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The study of basic properties of the ADS presented in the previous Baldin seminar [1] was continued 
during the 2011-2012. For these experiments, uranium target assembly has been upgraded: the entrance 
window was created to reduce the albedo of the incident beam and a section was added to keep the 
effective mass of uranium to the beam axis. The new target assembly with a mass of 500 kg of natural 
uranium metal (diameter ~30cm and length 65cm) was named QUINTA. During the three runs of JINR 
NUCLOTRON the target assembly (TA) QUINTA was irradiated by deuterons with energies from 1 to 8 
GeV and the total number of deuterons on the target of (3-5) 1013 for each energy.  
    The the energy spectra of prompt neutrons inside and outside the target assembly and the time spectra 
of delayed neutrons (DN) between accelerator bursts were measured. Beside that the spatial distributions of 
fission rates inside TA have been measured with aid of solid state track detectors and independently by 
activation method. The last method was used for measurements of 239Pu nuclei production. All these 
measurements were made with the original TA QUINTA as well as with TA surrounded by a 10 cm thick 
lead blanket.  
   Total numbers of fissions and produced 239Pu nuclei were obtained by integration over QUINTA 
volume and normalized to one incident deuteron and one GeV. Both these numbers were constant within 
experimental errors of about 15 % for the deuteron energy range (1-8) GeV. In measurements with a lead 
blanket the absolute amount of produced 239Pu nuclei increased by about 50% but staying constant in 
studied deuteron energy range, while the numbers of fissions remained virtually unchanged The group 
analysis of DN time spectra indicates a growth in the average energy of the neutrons initiating fission of 
target nuclei from 15 to ~ 40 MeV with an increase in energy of the incident deuterons from 1 to 8 GeV. 
This result should be verified by experiments planned at the end of 2012. 
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1. Introduction 

The problems of global world power can not be apparently solved without the contribution 
of atomic energy. But the development of traditional nuclear power rests on the lack of 
resources commonly used fuel (plutonium or enriched uranium) and the key problem of 
utilization of radioactive waste (RAW). Recent decades as a perspective way to solve the RAW 
problem more seriously considered Accelerator Driven Systems (ADS). State ADS programs 
have been adopted in Europe, China and India.. The most striking example is the project 
MYRRHA [2], already running in Belgium 

The main features of new promising ADS project aiming to recycle spent nuclear fuel 
(SNF) with simultaneous producing energy were presented during the last XX Baldin Seminar 
[1]. This project is based on so called Relativistic Nuclear Technology (RNT) proposed recently 
[3] by one of the institutions (CPTP «Atomenergomash», Moscow) participating collaboration. 

 Main physical idea of this approach is to use deep subcritical and quasi infinite (with 
negligible neutron leakage) multiplying target of natural (depleted) uranium or thorium combined 
with (5 – 10) GeV proton or deuteron incident beam. In accordance with some known 
experimental results and semi-phenomenological estimations [3] such ADS can provide 
extremely hard neutron spectrum within the active core (AC) and ensure an effective burning of 
core material as well as spent nuclear fuel (SNF) added to the initial core without its preliminary 
radiochemical reprocessing. To preserve hard neutron spectrum it is necessary to use helium gas 
cooling of the fist circuit and core material as target for incident beam. Such ADS could have 
large enough beam power gain and produce additional energy in parallel with SNF utilization.  

As for any ADS a necessary and key element is creation and use of powerful (~ 10-20 
MW) accelerator with good enough duty cycle. It is proposed to utilize an original Russian 
technology BWLAC [4] for creation of reliable and compact MW linac.  

All RNT engineering problems including creation of necessary accelerator have to be 
discussed practically after detailed study and verification of basic physics ideas of proposed 
approach. 

This is just an aim of JINR project “Energy and Transmutation Radioactive Wastes” 
(“E&T RAW”) adopted for realization during 2011-2013 on the basis deuteron and proton 
beams of NUCLOTRON in incident energy range (1- 10) GeV and natural (depleted) massive 
uranium targets available at JINR. 

The main goals of (E&T RAW) project are to study the basis characteristics of neutron 
fields inside deep subcritical quasi-infinite AC made of depleted uranium metal, the spatial 
distributions of core nuclei fission, the production of 239Pu nuclei, the transmutation reaction 
rates of long lived minor actinides and fission products as well as to define optimal energy of 
incident beam for transmutation RAW and energy production. 
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2. Motivation 

It is appropriate to note that ADS with quasi-infinite subcritical AC from natural or 
depleted uranium were studied earlier in papers [5-8]. In Ref. [5] there was studied AC made of 
natural uranium metal with mass ~19.5 t irradiated by 14 MeV neutron source located in the 
center of pile. (See Fig.1). Authors had measured the spatial distributions of neutron flux and 
many reaction rates inside of the pile. The results are shown in Fig.2. It is seen that energy 
neutron spectrum becomes essentially softer with increasing distance from the center of AC and 
neutron capture increases accordingly. 

 

 
 
Figure 1: General view of the ADS assembly [5] showing the 99 cm diameter and 107 cm height pile. The 
effective uranium density is ρ = 16.3 g/cm3.   

 

 
Figure 2: Results of measurements [5] of (n,γ)-, (n,f)-,(n,2n) and (n,3n)-reactions on 238U nuclei, (n,f)-
reaction on 235U and neutron leakage. 
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The similar ADS setup had been studied in paper [6]. But this paper is not available. The 
main results obtained in Ref. [6] and some information about the respective setup is cited in [9]. 
As it follows from [9] the radius of AC used in [6] was 51 cm, the effective density of 238U 
nuclei was 18.8 g/cm3 and the admixture of 235U isotope was 0.4154 %. The 238U(n,f)-reaction 
rate only measured in Ref. [6] was 0.115 ± 0.052 per one source neutron whereas the 
corresponding result of Ref. [5] was 0.281 ±  0.017 with the concentration of 235U isotope 0.72 
%. The calculations of (n,f)-reaction rates on 238U and 235U isotopes made in  Ref. [9] with use 
of different nuclear data libraries showed a satisfactory ( within ~20%) agreement  with 
experimental data [5,6]. But for wide neutron spectrum with energies up to hundreds of MeV, 
which is formed within the extended multiplying target under irradiation of high-energy 
particles a picture of processes within AC becomes much more complex.  

In the experiment of C. Rubbia group [7] the “quasi-infinite” active core shown in Fig.3 
was irradiated by protons with energies (0.6 – 2.75) GeV.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Top view of the FEAT subcritical assembly. The picture is from Ref. [7], sizes in mm. 
 

It is necessary to note that in experiment [7] the natural uranium pile of total mass ~ 3.5 t was 
loaded in a water tank so produced neutron spectrum was practically the thermal one. The value 
of keff ≈ 0.9 measured in [7] indicates that the fission rate in this AC defines mainly by 
admixture of 235U isotope. So the basic result of Ref. [7] shown in Fig. 4 namely a constant 
value of beam power gain (BPG ≈ 30) above Ep > 1 GeV normalized to one incident proton is 
associated with an impurity of 235U nuclei too. In these circumstances in spite of rather 
promising BPG it is difficult to implement "burning" of the base core nuclei because of their 
high fission threshold. And actually proposed C. Rubbia’s idea of Energy Amplifier must move 
on to the enriched fuel. 

Most interesting and close to the (E&T  RAW) project is experiment [8] performed  
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Figure 4: Beam power gain in dependence on incident proton energy (the picture from [7]). 

 

at JINR synchrocyclotron with proton beam energy range (0.3 - 0.66) GeV. In this experiment 
there was used the deep subcritical target assembly presented in Fig. 5. It consisted of about 
three tons of metallic natural or depleted uranium and 10 cm lead blanket. Due to the special 
geometry of an asymmetric beam input the results obtained in such way were equivalent to the 
same for the axisymmetric target mass of ~ 7 tons. There was no any dedicated moderator and 
the neutron leakage from the target assembly as estimated by authors was ~10%. So unlike Ref. 
[7] in this case has been realized an extremely hard neutron spectrum. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Target assembly of experiment [8]. Dimensions of uranium target 56x56x64cm. 
 
The total numbers of fission in the equivalent target assembly obtained by integration over 

the measured spatial distributions of fission rates at 660MeV proton energy were 13.7±1.2 and 
18.5±1.7 per one incident particle for depleted and natural uranium, respectively. According to 
the authors [8], it was not accounted for 3-4 fission events (per one proton) occurring in the 
cascade region of the central zone of the target with a diameter of 10 cm  due to specific design 
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of the experimental setup. Thus, the beam power gain for this proton energy could be estimated 
(see [1] for more detail) as ~ 6.0 and ~ 7.4 for depleted and natural uranium, respectively. It is 
necessary to mention one more result obtained in Ref. [8]. When uranium in the center of the 
target was replaced with lead core with dimensions 8x8 cm the total neutron multiplicity and 
accordingly total fission yield decreased approximately twice. Thus the use of core material as a 
target for incident beam as it is adopted in RNT approach provides significant benefit. 

So it is very attractive to investigate such type of ADS for higher incident energy 
discussed in the frame of RNT concept. At JINR there are very favorable conditions for 
realization such research. Here is the suitable accelerator NUCLOTRON with deuteron and 
proton beams to energy of 5 GeV per nucleon. Beside that there is available the extended 
natural uranium  metal (500 kg, ø30cm x 65cm) target assembly (TA) QUINTA and the quasi-
infinite depleted uranium metal ( 19.5t, ø120cm x 100cm) target setup BURAN (an Russian 
abbreviation – Large Uranium target) shown in Fig. 6 and 7 below. 

 
 

 
 
 
 
 
 
 
 
 

Figure 6:. General view of target assembly QUINTA.  

 
The construction of QUINTA  TA is described in more detail in the next section. Here it is 

important to note that basic aim of all measurements with this target is to prepare and to test the 
experimental technique for realization of main research program with BURAN setup. Of course, 
the results obtained in experiments with QUINTA TA and presented below have independent 
meaning for understanding and modeling the processes occurring in the central zone of BURAN 
setup. 

The design of BURAN setup is shown in Fig. 7. It has a steel case, the replaceable central 
zone diameter of 20 cm and many axial detector channels are shown in red. The frame provides 
a precise positioning of the target In general BURAN setup is well suited for realization of 
extended research program adopted in the “E&T RAW” project for 2013-2014.. But it requires 
more design and experimental methodology work to launch in 2013 a research program with 
BURAN setup briefly outlined by the end of Introduction above.  

Below an overview of the results of experiments carried out with QUINTA TA during 
2011-2012 aimed at study basic features of RNT is presented.  
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Figure 7: Front and rear view of target setup BURAN (left and right pictures respectively).  

3. Experiment 

During three last NUCLOTRON runs (March 2011, December 2011 and March 2012) the 
target assembly QUINTA was irradiated by deuterons with energies of 2, 4 and 6 GeV in the 
first above mentioned run and of 1, 4 and 8 GeV in the other two. The scheme of experiments is 
presented in Fig. 8. 

 

3320

Beam extraction

Ionization chamber

Activation foil

Profilometer

QUINTA

Polyethylene shielding

Sc telescope

2 detectors Demon 
(NE213)

ISOMER

20°

90°
160°

Platform
(turned by 2°relatively to the beam axis)

detector Не3

2 detectors Demon 
(NE213) 2 detectors Demon 

(NE213)

 
 

Figure 8: The scheme of experiments with QUINTA target assembly. 
 

The extracted pulsed deuteron beam of the JINR NUCLOTRON [10] hits the target from 
the exit window located on it in 3.32 m. The spatial and time profile, as well as an intensity of 
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each deuteron pulse were monitored using calibrated and position sensitive ionization chambers 
in coincidence with two scintillation telescopes. The beam position on the target and the integral 
deuteron flux were controlled by the profilometer and activation monitors from aluminum foil 
and solid state track detectors placed before the target. Prompt neutrons were measured by the 
detector DEMON with the liquid scintillator NE213 inside. This detector has a large (~ 30%) 
efficiency for neutrons of high (up to 100 MeV) of energy. Delayed neutrons (DN) were 
recorded by the detector system ISOMER-M [11]. It consists of 11 proportional 3He- counters 
placed into the 50 x 50 x 60 cm Plexiglas moderator block. Each counter was equipped with the 
preamplifier and discriminator. The ISOMER-M efficiency for registration of neutrons from the 
Pu-Be-source with the average spectrum energy of 4.4 MeV was 11.4±0.1%.. The detector was 
surrounded by appropriate shielding from borated polyethylene. The DAQ system provided 
measurement of the neutron yield as a function of time for each deuteron pulse.  

The target assembly QUINTA shown in Figs. 9 and 10 consists of four identical sections 
of hexagonal aluminum containers with an inscribed diameter of 284 mm, each of which is 
placed for 61cylindrical uranium block. Blocks of 36 mm diameter and a length of 104 mm 
made of metallic natural uranium and placed in sealed aluminum housing. Unit weight is 
1.72 kg and the total mass of uranium in one section is 104.92 kg. The front section has the 
cylindrical input beam channel diameter 8 cm. The total mass of uranium in the target assembly 
is close to 500 kg. In front of the target and between its sections as well as behind it there are 6 
detector’s plates. Connected to each other sections are fixed on aluminum plate and placed on a 
mobile carriage allows for precise adjustment of the axis of the target relative to the direction of 
the incident beam. To prevent the free passage of the some part of incident beam through the 
horizontal space between the tightly packed uranium cylinder an axis of the target assembly set 
with the rotation of 2 degrees with respect to the beam axis. 

Detector’s plates

Section№1

Sections №2,3,4,5

Beam window

№ 1

№ 2
№ 3

№ 4

№ 6

№ 5

 
Figure 9: The layout of the target assembly QUINTA. 
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In experiments of December 2011 and March 2012 there was added to the uranium target 
the lead blanket thickness of 10 cm with the input beam window size of the 150x150 mm shown 
in Fig.10. In the top cover blanket was made special slots with lids for quick removal of 
detector’s plates. 

900

beam window
150×150

lead shield

d 0

Y

Z

114

12
0

r 
40

262

393

131

17 17 17 17

524

655

700

Section U-238

channels for
mounting and
dismantling of

detector plates

 
Figure 10: The cross cut of target assembly QUINTA equipped by lead blanket. Sizes are in mm. 

 
The general view of whole experimental setup placed at the focus #3 of NUCLOTRON 

beam is shown in Fig. 11. In the foreground are seen two ionization chambers designed for on-
line monitoring of the beam intensity. The control room is located ~ 30 meters from the target.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11: General view of experimental setup. 

3.1 Monitoring of beam intensity. 

 
The total beam intensity was determined in parallel by three independent groups with aid 

of the activation analysis method using 27Al foils. Other activation materials could not be used 
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due to missing cross-sections or improper gamma-ray properties and half-lives. Aluminum foils 
for the beam intensity measurement were placed in different places between the beam tube 
window and the target. In the process of irradiation, stable isotope 27Al was transmuted by 
(d,3p2n) reaction into radioactive 24Na isotope. The yield (i.e., the number of nuclei activated in 
the foil during the whole period of the irradiation) of produced gamma-radioactive nuclei was 
determined using gamma-spectroscopy. The method of obtaining the absolute yield of 24Na 
isotope is described below in some detail on example of the data obtained during March 2012 
run by Řež group. 

Original dimensions of the foils were 10x10x0.0196 cm3. After irradiation, the each foil 
was packed into a smaller one with dimensions approximately 2.5x2.5x0.3 cm3 for the 
spectroscopy measurements. Activated foils were measured on three HP Ge detectors, in two 
different geometries marked p2 and p5 which were 2.4 and 9.9 cm far from the (B) detector and 
in two different geometries marked p2 and p5 which were 2.4 and 9.9 cm far from the (C) 
detector and in geometry marked p2 which was 2.4 cm from the (E) detector. The detectors 
were calibrated using standard laboratory 54Mn, 57Co, 60Co, 109Cd, 133Ba, 137Cs, 152Eu, 228Th, and 
241Am point sources which have several gamma-lines ranging from 60 keV up to 2610 keV. 
Evaluated calibration activities include correction on real coincidences for isotopes with more 
lines. Total number of points used for one calibration curve is more than 35. Calibration curves 
are third order polynomials divided into two parts, one for lower energies and one for higher 
energies. The typical calibration curves for the used detectors are presented in Fig. 12. 

 
Figure 12: Efficiency curves for detector (B) (the abscissa – γ-line energy keV, the ordinate – an 

efficiency). Peak efficiency fit is in solid line. 
 
Gamma-spectra were evaluated in the Deimos 32 code [12]. From the gauss-fit of the 

peaks we got also the statistical uncertainty (any other uncertainties were not taken into account 
in following evaluation). Total yield of 24Na in the aluminum foil was determined according to 
the next equation (1) (all corrections were included, for details see [13]): 
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where: λ is decay constant, tirr – irradiation time, treal – real measurement time, tlive – live time of 
the detector,t0 – cooling time. 

To get beam intensity as precise as possible, various spectroscopic corrections shown in 
equation (1) were applied.  

 
3.1.1 Correction on beam intensity changes during irradiation (Ba) 

 
Really the beam intensity was changing during deuteron irradiations. As example of the 

time scenario of March 2012 run for deuteron energy 8 GeV measured on-line by ionization 
chambers is shown in Fig. 13. 

 

 
 

Figure 13: The time dependence of deuteron beam intensity during irradiation of QUINTA TA at the 
energy 8 GeV. Time is given in hours. 
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The code [14] was used to calculate the correction value Ba by formula (2). This code 
calculates a shapeless number according to the equation (2), every bunch is taken as one 
interval. 
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Here: tirr  is the total irradiation time, te (i) – time from the end of the irradiation interval till the 
end of the whole irradiation, tp (i) – time of calculated irradiation interval, W (i) – ratio between 
the number of deuterons in the interval i and in the whole irradiation, N – the total number of 
intervals. The results are given in Table 1. 

Table 1: Beam instability correction factors for 24Na.  

Deuteron energy 
[GeV] 

T1/2  

[h] 

Correction factor 

Ba 

1 1.00208 

4 1.00886 

8 

14.959 

1.00140 

 

3.1.2 Correction on non-point like emitters (Carea) 

The HPGe detectors were calibrated with point-like laboratory etalons, so the calibration is 
in close geometries valid only for point sources. The aluminum samples could not be measured 
far enough from the detector due to their low activity, so the correction on non-point like 
emitters has to be taken into account. It has been done with aid of MCNPX simulation, in which 
response of the detector on point-like and non-point like emitter is studied, see equation (3). 
Correction values in the case of 2.5x2.5x0.3 cm3 emitter are summarized in Table 2. Correction 
was verified in multiple experiments, for more details see [15].  

                                                 
int)po(

)foil(
C

p

p
area ε

ε
====     (3) 

Table 2: Correction factors on non-point like emitters, detector A, B, C and E. 

 

Position Detector A Detector B Detector C Detector E 

p2 0.957 0.963 0.963 0.963 

p5 0.994 0.992 0.992 0.992 
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3.1.3 Correction on self-absorption (Cabs) and due to sample dimensions (Cg) 

The aluminum foils have after the folding from 10x10 cm2 onto 2.5x2.5 cm2 thickness 
approximately 3 mm, so the self absorption of the 24Na gamma photons could not be neglected. 
The respective corrections were calculated according to the equation (4), Quantity µ standing in 
the integrand is the total mass attenuation coefficient µT [g/cm2] divided by density ρ [g/cm3]. 
The coefficient µT comes from the text book [16].  

DD
x

D

abs e

D

dxe
D

I

dx
D

I

C ⋅−
⋅− −

⋅==

∫

∫
µ

µ

µ
1

0

0

0

0

    (4) 

 
The obtained correction factors were 1.021 for 1368 keV gamma line and respectively 

1.015 for 2754 keV one. 
The small corrections Cg on changed detector efficiency had to be included related to the 

sample positions during measurement. The 3 mm thick foil had its centre approximately 1 mm 
closer to the detector than was the position for which the calibration was done. Detector 
efficiencies were taken for positions p2-p5 and a curve was fitted through them. Than the 
detector efficiency for position 1 mm closer to the detector was calculated. Ratio of the new and 
original efficiency is the searched corrections (1.042 for 1368 keV, 1.039 for 2754 keV ). These 
are approximately the same for all used geometries 

 
3.1.4 Beam intensity calculation 
 

The value of the integral deuteron flux at each incident energy can be calculated by next 
formula: 

  
A

yield
d Nm

ASN
N

⋅⋅
⋅⋅

=
σ

 
        (5)  

 
where Nyield is the total amount of produced 24Na nuclei, A – molar weight, σ –the cross-section 
of 27Al(d,3p2n)24Na reaction, m – weight of the foil, S – its area, NA – Avogadro’s number. 

Following the procedures described above one can determine the value of Nd  using the  
known cross-section σ( Ed ).Unfortunately, there are known only three experimental values of 
the cross-sections for 27Al(d,3p2n)24Na reaction in the GeV energy range. The one of Ref. [17] 
is (15.25 ± 1.5 mb at 2330 MeV) and two other are from Ref. [18] - (14.1 ± 1.3 mb at 6000 
MeV and 14.7 ± 1.2 mb at 7300 MeV), see Fig. 14.  
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Figure 14: Cross-section of 27Al(d,3p2n)24Na reaction – experimental data and fit of the points. 

 
The fit of experimental data in the energy range (0.1 – 7) GeV by function σ = a·Eb (linear 

in log scale of energy) allows one to obtain the interpolated values of the 27Al(d,3p2n)24Na 
reaction cross-sections for all deuteron energies used in our experiments. The estimated 
uncertainties are about 10%. The respective values are presented in Table 3 for deuteron 
energies realized in our measurements.  

 
Table 3: Interpolated cross-sections of 27Al(d,3p2n)24Na reaction. 

 

Deuteron 
energy 
[GeV] 

Cross- 
section 
[mb] 

Estimated 
uncertainty 
[mb] 

1.0 16.4 1.6 

2.0 15.4 1.5 

4.0 14.5 1.5 

6.0 14.0 1.4 

8.0 13.6 1.4 

 
These cross-sections were used below for absolute normalization of monitoring data.  

To obtain the yield of 24Na nuclei Nyield gained at given beam energy a set of measurements 
of the gamma lines 1368 and 2754 keV were realized and a weighted average was calculated 
together with its uncertainty. The set of integral deuteron fluxes obtained in accordance with 
such procedure are shown in Fig. 15 for measuring at deuteron energy of 1 GeV in March 2012. 
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Figure 15: Measured beam intensities and its weighted average obtained for 1 GeV deuteron energy in 
March 2012 (first five points belong to the gamma-line 1368 keV and the rest ones - to 2754 keV line). 
 

In Table 4 there are presented the integral deuteron fluxes for all three runs obtained 
independently by different experimental groups of the collaboration. The uncertainties of 
efficiency and spectroscopic corrections were very similar to all three groups. Their values are 
about (4 – 5) %. The errors in Table 4 include the sum of statistical uncertainties as well as 
errors of the mentioned efficiencies and other corrections discussed above. These were 
calculated by each group independently. A rather good agreement between results of different  

 
Table 4. The integral deuteron fluxes for all three runs 
 
Run   Energy 

[GeV] 
Řež  
group [1013 ] 

Dubna  
group [1013 ] 

Khar’kov 
group [1013 ] 

Weighted  
mean value [1013 ] 

2 1.69(8)· 1.42(9)· 1.40(14)· *1.69(8)· 
4 1.41(7)· 1.29(8)·      1.40(14)· *1.41(7)· 

March 
2011 
 6  1.94(10)·  1.70(17)   *1.94(10)· 

1 1.47(6)· 1.53(11)· 1.47(5)· 1.50(4)· 
4 1.93(8)· 1.78(16)· 1.96(6)· 1.94(5)· 

December 
2011 
 8     **0.063  

1 1.82(8)· 1.88(8)·  1.90(11)· 1.86(5)· 
4 2.79(11)· 2.65(12)·  2.72(15)· 2.72(7)· 

March 
2012   
 8 0.556(25)· 0.536(24)· 0.37(8)· 0.539(17)  

 
*These values are taken from the results of Řež group as most accurate and confident in 
comparison with other ones. 

** The value is measured by an ionization chamber only. 
 
groups is observed. Only exception is measurement of Khar’kov group for 8 GeV in March 
2012 run. To take into account this discrepancy their uncertainty was increased in that 
individual case.  

The beam intensities from Table 4 were used below for the normalization of the data 
discussed. But, of course, the systematic errors related to the uncertainties of 27Al(d,3p2n)24Na 
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reaction  cross-sections listed in Table 3 must be taken into account additionally for all 
observable values.  

 

3.2. Measurements of spatial distributions of fission rates and 239Pu nuclei production 

 
In all three runs there were measured the spatial distributions of the fission rate and 239Pu 

isotope production. The fission rates were studied with aid of activation technique [19] and solid 
state track detectors (SSTD) [20].  

The activation samples in shape of natural uranium disks (diameter 10 mm and thickness 
1mm) were situated on all six detector plates in the range of radii as it is shown in Fig.16. The 
red circles marked the location of samples with a unit corresponds to the beam axis, the 
numbers 2, 3 and 4 indicate r = 40, 80 and 120 mm respectively below the axis and 5 – r = 80 
mm above the axis. 

 

 

                                                                                                       

 

 

                       a                                                     b     

Figure 16: Location of activation samples on the plates, (a) shows the entrance one and (b) – all other. 

It is assumed that fission in QUINTA TA is related mainly with 238U and induced by 
neutrons formed under irradiation of deuteron beam. Fission related with high energy deuterons 
has small cross-section and is not included in the consideration. A selection of specific fission 
products (FP) is determined by the fact that their yields vary little over a wide range of neutron 
energies. From measurements of γ-spectra of irradiated uranium samples the yields of specific 
FP have been obtained. The procedure of extraction of FP yields was the same as described 
above in Section 3.1. The numbers of 238U fissions at each position inside of QUINTA TA were 
obtained by averaging of following FP yields: 97Zr (5.42%), 131I (3.64%), 133I (6.39%), 143Ce 
(4.26%) known from literature. In brackets the cumulative yields of respective FPs averaged 
over data for neutron energy range (2-22) МeV are shown. The density distributions of fission 
numbers Nf normalized per gram of uranium, per one deuteron and per 1 GeV are shown 
conditionally in Fig. 17. The curves are drawn by eye for convenience of comparison of results 
obtained in different cycles. The first digits in the numbers of standing next to the curves 
indicate the number of detector plates. The meaning of second digits explained above.  
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Figure 17: Density distribution of the 238U fission numbers Nf measured at deuteron energy of 4 GeV in 

three runs (yellow – March 2011, red – December 2011 and black – March 2012). 

It is seen that an addition of the lead blanket does not change practically measured spatial 
distribution of fission rates. 

The same uranium samples were used for study of the 239Pu isotope production going 
through neutron radiative capture by the 238U nuclei within QUINTA TA. The respective chain 
of nuclear transformations is presented below.  

 
                    238U(n,γ)239U β- (23.45 min) →239Np β- (2.36 d) →239Pu  

Before measurement the irradiated uranium samples were exposure for more than 4 hours 
to reach 99.9% of the 239U nuclei decay. The number of the produced 239Pu nuclei NPu was 
determined [19] by measuring the activity of the 239Np nuclides.  

The obtained density distributions of the NPu numbers are represented in Fig.18 in the  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 18: Density distribution of the 239Pu isotope production numbers NPu measured at deuteron energy 

of 4 GeV in three runs (yellow – March 2011, red – December 2011 and black – March 2012). 

02 03 04 05

11

12

13
14

15

21

23

24

25

31

32

33
34

35

41

42

43
44

45 51
53 54 550.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

18.00

N
 x

 1
0-5

, (
fis

si
on

)/
g/

 D
/G

eV

4 GeV March12
4 GeV Dec11
4 GeV March11 (w/o Pb)

02
03 04 05

11

12

13

14

15

21

22

23

24

25

31

32

33

34

35
41

42

43

44
45

51 52 53 54 550.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

N
 x

 1
0-5

,  (
23

9P
u)

/g
/ D

/G
eV

4 GeV March12
4 GeV Dec11
4 GeV March11 (w/o Pb)



P
o
S
(
B
a
l
d
i
n
 
I
S
H
E
P
P
 
X
X
I
)
0
8
6

 

 

 

 
 Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it 

 

same normalization and in similar form as in Fig. 17. In contrary with fission there was 
observed about 50% increase when the lead blanket has been added ( see yellow curve).  

The radial and axial dependences of the Nf and NPu numbers at different deuteron energies 
measured in March 2012 run are given in Fig. 19. All data is normalized as in Fig. 17 and 18. 
The obtained results show a visible dependence on the deuteron energy a behavior of the radial 
distributions at different distances along beam axis. An especially strong effect is seen at the 
entrance to the target (Z = 0).  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 19: Radial distributions of density of the Nf and NPu numbers (left and right side of the figure) 
measured in March 2012  at deuteron energies 1, 4 and 8 GeV (the legends are in inserts). 

 
The axial dependence of the Nf and NPu values averaged over radial cross sections of TA as 

well as their ratios NPu / Nf, so called spectral indices measured in March 2011 are presented in 
Fig. 20 with the same normalization as previously. There is good agreement between the 
obtained axial distributions for all deuteron energies. In the middle of TA the spectral indices 
are practically constant. But in first section of TA it increases by about 30% and falls slightly in 
the last one. The effect of lead blanket on average axial distributions of the Nf , NPu and spectral 
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indices is demonstrated in Fig. 21. A comparison of data obtained in March 2011 and 2012 
shows a preservation of the Nf number distributions, an essential change of the NPu values and, 

 
 
 
 
 
 
 
 
 
 
 
                                                                        a 
 
 
 
 
 
 
 
 
 
 
                                                                        b 
 
 
 
 
 
 
 
 
 
                                                                       c 

 
Figure 20: Axial density distributions of the Nf , NPu and spectral indices (a, b and c accordingly) averaged 
 over the respective radial distributions (measurements March 2011). 
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respectively, the average spectral indices. An increase of these indices shows a marked 
softening of the neutron spectrum inside the target assembly by adding the lead blanket.  

 
 
 
 
 
 
 
 
 
 
                                                          a 
 
 
 
 
 
 
 
 
 
 
                                                          b 
 
 
 
 
 
 
 
 
 
                                                          c 

Figure 21: Comparison of the average axial distributions of the Nf , NPu and spectral indices measured at 
deuteron energy of 4 GeV in March 2011 and 2012 (a, b and c accordingly).  
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plates in five symmetrical positions as it is shown in Fig. 22. The spatial distributions of fission 
rates were measured and processed by the method described in Ref. [20]. 

 
 
 
 
 
 
 
 
                                                    a 
 
 
 
 
 
 
                                                    b 

 
Figure 22: Location of SSTD on detector plates, (a) is the entrance one and (b) – all other. 

 
A typical example of results is given in Fig. 23. Here are a two dimensional (in plane 

YZ, see Fig.10) distributions of fission numbers per one cm3 and one deuteron measured in 
March 2012 at incident energies of 1, 4 and 8 GeV.  

 
 
 
 
 
 
 
 
 
 
           a                                              b                                                    c 

 
Figure 23: Two dimensional distributions of fission numbers per one cm3 and one deuteron measured in 
March 2012 at incident energies of 1, 4 and 8 GeV (a, b and c respectively). 
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In these figures it is clear that with increasing of deuteron energy is rapidly expanding a 
volume of the domain inside the multiplying target where fission is effective. So there is some 
potential for enhancement of beam power gain with increase of the size of AC.  

 
3.3 Calculation of total numbers of fission and the produced 239Pu nuclei 

 
By integration over TA volume the measured spatial distributions of fission numbers and 

of the amounts of the 239Pu nuclei formed the total values of the respective numbers could be 
obtained. But doing this must be considered the exact geometry of the experiment, namely, the 
difference in the actual state of the beam axis and the axis of the target. In measurement for a 
given energy the target axis is set as closely as possible with respect to the geometrical axis of 
the output beam channel and as mentioned above is rotated by 2 degrees. In reality, during beam 
extraction its direction can be different from the ideal. In each measurement there was carried 
out monitoring the position and shape of the beam at the target with aid of SSTD. The results of 
all such measurements are summarized in Table 5. (more details see in Ref. [21]).  

 
Table 5. Deuterons beam parameters measured in March 2011, December 2011 and March 2012 
runs. 
 

 
Run Coordinates of beam 

center, сm 
FWHM of beam  

shape, см 

 

Deuteron  
energy, GeV 

 Xc Yc FWHMX FWHMY 
2  1.2 -0.5 2 2.8 
4  1.2 -0.7 2.2 2.3 

   
  March 2011 

6  2.0 -0.1 3.9 3.1 
1  1.3 0.2 2.6 3.5 December 2011 
4  1.4 0.2 1.5 1.4 
1  0.6 0.9 2.9 3.2 
4  2.0 0.8 1.1 1.2 

   
  March 2012 

8  1.2 0.10 0.9 1.2 
     
 

Using the real geometry of each measurement the integration over volume of TA has been 
done and the results are given in Table 6. 

As follows from Table 6 the values tot
fN  and tot

PuN  are approximately constant in limit of 

their uncertainties at least up to the deuteron energy of 6 GeV. The data obtained for incident 
energy of 8 GeV need additional verification that should be done in December 2012 

NUCLOTRON run. An effect of increasing in the total numbers tot
PuN  by the inclusion of the 

lead blanket was about 50% slightly lower than for spatial distributions. 
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Table 6. The total numbers of fission (tot
fN ) and of the produced 239Pu nuclei ( tot

PuN )  

(in units of per one deuteron and 1 GeV) 

 
Run  Ed = 1 G 

ev    
Ed = 2 GeV Ed = 4 GeV Ed = 6 GeV Ed = 8 GeV 

 SSTD method 
 Total numbers of fissions tot

fN  

03.11  11 ±1.9 9.4 ±1.7 9.6 ±1.7  
12,11 11.8 ± 2.0  8.2 ±1.5  10.0 ±1.7 
03.12 8.9 ±1.5  8.1 ±1.5  *9.2 ±1.6 
 Activation method 
 Total numbers of fissions tot

fN  

03.11  (8.8±0.4) ±1.0 (8.8± 0.4)±1.0 (8.3±0.4)±0.9  
12,11 (10.6±0.5) ±1.1  (8.5± 0.4)±1.0   
03.12 (10.5±0.5) ±1.1  (9.7± 0.4) ±1.0  *(9.7±0.5)±1.1 
 Total numbers of the produced 239Pu nuclei 
03.11  (7.0±0.3) ±0.8 (7.2±0.4) ±0.8 (6.9±0.3)±0.7  
12.11 (11.8±0.6)±1.2  (10.8±0.5)±1.1   
03.12 (11.6±0.6)±1.2  (11.3±0.5)±1.1  *(10.5±0.5)±1.1 

 
* These values were obtained with the original Khar’kov group beam intensity ( see Table 4). If 
one uses the weighted value of this intensity so respective numbers reduce by 30%.      

 
3.4 Measurements of leakage neutrons  

 
The time dependence of leakage neutron yields measured between NUCLOTRON bursts 

with aid of detector system ISOMER-M provides valuable information on fission processes 
within the target assembly [22]. The incident deuteron beam had duration of pulse ~ 500 ms 
with repletion rate ~ 8 s-1. Really in time interval from ~ 1 to 7.5 s after a burst’s start only 
source of neutrons could be delayed ones originated from fission of uranium nuclei. Fission in 
the lead blanket is negligible as shown in Ref.[22]. The time spectra of neutron yield 
(normalized to one incident particle) measured in course of irradiation of TA QUINTA in 
March 2011 at deuteron energy of Ed = 6 GeV is shown in Fig. 24. The time structure and 
intensity of deuteron burst were monitoring one-line for each accelerator pulse. Some details of 
the DN measurements were given above in the beginning of Section 3 (see also [11] and [22]). 
Special measurements showed that the contribution of the background to these spectra was 
negligible 

The detailed analysis of the shape of DN time spectra allows one to obtain information on 
characteristics of precursors of delayed neutrons studied in experiments. Due to specific 
conditions of the performed experiments (the narrow time window for detection of DNs) it is 
possible to get information only about the short-lived precursor groups. So a decomposition of 
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Figure 24: The time dependence of neutron leakage from TA QUINTA irradiated by 6 GeV deuterons. 
 

the DN time spectra was made only accounting for the groups with half-life 2.5 s (fourth one) 
and 0.6 s (fifth one).This procedure is illustrated by Fig. 25. For details of the decomposition 
method see Ref. [22]. 

 
 
 
 
 
 
 
 
 

Figure 25: An expansion in the precursor groups of the DN spectrum measured at deuteron energy of 4 
GeV.  

 
In Fig. 26 the systematic of weight ratios [23-27] of the abovementioned groups in 

dependence on neutron energy for 238U(n,f)- reaction is presented together with the results of 
analysis of present data (red circles with crosses inside). The blue circles indicate results 
obtained in June 2009 [22] with smaller (~300 kg natural uranium) target assembly which had a 
lead blanket of 10 cm thick.  

As it follows from Fig. 26 for the studied uranium target assemblies the values of the mean 
neutron energy <En>  inducing of 238U nucleus fission are about (13 ± 4) and (35 ±5) MeV for 
Ed = 1 and  6 GeV correspondingly. To test the sensitivity of this method to the change of the 
neutron energy spectrum in the active core the dedicated DN measurements on the target 
assembly ‘Energy + Transmutation” (E+T) [28] had been carried out in November 2009 at 
deuteron energy of 4 GeV.  

The (E+T) set-up consists of a central lead (ø 8cm) target surrounded by 200 kg blanket 
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Figure 26: The neutron energy dependence of the ratios of DN groups for 238U(n,f)-reaction [23-27] in 
comparison with the same ratios extracted from analysis of DN time spectra measured in 2009 and March 
2011 NUCLOTRON runs. 

 
from metallic natural uranium. Beside that the lead-uranium assembly was placed into thick 
(~300 mm) and dense (ρ=0.7 g/cm3) polyethelene box serving as a reflector and a moderator.  In 
Fig.27 it is shown as the green curve the time dependence of neutron yield from the (E+T) 
target assembly measured by detector ISOMER-M in the same as in June 2009 geometry 
together with the respective spectra obtained for uranium  and lead target  assemblies [22] (red 
and blue curves respectively). 

 
 

 
 
 
 
 
 
 
 
 
 

 

Figure 27: The time dependence of neutron yields from different target assemblies for Ed = 4 GeV. 

 
As it follows from Fig. 27 at the same beam energy the DN yield and respectively the 

number of fissions in the (E+T) target assembly is approximately by 2 orders of magnitude 
smaller than those obtained in June 2009 for 300 kg natural uranium target. This could be 
related with the usage of the intermediate lead target in the set-up (E+T) and also with the small 
thickness of the uranium blanket. Beside that a presence of the thick layer of polyethelene 
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surrounding the (E+T) target assembly has to make a resulting neutron spectrum softer in 
comparison with the same for the uranium target assembly that has no any moderator.  

The analysis of DN time spectra measured for (E+T) target setup led to the result for <En> 
~ 3 MeV at Ed = 4 GeV. This is much lower than obtained above for TA QUINTA and reflects a 
real softening of the (E+T) neutron energy spectrum.  

The DN time spectra obtained in all these measurements are formed in fission of target or 
blanket 238U nuclei induced by the neutron flux φ (En) inside of uranium volume. Roughly 
speaking the DN spectrum is determined by product of the fission cross section σnf (En), the DN 
multiplicity υd (En) and the flux φ (En). For 238U(n,f)-reaction the product of σnf (En) υd (En) 
varies within several percents over a wide range of En, at least, up to En ≈ 15 MeV. Therefore, 
the value of <En>  obtained above can be considered as the realistic mean energy of neutrons 
initiating fission for studied target assemblies. 

An integration of the DN time spectra reduced to one incident deuteron over whole 
measurement time range (1 - 7.6) s makes it possible to compare the relative total DN yields 

tot
DNY for different deuteron energies. These yields should be proportional to the total fission 

numbers discussed above. The obtained results arbitrary normalized at Ed = 1 GeV to the 

respective value of tot
fN from Table 6 are given in Table 7.  

 

Table 7. The relative DN total yields in comparison with the total numbers of fissions tot
fN  ( in 

units of per one deuteron and 1 GeV). 
 

 Run  Ed = 1 Gev    Ed = 2 GeV Ed = 4 GeV Ed = 6 GeV Ed = 8 GeV 
 Total numbers of fissions tot

fN ( activation method) 

03.11  (8.8±0.4)±1.0 (8.8±0.4)±1.0 (8.3±0.4)±0.9  
12,11 (10.6±0.5)±1.1  (8.5±0.4)±1.0   
03.12 (10.5±0.5)±1.1  (9.7±0.4)±1.0  *(9.7±0.5)±1.1 
 Relative delayed neutron yields tot

DNY  

03.12 (10.5±0.6)±1.1 
normalized 

 (10.3±0.6)±1.1  *(13.2±0.8)±1.3 

 
*The values were obtained with the original Khar’kov group beam intensity (see Table 4). 

If one uses the weighted value of this intensity so respective numbers reduce by 30% 
 

It is seen a satisfactory agreement in incident energy dependence between the tot
DNY values 

and the tot
fN  numbers. Note that a collimated solid angle of the detector ISOMER-M is directed 

at the middle of the second section while the activation and SST detectors were located in the 
gaps between the sections. But the influence of this difference can be seen as a minor.  
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To obtain the above results special measures have been taken to improve the reliability and 
accuracy of beam intensity monitoring. For series of measurements lasting approximately 2 
hours in addition to on-line monitors the aluminum foils were used. A coincidence between two 
method was achieved. Here is appropriate to note that an essential increase of relative total DN 
yield between 1 and 4 GeV of deuteron energy observed in [22] could be caused by deficiency 
in monitoring of deuteron fluxes as it became clear now.  

The measurement of prompt neutrons emitted during the accelerator burst with aid of the 
detector DEMON has not been successful in December 2011 and March 2012 due to very large 
background of high energy neutrons. For nearest NUCLOTRON run in December 2012 an 
optimal detector shielding was modeling and constructed so first confident information on high 
energy part ( En > 3 MeV) of leakage neutron spectrum should be obtained. 

 
3.5. Measurements of (n,γ), (n,2n) and (n,f)-reactions of 232Th and natU samples. 

 
The additional natural uranium and thorium samples were installed within the QUINTA 

TA in order to investigate an influence of its hard neutron spectrum on reactions occurring 
inside. The cylindrical shaped samples of several tenths gram each were situated in the positions 
shown in Fig. 28.  

 
                                                                                     Sections 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 28: Location of uranium and thorium samples within QUINTA TA in measurements March 2012. 

 
The samples were measured at deuteron energy of 2, 4 and 6 GeV without a lead blanket 

and at Ed = 1, 4 and 8 GeV with a blanket. By analyzing the gamma-ray spectra of irradiated 
natU and natTh samples, more than one hundred different residual nuclei have been reliably 

identified. A presence of many products of (n,γ), (n,2n) and (n,f) reactions was confirmed 
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during the analysis. More details of these experiments and data analysis are given in Ref. [29]. 
Below some preliminary results of measurements with these samples are presented.  

In Fig. 29 the ratios of yields of 237U and 239Pu nuclei produced in reactions (n,2n) and  
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Figure 29: The ratios of the 237U and 239Pu nuclei production in neutron induced reactions on uranium 
sample located inside TA QUINTA. 

 
(n,γ) on the 238U nuclei accordingly are presented. The chains of respective reactions are as 
follows 
                             238U(n,γ)239U β- (23.45 min) →239Np β- (2.36 d) →239Pu 
                            238U(n,2n)237U β- (6.75 d) 
 

Naturally, the values of these ratios are independent of the beam monitoring and provide 
qualitative information on dependence of neutron energy spectrum inside TA. If neutron 
radiative capture has no any threshold then the (n,2n) – reaction has a thresholds 6.18 MeV. 
Therefore, the practical constancy (within experimental errors) measured ratios 237U /239Pu in the 
studied incident energy range indicates a slight change in the relation of hard and soft parts of 
the neutron spectrum on the axis of the target assembly. 

In Table 8 the results of similar measurements for thorium samples are summarized. The 
chain of the respective reaction has the form 

 
232Th(n,γ)233Th β- (22.3 min) →233Pa β- (26.97 d) →233U 
232Th(n,2n)231Th β- (25.52h) →231Pa β- (32760 y) →231U(n,γ) →232U(α decay, 68.9 y) 

 
As the Table 8 shows the results for thorium are in general similar with the same presented 

above for uranium. Indeed the ratios of 232Th(n,2n) 231Th / 232Th(n,γ) 233Th and 232Th(n,γ)233Th/ 
232Th(n,f) reaction rates are constant within their uncertainties in the studied deuteron energy 
range. However the experimental errors are too large to make quantitative conclusions. But the 
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reduced (to 1 GeV of Ed) fission rates show no change in dependence of incident energy in 
accordance with results discussed above in Subsection 3.3.    

 
Table 8. Results of measurements of reaction rates for thorium samples (in units [E-27] the 
number of produced residual nuclei, per second, per one sample atom and per one incident 
deuteron). The errors shown in brackets do not include the uncertainties of beam doses. 

 

Reactions ·or  
 ratios 

Ed = 2 GeV Ed = 4 GeV Ed = 6 GeV 

232Th(n,γ)233Th     76.9(39)        142(4)        176(3) 
232Th(n,2n)231Th         51.4(15)        71.2(23) 

232Th(n,f)     54.4(40)        118(10)        159(7) 
232Th(n,2n)231Th/232Th(n,γ)233Th         0.36(10)        0.40(11) 
232Th(n,γ)233Th/ 232Th(n,f)/     1.42(1.2)        1.20(13)        1.11(6) 

232Th(n,f)/ Ed
     27.2(20)        29.5(2.5)        28.5(1.2) 

 
The spectral indexes obtained in these measurements (second bottom row in the Table 8) 

are essentially larger than the respective values discussed for 238U in Section 3.2. The last ones 
were about (0.3 – 0.4) in the same measurement position. The difference may be due to a higher 
threshold of the 232Th(n,f)-reaction. But this item needs more careful verification.  

 

4. Discussion of the results 
 
One of the major problems of our experiments is the lack of quantitative information on 

neutron field inside the target assembly. Only way to obtain information on neutron spectra and 
its variation inside of TA volume is to use the technique of threshold activation detectors. Such 
measurements have been realized during last NUCLOTRON runs but processing of this data is 
rather cumbersome and does not completed up to now. The preliminary results of the spatial 
distribution of normalized threshold reaction rates R measured in the gap between second and 
third sections during March 2012 run are shown in Table 9. 

 The R values are given in special units for easy data analysis. The measured reaction rates 
(i.e. a number of produced residual nuclei per second and per one target nucleus Nt) were 
multiplied by the square of the distance r from the beam axis and the corresponding cross- 
sections were reduced to one barn. Beside that all R values were normalized to one incident 
deuteron and divided by its energy in GeV. Such normalization of the reaction rates allows one 
to compare the actual neutron flux in the distance scale and the energy scale. The most of the 
threshold reactions used in the measurements have approximately a bell-shape dependence of 
their cross-sections on neutron energy. So it is possible to consider the value of the normalized 
reaction rate as a me