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The study of basic properties of the ADS presertethe previous Baldin seminar [1] was continued
during the 2011-2012. For these experiments, unartarget assembly has been upgraded: the entrance
window was created to reduce the albedo of thedémti beam and a section was added to keep the
effective mass of uranium to the beam axis. The taget assembly with a mass of 500 kg of natural
uranium metal (diameter ~30cm and length 65cm) maxaed QUINTA. During the three runs of JINR
NUCLOTRON the target assembly (TA) QUINTA was iriaéd by deuterons with energies from 1 to 8
GeV and the total number of deuterons on the targ-5) 13° for each energy.

The the energy spectra of prompt neutrons énaitt outside the target assembly and the timerapec
of delayed neutrons (DN) between accelerator bwste measured. Beside that the spatial distrihatad
fission rates inside TA have been measured withohisolid state track detectors and independently b
activation method. The last method was used forsmresnents of**Pu nuclei production. All these
measurements were made with the original TA QUINGBAwell as with TA surrounded by a 10 cm thick
lead blanket.

Total numbers of fissions and produc€®u nuclei were obtained by integration over QUINTA
volume and normalized to one incident deuteron @mel GeV. Both these numbers were constant within
experimental errors of about 15 % for the deutemoargy range (1-8) GeV. In measurements with a lead
blanket the absolute amount of produd@®u nuclei increased by about 50% but staying cansta
studied deuteron energy range, while the numberfissions remained virtually unchanged The group
analysis of DN time spectra indicates a growthhia average energy of the neutrons initiating fiss6
target nuclei from 15 to ~ 40 MeV with an increasenergy of the incident deuterons from 1 to 8 GeV
This result should be verified by experiments pthat the end of 2012.

XXI International Baldin Seminar on High Energy Blog Problems
September 10-15, 2012
JINR, Dubna, Russia
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1. Introduction

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

The main features of new promising ADS project agnto recycle spent nuclear fuel
(SNF) with simultaneous producing energy were preskduring the last XX Baldin Seminar
[1]. This project is based on so called Relatigidtuclear Technology (RNT) proposed recently
[3] by one of the institutions (CPTP «Atomenergomasvioscow)participating collaboration

Main physical idea of this approach is to use dselpcritical and quasi infinite (with
negligible neutron leakage) multiplying target etural (depleted) uranium or thorium combined
with (5 — 10) GeV proton or deuteron incident bedm.accordance with some known
experimental results and semi-phenomenologicalmesitons [3] such ADS can provide
extremely hard neutron spectrum within the actioeeAC) and ensure an effective burning of
core material as well as spent nuclear fuel (SNlEed to the initial core without its preliminary
radiochemical reprocessing. To preserve hard newwpectrum it is necessary to use helium gas
cooling of the fist circuit and core material asg&t for incident beam. Such ADS could have
large enough beam power gain and produce additevely in parallel with SNF utilization.

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

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

This is just an aim of JINR project “Energy and fismutation Radioactive Wastes”
(“E&T RAW?") adopted for realization during 2011-281on the basis deuteron and proton
beams of NUCLOTRON in incident energy range (1- @V and natural (depleted) massive
uranium targets available at JINR.

The main goals of (E&T RAW) project are to stud thasis characteristics of neutron
fields inside deep subcritical quasi-infinite AC deaof depleted uranium metal, the spatial
distributions of core nuclei fission, the produatiof **°Pu nuclei, the transmutation reaction
rates of long lived minor actinides and fissiondurcis as well as to define optimal energy of
incident beam for transmutation RAW and energy potidn.
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2. Motivation

It is appropriate to note that ADS with quasi-itén subcritical AC from natural or
depleted uranium were studied earlier in pape®] [T Ref. [5] there was studied AC made of
natural uranium metal with mass ~19.5 t irradiabgdl4 MeV neutron source located in the
center of pile. (See Fig.1). Authors had measunedspatial distributions of neutron flux and
many reaction rates inside of the pile. The resafes shown in Fig.2. It is seen that energy
neutron spectrum becomes essentially softer witteasing distance from the center of AC and

neutron capture increases accordingly.

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

4 r

Total reactions /source neutron in blanket of thickness, T
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Thickness  of full density U metal blanket, T, c¢m

Figure 2: Results of measurements [5] of )} ,(n,f)-,(n,2n) and (n,3n)-reactions 8HU nuclei, (n,f)-
reaction orf*®U and neutron leakage.
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The similar ADS setup had been studied in paperg6t this paper is not available. The
main results obtained in Ref. [6] and some infofamaabout the respective setup is cited in [9].
As it follows from [9] the radius of AC used in [6las 51 cm, the effective density TfU
nuclei was 18.8 g/chand the admixture df°U isotope was 0.4154 %. TR&U(n,f)-reaction
rate only measured in Ref. [6] was 0.115 * 0.052 pee source neutron whereas the
corresponding result of Ref. [5] was 0.281 + 0.0dth the concentration 6f°U isotope 0.72
%. The calculations of (n,f)-reaction rates?tJ and®*U isotopes made in Ref. [9] with use
of different nuclear data libraries showed a satisfry ( within ~20%) agreement with
experimental data [5,6]. But for wide neutron spaot with energies up to hundreds of MeV,
which is formed within the extended multiplying dat under irradiation of high-energy
particles a picture of processes within AC becomash more complex.

In the experiment of C. Rubbia group [7] the “qua$nite” active core shown in Fig.3
was irradiated by protons with energies (0.6 — PGé&V.

A 313 BAR POSITIONS
270 BARS WITH URANIUM

stainless steel uranium bars

vessel

600

stainless steel
flang

BEAM

styrofoam

spallation target

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

It is necessary to note that in experiment [7]ria&ural uranium pile of total mass ~ 3.5 t was
loaded in a water tank so produced neutron speatrasnpractically the thermal one. The value
of kgt = 0.9 measured in [7] indicates that the fissiore riat this AC defines mainly by
admixture of**U isotope. So the basic result of Ref. [7] showrFig. 4 namely a constant
value of beam power gain (BP&30) aboveE, > 1 GeV normalized to one incident proton is
associated with an impurity df®U nuclei too. In these circumstances in spite dhema
promising BPG it is difficult to implement "burnih@f the base core nuclei because of their
high fission threshold. And actually proposed CbBia’s idea of Energy Amplifier must move
on to the enriched fuel.

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

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

Figure 5:Target assembly of experiment [8]. Dimensions ahium target 56x56x64cm.

The total numbers of fission in the equivalent ¢argssembly obtained by integration over
the measured spatial distributions of fission ratie860MeV proton energy were 13.7+1.2 and
18.5+1.7 per one incident particle for depleted aatlral uranium, respectively. According to
the authors [8], it was not accounted for 3-4 fissevents (per one proton) occurring in the
cascade region of the central zone of the targdt aviliameter of 10 cm due to specific design
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of the experimental setup. Thus, the beam power fgaithis proton energy could be estimated
(see [1] for more detail) as ~ 6.0 and ~ 7.4 fgoleled and natural uranium, respectively. It is
necessary to mention one more result obtained fn[Bfe When uranium in the center of the
target was replaced with lead core with dimensi@®& cm the total neutron multiplicity and
accordingly total fission yield decreased approxetyatwice. Thus the use of core material as a
target for incident beam as it is adopted in RNfprapch provides significant benefit.

So it is very attractive to investigate such tyde ADS for higher incident energy
discussed in the frame of RNT concept. At JINR e¢hare very favorable conditions for
realization such research. Here is the suitablelaator NUCLOTRON with deuteron and
proton beams to energy of 5 GeV per nucleon. Be#ide there is available the extended
natural uranium metal (500 kg, 830cm x 65cm) taagsembly (TA) QUINTA and the quasi-
infinite depleted uranium metal ( 19.5t, 8120cm00dm) target setup BURAN (an Russian
abbreviation — Large Uranium target) shown in Bignd 7 below.

Figure 6:. General view of target assembly QUINTA.

The construction of QUINTA TA is described in matetail in the next section. Here it is
important to note that basic aim of all measuremauith this target is to prepare and to test the
experimental technique for realization of main eesk program with BURAN setup. Of course,
the results obtained in experiments with QUINTA &Ad presented below have independent
meaning for understanding and modeling the prosesseurring in the central zone of BURAN
setup.

The design of BURAN setup is shown in Fig. 7. I laasteel case, the replaceable central
zone diameter of 20 cm and many axial detectorrélarare shown in red. The frame provides
a precise positioning of the target In general BBR#etup is well suited for realization of
extended research program adopted in the “E&T RAMSject for 2013-2014.. But it requires
more design and experimental methodology work tmda in 2013 a research program with
BURAN setup briefly outlined by the end of Introdioo above.

Below an overview of the results of experimentsiedrout with QUINTA TA during
2011-2012 aimed at study basic features of RNTasgnted.
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Figure 7: Front and rear view of target setup BUR@t and right pictures respectively).

3. Experiment

During three last NUCLOTRON runs (March 2011, Debem2011 and March 2012) the
target assembly QUINTA was irradiated by deutenaith energies of 2, 4 and 6 GeV in the
first above mentioned run and of 1, 4 and 8 Geth@other two. The scheme of experiments is

presented in Fig. 8.

Sc telescope

3320

Platform

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

QUINTA Activation foil

N/j o !
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detector He®

Figure 8: The scheme of experiments with QUINT Ayédrassembly.

The extracted pulsed deuteron beam of the JINR NDTIRON [10] hits the target from
the exit window located on it in 3.32 m. The sgatiad time profile, as well as an intensity of
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each deuteron pulse were monitored using calibrateldposition sensitive ionization chambers
in coincidence with two scintillation telescopeselbeam position on the target and the integral
deuteron flux were controlled by the profilometedaactivation monitors from aluminum foil
and solid state track detectors placed beforediget. Prompt neutrons were measured by the
detector DEMON with the liquid scintillator NE218side. This detector has a large (~ 30%)
efficiency for neutrons of high (up to 100 MeV) ehergy. Delayed neutrons (DN) were
recorded by the detector system ISOMER-M [11].0msists of 11 proportiondHe- counters
placed into the 50 x 50 x 60 cm Plexiglas moderhlock. Each counter was equipped with the
preamplifier and discriminator. The ISOMER-M eféaicy for registration of neutrons from the
Pu-Be-source with the average spectrum energydofiiéV was 11.4+0.1%.. The detector was
surrounded by appropriate shielding from boratetygtbylene. The DAQ system provided
measurement of the neutron yield as a functioma# for each deuteron pulse.

The target assembly QUINTA shown in Figs. 9 andccd@sists of four identical sections
of hexagonal aluminum containers with an inscrilbég@meter of 284 mm, each of which is
placed for 61cylindrical uranium block. Blocks & 3m diameter and a length of 104 mm
made of metallic natural uranium and placed inestaluminum housing. Unit weight is
1.72 kg and the total mass of uranium in one se@id04.92 kg. The front section has the
cylindrical input beam channel diameter 8 cm. Tdtaltmass of uranium in the target assembly
is close to 500 kg. In front of the target and katw its sections as well as behind it there are 6
detector’s plates. Connected to each other seciienfixed on aluminum plate and placed on a
mobile carriage allows for precise adjustment efakis of the target relative to the direction of
the incident beam. To prevent the free passagheofome part of incident beam through the
horizontal space between the tightly packed urardylimder an axis of the target assembly set
with the rotation of 2 degrees with respect tolilbam axis.

= =<
1;.'/ N 000 \\\ \\
et b a
< [ ‘: Z" 1 i
5 /\7[
\_/ . &
N A Z J,.
X oo/ TV F

Y ’
NN E AAA
{ \.: 4
Beam window AL N

Figure 9: The layout of the target assembly QUINTA.

Detector’s plates

Sections Ne2,3,4,5

Section Nel
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In experiments of December 2011 and March 2012 thers added to the uranium target
the lead blanket thickness of 10 cm with the ifmam window size of the 150x150 mm shown
in Fig.10. In the top cover blanket was made spesii@s with lids for quick removal of

detector’s plates.
[ Ll L L - j\ channels for
mounting and

114 dismantling of

detector plates

z

Section U-238

/ 7713717\7777\77'\7777

lead shieid 262

393
524
655
700

900

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

The general view of whole experimental setup plaaethe focus #3 of NUCLOTRON
beam is shown in Fig. 11. In the foreground are $@® ionization chambers designed for on-
line monitoring of the beam intensity. The contiadm 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 parélfethree independent groups with aid
of the activation analysis method usffigl foils. Other activation materials could not bsed
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due to missing cross-sections or improper gammasragerties and half-lives. Aluminum foils
for the beam intensity measurement were placediffareint places between the beam tube
window and the target. In the process of irradigtistable isotopé’Al was transmuted by
(d,3p2n) reaction into radioacti?®\a isotope. The yield (i.e., the number of nuctgivated in
the foil during the whole period of the irradiatjoof produced gamma-radioactive nuclei was
determined using gamma-spectroscopy. The methaobtfining the absolute yield éfNa
isotope is described below in some detail on exaroplthe data obtained during March 2012
run byRez group.

Original dimensions of the foils were 10x10x0.0X986°. After irradiation, the each foil
was packed into a smaller one with dimensions apmately 2.5x2.5x0.3 cfhfor the
spectroscopy measurements. Activated foils weresored on three HP Ge detectors, in two
different geometries marked p2 and p5 which wefead 9.9 cm far from the (B) detector and
in two different geometries marked p2 and p5 whigdre 2.4 and 9.9 cm far from the (C)
detector and in geometry marked p2 which was 2.4from the (E) detector. The detectors
were calibrated using standard laborat¥in, °’'Co, ®°Co, '*°Cd, **8Ba, **'Cs,**Eu, >*Th, and
*IAm point sources which have several gamma-lineginagnfrom 60 keV up to 2610 keV.
Evaluated calibration activities include correctiom real coincidences for isotopes with more
lines. Total number of points used for one calibraturve is more than 35. Calibration curves
are third order polynomials divided into two parmse for lower energies and one for higher
energies. The typical calibration curves for thedudetectors are presented in Fig. 12.

detector B
0,14

o)
\

01
p2 fit

\ —p3ifit
2
9,08 ——p4 it
=, " p5fit
0,06 %% o p2exp
oo * p3exp
°
e pdexp
0,04
e pSexp
0‘ ¥ gz
e 1 \k\

S, B
R R o T e— 1
0 500 1000 1500 2000 2500 3000

1]

Figure 12: Efficiency curves for detector (B) (thbscissa -y-line energy keV, the ordinate — an
efficiency). Peak efficiency fit is in solid line

Gamma-spectra were evaluated in the Deimos 32 fitle From the gauss-fit of the
peaks we got also the statistical uncertainty @thgr uncertainties were not taken into account
in following evaluation). Total yield of'Na in the aluminum foil was determined according to
the next equation (1) (all corrections were incllider details see [13]):
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Peak Self- Beam Square- Decay during
Qlon instability emitter coolmg and
A
Cabs(E) / ( % A [ﬂwr
yleld ¥
y (E) E([: E([:area[([:O tI|v
Y line —
intensity Detector Correction for Correction Dead Decay

efficienc geometry for time during
(1)
where:\ is decay constanty t— irradiation time, {, — real measurement timg,t— live time of
the detectorgt— cooling time.
To get beam intensity as precise as possible, wapectroscopic corrections shown in
equation (1) were applied.

3.1.1 Correction on beam intensity changesduringirradiation (B,)
Really the beam intensity was changing during deutérradiations. As example of the

time scenario of March 2012 run for deuteron ené&dgeV measured on-line by ionization
chambers is shown in Fig. 13.
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Figure 13: The time dependence of deuteron beaamsity 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 correctaloe B, by formula (2). This code
calculates a shapeless number according to thetiequ@), every bunch is taken as one
interval.

1 — e_/]tirr

N 1 . g
tm Z fw(i)e—/]te(l) (1_ e /\tp(l))
i=1 tp(l)

2)

Here:t;, is the total irradiation timd, (i) — time from the end of the irradiation intervdil e
end of the whole irradiatiot, (i) — time of calculated irradiation interva\/ (i) — ratio between
the number of deuterons in the intervand in the whole irradiatiom\ — the total number of
intervals. The results are given in Table 1.

Table 1: Beam instability correction factors féda.

Deuteron energy T2 Correction factor
Vv
[GeV] [h] B,
1 14.959 1.00208
4 1.00886
8 1.00140

3.1.2 Correction on non-point like emitters (Cyea)

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

_ g,( foil)
o g (point)

®3)

Table 2: Correction factors on non-point like esnitt 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-absor ption (Cas) and dueto sample dimensions (Cy)

The aluminum foils have after the folding from 10xdnf onto 2.5x2.5 cfthickness
approximately 3 mm, so the self absorption offiNa gamma photons could not be neglected.
The respective corrections were calculated accgrttirthe equation (4), Quantitystanding in
the integrand is the total mass attenuation caeffig:r [g/cnt] divided by density [g/cnt).
The coefficienjr comes from the text book [16].

4
oo o
_ _ M
Cabs_ DIO - 1_e_/_,[|]) (4)
J'—"e"“dx
o D

The obtained correction factors were 1.021 for 1B68 gamma line and respectively
1.015 for 2754 keV one.

The small correction€y on changed detector efficiency had to be includdated to the
sample positions during measurement. The 3 mm foitkad its centre approximately 1 mm
closer to the detector than was the position foiciwithe calibration was done. Detector
efficiencies were taken for positions p2-p5 anduave was fitted through them. Than the
detector efficiency for position 1 mm closer to thetector was calculated. Ratio of the new and
original efficiency is the searched correction®42. 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 eachdiect energy can be calculated by next
formula:

N e [STA

N, = oved 28
“7 GOmIN, ©)

whereNyqq is the total amount of producétNa nuclei, A — molar weightg —the cross-section

of #’Al(d,3p2nf*Na reactionm — weight of the foil S— its areaN, — Avogadro’s number.
Following the procedures described above one ctarrdime the value oy using the

known cross-sectioa( Ey ).Unfortunately, there are known only three experitakmalues of

the cross-sections f6fAl(d,3p2n¥‘Na reaction in the GeV energy range. The one of R&]

is (15.25 + 1.5 mb at 2330 MeV) and two other aenf 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 &fAl(d,3p2n}*Na reaction — experimental data and fit of the fin

The fit of experimental data in the energy rangé (07) GeV by functiow = aE” (linear
in log scale of energy) allows one to obtain theerpolated values of th€Al(d,3p2n¥‘Na
reaction cross-sections for all deuteron energigsduin our experiments. The estimated
uncertainties are about 10%. The respective vaauespresented in Table 3 for deuteron
energies realized in our measurements.

Table 3: Interpolated cross-sectiong @f(d,3p2nY*Na reaction.

Deuteron | Cross- | Estimated
energy section | uncertainty
[GeV] [mb] [mb]

10| 16.4 1.6
20| 154 15
4.0 145 15
6.0| 14.0 1.4
8.0| 13.6 1.4

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

To obtain the yield ot'Na nucleiNieiy gained at given beam energy a set of measurements
of the gamma lines 1368 and 2754 keV were real@edl a weighted average was calculated
together with its uncertainty. The set of integialiteron fluxes obtained in accordance with
such procedure are shown in Fig. 15 for measutinigateron energy of 1 GeV in March 2012.
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Figure 15: Measured beam intensities and its wedlaverage obtained for 1 GeV deuteron energy in
March 2012 (first five points belong to the gamrimel1368 keV and the rest ones - to 2754 keV line).

In Table 4 there are presented the integral dentéuxes for all three runs obtained
independently by different experimental groups loé tcollaboration. The uncertainties of
efficiency and spectroscopic corrections were \g@milar to all three groups. Their values are
about (4 — 5) %. The errors in Table 4 include shen of statistical uncertainties as well as
errors of the mentioned efficiencies and other exgions discussed above. These were
calculated by each group independently. A rathedgmreement between results of different

Table 4. Thentegral deuteron fluxes for all three runs

Run Energy | Rez Dubna Khar'kov Weighted
[GeV] | group [L0"] | group [L0**] | group L0™] | mean valug104]
March | 2 1.69(8)- 1.42(9): 1.40(14)- *1.69(8)-
2011 4 1.41(7)- 1.29(8)- 1.40(14)- *1.41(7)-
6 1.94(10)- 1.70(17) *1.94(10)-
December] 1 1.47(6)- 1.53(11)- 1.47(5)- 1.50(4)-
2011 4 1.93(8)- 1.78(16)- 1.96(6)- 1.94(5)-
8 **0.063
March | 1 1.82(8)- 1.88(8)- 1.90(11)- 1.86(5)-
2012 4 2.79(11)- | 2.65(12) 2.72(15)- 2.72(7)
8 0.556(25)- | _ 0.536(24)- 0.37(8)- 0.539(17)

*These values are taken from the resultsReZ 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 measuremi#thar’kov group for 8 GeV in March
2012 run. To take into account this discrepancyir tiacertainty was increased in that
individual case.

The beam intensities from Table 4 were used belowttie normalization of the data
discussed. But, of course, the systematic errdasexkto the uncertainties 8%Al(d,3p2nf“Na
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reaction cross-sections listed in Table 3 musttdleen into account additionally for all
observable values.

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

In all three runs there were measured the spasaititions of the fission rate aftfPu
isotope production. The fission rates were studiitk aid of activation technique [19] and solid
state track detectors (SSTD) [20].

The activation samples in shape of natural urardisks (diameter 10 mm and thickness
1mm) were situated on all six detector plates éringe of radii as it is shown in Fig.16. The
red circles marked the location of samples withnit gorresponds to the beam axis, the
numbers 2, 3 and 4 indicate r = 40, 80 and 120 sspactively below the axis and 5 —r = 80
mm above the axis.

o

S

02
03
04

\ F
a

b
Figure 16: Location of activation samples on treged, (a) shows the entrance one and (b) — alf.othe

It is assumed that fission in QUINTA TA is relatethinly with % and induced by
neutrons formed under irradiation of deuteron befission related with high energy deuterons
has small cross-section and is not included incthesideration. A selection of specific fission
products (FP) is determined by the fact that tiigilds vary little over a wide range of neutron
energies. From measurementsyefpectra of irradiated uranium samples the yieldspecific
FP have been obtained. The procedure of extractidiP yields was the same as described
above in Section 3.1. The numbers B fissions at each position inside of QUINTA TA wer
obtained by averaging of following FP yield&Zr (5.42%),"*! (3.64%),*% (6.39%), ***Ce
(4.26%) known from literature. In brackets the clative yields of respective FPs averaged
over data for neutron energy range (2-R®)V are shown. The density distributionisfission
numbersN; normalized per gram of uranium, per one deutenoth per 1 GeV are shown
conditionally in Fig. 17. The curves are drawn lyg éor convenience of comparison of results
obtained in different cycles. The first digits ihet numbers of standing next to the curves
indicate the number of detector plates. The meaniirsgcond digits explained above.
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Figure 17: Density distribution of /& fission number$\; measured at deuteron energy of 4 GeV in
three runs (yellow — March 2011, red — Decemberl28id black — March 2012).

It is seen that an addition of the lead blankesdu® change practically measured spatial
distribution of fission rates.

The same uranium samples were used for study of’tRe isotope production going
through neutron radiative capture by fi®) nuclei within QUINTA TA. The respective chain
of nuclear transformations is presented below.

238U(n,y)239U l}- (2345 mln) _’239Np l}- (236 d) —>239PU

Before measurement the irradiated uranium sampége @xposure for more than 4 hours
to reach 99.9% of th&U nuclei decay. The number of the produé&®u nucleiNs, was
determined [19] by measuring the activity of ffi#\p nuclides.

The obtained density distribution$ theNp, numbersare represented in Fig.18 in the

7.00

6.00

——4 GeV March12
—=-4 GeV Decll
4 GeV March11 (w/o Pb)

5.00

4.00

3.00 A

N x 10° (239Pu)/g/ D/GeV

2.00 A

1.00 1

0.00 08y 05 5L 52 53 o4 55

Figure 18: Density distribution of tHé%Pu isotope production numbe¥s, measured at deuteron energy
of 4 GeV in three runs (yellow — March 2011, reBecember 2011 and black — March 2012).
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same normalization and in similar form as in Fig. In contrary with fission there was
observed about 50% increase when the lead blaakdbden added ( see yellow curve).

The radial and axial dependences offhandNg, numbers at different deuteron energies
measured in March 2012 run are given in Fig. 19.data is normalized as in Fig. 17 and 18.
The obtained results show a visible dependencé@déuteron energy a behavior of the radial
distributions at different distances along beans.afin especially strong effect is seen at the
entrance to the target (Z = 0).
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Figure 19: Radial distributions afensity of theN; and Np, numbers (left and right side of the figure)
measured in March 2012 at deuteron energies Ad8a&eV (the legends are in inserts).

The axial dependence of theandNp, values averaged over radial cross sections of STA a
well as their ratiodNp, / N;, so called spectral indices measured in March 20&Jpresented in
Fig. 20 with the same normalization as previoudlfiere is good agreement between the
obtained axial distributions for all deuteron emnesgIn the middle of TA the spectral indices
are practically constant. But in first section & i increases by about 30% and falls slightly in
the last one. The effect of lead blanket on aveeag@ distributions of thé\; , N, and spectral
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indices is demonstrated in Fig. 21. A comparisordatia obtained in March 2011 and 2012
shows a preservation of thenumber distributions, an essential change of\thevalues and,
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Figure 20: Axial density distributions of ti\ , Np, and spectral indices (a, b and ¢ accordingly) ayed
over the respective radial distributions (measemsMarch 2011).

© Copyright owned by the author(s) under the termtheiCreative Commons Attribution-NonCommercial-<@tdike Licence. http://pos.sissa.it



PROCEEDINGS

OF SCIENCE

respectively, the average spectral indices. Anemse of these indices shows a marked
softening of the neutron spectrum inside the tamgeémbly by adding the lead blanket.

4.E-05
-5-4 GeV M11
(=2 4
3 3E0S —=-4GeVM12Pb
[}
Q
Q
S 2E-05-
k]
[%2]
K]
=
1.E-05 A
0.E+00 !
0 100 200 300 400 500 600
Z, mm
a
4.E-05
—5-4 GeV M11
2 3E05 —=— 4 GeV M12 Pb
>
[
Q
Q
S 2E-051
o
(=2}
gl
o
=
1E-05
0.E+00 ! ! ! ! !
0 100 200 300 400 500 600
Z, mm
1.8
-4 GeV ML1
1.6 A
—a—4 GeV M12 Pb
o 144
S
Gl
E: 1.2 4
7]
1.0 A
058 1 M
0.6 : : : : .
0 100 200 300 400 500 600
Z, mm
Cc

Figure 21: Comparison of the average axial distiilms of theN; , Np, and spectral indices measured at
deuteron energy of 4 GeV in March 2011 and 2018 @nd c accordingly).

For measurement of fission rates by SSTD the sirail@anium samples were used as in
described above. The sandwiches of uranium distitrank detectors were located on the same
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plates in five symmetrical positions as it is shawirig. 22. The spatial distributions of fission
rates were measured and processed by the methaibdesn Ref. [20].

Figure 22: Location of SSTD on detector platesjgahe entrance one and (b) — all other.

A typical example of results is given in Fig. 23erd are a two dimensional (in plane
YZ, see Fig.10) distributions of fission numbers pee cni and one deuteron measured in
March 2012 at incident energies of 1, 4 and 8 GeV.

il 10 20 30 40 50 80
Z.cm

Z.cm

a b c

Figure 23: Two dimensional distributions of fissibnmbers per one ¢hand one deuteron measured in
March 2012 at incident energies of 1, 4 and 8 Ge\b(@nd c respectively).
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In these figures it is clear that with increasirigleuteron energy is rapidly expanding a
volume of the domain inside the multiplying targétere fission is effective. So there is some
potential for enhancement of beam power gain withdase of the size of AC.

3.3 Calculation of total numbers of fisson and the produced **Pu nuclei

By integration over TA volume the measured spatisiributions of fission humbers and
of the amounts of th&°Pu nuclei formed the total values of the respeativenbers could be
obtained. But doing this must be considered thetey@ometry of the experiment, namely, the
difference in the actual state of the beam axisthrdaxis of the target. In measurement for a
given energy the target axis is set as closelyoasiple with respect to the geometrical axis of
the output beam channel and as mentioned abowtaited by 2 degrees. In reality, during beam
extraction its direction can be different from tideal. In each measurement there was carried
out monitoring the position and shape of the beatheatarget with aid of SSTD. The results of
all such measurements are summarized in Tablede(details see in Ref. [21]).

Table 5. Deuterons beam parameters measured irhN8dc, December 2011 and March 2012
runs.

Run Deuteron Coordinates of beanl FWHM of beam
energy, GeV | centercm shapegm

Xe Y. FWHMy | FWHMy
2 1.2 -0.5 2 2.8
March 2011 4 1.2 -0.7 2.2 2.3
6 2.0 -0.1 3.9 3.1
December 2011 1 1.3 0.2 2.6 3.5
4 1.4 0.2 1.5 1.4
1 0.6 0.9 2.9 3.2
March 2012 4 2.0 0.8 1.1 1.2
8 1.2 0.10 0.9 1.2

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

As follows from Table 6 the valugs? and N5! are approximately constant in limit of
their uncertainties at least up to the deuteromggnef 6 GeV. The data obtained for incident
energy of 8 GeV need additional verification thdtowld be done in December 2012
NUCLOTRON run. An effect of increasing in the totaimbersNy, by the inclusion of the
lead blanket was about 50% slightly lower thansfoaitial distributions.
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Table 6. The total numbers of fission'f') and of the produced®u nuclei N)

(in units of per one deuteron and 1 GeV)

Run E=1G Eys=2 GeV E=4 GeV E=6 GeV E =8 GeV
ev

SSTD method
Total numbers of fissionsl ™

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 fissionsl

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]| (10.54+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.}

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 Kk@ar group beam intensity ( see Table 4). If
one uses the weighted value of this intensity spaetive numbers reduce by 30%.

3.4 M easurements of leakage neutrons

The time dependence of leakage neutron yields meddietween NUCLOTRON bursts
with aid of detector system ISOMER-M provides vdligainformation on fission processes
within the target assembly [22]. The incident deatebeam had duration of pulse ~ 500 ms
with repletion rate ~ 875 Really in time interval from ~ 1 to 7.5 s aftebarst’s start only
source of neutrons could be delayed ones originfated fission of uranium nuclei. Fission in
the lead blanket is negligible as shown in Ref]2Bhe time spectra of neutron vyield
(normalized to one incident particle) measured anirse of irradiation of TA QUINTA in
March 2011 at deuteron energy Bf= 6 GeV is shown in Fig. 24. The time structure and
intensity of deuteron burst were monitoring onelfor each accelerator pulse. Some details of
the DN measurements were given above in the begjrwii Section 3 (see also [11] and [22]).
Special measurements showed that the contributiaieo background to these spectra was
negligible

The detailed analysis of the shape of DN time spegitows one to obtain information on
characteristics of precursors of delayed neutrdnslied in experiments. Due to specific
conditions of the performed experiments (the nartiowe window for detection of DNSs) it is
possible to get information only about the sharédi precursor groups. So a decomposition of
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Figure 24: The time dependence of neutron leakage TA QUINTA irradiated by 6 GeV deuterons.

the DN time spectra was made only accounting fergtoups with half-life 2.5 s (fourth one)

and 0.6 s (fifth one).This procedure is illustratgdFig. 25. For details of the decomposition
method see Ref. [22].
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Figure 25: An expansion in the precursor groupthefDN spectrum measured at deuteron energy of 4
GeV.

In Fig. 26 the systematic of weight ratios [23-2] the abovementioned groups in
dependence on neutron energy 8U(n,f)- reaction is presented together with theultssof
analysis of present data (red circles with crodssgle). The blue circles indicate results
obtained in June 2009 [22] with smaller (~300 kturel uranium) target assembly which had a
lead blanket of 10 cm thick.

As it follows from Fig. 26 for the studied uraniuarget assemblies the values of the mean
neutron energxE,> inducing of**®U nucleus fission are about (13 + 4) and (35 +5\V/Mer
Es=1 and 6 GeV correspondingly. To test the seuisitof this method to the change of the
neutron energy spectrum in the active core thecdseli DN measurements on the target
assembly ‘Energy + Transmutation” (E+T) [28] hademecarried out in November 2009 at
deuteron energy of 4 GeV.

The (E+T) set-up consists of a central lead (g 8anget surrounded by 200 kg blanket
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Figure 26: The neutron energy dependence of thesraf DN groups fof*3U(n,f)-reaction [23-27] in
comparison with the same ratios extracted fromyamabf DN time spectra measured in 2009 and March
2011 NUCLOTRON runs.

from metallic natural uranium. Beside that the lesahium assembly was placed into thick
(~300 mm) and densp=0.7 g/cm) polyethelene box serving as a reflector and aeraidr. In
Fig.27 it is shown as the green curve the time deépece of neutron yield from the (E+T)
target assembly measured by detector ISOMER-M & game as in June 2009 geometry
together with the respective spectra obtained fanium and lead target assemblies [22] (red
and blue curves respectively).
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Figure 27: The time dependence of neutron yielosfdifferent target assemblies t&y = 4 GeV.

As it follows from Fig. 27 at the same beam enelfyyy DN vyield and respectively the
number of fissions in the (E+T) target assemblapproximately by 2 orders of magnitude
smaller than those obtained in June 2009 for 30Mh&tyrral uranium target. This could be
related with the usage of the intermediate leagktan the set-up (E+T) and also with the small
thickness of the uranium blanket. Beside that aqee of the thick layer of polyethelene
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surrounding the (E+T) target assembly has to makesalting neutron spectrum softer in
comparison with the same for the uranium targedrab$y that has no any moderator.

The analysis of DN time spectra measured for (E&fidet setup led to the result fE >
~ 3 MeV atky = 4 GeV. This is much lower than obtained abovel# QUINTA and reflects a
real softening of the (E+T) neutron energy spectrum

The DN time spectra obtained in all these measunesrare formed in fission of target or
blanket®®U nuclei induced by the neutron flux (E,) inside of uranium volume. Roughly
speaking the DN spectrum is determined by produtieofission cross sectian; (E,), the DN
multiplicity vq (E,) and the fluxg (E,). For 2*®U(n,f)-reaction the product afy (E.) vg (E)
varies within several percents over a wide rangg,pft least, up t&, =~ 15 MeV. Therefore,
the value of<E,> obtained above can be considered as the realistén energy of neutrons
initiating fission for studied target assemblies.

An integration of the DN time spectra reduced te oncident deuteron over whole
measurement time range (1 - 7.6) s makes it pessibtompare the relative total DN vyields

Y for different deuteron energies. These yields shdag proportional to the total fission
numbers discussed above. The obtained resultsabihormalized aEy = 1 GeV to the
respective value ok from Table 6 are given in Table 7.

Table 7. The relative DN total yields in compariseith the total numbers of fissior$?™ (in

units of per one deuteron and 1 GeV).

Run | E=1Gev | E=2GeV | E=4GeV | E=6GeV | E=8GeV
Total numbers of fissionsl ™ ( activation method)
03.11 (8.8+0.4)+1.0] (8.8+0.4)x1.0 | (8.30.4)%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 yield,
03.12] (10.5+0.6)%1.1 (10.3%0.6)%1.1 *(13.2£0.8)*1.3
normalized

*The values were obtained with the original Khavlkgroup beam intensity (see Table 4).
If one uses the weighted value of this intensityespective numbers reduce by 30%

It is seen a satisfactory agreement in incidentggndependence between thg. values
and theN? numbers. Note that a collimated solid angle ofdatector ISOMER-M is directed

at the middle of the second section while the atitw and SST detectors were located in the
gaps between the sections. But the influence efdiffierence can be seen as a minor.
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To obtain the above results special measures e taken to improve the reliability and
accuracy of beam intensity monitoring. For seriésneasurements lasting approximately 2
hours in addition to on-line monitors the alumintoils were used. A coincidence between two
method was achieved. Here is appropriate to naiieah essential increase of relative total DN
yield between 1 and 4 GeV of deuteron energy oleseiv [22] could be caused by deficiency
in monitoring of deuteron fluxes as it became cleaw.

The measurement of prompt neutrons emitted dutiegatcelerator burst with aid of the
detector DEMON has not been successful in Dece@b&t and March 2012 due to very large
background of high energy neutrons. For nearest INDKIRON run in December 2012 an
optimal detector shielding was modeling and comesédi so first confident information on high
energy part ( En > 3 MeV) of leakage neutron spectshould be obtained.

3.5. Measurements of (n,y), (n,2n) and (n,f)-reactions of *?Th and "*U samples.

The additional natural uranium and thorium samplese installed within the QUINTA
TA in order to investigate an influence of its harelutron spectrum on reactions occurring
inside. The cylindrical shaped samples of severghis gram each were situated in the positions

shown in Fig. 28.

Sections
nat|y 232Th 235

114

23 nat 23 232ThH

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

The samples were measured at deuteron energydoai2d 6 GeV without a lead blanket
and at Ed = 1, 4 and 8 GeV with a blanket. By arialy the gamma-ray spectra of irradiated
"U and "*Th samples, more than one hundred different rekiduelei have been reliably
identified. A presence of many products ofy[n(n,2n) and (n,f) reactions was confirmed
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during the analysis. More details of these expanisiand data analysis are given in Ref. [29].
Below some preliminary results of measurements thigdlse samples are presented.
In Fig. 29 the ratios of yields 61U and?**®Pu nuclei produced in reactions (n,2n) and

10
238U(n,y)239U é’ 239Np é’ 239Fll

- 0.8 238U(n,2 n)237U
8
8 os]
E J
S
§E 0.4+ J }
s
&
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Figure 29: The ratios of th€'U and?**®u nuclei production in neutron induced reactionsuganium
sample located inside TA QUINTA.

(ny) on the®¥ nuclei accordingly are presented. The chainsespective reactions are as
follows

28U(n,y)*°U B (23.45 min) —**Np B (2.36 d) »*°Pu

28y(n,2n)%>"U B (6.75d)

Naturally, the values of these ratios are independéthe beam monitoring and provide
qualitative information on dependence of neutrorrgy spectrum inside TA. If neutron
radiative capture has no any threshold then thenjn; reaction has a thresholds 6.18 MeV.
Therefore, the practical constancy (within experitakerrors) measured ratit8U /2%Pu in the
studied incident energy range indicates a slighangk in the relation of hard and soft parts of

the neutron spectrum on the axis of the targenaisiye
In Table 8 the results of similar measurementghorium samples are summarized. The

chain of the respective reaction has the form

Z2Th(n,y)**Th p~ (22.3 min) »**Pa B~ (26.97 d) —**U
Z2Th(n,2n)*'Th B~ (25.52h) —*'Pa B (32760 y) —>*'U(n,y) —**U(a decay, 68.9y)

As the Table 8 shows the results for thorium argeineral similar with the same presented
above for uranium. Indeed the ratios?8Th(n,2n)**'Th /%**Th(ny) 2**Th and®**Th(ny)***Th/
2%2Th(n,f) reaction rates are constant within theicantainties in the studied deuteron energy
range. However the experimental errors are toelawgnake quantitative conclusions. But the
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reduced (to 1 GeV of J fission rates show no change in dependence adent energy in
accordance with results discussed above in Subse®iB.

Table 8. Results of measurements of reaction fateghorium samples (in units [E-27] the
number of produced residual nuclei, per second,oper sample atom and per one incident
deuteron). The errors shown in brackets do notidethe uncertainties of beam doses.

Reactions -or Eqs=2 GeV E=4GeV E =6 GeV
ratios
Z2Th(ny)**Th 76.9(39) 142(4) 176(3)
“2Th(n,2ny*'Th 51.4(15) 71.2(23)
“2Th(n,f) 54.4(40) 118(10) 159(7)
Z2Th(n,2n¥**Th/”**Th(ny)*Th 0.36(10) 0.40(11)
“2Th(ny)*Th/ **Th(n,f)/ 1.42(1.2) 1.20(13 1.8)1(
“2Th(n,f)/ E 27.2(20) 29.5(2.5) 28.5(1|2)

The spectral indexes obtained in these measureraausnd bottom row in the Table 8)
are essentially larger than the respective valisuissed fof*®U in Section 3.2. The last ones
were about (0.3 — 0.4) in the same measuremerntiguosl he difference may be due to a higher
threshold of thé**Th(n,f)-reaction. But this item needs more caretuiification.

4. Discussion of theresults

One of the major problems of our experiments isléoé& of quantitative information on
neutron field inside the target assembly. Only wagbtain information on neutron spectra and
its variation inside of TA volume is to use thehsitjue of threshold activation detectors. Such
measurements have been realized during last NUCION Runs but processing of this data is
rather cumbersome and does not completed up to Tibev.preliminary results of the spatial
distribution of normalized threshold reaction rafemeasured in the gap between second and
third sections during March 2012 run