner diameter to place cylinder-type fuel elements. The total height of fuel in TC is 

1009.5 mm. Fig. 5 shows the fuel channel axial structure. The fuel elements are placed on five Al 

alloy-made ∅48×44.5 mm bushings of 250-mm total height. Allowing for the TC bottom (see Fig. 

13), the distance from the zero mark to the lower fuel boundary is 255 mm. Before experimenting, 
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the fuel elements are certified using the techniques described in [8]. The results of certifying the 

fuel element used in forming the fuel lattice are presented in Table 3, which indicates the total mass 

of 235U in each channel and shows the maximum and minimum deviations (in %) of 235U mass in 

the i-th fuel element from its mean. The parameters presented demonstrate that the core composi-

tion is homogeneous. The total 235U load in lattice 24-2 is 7241.2± 8.3 g (90 channels). Table 4 pre-

sents the U isotope composition of the fuel elements. The techniques of purifying and certifying 

D2O are also described minutely in [8]. 

To control the multiplying properties of the blankets and to study the space-time distribution 

of neutrons in the lattices under study, the core tank houses neutron counters placed in four ∅24×2 

mm dry channels and in one ∅75×1.5 mm channel. 

3.3. Techniques for experimental research into the neutron-physics parameters of the physical 

model of ADS facility blanket 

Described below are the experimental techniques used in the researches based on the physical 

model constructed (the 24-2 type lattices). 

3.3.1. The critical experiment techniques 

The critical experiment techniques are realized by determining the critical state of a studied 

lattice and fixing the critical parameters of the latter (D2O level in the core tank, temperature, and 

concentration). The critical parameters of each composition are determined by the critical state at-

tainment techniques based on D2O pumping to the lattice. 

The heavy water level in the core tank is fixed directly in the lattice critical state using two 

contact level gages and a single acoustic level meter. Temperature is measured with a platinum-

based resistant thermometer. The bottle method is used to determine the heavy water concentration 

right after each experiment.  

3.3.2. Techniques for determining the functions ρ = f(h) and ∂ρ/∂H = g(h). 

The techniques are realized by determining the reactivity resulting from the D2O level varia-

tions in the studied lattices. 

The functions ρ = f(h) and ∂ρ/∂H = g(h) are determined using the reactor going-up techniques 

and by direct calculating reactivity with a reactivity meter when measuring the D2O level in the core 

tank. 

Using the least squares procedure. the results of measuring the lattice reactivity from the core 

tank D2O level are fitted by a function of the form 
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where ρ is lattice reactivity (%); H0 is fuel height (mm); Н is the prescribed D2O level in the 

lattice; A, B, C, D  are the factors to be determined. 

The following conditions are imposed on function (1): 

• the function at point H0 is continuous, 

• the function at point H0 is smooth (first derivatives are the same). 
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Fig. 2. The lattice 24-2 cartogram. 
 
 



 10 

10 34 38 40 4236 44 46 48 50 52 54 56 583230282622 242018161412

09 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59

06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

10 34 38 40 4236 44 46 48 50 52 54 56 583230282622 242018161412
09 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59

-   cell with dry cannel

-   cell with fuel cannel type  ( 1.1)

-   cell with fuel cannel type  ( 1.2)

-   D O 2 cell

-   neutron generator

-   scram and shim rod

-   automatic control rod
24х2 mm

-   cell with dry cannel
75х1,5 mm

 
 

Fig. 3. The lattice 24-2-2 cartogram. 
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Fig. 4. The axial structure of dry channel with ING-03. Fig. 5 The axial structure of fuel channel. 
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Table 3 

The 235U content in fuel channels. 

Channel 
235U mass. 
M ± ∆M, 

(g) 

Max 
deviation 
from the 
mean, % 

Min devia-
tion from 
the mean, 

% 

Chan-
nel 

235U mass. 
M ± ∆M, 

(g) 

Max 
deviation 
from the 
mean, % 

Min devia-
tion from 
the mean, 

% 
34-20 81.28±0.31 1.92 1.65 43-13 80.28±0.30 3.69 3.31 
37-19 80.27±0.30 3.44 3.96 40-12 81.23±0.31 1.83 1.95 
37-17 80.74±0.31 1.89 1.80 37-11 79.96±0.30 2.71 4.49 
34-16 81.10±0.31 2.03 1.60 34-10 80.12±0.30 2.33 2.39 
31-17 79.90±0.30 2.66 5.06 31-11 80.86±0.31 2.61 1.96 
31-19 80.70±0.31 1.60 1.58 28-12 79.32±0.30 1.91 1.21 
34-22 79.92±0.30 2.96 2.75 25-13 80.33±0.30 2.21 1.70 
37-21 79.81±0.30 2.29 1.25 22-14 80.08±0.30 2.16 1.38 
40-20 79.37±0.30 2.80 3.64 22-16 79.63±0.30 2.96 3.78 
40-18 80.11±0.30 2.47 4.20 22-18 80.48±0.30 2.90 3.93 
40-16 80.02±0.30 1.68 3.73 22-20 79.97±0.30 2.39 2.39 
37-15 80.42±0.30 1.44 1.12 22-22 81.09±0.31 2.89 2.10 
34-14 81.42±0.31 1.65 4.11 25-23 80.85±0.31 2.36 2.29 
31-15 80.68±0.30 1.56 1.46 28-24 80.42±0.30 1.09 1.12 
28-16 80.91±0.31 0.20 0.32 31-25 79.80±0.30 3.04 3.20 
28-18 80.19±0.30 1.83 1.46 34-08 80.58±0.30 1.84 2.64 
28-20 80.98±0.31 3.65 2.89 19-13 80.47±0.30 3.26 5.29 
31-21 80.20±0.30 2.32 3.47 19-23 80.63±0.30 3.20 2.34 
34-24 80.83±0.31 1.99 2.63 34-28 80.76±0.31 1.50 4.02 
37-23 81.45±0.31 1.96 1.76 49-23 80.59±0.30 2.25 1.63 
40-22 80.20±0.30 1.96 2.56 49-13 80.37±0.30 2.38 2.11 
43-21 80.79±0.31 1.10 2.07 43-11 80.68±0.30 3.28 1.98 
43-19 79.25±0.30 2.63 3.13 28-10 80.39±0.30 1.49 1.07 
43-17 81.19±0.31 2.69 2.64 19-17 80.35±0.30 1.39 1.79 
43-15 82.07±0.31 2.83 3.02 25-25 80.09±0.30 2.15 3.05 
40-14 80.11±0.30 2.90 3.66 40-26 80.71±0.31 1.87 2.00 
37-13 79.82±0.30 2.26 1.91 49-19 80.64±0.30 1.52 2.29 
34-12 79.96±0.30 1.14 2.03 25-11 79.94±0.30 2.00 2.73 
31-13 80.93±0.31 2.60 1.80 40-10 80.81±0.31 1.02 1.19 
28-14 81.04±0.31 2.55 3.39 49-17 81.21±0.31 1.54 1.47 
25-15 79.49±0.30 2.28 2.62 43-25 80.11±0.30 1.91 1.79 
25-17 80.10±0.30 1.59 3.27 28-26 80.49±0.30 3.40 2.56 
25-19 80.50±0.30 1.89 1.47 19-19 79.52±0.30 3.55 3.49 
25-21 80.85±0.31 2.37 1.61 22-12 80.67±0.30 1.35 2.25 
28-22 81.53±0.31 1.52 1.60 31-09 81.32±0.31 2.13 2.41 
31-23 81.11±0.31 2.65 3.53 37-09 81.09±0.31 1.49 2.37 
34-26 80.75±0.31 2.37 3.54 46-12 80.70±0.31 3.81 2.09 
37-25 80.51±0.30 1.55 1.91 49-15 80.02±0.30 2.01 3.96 
40-24 80.17±0.30 2.32 2.68 49-21 80.91±0.31 1.78 1.42 
43-23 79.00±0.30 2.17 3.84 46-24 78.96±0.30 2.66 3.32 
46-22 80.67±0.30 0.61 1.70 37-27 80.75±0.31 1.37 1.12 
46-20 80.42±0.30 0.96 1.40 31-27 79.96±0.30 1.14 2.03 
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46-18 79.91±0.30 2.87 2.55 22-24 81.26±0.31 1.24 2.17 
46-16 80.21±0.30 2.64 1.19 19-21 80.77±0.31 0.99 1.11 
46-14 80.82±0.31 1.84 1.92 19-15 80.35±0.30 2.75 3.28 

 

Table 4 

Isotopic composition of U. 

Isotope 234U 235U 236U 238U 

Atomic frac-
tion in U,% 0.72±0.01 90.05±0.05 0.13±0.01 9.09±0.03 

 
3.3.3. Techniques for determining the space-time distribution of neutrons in subcritical-state 

lattices and under pulsed operation mode of external neutron source 

The experimental researches involve introducing an external source-generated short neutron 

pulse into the multiplying subcritical system. Used as external source was the ING-03 pulsed D–T 

generator of neutrons. whose parameters are 

• 1-µs neutron pulse duration, 

• 14-MeV neutron energy, 

• 75-Hz maximum pulse repetition rate (the generator may also be triggered by an external 

pulse generator with gradual setting the pulse repetition rate from 0 to 75 Hz), 

• 1010 pulse/s neutron source intensity at a 75-Hz frequency. 

Neutrons are recorded using calculation channels composed of 

• neutron flux detection unit based on ionization chambers of KHT-54-3 type and on neutron 

counters of CHM-12 type, 

• shaper unit to preamplify. discriminate. and shape the standard TTL pulses supplied by the 

detection unit and to transmit them via a matched line to detection units, 

• pulse detection unit to receive pulses in successive time intervals and to transmit them to 

IBM PC for being processed further, 

• IBM PC to mathematically process the data supplied by the detection unit, 

• high-voltage unit for ionization chamber and neutron counters. 

Table 5 presents the characteristics of the ionization chambers and neutron counter. The dy-

namic range of each computation channel does not exceed 105 pulse/s. Operations of each computa-

tion channel and of ING-03 are synchronized. Both are triggered by generator of standard pulses. 
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The ING-03 intensity (neutron yield) is controlled via high voltage supplied to the ING-03 neutron 

tube. Fig. 6. shows ING-3 intensity as an experimental function of high voltage. 

 

Table 5 

Characteristics of ionization chambers and neutron counter. 

 

Neutron counter 
Characteristic 

NC-12 TNC-54-3 

Radiator cover material 
10В 

(80%) 
235U (90%) 

Sensitivity to thermal neutrons, 
pulse/(n/cm2) 0.8 0.5 

Sensitive length, mm 154 76 

Filler gas 2% 4He 
+ 98%Ar 

2% 4He + 
2% N2 + 
96%Ar 

Coating area,. cm2 - 1000 

Coating density, mg/cm2 1 1 

• length, mm 215 148 
Overall 

dimensions: • Diameter, mm 8 51 

 

High voltage is so chosen for each particular position of neutron counter in lattice and for 

each lattice subcriticality that the highest counting rate of the measurement channel would be about 

105 pulse/s. thereby providing the best measurement statistics without pulse count loss. 

Analyzing the research data of the neutron pulse shape and duration at different points of the 

MAKET core tank with lattice 24-2 has shown that the optimal neutron pulse duration does not ex-

ceed 100 ms. The pulse repetition rate was, therefore, selected to be 10 Hz, and the measurement 

interval ~100 µs, thereby permitting the necessary neutron pulse data to be obtained at any blanket 

point. 

The measurement channel interference induced when triggering ING-03 is eliminated by set-

ting a 15-µs delay of the measurement channel operation start relative to the ING-03 triggering 

moment. 

In experimenting, an output data file is formed to include the 100-µs long counting rate sets to 

be processed further. 
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Fig. 6. The ING-03 neutron yield versus high voltage. 
 

3.4. Experimental research results 

Experiments with type 24-2 lattices are accompanied by studying their static and neutron-

physics parameters. 

3.4.1. Critical parameters of type 24-2 lattices. 

Five critical compositions were determined by the techniques of Subsection 3.3.1. when ex-

perimentally studying the neutron-physics characteristics of the type 24-2 lattices. Table 6 presents 

the results. 

Table 6 
Critical parameters of lattices 

 

o. 
Lattice deno-

tation 
T(D2O),

ОС 
C(D2O), 

% 

 
D2O level height, 

 Mm 
Note 

24-2-1(2) 15.0 92.79 1448±2 cell 34-30 – 700 mm – SNM-12 
cell 36-34 – 1000 mm – SNM-12 

24-2-1(3) 15.5 92.77 1462±2 cell 34-30 – 1500 mm – SNM-12 
cell 35-23 – 700 mm – SNM-12 

24-2-1(4) 16.0 92.77 1464±2 cell 38-18 – 700 mm – SNM-12 
cell 35-23 – 1500 mm – SNM-12 



 16 

24-2-2(1) 16.0 92.77 1462±2 cell 26-26 – 1500 mm – SNM-12 
cell 35-25 – 700 mm – SNM-12 

24-2-2(2) 16.0 92.77 1460±2 cell 26-26 – 700 mm – SNM-12 
cell 35-25 – 1500 mm – SNM-12 

 

3.4.2. Functions ρ = f(h) and ∂ρ/∂H = g(h) in type 24-2 lattices. 

The experiments are made by the techniques described in Subsection 3.3.2. Initially. the 

placement of the reactivity meter measurement channel neutron counter is optimized when deter-

mining the parameter ρ = f(h). The optimal placement is determined from the condition that the ρ = 

f(h) estimates obtained from the experimental function ρ = f(h) as the core D2O level decreases 

should be the same as those obtained by the “reactor runaway” method. 

 

Table 7 
Experimental estimates of parameter dρ/dH. 

 

dρ/dH, %/mm Lattice design-
nation 

D2O 
level, 
mm Runaway Reactimeter D2O drain 

24-2-1 1455 (1.007±0.103)×10-2 (0.923±0.095)×10-2 (0.951±0.049)×10-2  

24-2-2 1470 (0.940±0.096)×10-2 (0.920±0.095)×10-2 (0.868±0.044)×10-2  

 

The 36-34 cell was chosen to permanently house the reactimeter neutron counter, which is a 

KHT-54-3 fission chamber. The height to place the fission chamber corresponds to a750-mm dis-

tance from the bottom (from zero point). The experiment aiming to determine the function ρ = f(h) 

are made for lattices 24-2-1 and 24-2-2 to raise the reliability of controlling the subcriticality level 

of the lattices studied when experimenting with the pulsed neutron generator. 

The experimental researches have resulted in factors A, B, C, D of formula (1) for function ρ 

= f(h). Table 8 presents the numerical values of the factors. 

Besides. to construct a simplified mathematical lattice model without using the technical data 

for neutron counters and for ING – 03, the reactivity effects of mounting the two in the 24-2 type 

lattices have been estimated experimentally. Tables 9 presents the results. 
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Table 8 
Parameters of the dependence of the type 24-2 lattice subcriticality on D2O level in the core tank. 

Date Lattice The ρ = f(h) parameters 

  Н≤1364.5 Н≥1364.5 

  A B C D 

3 March 
2003 24-2-1 10.84 -2.226191×107 1.73 -3.164970×1025 

7 March 
2003 24-2-2 9.72 -2.04233×107 1.49 -3.29539×1025 

Mean 24-2 10.28±0.80 (-2.152±0.110)×107 1.61±0.17 -(3.473 ± 0.177)×1025 

 
 

Table 9 

Experimental estimation of the reactivity effects relevant to placing the neutron field sensors 
in 24-2 type lattices. 

Lattice Element Reactivity weight, % 

SNM-12 (cell 38-18 700 mm)* - 0.070 

SNM-12 (cell 35-23 700 mm) - 0.059 

SNM-12 (cell 34-30 700 mm) - 0.004 
24-2-1 

ING-03 (cell 34-18) - 2.5 

SNM-12 (cell 35-25 700 mm) - 0.020 

SNM-12 (cell 26-26 700 mm) - 0.020 24-2-2 

ING-03 (cell 34-18) - 2.5 
* The SNM-12 counter is placed in cell 38-18 at a 700-mm height from zero mark. 

 

3.4.3. Research into the space-time distribution of neutron fields in type 24-2 lattices 

The space-time distributions of neutrons in subcritical-state lattices and under pulsed opera-

tion mode of the external neutron source are determined by the techniques described in Subsection 

3.3.3. 

Prior to measuring the space-time distributions of neutrons, the critical state of the lattice of 

interest is determined by the techniques described in Subsection 3.3.1. The technique of core tank 

D2O drain is used to reach the lattice subcritical state determined by D2O level. With that lattice 

state, the space-time neutron distributions are measured with fixed SNM-12_1, SNM-12_2 neutron 

counters placed under the tank bottom and with SNM-12_3, SNM-12_4 counters placed in dry 
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channels 34-30, 35-23, 38-18 (lattice-2-1) and 35-25, 26-26 (lattice-2-2). The next research stage 

includes an additional D2O drain from the lattice and new measurements. At each D2O level in the 

core tank the lattice subcriticality is determined as 
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where Δρ is the lattice subcriticity (%); Н is the prescribed D2O level of the lattice (mm);  Нcr is the 

critical D2O level of the lattice (mm); Н0 – is fuel height. 
Table 10 presents the geometric arrangement of fixed neutron counters. Table 11 presents the 

resultant experimental subcriticity estimates and the geometric positions of neutron counters SNM-

12_3 and SNM-12_4. 

 

Table10 
Arrangement of fixed neutron counters when experimenting with 24-2 type lattices. 

Position of counter Counter coordinates 
Neutron counter 

Cell Position height in 
channel. mm X. cm Y. cm Z. cm 

SNM-12_1 Under T-0 - +30 -10 –5.0 

SNM-12 _2 Under T-0 - +10 -80 –5.0 

 

The ING-03 center coordinates (cell 34-18) are X = 0 cm, Y = +17.3 cm, Z = +54.0 mm. 
Figs. 7-11  present the results of studying the space-time distribution of neutrons in 24-2 type

 lattices. 

 

4. Techniques for determining subcriticality 

Reactivity is determined on the basis of theoretical and experimental computational tech-

niques. 

The theoretical computational technique is used to construct a mathematical model of a given 

lattice, whereupon the MCNP code system is used to simulate the space-time neutron distributions 

in given cells. Comparing between the experimental and calculated neutron pulses indicates the ac-

curacy of determining the lattice subcriticality. 
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The experimental computational technique is used to determine the attenuation decrement of 

the experimental space-time neutron pulses and to find the lattice subcriticality from the “reverse 

clock” formula. The accuracy of determining the lattice subcriticality can also be inferred from 

comparing with a given subcriticality. 

The latter technique implies a possibility for asymptotically exponential attenuation of prompt 

neutron flux to occur in a subcritical lattice after the neutron source stops acting. Given the tech-

niques treated here, the distribution of the multiplying lattice neutron field response to an external 

neutron pulse has to have a time interval, wherein the neutron field is described by an exponential 

function, whose attenuation decrement is determined by the fundamental harmonic of prompt fis-

sion neutrons. The experimental data obtained have been analyzed with the view to validating the 

applicability of the given techniques to the 24-2 type lattices. 

 

4.1 Theoretical computational model for determining subcriticality of the MAKET heavy-water 

facility; the calculation results 

The MCNP code is used to calculate the MAKET heavy water facility critical states and the 

space-time neutron distributions in prescribed shells [6]. The calculations are made in terms of two 

lattice models (the input data files for MCNP code). namely. 24-2-1 (neutron counters in cells 38-

18. 35-23, 34-30) and 24-2-2 (neutron counters in cells 35-25, 26-26). 

The models include a detailed 3D description of the MAKET facility and of the lower and 

upper distancing lattices (see Subsection 3.1.). The fuel channels are of a complicated structure, 

 

Table 11. 

Experimental subcriticality estimates and the neutron counter displacements in the 24-2 type lattices. 

 

Neutron counter position Subcriticality 
(experiment) SNM-12_4 SNM-12_4 No. of ex-

periment Lattice 
D2O. 
level, 
mm % 

Error, 
% (abs) Cell 

Height 
mark, 
mm 

Cell Height 
mark. mm 

1 24-2-1(2) 1438 -0,10 0,01 34-30 700 36-34 1000 
2 24-2-1(2) 1405 -0,49 0,03 34-30 700 36-34 1000 
3 24-2-1(2) 1371 -0,98 0,07 34-30 700 36-34 1000 
4 24-2-1(2) 1322 -1,85 0,13 34-30 700 36-34 1000 
5 24-2-1(2) 1271 -2,86 0,21 34-30 700 36-34 1000 
6 24-2-1(2) 1186 -4,83 0,35 34-30 700 36-34 1000 
7 24-2-1(2) 1226 -3,85 0,28 34-30 700 36-34 1000 
8 24-2-1(3) 1425 -0,38 0,02 35-23 700 34-30 1500 
9 24-2-1(3) 1406 -0,61 0,04 35-23 700 34-30 1500 

10 24-2-1(3) 1375 -1,05 0,07 35-23 700 34-30 1500 
11 24-2-1(3) 1322 -1,98 0,14 35-23 700 34-30 1500 
12 24-2-1(3) 1268 -3,05 0,22 35-23 700 34-30 1500 
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13 24-2-1(3) 1227 -3,96 0,28 35-23 700 34-30 1500 
14 24-2-1(3) 1189 -4,89 0,35 35-23 700 34-30 1500 
15 24-2-1(4) 1424 -0,41 0,02 38-18 700 35-23 1500 
16 24-2-1(4) 1403 -0,66 0,04 38-18 700 35-23 1500 
17 24-2-1(4) 1373 -1,10 0,08 38-18 700 35-23 1500 
18 24-2-1(4) 1321 -2,01 0,15 38-18 700 35-23 1500 
19 24-2-1(4) 1263 -3,17 0,23 38-18 700 35-23 1500 
20 24-2-1(4) 1223 -4,07 0,29 38-18 700 35-23 1500 
21 24-2-1(4) 1186 -4,98 0,36 38-18 700 35-23 1500 
22 24-2-2(1) 1425 -0,38 0,03 35-25 700 26-26 1500 
23 24-2-2(1) 1406 -0,61 0,04 35-25 700 26-26 1500 
24 24-2-2(1) 1373 -1,09 0,08 35-25 700 26-26 1500 
25 24-2-2(1) 1323 -1,96 0,14 35-25 700 26-26 1500 
26 24-2-2(1) 1268 -3,05 0,22 35-25 700 26-26 1500 
27 24-2-2(1) 1223 -4,06 0,29 35-25 700 26-26 1500 
28 24-2-2(1) 1186 -4,97 0,36 35-25 700 26-26 1500 
29 24-2-2(2) 1425 -0,36 0,03 26-26 700 35-25 1500 
30 24-2-2(2) 1404 -0,62 0,05 26-26 700 35-25 1500 
31 24-2-2(2) 1373 -1,07 0,08 26-26 700 35-25 1500 
32 24-2-2(2) 1322 -1,96 0,14 26-26 700 35-25 1500 
33 24-2-2(2) 1269 -3,01 0,21 26-26 700 35-25 1500 
34 24-2-2(2) 1226 -3,97 0,28 26-26 700 35-25 1500 
35 24-2-2(2) 1187 -4,92 0,35 26-26 700 35-25 1500 
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Fig. 7. Temporal distribution of neutron field in cell 34-30 of lattice 24-2-1. 
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Fig. 8. Temporal distribution of neutron field in 
cell 35-23 of lattice 24-2-1. 

Fig. 9. Temporal distribution of neutron field in 
cell 38-18 of lattice 24-2-1. 
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Fig. 10. Temporal distribution of neutron field in 
cell 35-25 of lattice 24-2-2. 

Fig. 11. Temporal distribution of neutron field 
in cell 26-26 of lattice 24-2-2. 
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which is a set of ring-shaped fuel elements (above one another) with fissile material, of a 109.5 mm 

total length. Tables 3 and 4 present the 235U quantity and the isotopic composition of U (see Subsec-

tion 3.2). In terms of the computational models, the fuel elements are taken to be sets of height-

uniform cylinders (zones), whose cross section is shown in Fig. 12. 

  
Fig. 12. Fuel element computation model. Fig.13. View of fuel element bottom. 

 

Table 12 presents the dimensions and composition of the fuel element zones. 

 

Table 12 

Fuel element zone dimensions and composition. 

Layer 
Nos. 

Composi-
tion 

Inner radius, 
mm 

Outer radius, 
mm 

1 D2O 0 17 
2 Al 17 18 
3 D2O 18 21.4 
4 Al 21.4 22.4 
5 UO2 + Al 22.4 24 
6 Al 24 25 
7 D2O 25 28.5 
8 Al 28.5 30 

 

Besides, the computational model allows for the “bottom” design (the fuel channel underside, 

see Fig. 13). Since the U mass is almost the same in all fuel elements (see Table 3), the total U mass 

presented in Table 3 for fuel channels is distributed in the computational model uniformly over the 

total fuel element length therein. 

The neutron generator is simulated to be an Al cylinder of dimensions as described in Subsec-

tion 3.2. For the ING-03 “weight” to agree with the Table 9 data, the Al nuclear concentration is se-

lected to be 17.807·1024 nucleus/cm3. 
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The calculations are made using the standard neutron cross section database composed of esti-

mated nuclear data files ENDF/B-VI, which is supplied together with the MCNP code system 

[10.13]. 

Thus, the computational models reproduce the real 3D geometry of the MAKET facility and 

give the most verisimilar description of the isotopic composition of structural materials. The cor-

rectness of preparing the working models and the neutron cross section databases has been verified 

by calculating the lattice 24-2-1 critical and subcritical states for experiments Nos. 8-14 (Table 11) 

and experiment No. 2 (Table 6). Initially, the calculations made at zero 10B concentration in heavy 

water gave overestimated keff values. Later, to get a better agreement between the calculated and 

experimental keff values, the calculations were made at normalized 10B concentrations, normalized 

heavy water levels, and normalized fuel channel 235U concentrations. The latter calculations have 

given have given a satisfactory convergence of the experimental and calculated keff values. Table 13 

presents the calculation results. 

The resulting normalized 10B concentrations, the normalized heavy water levels, and the nor-

malized fuel channel 235U concentrations were used in calculating the space-time distributions of neu-

trons for seven (8th through 14th) experiments (see Table 11). 

Each of the experiments has been simulated in the many-processor mode for a few working 

hours engaged by the Interagency Computer Center. From 650 thousand (experiment No. 8) to 5 

million (experiment No. 14) input histories have been drawn, which corresponds to 156-255 mil-

lions of the number of initial neutron histories.  

For the experiments selected, the space-time neutron distributions are calculated in cells 35-

23 and 34-30 at 700-mm and 1500-mm heights, respectively. The cell 24-30 calculations for a 1500 

mm height are supported by much poorer statistics and, therefore, have been excluded from this  

report.  

Figs. 14-20 show he experimental and simulated space-time distributions of neutrons in cell 

35-23. The results of simulating the time dependence of the boron reaction rates were fitted by 

function N0·exp(-α·t), and the experimental results by function N0·exp(-α·t)+С. To facilitate the ex-

periment-to-calculation comparison, the experimental results are shown in Figs. 14-20 after deduct-

ing the constant C. Table 14 presents the experimental and calculated logarithmic decay decrements 

α. Fig. 21 compares between the experimental and calculated α values for different subcriticalities 

calculated by formulae (3).  

( .)
( .)

eff eff

eff eff

k k крит
k k крит

ρ
−

∆ =
⋅  (3) 
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Table 13 
The experimental and calculated keff values. The calculations were made at the zero and normalized 10В concentraions. 

Calculations by the МСNP code 

keff /НD2O(cm) 
 

experiment 

At zero  
10В concentration 
and experimental 

levels  
НD2O (cm) 

Normalized  
10В quantities, 

cm-3 

keff at normalized 
10В quantities and 
experimental lev-

els 
НD2O (cm) 

Normalized levels, 
НD2O  

keff at normalized 
levels НD2O and 
concentration 
С10

В = 2.90·1016 

The value, by which 
the standard 235U 

content was reduced, 
 С(U),% at zero  

10В concentration 

keff  at normalized С(U) 
values and experimen-

tal НD2O value (cm), 
С10

В =0 

1.0000/146.18 1.01912(0.00062) 2.90·1016 1.00003(0.00025) 146.18  -4.90 0.99995(0.00026) 
0.9962/142.5 1.01460(0.00062 ) 2.77·1016 0.99619(0.00025) 143.1 0.99625(0.00026) -4.50 0.99644(0.00026) 
0.9939/140.6 1.01205(0.00063) 2.70·1016 0.99367(0.00026) 141.4 0.99352(0.00026) -4.50 0.99369(0.00025) 
0.9896/137.5 1.00656(0.00064) 2.60·1016 0.98950(0.00025) 138.4 0.98946(0.00026) -4.25 0.98971(0.00026) 
0.9806/132.2 0.99702(0.00064) 2.40·1016 0.98038(0.00026) 133.1 0.98003(0.00026) -4.00 0.98034(0.00025) 
0.9704/126.8 0.98454(0.00066) 2.23·1016 0.97065(0.00026) 128.1 0.96987(0.00026) -3.70 0.97043(0.00026) 
0.9619/122.7 0.97671(0.00065 ) 2.05·1016 0.96155(0.00026) 124.4 0.96148(0.00026) -3.50 0.96187(0.00026) 
0.9534/118.9 0.96443(0.00065) 1.96·1016 0.95328(0.00026) 121.1 0.95315(0.00027) -3.00 0.95319(0.00026) 

 
Table 14 

The experimental and calculated α values. 
αcalc,  s-1, at: αcalc./ αexp, at Experi-

ment 
No. 

αexp,, s-1 normalized 10В val-
ues normalized levels НD2O normalized С(U) 

values 
normalized 10В 

values 
normalized levels, 

НD2O 
Normalized С(U) 

values 
8 13.13 ±  0.02 13.96 ±  0.10 14.08 ±  0.10 13.19 ±  0.10 1.06 1.07 1.00 
9 16.42 ±  0.01 17.15 ±  0.10 17.15 ±  0.10 17.05 ±  0.10 1.04 1.04 1.04 

10 21.78 ±  0.01 23.37 ±  0.10 23.85 ±  0.10 22.48 ±  0.10 1.07 1.10 1.03 
11 33.61 ±  0.01 34.75 ±  0.10 37.15 ±  0.10 34.78 ±  0.10 1.03 1.11 1.03 
12 46.67 ±  0.01 49.30 ±  0.11 51.04 ±  0.11 48.07 ±  0.11 1.06 1.09 1.03 
13 58.39 ±  0.01 60.44 ±  0.11 61.90 ±  0.11 59.34 ±  0.11 1.04 1.06 1.02 
14 70.51 ±  0.03 72.90 ±  0.12 73.10 ±  0.12 70.72 ±  0.12 1.03 1.04 1.00 

Mean ratio αcalc./ αexp 1.05 1.07 1.02 
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Fig. 14. Temporal distribution of neutron field in cell 35-23 of experiment No. 8 (subcriticality is -
0.38%). The dots are the experimental data; the yellow line show the fitted experimental data; the 
blue lines show the calculation and fitting at the normalized B concentration; the green lines show 
the calculations and fitting with normalized heavy water level; the red lines show the calculations 
and fitting with normalized 235U. 
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Fig. 15. Temporal distribution of neutron field in cell 35-23 of experiment No. 9 (subcriticality is -
0.61%). The dots are the experimental data; the yellow line show the fitted experimental data; the 
blue lines show the calculation and fitting at the normalized B concentration; the green lines show 
the calculations and fitting with normalized heavy water level; the red lines show the calculations 
and fitting with normalized 235U. 
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Fig. 16. Temporal distribution of neutron field in cell 35-23 of experiment No. 10 (subcriticality is -
1.05%). The dots are the experimental data; the yellow line show the fitted experimental data; the 
blue lines show the calculation and fitting at the normalized B concentration; the green lines show 
the calculations and fitting with normalized heavy water level; the red lines show the calculations 
and fitting with normalized 235U. 
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Fig. 17. Temporal distribution of neutron field in cell 35-23 of experiment No. 11 (subcriticality is -
1.98%). The dots are the experimental data; the yellow line show the fitted experimental data; the 
blue lines show the calculation and fitting at the normalized B concentration; the green lines show 
the calculations and fitting with normalized heavy water level; the red lines show the calculations 
and fitting with normalized 235U. 
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Fig. 18. Temporal distribution of neutron field in cell 35-23 of experiment No. 12 (subcriticality is -
3.05%). The dots are the experimental data; the yellow line show the fitted experimental data; the 
blue lines show the calculation and fitting at the normalized B concentration; the green lines show 
the calculations and fitting with normalized heavy water level; the red lines show the calculations 
and fitting with normalized 235U. 
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Fig. 19. Temporal distribution of neutron field in cell 35-23 of experiment No. 13 (subcriticality is -
3.96%). The dots are the experimental data; the yellow line show the fitted experimental data; the 
blue lines show the calculation and fitting at the normalized B concentration; the green lines show 
the calculations and fitting with normalized heavy water level; the red lines show the calculations 
and fitting with normalized 235U. 
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Fig. 20. Temporal distribution of neutron field in cell 35-23 of experiment No. 14 (subcriticality is -
4.89%). The dots are the experimental data; the yellow line show the fitted experimental data; the 
blue lines show the calculation and fitting at the normalized B concentration; the green lines show 
the calculations and fitting with normalized heavy water level; the red lines show the calculations 
and fitting with normalized 235U. 
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Fig. 21. The experimental and calculated α values for different subcriticalities. 

 

4.2. Computational experimental techniques for determining subcriticality of the MAKET 

heavy-water facility; the simulation results 

A 15-30 ms interval of space-time neutron distributions in the cells specified is selected, 

wherein the logarithmic decay decrement “α” has been determined by least-squares procedure for 

the N(t)=N0·exp(-α·t)-type  function. Table 17 presents the experimental “α” values. 
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The “reverse clock” formula has been used together with the experimental “α” estimates to 

calculate the lattice subcriticity as 
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where α is the decay constant; ρ is the lattice subcriticality; βeff is the effective fraction of delayed 

neutrons; βi is the fraction of delayed and photo-neutrons of group i; λi  is the decay constant of the 

precursors of delayed and photo-neutrons of group i; Λ is prompt-neutron generation time; γd is the 

delayed neutron effectiveness; γph is the photoneutron effectiveness. 

The neutron generation time is determined as 

k
l

eff

=Λ  (5). 

where l is prompt neutron lifetime. 

The calculations by the MCNP computational code system have shown that the neutron pro-

duction time is a weak function of lattice subcriticality. Table 15 presents the experimental and 

MCNP-calculated estimates of neutron production time in lattices 24-2. 

Table 15 

Experimental and calculated estimates of neutron production time. 

Experiment.  Λexp = lcrit . c Calculations.  Λcalc = lcrit . c 

(7.78±0.12)·10-4 7.86·10-4 

 
In calculations by formula (4), the neutron generation time is taken to be its experimental es-

timate from Table 16, the delayed neutron effectiveness (γd) to equal 1.02, the photoneutron effec-

tiveness (γph) to be 0.6, and the effective fraction of delayed neutrons (βeff) to be 0.0073. 

When estimating the subcriticity error by formula (4), the uncertainty (relative error) intro-

duced by the constants of delayed and photo-neutrons is taken to be 5%. Table 16 presents the en-

abled group constants of the delayed and photo neutrons [14]. 

 

Table 16 

Group constants of delayed and photo neutrons. 

Neutrons Group 
No. βi λi. с-1 Neutrons 

Gro
up 

No. 
βi λi. с-1 

1 2.59×10-04 1.27×10-02  7 5.00×10-07 Delayed neu-
trons 2 1.45×10-03 3.17×10-02 

Photoneu-
trons  8 1.03×10-06 
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3 1.28×10-03 1.15×10-01  9 3.23×10-06 
4 2.78×10-03 3.11×10-01  10 2.34×10-05 
5 8.73×10-04 1.4  11 2.07×10-05 
6 1.77×10-04 3.87  12 3.36×10-05 
    13 7.00×10-05 
    14 2.04×10-04 

 

   

 

 15 6.51×10-04 

The α uncertainly obtained here has been used to estimate the relative error of lattice sub-

criticity calculations by formula (4). The calculation results are presented in Table 17 and in Figs. 

22-26. 

5. Applicability analysis of the techniques for determining subcriticality 

 The lattice subcriticity estimation data obtained independently by the theoretical and ex-

perimental computational techniques and presented in Tables 13, 14, and 17 have shown that 

1. The mathematical model for lattice 24-2, which has to be applied to the theoretical 

computational techniques, permits the prescribed subcriticality values to be obtained. The neutron 

response decay constant differs from its experimental value by not above 10% and sometimes coin-

cide with the latter to within the calculation errors.   

2. The experimental computational techniques makes it possible to conclude that the 

pulsed source method can be used to control subcriticality of type 24-2 multiplying lattices because 

the subcriticalities obtained using “drain” and the pulsed neutron source technique are the same to 

within experimental errors. In this case the temporal distribution of neutron field can be measured 

actually at any location in the lattice. In case the pulsed neutron source techniques are used to con-

trol the multiplying properties of lattice, the error in determining subcriticality is inferable from Fig. 

22. Analysis of the relative error in determining the lattice subcriticality for different subcriticality 

levels has shown that an acceptable accuracy in controlling lattice subcriticality (~10%) is attain-

able if Keff does not exceed 0.99. 

3. Realizing the techniques for controlling the multiplying properties of other type lat-

tices by the pulsed neutron source method necessitates that the same experimental researches as 

those presented in this work should be made to validate the applicability of the pulsed neutron 

source techniques to such a lattice. 

4. The usage of the theoretical and experimental computational techniques will permit a 

reliable and safe checkout of subcriticality level in the given lattice type. 
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Table 17 
Experimental estimates of the neutron field decay decrement and the subcriticality in 24-2 type lattices. 

Neutron counter 
position 

Neutron field 
attenuation 
decrement 

Subcriticality 
(experiment), 

Δρexp 

Subcriticality 
(calculated by 
eq. (4)), Δρcalc 

Experiment-to-
calculation com-

parison 

Experi-
ment 
No. 

Cell Height, 
mm α, с-1 ∆α, с-1 ρ, % ∆ρ, % 

(abs.) ρ, % ∆ρ, % 
(abs.) 

Δρcalc./ 
Δρexp. 

Δ(Δρcalc./ 
Δρexp) 

1 34-30 700 -1.53 0.11 -0.10 0.01 -0.11 0.84 1.10 84.30 
2 34-30 700 -5.41 0.09 -0.49 0.03 -0.41 0.20 0.84 0.41 
3 34-30 700 -11.58 0.11 -0.98 0.07 -0.90 0.09 0.92 0.11 
4 34-30 700 -23.65 0.09 -1.85 0.13 -1.84 0.10 0.99 0.09 
5 34-30 700 -39.08 0.12 -2.86 0.21 -3.04 0.16 1.06 0.10 
6 34-30 700 -63.00 0.10 -4.83 0.35 -4.90 0.25 1.01 0.09 
7 34-30 700 -50.67 0.11 -3.85 0.28 -3.94 0.20 1.02 0.09 

Mean ratio Δρcalc./ Δρexp 0.99 
r.m.s. ratio Δρcalc./ Δρexp 1.09 

8 35-23 700 -5.23 0.10 -0.38 0.02 -0.40 0.22 1.05 0.58 
9 35-23 700 -8.74 0.10 -0.61 0.04 -0.67 0.11 1.10 0.19 

10 35-23 700 -14.70 0.09 -1.05 0.07 -1.14 0.08 1.09 0.11 
11 35-23 700 -27.39 0.13 -1.98 0.14 -2.13 0.11 1.08 0.09 
12 35-23 700 -40.36 0.11 -3.05 0.22 -3.13 0.16 1.03 0.09 
13 35-23 700 -52.02 0.12 -3.96 0.28 -4.04 0.20 1.02 0.09 
14 35-23 700 -64.50 0.10 -4.89 0.35 -5.01 0.25 1.02 0.09 

Mean ratio Δρcalc./ Δρexp 1.05 
r.m.s/ ratio Δρcalc./ Δρexp 1.06 

15 38-18 700 -6.29 0.12 -0.41 0.02 -0.48 0.16 1.17 0.39 
16 38-18 700 -10.25 0.12 -0.66 0.04 -0.79 0.09 1.20 0.15 
17 38-18 700 -16.59 0.12 -1.10 0.08 -1.29 0.08 1.17 0.11 
18 38-18 700 -28.64 0.16 -2.01 0.15 -2.22 0.12 1.10 0.10 
19 38-18 700 -43.58 0.18 -3.17 0.23 -3.39 0.17 1.07 0.09 
20 38-18 700 -55.24 0.19 -4.07 0.29 -4.29 0.22 1.05 0.09 
21 38-18 700 -66.50 0.27 -4.98 0.36 -5.17 0.26 1.04 0.09 

Mean ratio Δρcalc./ Δρexp 1.12 
r.m.s. ratio Δρcalc./ Δρexp 1.13 

22 35-25 700 -5.18 0.09 -0.38 0.03 -0.40 0.22 1.05 0.58 
23 35-25 700 -7.91 0.09 -0.61 0.04 -0.61 0.12 1.00 0.21 
24 35-25 700 -14.22 0.09 -1.09 0.08 -1.10 0.08 1.01 0.10 
25 35-25 700 -26.21 0.12 -1.96 0.14 -2.03 0.11 1.04 0.09 
26 35-25 700 -39.56 0.12 -3.05 0.22 -3.07 0.16 1.01 0.09 
27 35-25 700 -53.79 0.15 -4.06 0.29 -4.18 0.21 1.03 0.09 
28 35-25 700 -64.96 0.14 -4.97 0.36 -5.05 0.25 1.02 0.09 

Mean ratio Δρcalc./ Δρexp 1.02 
r.m.s. ratio Δρcalc./ Δρexp 1.03 

29 26-26 700 -4.97 0.06 -0.36 0.03 -0.38 0.25 1.06 0.70 
30 26-26 700 -8.40 0.06 -0.62 0.05 -0.65 0.11 1.05 0.20 
31 26-26 700 -14.22 0.09 -1.07 0.08 -1.09 0.08 1.02 0.11 
32 26-26 700 -25.33 0.08 -1.96 0.14 -1.96 0.11 1.00 0.09 
33 26-26 700 -38.22 0.09 -3.01 0.21 -2.97 0.15 0.99 0.08 
34 26-26 700 -50.01 0.10 -3.97 0.28 -3.89 0.20 0.98 0.09 
35 26-26 700 -60.79 0.10 -4.92 0.35 -4.72 0.24 0.96 0.08 

Mean ratio Δρcalc./ Δρexp 1.01 
r.m.s. ratio Δρcalc./ Δρexp 1.03 
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Fig. 22. The lattice subcriticality versus neutron 
field attenuation decrement in cell 34-30. 

Fig. 23. The lattice subcriticality versus neutron 
field attenuation decrement in cell 35-23 
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Fig. 24. The lattice subcriticality versus neutron 
field attenuation decrement in cell 38-18 

Fig. 25. The lattice subcriticality versus neutron 
field attenuation decrement in cell 35-25 
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Fig. 27. The relative error in determining the lattice 
subcriticality by the reverse clock formula versus 
keff . 
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