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Brief Summary ADS-related works

THIN THICK Critical experiments
Targets Targets (fuel cycle, ...)
#839-0, #839 (1997-2001) #1145 #017 (1994-1996)

ISTC #2002 (2002-2004) (W-Na,1999-2001) #1145 (1999-2001)
Projects #3266 (2006-2009) #2405
(Pb, 2005-2007)
More than 14000 CRS'’s More than 2500 reaction « 23’Np RI’s;
Current measured and published in  rates measured. « Th-cycle major
Results |AEA and OECD web sites.  Data are used for reactions;
Data are used for: verification of: activation « MA fission rates in
ndesigns excitation functions; NaF+ZrF4 salt
.physics models verification ~Neutron yield; target mixure
activation . Subcriticality
Perspe- #3880: Mo, Ti, Zr, Sn, In 1)Th-target activation Th-cycle in ADS
ctives rates.

2)Actinide(n,f) CRS in
ADS-spectrum

Major facilities at ITEP:
» Proton synchrotron (E;=40-2600MeV, <I >~10""p/pulse)
« MAKET critical facility (heavy water zero-power reactor, ~100W power)
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ISTC Project #3266 (2006-2009, funded by EC)

Experimental and theoretical study of the residual nuclide production
in 40-2600 MeV proton-irradiated thin targets of ADS structure materials

Targets

Proton energies (MeV)
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Proton flux

REACTION RATES and CROSS SECTION DETERMINATION

Pulsed mode of irradiation

Reaction rates:
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Monitor reactions cross sections

2TAl{p,x)**Na cross section data compilation
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Irradiation of thin targets

U10 Synchrotron at ITEP:

— Proton energy: 40-10000 MeV;
— Beam section: a circle of ~10 mm diameter;
— Intensity: ~1-10!! protons per pulse;
— Extraction runs: 4 100-ns bunches
of 1 us total duration.

The transport channel schematic together with the elements of proton beam fast extraction.
1 - The table to place the irradiated samples. 2 — Current transformer. 3 — Outlet flange of
the vacuum proton guide. 4 — Bending magnet. 5,6 — The doublet of quadrupole lenses to
provide beam focusing. 7 — Septum magnet. 8,9 — Magnetic units of the accelerating ring.
10 — Kicker magnet with a 15 mrad bending angle




Reaction rate determination via ZHSIGMA code.
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Compari

56Fe
Number of CRS’s at energies (MeV)
Type
300 500 750 1000 1500
GSI i 128 136 148 152 157
Number of CRS’s at energies (MeV)
Type
300 500 750 1000 1500
i 9 9 9 9 9
i(m) 3 3 3 3 3
ITEP
i(m+g) 3 2 3 3 3
c 19 21 23 23 23
Total 34 35 38 38 38
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<F> at proton energy (MeV)
300 500 750 1000 1500 All energies, all products
ITEP — GSI (A<30) 3.14 1.67 1.33 1.25 1.14
ITEP — GSI (A>30) 1.34 1.28 1.28 1.28 1.25 1.34
ITEP — GSlI (all A) 1.53 1.37 1.28 1.28 123

In case of 208Pb (1.0GeV) and '9Au (0.8GeV): <F>(ITEP-GSI, all A)= 1.30 (2%Pb); 1.40 ("¥7Au)




The codes used for simulation

Code Author Models
Improved Dubna INC* (exciton), Preequilibrium Modified Exciton Model,
CEMO03 S.G. Mashnik, LANL Evaporation (Weisskopf-Ewing), Competition between Fission (Bohr-Wheeler) and
Evaporation
R.E. Prael, Bertini/ISABEL INC, Multustep Preequilibrium Exciton Model, Evaporation
LAHET (Weisskopf-Ewing, Dresner’s code) or Fermi Breakup Model for light nuclei,
LANL Fission (RAL/ORNL models)
MCNPX LANL Improved LAHET + CEM2k+INCL INC
Los Alamos modification of Guark-Gluon String Model initially realized at Dubna,
LAQGSM+GEM2 S.G. Mashnik et al., LANL improved Dubna INC, improved pre-equlibrium model, refined Fermi break-up and
coalescence models, improved Generalized Evaporation-fission Model (GEM2)
) . Liege INC,
INCL4+ABLA J. Cugnon et al., Liege, Sacley ;

Schmidt et al, GSI

GSI evaporation/fission model

CASCADE-2004

V.S. Barashenkov, Dubna

Dubna INC, Evaporation (Bohr-Wheeler),

Fission (Dubna version of Fong model)

LAHETO, Obninsk modification of LAHET and CASCADE: fission barriers updated, liquid
A. Ignatyuk, Obninsk drop model parameters adjusted, pre-equilibrium parameters modified.
CASCADO
BRIEFF H. Duarte, CEA Bruyeres-le-Chatel BRIC INC, Evaporation (Weisskopf-Ewing), Fermi break-up, Atchison (RAL) fission

model

Simulations were made at 25 proton energies from 0.03 to 3.5 GeV to get smooth excitation functions




Theory — to — Experiment comparison

Initial Project data:
List of targets; List of proton energies.

Experimental CRS’s: Simulations by Codes&Models:
IND’s: i, i(m), i(2m.+g).CUM’s: c, c* Only independent yields (i)
' -

List of measured residuals
v

Decay chains build up

.| Calculation of required CUM’s,
Simulation data file build up

y A 4

Excitation functions & Mass yields & Statistics o,/ 0, Plots

Calculation of <F>’s




Production cross Section (mb)

56Fe(pn.x) excitation functions
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Production cross Section (mb)

%Fe(p,X) excitation functions
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Production cross Section (mb)
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%Fe(p,X) excitation functions
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Mean squared deviation factors <F> for “°Fe(p,x) products predictions

ITEP data
Product mass (A), Proton energy (MeV)

300 500 750 1000 1500 2600 All energies,

Code/Model A<30 | A>30 | A<30 | A>30 | A<30 | A>30 | 4<30 | A>30 | 4<30 | A>30 | 4<30 | A>30 All products
MCNPX/INCL 233 5.04 141 3.19 51.5 3.09 38.1 3.08 26.1 3.30 121 3.47 7.36
MCNPX/CEM2k -- 2.73 17.2 2.49 21.1 2.57 7.83 2.72 4.87 2.88 4.02 3.15 3.64
MCNPX/BERTINI 1035 2.27 19.4 2.27 50.5 2.73 13.8 2.85 4.93 3.16 3.35 3.19 4.41
MCNPX/ISABEL -- 4.04 158 2.82 49.1 2.99 171 2.62 5.99 2.83 4.02 2.99 4.59
LAHET/BERTINI 542 2.29 24.9 2.26 6.98 2.66 16.5 3.15 7.34 3.37 5.69 3.14 4.09
LAHET/ISABEL -- 2.86 100 2.60 44.6 3.00 15.4 3.43 7.34 3.37 5.69 3.14 4.83
CEMO03.01 13.0 1.81 1.99 1.88 1.32 1.88 1.49 1.92 1.58 2.04 1.72 3.17 2.24
CEMO03.G1 2.82 2.54 2.35 2.59 2.42 2.60 2.15 2.34 1.67 2.31 1.57 3.10 2.50
CEMO03.51 3.35 2.20 3.73 2.32 4.21 2.68 4.94 2.94 6.19 3.25 6.98 4.34 3.33
LAQGSMO03.01 453 2.07 6.98 1.94 3.15 2.02 243 2.09 1.98 2.19 1.46 3.74 2.89
LAQGSMO03.G1 243 4.00 1.85 2.47 1.73 2.76 1.66 2.77 1.50 2.90 1.60 4.22 2.93
LAQGSMO03.51 4.64 2.79 4.35 2.41 3.75 2.67 3.89 2.67 4.17 2.66 3.59 4.13 3.10
CASCADE-2004 4.69 2.70 1.87 2.84 12.4 3.13 8.00 3.72 4.55 543 3.04 6.48 4.27
LAHETO -- 4.07 108 2.43 22.8 2.83 38.9 3.24 -- -- -- -- 5.45
BRIEFF 1.5.4¢g 208 2.47 12.5 3.00 8.01 3.51 6.41 3.7 5.15 3.89 3.84 3.82 4.74




Mean squared deviation factors <F> for *°Fe(p,x) products predictions
GSI data

Macca npogykta (A), aHeprus npoToHoB (Ep, 3B)

300 500 750 1000 1500 Bce sHeprum,

MNporpamma/Mopens A<30 A>30 A<30 A>30 A4<30 A>30 A<30 A>30 A<30 A>30 BCE NPOAYKTbI
MCNPX/INCL 153 5.85 52.0 3.30 15.8 3.10 10.2 2.25 6.63 3.27 6.06
MCNPX/CEM2k 1598 3.09 17.7 2.70 3.96 2.66 3.54 1.96 3.88 2.69 3.59
MCNPX/BERTINI 534 2.45 18.8 1.66 3.48 1.54 2.80 1.70 3.00 1.95 2.75
MCNPX/ISABEL - 4.76 124 2.81 39.3 2.57 3.54 1.79 3.42 2.69 4.21
LAHET/BERTINI 1369 2.78 22.7 1.82 5.75 1.66 4.67 2.07 5.44 2.18 3.80
LAHET/ISABEL 1224 2.90 91.4 2.52 35.5 2.23 13.7 2.06 5.44 2.18 5.29
CEMO03.01 27.6 1.86 2.20 2.08 1.58 2.09 1.69 1.58 1.59 2.18 2.35
CEMO03.G1 3.49 2.65 3.23 3.1 3.36 2.95 2.61 2.15 1.77 2.52 2.72
CEMO03.51 5.42 2.68 4.91 2.62 4.07 2.70 4.83 2.51 5.50 3.28 3.10
LAQGSM03.01 97.9 1.93 7.59 1.89 2.66 1.93 2.06 1.90 1.69 1.61 2.82
LAQGSMO03.G1 4.22 2.26 1.97 2.64 1.77 2.85 1.53 2.76 1.48 2.46 2.52
LAQGSMO03.51 13.4 3.16 5.69 2.54 3.76 2.44 4.15 2.35 4.17 2.04 2.97
CASCADE-2004 4.90 2.65 1.54 2.95 1.69 2.27 1.94 2.04 1.76 2.24 2.41
LAHETO - 3.65 107 2.36 20.2 2.67 34.7 2.72 - - 5.03
BRIEFF 1.5.4g 422 3.38 4.86 2.19 3.18 1.96 2.99 1.89 2.62 1.81 2.58




Mean squared deviation factors <F> for “°Fe(p,x) products predictions

All energies, All products

—— Comparison with ITEP data
7 = = = = Comparson with GEl data

Mean Squared Deviation Factar <F=
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nat\W(p,x) products (1)

- S -

0

Production cross section (mb)

W 21.6d E W, 135m
a | .‘mE | | - “1':]':i| | - - “1I:I? | o Iﬂﬂ
Proton energy (MeV) Proton energy (MeV)
Codes: Bertini Isabel —— INCL4 CEMO03.02

Exp.data: e - ITEP (ISTC3266), = ZSR (R.Michel et al., 2002)



Production cross section (mb)

nat\W(p,x) products (2)
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Exp.data: e -ITEP (ISTC3266), & -ZSR (R.Michel et al., (2002)
vr- Y. Asano (1985)
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nat\W(p,x) products
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Proton energy (MeV) Proton energy (MeV)
Codes: Bertini Isabel —— INCL4 CEMO03.02

Exp.data: e -ITEP (ISTC3266), = -ZSR (R.Michel et al., 2002)
vr- Y. Asano (1985)




—
(=
ki

Production cross section (mb)

nat\W(p,x) products (4)
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Exp.data: e -ITEP (ISTC3266), = -ZSR (R.Michel et al., 2002)
vr- Y. Asano (1985)
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nat\W(p,x) products (5)
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Exp.data: e - ITEP (ISTC3266), =r - ZSR (R.Michel et al., 2002)
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187Ta(p,x) products
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187Ta(p,x) products (2)
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Production cross section (mb)

187Ta(p,x) products (3)
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Exp.data: e -ITEP (ISTC3266), =r- ZSR (R.Michel et al., 2002)



187Ta(p,x) products (4)
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Production cross section (mb)

187Ta(p,x) products (5)

Proton energy (MeV) Proton energy (MeV)
Codes: Bertini Isabel —— INCL4 CEMO03.02

Exp.data: e - ITEP (ISTC3266), =r - ZSR (R.Michel et al., 2002)



Production cross section (mb)

187Ta(p,x) products (6)
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vr- Y. Asano (1985)
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181Ta(p,x)**Gd: Theory vs. Experiment
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nat\\/(p,x)148Gd: Theory vs. Experiment
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<F> for “structure materials” targets

<F> in case of Cr(p,x)

<F>in case of Ni(p,x)
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<F> for "target materials”

<F>in case of Ta(p,x)
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<F>"s in case of CEMO2.02
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Conclusions

14518 residual nuclides were measured during 1997-2009:

Targets

Proton
ener ¥ = .
02 28|81 8121818\8|8|18|813|2|8\88|8 8 €I

T (| g | |g |4 2 (€ |8\ |8 g R |8 TR z
0.04 |14 | 18 | 20 19 9 19 13| 9 8 |18 | 13
0.07 |17 | 21 | 22 28 17 31 28 [ 29 | 28 | 28 | 35
0.1 19 | 24 | 27 37 [ 18 | 31 45 | 44 |1 46 | 42 | 36 | 43 [ 50 | 87 |[108
0.13 25| 11 6 22 | 22 | 20 26
0.15 |22 | 25| 28 46 40 53 65 (65 [ 63 | 63 | 71
0.2 29 [ 29 | 29 39 32| 35| 36 | 36 65 128|123
0.25 | 28 | 33 | 37 58 53 69 94 | 94 | 94 | 95 (106
0.4 31|37 | 36 64 82 83 112(112|113(116|128
0.6 33 | 38 | 40 75 101 104 1391140(141 (141 (147
0.8 | 33|38 43 85|72 (105| 70 [ 76 | 77 | 60 |110(103|156(152|154(154|162(130|195
1.0 38 64 114
1.2 33 (39 (43 (41|47 | 54|96 | 67 |143 155 170|170|170(171(183(214|226
1.5 38 35| 36 92 |93 |94 | 93 | 99
1.6 33|38 (46 |41 |42 | 47 [106| 78 [152|109(111|114(119|164 180(180|182(181|192(212|231
2.6 33|38 (46 | 41 | 42 | 48 [107| 85 (166 181(141|171|171({172|178(198

* - Moreover, 97Au was irradiated at 0.8GeV (101 product measured) and %6Fe at 0.3, 0.5 and 0.75GeV (107 products)

x — high flux irradiations to measure 148Gd.

Results: #839: http://www-nds.iaea.org/reports/indc-ccp-434.pdf; EXFOR Data files#: 00781, 00782, O0978-00987, 01018-01021
#2002:

<F> for “structure” materials” is much higher <F> for “target materials” (only
CEMO03.02 can reproduce Fe, Cr, Ni at 0.5-1.0 GeV with <F> below 2);

Further experimental activity should be shifted to low and middle mass targets
(for instance, Mo, Ti, Zr, Sn, In)
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