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Collaboration “Energy plus Transmutation”

Collaboration exists in Joint Institute for Nuclear
Research (in Dubna, Russian Federation) since 1997
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OF HIGH ENERGY
PHYSICS,

Building of the accelerator
ring

Layout of the Accelerator Centre




Membership

At the moment, scientists from the following research institutes and countries
are taking part in the collaboration:

OCONDORWNRE

Joint Institute for Nuclear Research, Dubna, Russia

Aristotle University, Thessaloniki, Greece

Institute of Nuclear Sciences,Vinca, Belgrad, Serbia

Nuclear Physics Institute, Rez near Praha, Czech Republic

Joint Institute of Power and Nuclear Research, Sosny, Minsk, Belarus
University, Department of High Energy Physics, Sydney, Australia
Stepanov Institute of Physics, Minsk, Belarus

Philipps-Universitat, Marburg, Germany

Institute of Atomic Energy, Otwock-Swierk near Warzhawa, Poland
Kharkov Institute of Physics and Technology, Kharkov, Ukraine

. Technical University, Darmstadt, Germany
. Czech Technical University in Prague, Czech Republic

Institute of Physics and Technology NASK, Almaty, Republic Kazakhstan

. University of Rajasthan, Jaipur, India

National University, Ulan-Bator, Mongolia
Bhabha Atomic Research Centre, Mumbai, India
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“Background” of the Project “Energy plus
Transmutation” in JINR

B 1963-69 rr. P.I'. BacunpkoB u ap. n3 MocKoBCKOTO
panuorexaumdeckoro nHctuTtyta (MPTHU) mccnemoBaim pasMHOMKEeHHE
HEUTPOHOB B MACCUBHBIX MUIIIEHAX M3 METAJIJINYECKOr0 ypaHa,

OooMOapaupyeMBIX IPOoTOHAMU ¢ KuHeTudeckumu sHeprusmu 300, 400,
500 u 660 MsB

B 1965-68 rr. P.I'. BacunpxoB u gp. B akcuepumeHTax [60]
M3MePSAJIN BBIXOJbI BTOPUYHBIX HEUTPOHOB U3 TOJICTHIX CBUHITOBBIX
MUIIeHen (IuanHEAphI ¢ J=10-26 cM u [=55 cM) IIpy KUHETUYECKUX
sHepruax mmpoToHoB 400; 500 1 660 MaB.

B 1979-1984 rr. P.I'. BacunbkoB 1 ap. IPOOOIIKIIN dKCIIEPUMEHTHI
110 M3MEePEHUIO IOJIHBIX BHIX0J0B BTOPUYHBIX HEMTPOHOB 13 TOJICTHIX
CBHHIIOBBLIX MUIIIeHEel, 00MOapaAHUPYyEMbBIX IIPOTOHAMH C
KuHeTmuyecKkuMu oHepruaMmu 0,97-8,1 I'9B

B 1987-92 rr. pamrax mpoexra “Oueprus’ rpynna K.JI. Toscrosa u3
OUNAN poBogmiia mccIesoBaHUA IPOIIECCOB IeHepalluy 1 IIepeHoca
B cpele HeHUTPOHOB, BOSHUKAIOIINX IIPHU 00MOAPIUPOBKE IIPOTOHAMU
1 JPYTUMHU 3aPsIKeHHBIMU YacTUIIaMU (TeHUTPOHEBI, O-UaCTUIIHI)
MAaCCHUBHOM CBMHIIOBOI MHUIIIEHH, IIPEJICTABJIABIIIEH OO0
IIPSAMOYTOJIBHBIN mapaJuresienunes 50x50x80 cm?



Project “Energy plus Transmutation”

The project is included in the
TOPICAL PLAN
FOR JINR RESEARCH
AND INTERNATIONAL COOPERATION
IN 2009
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Ilenau mpoekra:

B tepron ¢ 1999-2007 mpoBegeHa cepus 9KCIEPUMEHTOB 0 00JIyUYeHUIO YCTAHOBKH C
IMOJKPUTHUECKUM OJIAHKETOM IIPOTOHHBIMHU IIYUKAMU U TeMTPOHHBIMU Iy YKAMUI
B nuamnasone sHepruii 0.7 - 2.0 GeV (mporousnr) u 0.80 — 1,26 GeV/nucleon (me#ATpoHEI).
[lenb0 sKCIIEPUMEHTOB SIBJISJIOCH :
I'emeparus u pasMHOKeHNEe HETPOHOB
Omnpeneenne CIleKTpa HEUTPOHOB (OT TEILJIOBBIX 10 OBICTPHIX U CBEPXOBICTPHIX)
O0pa3soBaHue BTOPUYHBIX N30TOIIOB B CBUHIIOBOI MHUIIIEHU X YPAHOBOM OJIaHKETe
'emepamnus m pacmapeneieHUS dJHEPTUHN
TpascMmyTanmma 1on JercTBUEM HEHMTPOHOB :

TONT0-kUBYIIUX akTHHUI0B (23'Np and 241Am),

poayKToB meigeuus (12°1)

n3oronos [lnyronusa (228Pu and 239Pu).

(stable)

and stable and radioactive isotopes
(T,,,=87.74 y)

fission products



Nuclotron: beam parameters

1<Z7<36

6 (A/Z=2)

Basic research proceedings at Nuclotron regards investigation in the fields of a pre-
asymptotic manifestation of quark and gluon degrees of freedom in nuclei, the study of
the spin structure of the lightest nuclei, the search for hypernuclei, the study of
polarization phenomena using polarized deuteron beams. There is also a number of
projects being implemented in the frame

of an applied research - radiobiology and space biomedicine, the impact of nuclear beams
on the microelectronic components, the use of a carbon beam in cancer therapy, and
transmutation of radioactive waste associated with the electro-nuclear energy generation
method.




Nuclotron: how it’s looks

Ik /A
Nuclotron ring and operating console of the Nuclotron
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Nuclotron superconducting magnets. Dipole magnet (left) is anchored in the vacuum shell
of the cryostat by eight parts of a stainless steel (m = 500 kg, 1 = 1462 mm, B=2T).

Quadrupole magnet (right), m = 200 kg, 1 = 450 mm, grad B = 33.4 T/m
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Experimental setup

Project "ENERCGY phus
TRANSMUTATION"

1) Cylindrical lead targets with diameter 8.4 cm and length 45.6 cm.

2) A natural uranium blanket surrounds the target.

In the experiment these blanket sections were located one after another; the front of the first blanket section

and the front face of the lead target were in the same plane. Blanket sections consist of uranium rods

(metal natural uranium packed into aluminum cladding), with diameter 3.6 cm, length 10.4 cm and weight 1720g.
Each blanket section contains 30 uranium rods with weight 51.6 kg. Thus the 4 blanket sections contain 120 uraniu
rods with total weight 206.4 kg. There is a 0.8 cm gap between the blanket sections to be used for detectors.

3) The whole target-blanket system was placed within a wooden container filled with granulated polyethylene.

The inner walls of the container were covered with a Cd foil of thickness 1 mm.
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Target + blanket assembly

Pb-target

Activation -
@ 84 mm*
and SSNT 436, mum

detectors

Activation =
and SSNTD N - 30 U- rods in Al shell Project "ENERGY
monitor . @ 36 mm ~104 mm plus TRANSMUTATION"

Scheme of the four-section “Energy plus Transmutation” setup with a
massive lead target and uranium subcritical blanket. The placement
of transmutation samples in presented at the surface of the second
section of U-banket.



Haw it’s looks

Subcritical assembly + biological shieldi:
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IOcTupoBKka nydyka HA MUIIEHU

Cadmium

YcraHoBka MoskeT
OBITH IIepeMelleHa K
MECTY 00JIyUeHUs
(doryc O®3H —
OKCIIEPHMEHTAJILHOTO
3ajia) II0 CUCTeMe
PEJIbCOB

Ilepen oOnyuyeHmnemM ycTaHOBKA
IOCTHPOBAJIACH C IIOMOIIBIO IOJISTPOMIHEIX
IIEHOK. (T.e. 0Chb MUIIIEHN COBMEIIAJIACH C
ochbio myuka « HykmoTpoHa»)

«DoTorpadus» gerTpoHHOT0 UMITyJbca (~109
YACTHII) IOJIyUYeHHAS C IIOMOIIIBIO
IIOJIAPOUTHOM IIJIEHKHU, IIepe] CBUHITOBOU
MHUIIIEHBIO



Techniques

Measured value: reaction rates
: total fission [***U(n,f), "**U(p,f), **U(d,f), **U(y,1)]
. capture [23¥3U(n,y)]

Experimental techniques

. Solid nuclear track detectors (SSNTD)
(total fission reaction rates measurement)
. Standard activation method (y-spectrometry)

(neutron induced fission reaction rates measuremen
capture reaction rates measurement)




Pacnono:keHue ceHCOPOB

. Mica U-foil \A Satpplc plate Samll)]c plate Ura@um L:cad target
Mica sandwich , blanket /
detectors : / [

/ Lead larget
r=4.2cm

Fission foil
(a)
Mica lead ceucop (TTat+paguarTop)

sandwich OKCIePUMEHTAJIbHAA IIJIACTUHE
OJIaHKeT

IlepBasa skcriepuMeHTAIBHAS CeKLMM MMEIT ANnHY
IJIACTUHA - 00pas3Iibl CO

CBHHIIOBBIMHY PagHaTOPaMM — 114 MM v pasaeneHsl
oImpeJeieHUe IapaMeTPOB 3KCNnepnMeHTarnbHbIM
MePBUYHOrO IIyIKa 3a30pom 8 MM

Lead target
r=4.2cm
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Beam parameters: intensity

JINR LHE, Dubna, Russia
NUCLOTRON accelerator
Deutron heam 1.26 Ge¥/hucleon
Setup “Energy plus transmutation”
i techiical Irradiation 30 November 2005
(ol e L, +  Pb-target (&8,4cm, L=48cm)
- naty;_planket (weight 206,4kg)
equipment Ly + 9 £ Heg
inspection

Irradiation

of emulsion,
SSNTD and
He-3 counter

deuteron/bunch
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The intensity profile of the irradiation of the Pb-target with U-
blanket at 2.52 GeV deuteron beam, as delivered by the
Nuclotron.



IIapaMeTphl HEMTPOHHBIX IIYYKOB

The beam profiles obtained using NatPb(p, f) reaction and mica
track detector.

The proton beam fluence was determined using 27Al(d, 3p2n)2¢Na
reaction.

FWHM (cm) KoopmuHara nieHTpa (cm) .
JHeprus - IHo/HBLIT HHTer paJx

NelITPOHOB IVUIEA
'-I_-[ p | | ..I |

| 252 | 15%01 | 1.6%0.1 0.3£0.1 5.9x10112
| 160 | 2.8%0.1 | 1.9%0.1 | -0.620.1 | -0.40.1 2.1*10713
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Beam parameters: profile

The parameters of the deuteron beam were determined using the N2tPb-mica samples in the
sample plate that was placed in front of the lead target. On this plate 37 samples were placed
along the X- and Y-axes in the interval of -13.5 to 13.5 cm in both cases.

Track density SEE
TrackicmA2 =

4E6

The structure (profile) of the 1.26 GeV/nucleon deuteron beam.

1. (left) The large circle shows the lead target area. The small ellipse and large ellipses show

the areas within which 68% and 95% of the incident deuterons strike the target.

2. (right) 3D track density distribution of the deuteron induced fission in natural lead in the XY
(target surface).



Experiment: 233U fission rate

o0

= [o, (E)@ (E)E

The fission rate - L describes fast part of neutron
spectra (with the energy higher fission threshold of 238-U 1.5 MeV) in the
experimental setup.

The fission rate was measured using two methods: Activation and SSNTD
technique

All data are in very good agreement (except region near the axis of the setup )
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OKCIHEepPHUMEHT: CKOPOCTH PAJHUAINOHHOIO
3axBara HeUTPOHOB anpamu 238U (maxomiaenue 22?Pu)

Ywucio peakiuii paguaiimorHoro 3axsara 238U cooTBeTCcTByeT
roJmmdecTBy 239Pu, oOpasymoieMycss B pe3yJibTaTe IIeIOYKN B-paciaioB
aiTy,,=2,41.10%y

=23,4min ~:T,,,=2,36d

238lJ (n ]/)239U BTy 239Np 1/2 239Pu 1/2




Simulations: codes

Codes : MCNPX 2.6 C
FLUKA 2006.3

From the real view ...to the geometrical module for Monte Carlo codes
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Simulations: FLUKA results

Neutron spatial distribution: slice yz
(the first section and shielding
were removed for the best view)

1.0e-06 32e-05 1.0e-04 31e-04 9Te-04 30803 9de-03

188-05 57805 18204 55804 17803 538-03

Neutron spectrum for points:
Z=118 mm, R=0 mm (red line)
7Z=118 mm, R=85 mm (green line)

Heutron flux

c
=]
5
o
-
=
1)
-l
e
o
<
£
o
S
c
e
15
-
=
)
=

1e-89 1le-83 1e-87 1e-86 le-685 B.8801 6.8081 8,8
Energy, GeV

Normalized on the primary particles

29e-02 91e-02 28e-01 8. 7e-01

1.76-02

51e-02  1.6e-01 A.0e-01




4 Z2m< — MU X Mm

GRCHepI/IMeHTaJILHBIe JdaHHBbIE

Haxomniaenue 23°Pu

\

AHeprus Konunyectso 239Py HakonneHue | 23°Pu HakonneHue
nentpoHos, GeV | 4enTpoHOoB B bnaHkeTe, I B bBnaHkeTe,
r/oenTtpoH-[aB
1.60 2.1 1013 (4.2+0.4)"10°8 (1.2+0.1)"102¢
2.52 5.9 10712 (1.6+0.2)'10°8 (1.1+0.1)1022

GRCHepI/IMeHT N paCdye€THbIC SHAYECHUNA
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Experiment: two independent experimental

Note that the
vertical scale
ranges are not
the same

for all plots.
Maximum is
Situated on the
third plata
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fission rate, [1/nuclei]

U238

Radial distributions of 238U fission rates inside the Pb-target and U-
blanket for the five detector plates. R 1s the radial distance from the axis
of the lead target. Lines are drawn to guide the eyes.



Simulations: comparison FLUKA and SSNTD data

Plata 2, Z=118 mm Natural Uranium fission rates:
3,00E-012 Experimental and calculated
g 2O0E-012 \ results
£ 2,00E-012 \ . e .
2 1,50E-012 Radial distributions for
% 1.00E-012 \ —¢SSNTD Experimental plates No 2 and 4
R~ ~— Calculation
5,00E-013 M
0,00E+000
0 50 100 150
R, mm Experimental results are in very good
agreement with calculation in the
Plata 4, Z=354 mm “blanket region” (radial distances R>4.2
7,00E-013 cm)
6.00E-013 ! of the setup. It can be explained by
E  5,00E-013 \ overwhelming contribution of neutron
% 4,00E-013 \ induced fission reaction in the total
% 3,00E-013 o\ e SSNTD uranium fission process
R ~#— Calculation
1,00E-013 A.i
0,00E+000
0 50 100 150

R, mm
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Simulations: comparison MCNPX and SSNTD data

Natural Uranium fission rates: Experimental and calculated results

Experimental results are in

very good agreement (within

the experimental error

interval) with calculation in

the “blanket region” (radial
distances R>4.2 cm)

0 40 80 120

Radial distance, mm of the setup.
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Radial distributions of 238U fission rates inside the Pb-target and U-blanket for the five detector plates.
R is the radial distance from the axis of the lead target. Lines are drawn to guide the eyes.



The structure primary deuterons beam was investigated
using SSNTD technique.

Experimental radial and axial distributions of fission rates
natural Uranium were measured by two independent
methods

Comparison of experimental data with the calculation results
obtained with using of computer codes MCNPX 2.6 and
FLUKA were carried out.

The developed technique allows to determine 239Pu
accumulation in the blanket of U/Pb-assembly.

It 1s shown that proton, pion, photon and deuteron induced
fissions contribute significantly to the total fission-rate in the
samples within the target volume and its immediate vicinity.
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