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Abstract

The Project is aimed at experimental and theoretical studying the independent and
cumulative yields of residual radioactive nuclei produced in high-energy proton-irradiated
structure materials intended for constructing the high-power Accelerator-Driven Systems (ADS)
with a high-current proton accelerator. The Project is an extension of the researches carried out
earlier under the ISTC Projects #017, #839, and #2002 which provided more 10000 residual
nuclide production cross sections mainly in materials intended to use as target materials of the
ADS. This Project includes 57 measurement runs carried out using the 97 targets made only of
the ADS structural materials of both monoisotopic (*°Fe, **Nb, ***Ta) and natural ("*Cr, "™Ni,
"W) compositions within minutely fractionated proton energy range, namely, at 0.04, 0.07, 0.1,
0.15, 0.25, 0.4, 0.6, 0.8, 1.2, 1.6 and 2.6GeV. All the targets were irradiated using the ITEP U-10
proton synchrotron.

The experimental nuclide yields are determined by the direct y-spectrometry and a-spectrometry
methods. As a result, 3839 cumulative and independent yields of residual B-radioactive product
nuclei with lifetimes range from 6 minutes to 10 years as well as 12 cumulative yields of a-
radioactive *®Gd whose lifetime is 74.6 years have been measured. Besides, the cross sections
for the #’Al(p,x)?Na , ’Al(p,x)**Na and %’ Al(p,x)'Be monitor reactions have been measured at
the same proton energies with the use of the current transformer technique. The y-spectrometer
resolution is 1.8 keV in the 1332 keV ®°Co y-line. The experimental y-spectra were processed by
the GENIE2000 code. The y-lines were identified, and the cross sections calculated, by the
ITEP-developed SIGMA code using the PCNUDAT database. The proton fluence was
monitored by the 2’ Al(p,x)**Na reaction.

Measurement data have been compared with the calculation results of the BERTINI and
ISABEL models of MCNPX code, CEMO03.02, INCL 4.2, INCL4.5, CASCADEOQ7, and PHITS
codes. The predictive power of the tested codes has been found to be different, but still
satisfactory throughout the mass and energy ranges of most of the reaction products obtained in
the shallow spallation region by all the above-mentioned codes. On the other hand, the predictive
power of the codes has proven to be very unsatisfactory for the reaction products within the deep
spallation, fission, and fragmentation regions. Therefore, all the codes have to be improved, with
their associate models for generation of the fission and fragmentation products being most
desirable.

Keywords: nuclear reaction, spallation, deep spallation, fission, fragmentation, yields, residual
nuclides, cross sections, simulation, Monte-Carlo codes, comparison



The work was done with participation of foreign collaborators:

Institution:  Royal Institute of Technology, Alba Nova University Centre

Street address:  Roslagstullsbacken 21

City:  Stockholm Region/State:  None

ZIP:  S-10691 Country:  Sweden

Person:  Waclaw Gudowski

Title: Professor, Academician Position: Head of Department of Nuclear & Reactor Physics

Tel.: +46 855378200

Fax:  +46 8 5537 84 65

E-mail:  wacek@neutron.kth.se

Institution:  SCK<CEN, Belgian Nuclear Research Center

Street address:  Boeretang 200

City: Mol Region/State:  None

ZIP:  B-2400 Country: Belgium

Person: Hamid Ait Abderrahim

Title: Ph.D. Position: Head of Department Reactor Physics & MYRRHA

Tel.:  +3214332277 Fax: +3214321529

E-mail: hamid.ait.abderrahim@sckcen.be

Institution:  SCK<CEN, Belgian Nuclear Research Center

Street address:  Boeretang 200

City: Mol Region/State:  None

ZIP:  B-2400 Country: Belgium

Person:  Edouard Malambu

Title: Ph.D. Position:  Neutronics Section / Department Reactor Physics &
MYRRHA

Tel.: +3214332283 Fax: +3214321529

E-mail: Edouard.malambu@sckcen.be

Institution:  SCK+CEN, Belgian Nuclear Research Center

Street address:  Boeretang 200

City: Mol Region/State:  None

ZIP:  B-2400 Country: Belgium

Person:  Thierry Aoust

Title: M.Sc, Eng. Deg. Position:  Neutronics Section / Department Reactor Physics &
MYRRHA

Tel.: +3214332186 Fax: +3214321529

E-mail: Thierry.aoust@sckcen.be

Institution:  Los Alamos National Laboratory

Street address:  None

City:  Los Alamos Region/State:  New Mexico

ZIP:  NM 87545 Country:  USA

Person: Eric J. Pitcher

Title: Ph.D. Position:  Group Leader
Tel.:  +1505 665 0651 Fax:  +1505667 9671
E-mail: pitcher@lanl.gov

Institution:  Los Alamos National Laboratory

Street address:  None

City:  Los Alamos Region/State:  New Mexico

ZIP:  NM 87545 Country:  USA

Person:  Stepan G. Mashnik

Title: Ph.D., Prof. Position:  Technical Staff Member
Tel.: +1 505 667 9946 Fax: +1 505-667 1931

E-mail: mashnik@Ianl.gov




Institution:  Japan AtomicEnergy Institute

Street address:  Shirakata-shirane 2-4

City:  Tokai-mura Region/State:  Naka-gun, Ibaraki-ken 319-1195
ZIP:  319-1195 Country:  Japan

Person:  Tokio Fukahori

Title: Ph.D. Position:  Principal Scientist

Tel.: 81292825907 Fax: 8129 2826216, 5766

E-mail:  fukahori.tokio@jaea.go.jp

Institution:  Forschungszentrum Karlsruhe Institut fur Reaktorsichereit

Street address:  Postfach 3640

City:  Karsruhe Region/State:  Baden Wirtemberg

ZIP: 76021 Country:  Germany

Person: Cornelis H.M. Broeders

Title: Dr. Position: Head of Section Neutron Physics and Reactor Dynamics
of Institute for Reactor Safety

Tel.:  +49-7247-822484 Fax:  +49-7247-823718

E-mail: Cornelis.broeders@irs.fzk.de

Institution:  Commissariat a I’Energie Atomique, Direction des Sciences de la Matiéres, DAPNIA/SPhN, CEA Saclay

Street address: None

City:  Gif sur Yvette Cedex, Saclay Region/State:  None

ZIP:  F-91191 Country: France

Person: Sylvie Leray

Title: Ph.D. Position:  Directeur de Recherche, Head of the SPALLATION group
Tel.:.  +33-1-6908 8361 Fax:  +33-1-6908 7584

E-mail: sleray@cea.fr

Institution:  Zentrum fuer Strahlenschutz und Radiooekologie (ZSR), University of Hannover

Street address:  Am Klenen Felde 30

City:  Hannover Region/State:  None
ZIP: D-30167 Country: Germany
Person: Rolf Michel

Title: Prof. Dr. Position: Director of ZSR
Tel.:  +49-511-762-3312 Fax: +49-511-762-3319
E-mail: michel@zsr.uni-hannover.de

Institution:  Oak Ridge National Laboratory

Street address: 701 Scarboro Road

City: Oak Ridge Region/State:  Tennessee

ZIP: TN 37830-6474 Country: USA

Person:  Phillip D. Ferguson

Title: Ph.D. Position:  SNS Neutronics Team Leader
Tel.:  +1865 2415702 Fax: +1 865574 6080

E-mail: fergusonpd@ornl.gov

Institution:  G.W. Woodruff School of Mechanical Engineering; Neely Nuclear Research Center; Georgia Institute of

Technology
Street address: 900 Atlantic Dr.
City: Atlanta Region/State:  Georgia
ZIP:  GA 30332-0405 Country:  USA
Person: Nolan E. Hertel
Title: Ph.D., P.E., Prof. Position:  Director
Tel.:  +1 404 894 3601 Fax:  +1 404 894 9325

E-mail: Nolan.hertel @me.gatech.edu




Institution: OECD/NEA

Street address:  Le Seine St-Germain, 12, Boulevard des lles

City:  Issy-les-Moulineaux Region/State:

ZIP: 92130 Country: France
Person: Enrico Sartori

Title: Ph.D. Position:

Tel.: (33-1)4524 1072 Fax: (33-1)45241110

E-mail: sartori@nea.fr




Content

1. INTRODUCTION: BRIEF DESCRIPTION OF ACTIVITY, OBJECTIVES OF THE

PROJECT, EXPECTED RESULTS, TECHNICAL APPROACH ......ccccooeiiiiieineseree e 13
1.1 Information analysis on the of ADS facility structural material nuclear-physics
(010 U= T (=T 1) ot SRS 15

2. METHOD OF EXPERIMENTAL DETERMINING THE CROSS SECTIONS FOR
RADIOACTIVE PRODUCT GENERATION WITH DUE ALLOWANCE FOR UNSTEADY

PROTON PULSE AMPLITUDE DISTRIBUTION. ......ccviiiiiiieie e 45
2.1. Method of experimental determining the production rates of radioactive products in
nuclear reactions by y-SPECtrometry teChNIQUES. ........ccviiiiiiiieiereeree e 45
2.2. Errors in y-spectrometric measurements of reaction rates ...........cccceevevveeieiviesieeieeineseesnan, 49
2.3. Techniques for determining the proton flux density ...........ccocviviiiiieiesee e 53
2.4. Calculating the production cross sections of nuclear reaction products and the errors
L1 15T =] 1o RSP PSPRRRN 53
2.5. Procedure of experimental determining the production rates of nuclear reaction products
by 0-SPECLrOMELrY tECANIQUES ..o 53
3. EXPERIMENT DESIGN .. .ottt sttt st st be b 57
3.1. Preparation and irradiation of experimental SAaMPIES...........cocoviiiiiiiiienc e 58
3.2. Description of the external proton beam extraction ............ccccccevveveiieiicse e, 62
3.3. Determining the Proton ENEIGIES ......cc.oiviiirieriiii ettt 64
3.4. Procedure of y-spectrometry-based analyzing the samples irradiated .............c.ccocevvvienennn, 68
3.4. 1. Temporal StADTITY ........ooviiiec e 68
3.4.2. Quantitative count 10SS StIMALION.........cccueevvieiiecirie et 69
3.4.3. Cascade SUMIMALION. .......c.ciuerieiieiieesiesiesee e ereesrees e eseesseesaeaneesseesaeaneesseesseeneesseensens 70
3.4.4. Absolute spectrometer detection efficiency. Determining the height and energy
dependences of the spectrometer detection effiCIENCY. ........cccovvevviiiiierce i, 71
3.4.5. Processing Of Y=SPECIIEA ......cuciviiiiiiiiiiiie et 75
3.4.6. Laboratory background..............coiiiiiiiii 81
SLA.7. DECAY CUNVES.....eeeiuiiieiiiie e ettt e sttt e sste e e st e e et e e et e e et e e e st e e e abe e e e sbeeesbeeeanteeeanseeeansneeannes 85
3.4.8. Neutron DACKGIOUNT .........coiiiiiiiiieieee et 88
3.5. Procedure of a-spectrometric analyzing of samples irradiated .............ccooeveiiiiiiininnnee 89
3.5.1. Energy calibration and a-spectrometer detection effiCiency. ........ccccccoveveviieieennenn, 89
3.5.2. Processing Of 0-SPECIIA ........ecviiiiiiieiiiie i 92
3.5.3. Calculations of the detection efficiency €, and of coefficient Ky ........ccccevevvvrinennnn, 94
4. RESULTS OF MEASURING OF RESIDUAL NUCLIDES PRODUCTION CROSS
SECTION L.ttt bbbttt b b bbbt Rt e b e et e e e bbbt e bttt e bt e e et e 96

4.1 Residual nuclides production cross SeCtions in "™ Cr...........cocveueeririeieseseee s 97



4.2 Residual nuclides production cross SECtions iN “°Fe. .........occoeuivsvriereeneeeeseeeeeese s 99

4.3 Residual nuclides production cross Sections in ™ Ni...........cccoeeerrreererseeeeesieess s, 102
4.4 Residual nuclides production cross sections in ®Nb. .........cccceovverernrionreerisreensensesiesseane, 104
4.5 Residual nuclides production cross SeCtions in 8T a. .........ooueueveeeereeeeeeeeeeeeeeeeeeeeee e, 108
4.6 Residual nuclides production cross SeCtions in ™ W. ..........cccccoeveverrerernrerseeessesssseseensens, 113
4.7 *8Gd production cross sections in *FTaand "™W. .......c.coovieeeeeeeeeeeeeeeeee e, 119
5. DETERMINATION OF MONITOR REACTION CROSS SECTIONS.........ccceevveeiiiene, 123
5.1.  Determining the proton flux density by current transformer techniques ....................... 123
5.2. The monitor reaction cross sections and their errorS..........ocevveveiieiesie s 146
5.2.1. Calibration of current tranSfOrMErS..........coooviiiiiiiiicieeee e 146
5.3. Errors in determining the proton fluX density ..o, 148
5.4. Results of determining the monitor reaction Cross SECtIONS...........cevveveeviereeiieiiese e 149
6. UPDATING THE MODELS AND CODES ON THE BASIS OF FRESH EXPERIMENTAL
EVIDENGCE ..ottt ettt s et st e ettt e b e et et e n e ne et e ene et 156
G T I 1o T L1 T 4 o] o PSSRSO 156
6.2. Main approximations of the intranuclear cascade models ...........ccccocvvveiieveiiccecce e, 156
6.3. Analysis of the *°Fe experimental data .............ccccoververveereereeseesesseeseesseesessssseesseessesneons 161
6.4. Analyzing the "'Cr and " Ni target data ...........cccovevviereeereeeeeeeeeeeeeees e, 170
6.5. Analysis of the *Nb experimental data............ccccovurvervrereereseiereseeeeeseeesessses s 171
6.6. Analysis of the 1 Ta and "W target data.............ooeveveeeereeeeereeeeeseeeeseeseeeseeseseee e 174
6.7. CoNCIUSIONS 0N CRAPLET B. .....ooveeieeieieie st 179
7. THEORETICAL MODELING BY DIFFERENT CODES........ccccciiinieiiiieece e 180
7.1 The codes used to simulate the experimental results ............ccccooeriiiiiiiniiiceee, 180
7.2 Simulation results comparison with experimental data............c.ccccoevveieiieiiciecenn, 182
Fig. 7.1 Simulated and experimental cross sections of "'Cr(p,x) reaction. ..............cccccccveune.... 186
Fig. 7.4 Simulated and experimental cross sections of *°Fe(p,X) reaction. ...........coeveevevereeeneen. 189
Fig. 7.8 Simulated and experimental cross sections of " Ni(p,x) reaction. .............ccccccecvevnc.. 193
Fig. 7.12 Simulated and experimental cross sections of **Nb(p,x) reaction. ............cocvevevene.n. 197
Fig. 7.21. Simulated and experimental cross sections of **Ta(p,x) reaction. ............cc.ccc..... 207
Fig. 7.36. Simulated and experimental cross sections of "™W(p,X) reaction..............ccccceeerven... 222
Fig. 7.52. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative YIieldsS ..o 238
Fig. 7.118. Statistics of the simulation-to-experiment ratios ...........ccocvvereieneni s, 304
8. CONCLUSION AND ACKNOWLEGEMENT .....ooiiiiiiiiiiecic e 322
9. REFERENCES. ...... .ottt sttt ettt bbb e e be bt e ne et e na e ereee 336
10. APPENDIX 1. REACTION RATES FOR RESIDUAL NUCLIDE PRODUCTION. .......... 342

10.1 Reaction rates for residual nuclide production in "™Cr........cccceveveeieseeeiee e 342



10.2 Reaction rates for residual nuclide production in °Fe...........ccccovvieiveecseeeeeeseeseeeeean, 355

10.3 Reaction rates for residual nuclide production in' ™ Ni........cccceriveeieseeiieeeeeee e 381
10.4 Reaction rates for residual nuclide production in #Nb..........cc.ccoovvervierierisiesesesinnon, 402
10.5 Reaction rates for residual nuclide production in Ta ........ccovoveeeeeeeeeeeeceeeeeeeeeen, 461
10.6 Reaction rates for residual nuclide production in ™W ...........cc.coccveeerrerereeenreereeeeennen, 506
10.7 Reaction rates for residual nuclide production in 2 Al..........ccoooeecoroeeeeeeeeeeeeeeeeeeceeen, 553
10.8 Reaction rates for residual nuclide production in additional irradiations ...............cccc....... 556
11. APPENDIX 2. RADIOACTIVE DECAY CHAINS USED IN THE SIMULATIONS.......... 557
11.1 Decay chains of ™ICr PrOGUCES. ......c..oveveceeereeeeeeeesesseseeseeesesss e eseesess et 557
11.2. Decay Chains Of P°F@ PrOUUCES. ............oveeeeeeeeeeeeeeee e eeeesees et e s esesee s eseesees e eese e eneons 561
11.3 Decay chains of " Ni PrOGUCES. ..........c..oveeerrrreereeeeesseseesseseessesseesesnsessesesssss et eensneens 566
11.4 Decay chains 0f ND PrOQUCES. ..........cv.oveeeeeeeeeeeeee e eeeee et eeesees e es s e s e 573
11.5 Decay chains of 81 Ta PrOQUCES. .......c..vveveeeeeeeeesieeeseeesss s 588
11.6 Decay chains Of ™MW PrOGUCLES. ..........c.oveeeeiereeeeeeeeeseeee e eses s sn st 621
12. APPENDIX 3. LIST OF PUBLISHED PAPERS. ......ooo e 662

13. APPENDIX 4. LIST OF CONTRIBUTIONS AT DIFFERENT CONFERENCES AND
WORKSHOPS. ... bbbt b bbb e n e nnes 663






1. INTRODUCTION: BRIEF DESCRIPTION OF ACTIVITY,
OBJECTIVES OF THE PROJECT, EXPECTED RESULTS,
TECHNICAL APPROACH

The Project is aimed at experimental and theoretical studying the independent and
cumulative yields of residual radioactive nuclei produced in high-energy proton-irradiated
structure materials intended for constructing the high-power Accelerator-Driven Systems (ADS)
with a high-current proton accelerator

During 2006-2009 we made 57 irradiations of 97 samples made of ADS structure materials
of both monoisotopic (*°Fe, ®*Nb, **'Ta) and natural (™Cr, "*Ni, "W) compositions by protons
with energies 0.04 GeV, 0.07 GeV, 0.1 GeV, 0.15 GeV. 0.25 GeV, 0.4 GeV, 0.6 GeV, 0.8 GeV,
1.2 GeV, 1.6 GeV and 2.6 GeV". Foils of W and Ta were additionally irradiated by 0.6, 0.8, 1.6
and 2.6GeV with a view of subsequent measurements of alpha-active *°Gd (T1,,=74,6 year).

The ITEP U-10 synhrotron was used to irradiate the targets. In total, 1841 gamma- and 25
alpha-specra were measured after irradiations which carry unique experimental data of about
263 Mb capacity. After the measured gamma had been identified, 3385 independent and
cumulative yields (cross-section for production) of residual radioactive product nuclei in the
irradiated samples were determined, of which 726 are independent (signed as (i)) yields; 365
sums of independent metastable and the ground state yields (i (Xmj+g)); 365 independent yields
of a metastable states (i (Xmj); 2409 cumulative and supracumulative yields (c, c*).

The experimental samples were irradiated together with aluminum monitors using with the
ITEP U-10 proton synchrotron beams. The experimental samples and the Al monitors of strictly
identical 10.5-mm diameter were irradiated simultaneously. The 2’Al(p,x)*Na reaction
monitored the proton flux.

After irradiation, a sample-monitor sandwiches were delivered to the “Hot Laboratory”,
disassembled in the manual handling box and transported then to the laboratory room, where the
pre-calibrated Ge detectors measured the gamma spectra of both the sample and the monitor. The
measurements of the samples from a single irradiation run lasted for about 6 months. The
laboratory room were thermostatted to keep temperature constant throughout long-term
measurement periods.

The measured gamma-spectra will be processed tentatively by the job-oriented GENIE2000
code in the common mode and, finally, by that same code, with inspecting each of the spectra by

interactive fitting every peak. After the entire set of spectra from a given measurement run are

1 %6Fe was additionally irradiated by 0.3, 0.5, 0.75, 1.0 and 1.5 GeV protons.
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processed finally, they will be combined to form a unified file used as input to the SIGMA code
that identifies the spectra on the basis of the PCNUDAT nuclear database and determines the
yields (cross sections for production) of the radioactive product nuclei by the techniques
described in Nucl. Instr. and Meth. A414 (1998)73-99 and in PRC C65, 064610 (2002), PRC
C78, 034611 (2008) [1-7].

The alpha-active nuclide (***Gd) production was measured using the purposed, a few hours
long, irradiation of Ta and W foils until a sufficient amount of ***Gd is accumulated to have an
appropriate statistics support of the alpha-spectra measurements. The spectra were measured on

Si-detector basis.

As the gamma-, and alpha-spectra were processed, and the final data accumulated, use was
made of the job-oriented database that contains information on the experimental samples and
monitors, irradiation modes, the gamma-, and alpha-spectra measured, the spectrometer
calibration data, and the results of processing the gamma-spectra and determining the reaction

product yields.

The obtained experimental yields will be simulated by MCNPX (BERTINI, ISABEL),
CEMO03.02, INCL4+ABLA, INCL4.5.5+ABLA07, PHITS, CASCADEQ7 and partially by
CAMO, GEMCAMO, CASCADO codes

14



1.1 Information analysis on the of ADS facility structural material nuclear-

physics characteristics

Analyzing the EXFOR database for 20-3000 MeV proton energy range has shown that

11 works on "52%0Cr have measured 20 excitation functions and 223 cross sections;

87 works on "**®>*Fe have measured 256 excitation functions and 14499 cross sections;
84 works on Na6462.6058N;i have measured 19 excitation functions and 3428 cross
sections; EXFOR is void of ®!Ni data;

23 works on *Nb have measured 13 excitation functions and 1952 cross sections;

26 works on ®1Ta have measured 215 excitation functions and 1487 cross sections;

23 works on "¢186:184.183.182\n/ have measured 581 excitation functions:

As found in EXFOR, the product nuclides from Cr,Fe,Ni,Nb,Ta,W(p,x) reactions are listed in

Tables 1.2.1 — 1.2.6, respectively
The works indicated as EXFOR codes in Tables 1.2.1-1.2.9 are presented in Table 1.2.10.

15



Table 1.2.1. The EXFOR-listed product nuclides measured in Cr(p,X) reactions.

<
o S
= 28
EXFOR 2 | <3 . o
Code S e | 5 < & | Nuclides measured Monitor 2 | Year
number a » g 8 o reactions g
> g |25 85 3
5 E 88| EGT =
g 2|58 35 £
natCr
A0168 | 22 MeV 1 2 *ICr, 2Mn stack 1981
C0336 |6.3-2691MeV |15 |15 |1 *Mn 1987
7Be, 44mSC, 4680, 47SC,
E1923 | 100-230 MeV 3 18 |5 3¢, “8Cr, 3Cr, “K, stack 2004
41Ar, 49Cf, 43K
22Na 43K 47Ca 4BSC
00078 | 660 MeV 10 |10 3¢, “8sc, v, “Cr, ZTAI(P,X)*Na stack 1989
S1Cr, 52Mn
00350 | 18.8-43.5MeV |5 6 1 *ICr, *Mn ZTAI(P,X)**Na stack 1976
27 22
2 Al(P,X)?Na,
00412 400 MeV 1 1 Na N (P,X)Z“Na stack 1967
“TAI(P,X)*Na,
17.39-38.08 SIMn, **Mn, **Mn, ZTAI(P,X)*Na,
00771 | oot 15 [134 |11 2MMn, *8Cr, *°Cr, *'Cr, | Cu(P,X)%2Zn, stack 2000
By, *Ti Cu(P,X)%zn,
Cr(P,X)**Mn
SOC
r
i 49 Mo(A,X)"Ru,
A0510 | 13.8-295MeV |18 |18 |1 Cr Mo(P.x)%Tc 1991
S2Cr
A0195 | 22 MeV 1 1 >ler stack 1983
] 51 Mo(A,X)"Ru,
A0510 | 14.8-295MeV |17 |17 |1 Cr Mo(P X)**Tc 1991
63 63
51 CU(P,X) Zn,
B0050 | 21.5 MeV 1 1 Cr oFe(P.X)Co 1955
Table 1.2.2. The EXFOR-listed product nuclides measured in Fe(p,x) reactions.
8 @
o> S
[ 48 @
EXFOR ® T |2 = =
code % S |2 G = Nuclides measured | Monitor reactions c Year
number = £ 1 238|258 2
é 2 3 5|8 g > s
) E |QR|EER 3
[ > = @ > < <5} =
LLl P OE|Z3E =
natFe
4BSC, 48v, 4SCr, SlCr,
A0100 | 49.3-199.8 MeV | 26 | 257 11 52Mn, **Mn, **Co, ZTAI(P,X)*Na stack 1983

57C0, 44mSC‘ 4680,

16




EXFOR
code
number

Energy range

Numbers of energies

Cross sections
measured

Numbers of

excitation functions

measured

Nuclides measured

Monitor reactions

Irradiation type

Year

4YSC

A0146

7.41-44.53 MeV

25

160

57Co, %Co, °Co,
58C0, 52Fe, 2Mn,
54Mn, SiCr, v

7 AU(P, X) AU

stack

1979

A0168

22 MeV

e, %Co, 5'Co

stack

1981

A0179

5.8-63.65 MeV

52

52

%5Co, %Mn, °'Co,
58C0’ 48V’ 52Mn,
slcy

stack

1979

A0182

15.66-38.9

80

80

%Co. %Mn, ©Co

stack

1979

A0339

7.11-64.4 MeV

70

243

48V’ Sicy, 52Mn,
54Mn, 5%Co

ZTAI(P,X)*Na,
ZTAI(P,X)*Na

stack

1987

A0344

600 MeV

14

ZNa PK, P,
g0 475 48y TBe,
8cyp Siey, SMin,
5Co. 5Co, ®Co,
26A|

stack

1986

A0408

600 MeV

2ZNa. ®Mn, 5'Co

single target

1988

A0435

800-2600 MeV

43

14

7Be, 22Na, 24Na, 42K,
43K, 44mSC’ 4680,
4850, 48V, 48CI’, 51CI’,
52Mn, 54Mn, SGCO,
57C0, 58Co

stack

1989

A0479

61.7-2600 MeV

10

11

10Be, 26Al

stack

1990

A0501

1GeV

21

57Co, ®°Co, ¥Co.
52Ee. Mn, M,
S4Mn, Sy, By,
4850 4G 46ge
aag Mamg e 43ge
By a2 ZBMg,
%Na, ®Na, 'Be

ZTAI(P,X)?*Na

stack

1990

A0516

1600 MeV

58Co

ZTAI(P,X)*Na

stack

1992

A0519

1600 MeV

19

5Co. ®°Co, ®Co.
5Mn. 52Mn, 5'Cr,
ABCr, 48V, 488(:, 47SC,
4G Mge 47C BK
e ZSMg, 2Nja,
2Na, 'Be

ZTAI(P,X)*Na

stack

1993

A0748

650 MeV

19

ZNa, "Ar, %K. K,
43SC, 44mSC, 44SC,
4GSC, 4830’ 48V, 48CI‘,
Cr, 52Mn, >*Mn,
52Fe, SGCO, 47SC,
®Icy, 52Min

ZTAI(P,X)?Na,
ZTAI(P,X)**Na,
ZTAI(P,X)°Be

2006

A0811

1 GeV

l?N

single target

2007

B0073

7.1-63.1 MeV

125

125

48V, 51CI‘, 52Mn,
54Mn. %5Co, *°Co,
=

stack

1967

B0085

590 MeV

62

M, 52Fe, “Fe.
5C0, ©Mn, M,

ZTAIP,X)* Na

single target

1971

17




EXFOR
code
number

Energy range

Numbers of energies

Cross sections
measured

Numbers of

excitation functions

measured

Nuclides measured

Monitor reactions

Irradiation type

Year

48Cr, 49Cf, 51Cr, 48V,

52V, 53V, 43SC, 47SC,

“Ar, 38K, 42K, 43K,
34mC|, 38cl, 390|’
24Na, 28A|, 29A|,
4hge Hamge 4650
46mSC, ABSC, 52Mn,

52mMn, 56C0

C0226

730 MeV

11

lOBe’ 54Mn,

*ICr+°'Mn,
49V+49Cr, 44Ti, 4BSC,
45C3, 4OK, 42AI’, 328'

Fe(P,X)'°Be

1964

C0235

500-730 MeV

24

54\, 2Mn, BK,
42K, 39C|, 38C|, 36C|,
34mCI, 34mC|+38C|,
Al, *Na, ‘Be

1960

C0253

100-300 MeV

22Na, ZNa

ZTAI(P,X)*Na

1970

C0272

14.1-585 MeV

10

61

57C0, 56CO, 54Mn,

5500, 52Mn, SlCr,
48Cr' 48V, 488(:, 47SC,

468C, 44mSC, 44Ti,
43K, 42K, 24Na, EIN

ZTAI(P,X)**Na,
Fe(P,X)*Co

1971

C0275

340 MeV

30

*5Co, ®Co, >°Fe,
56Mn, 54Mn, 52Mn,
San, 51Cr, 49Cr,
48CI’, 49V, 48V’ 47V,
5Ti, *¥s¢, Vs,
4GSC, 44SC, 47C8.,
45(:8., 43K, 42K, 39C|,
38C|, 34C|, 358, SZP,
31Si, 24Na, 2Na

ZTAI(P,X)*Na

1952

C0276

0.16-6.2 GeV

°H, ¥ Ar

ZTAl(P,X)*Na,
YAu(P,X)"*Tb

Co277

0.16-3 GeV

w

He, “He, *Ar, ¥'Ar,
BAr, ¥Ar, 2Ne

ZTAI(P,X)**Na

1959

C0293

550 MeV

32P, 33P

ZTAI(P,X)**Na

1970

C0401

85 MeV

Be

ZTAI(P,X)**Na

stack

1966

C0555

139.7-500 MeV

14C

1998

C0836

450 MeV

H

ZTAI(P,X)*Na

1956

C1447

140-600 MeV

o |Rkr|lolk|k

35

%, By ey
52Mn, %Mn, %Co

ZTAI(P,X)*Na

2006

D0260

8.95-43.8 MeV

31

%5Co. 5'Co, 2Mn,
54Mn

single target

1976

D4026

5-45 MeV

81

81

56Co

Bcu(P,X)%zn,
Bcu(P,X)%zn,
5Cu(P,X)*zn,

stack

1994

D4058

5.6-23.9 MeV

31

31

*He, *°Co

1991

18
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S o
[ 43 @
EXFOR o 5 |2 2 >
code % S |2 B = Nuclides measured Monitor reactions — Year
n o T wn €T o
number = P DO 590 =
é 3 Um, 518 g > ©
5 E|QSR| E=S =
[ > = @ > < (5] s
LLl pd OE|Z2 3 E =
ZTAI(P,X)**Na,
27 22
%Co, *Co, *'Co, Cﬁl(ﬁ,))(())&zl\lna,
D4181 42-67.2 MeV 11 | 80 9 2Mn, %*Mn, *8v, o5 stack 2004
siep 480y 41ge CU(P,X)SGZH,
' ‘ Cu(P,X)>*Co,
Cu(P,X)*®Co
22Na 24Na 43K
43g¢, 47’SC, 48\,/, 51&:r!
56Mn, 5500, 5600,
E1251 500 MeV 1 21 ¥Co, 'Be, *K, stack 1991
44mSC 44SC 468(:
485 ézMn,’MMnl,
=
44mSC 4680 47SC
85c 54Mn. 2Fe.
58 . 48y 49~
Co, ™Cr, ™Cr,
E1923 100-230 MeV 2 32 14 51CI’, SGMH, SSCO, stack 2004
56Co 57C0 7Be 42K
4480: 4680,'41Ar', 43K’
56 54 52
Co, >*Mn, >*Mn,
00073 | 130-396 MeV 4 28 7 Sicy, By, $p TBe 1964
56CO 54Mn 52Mn
00077 0.5-2.9 CeV 5 55 11 | cr, *%cr, v, Y'sc, single target | 1968
44mSC, 32P, 24Na, 7Be
22Na. 26A| 44mSC
08¢ 7'Be, 4,3’K, 468,(:,
00078 660 MeV 1 16 45¢, By, 8Cr, *'Cr, ZTAIP,X)?*Na stack 1989
52Mn, %*Mn, %6Co,
57C0, 58Co
00080 | 57-2600 MeV | 14 | 19 2 “Na, ’Be ZTAI(P,X)**Na stack 1991
Be, 1Be, S,
46SC, 49V, SOV, 51V,
00085 0.6-21 CeV 2 28 13 ¢y, Sicr, %°Cr, 1976
3Cr, Cr, 3Mn,
54Mn, 5Mn
*®Co, **Mn, **Mn, ZTAI(P,X)*Na,
00088 600 MeV 1 8 cr, By, 4se, *Bse, | ZAI(P,X)*Na, 1975
Mg ZTAI(P,X)"Be
00094 1-2 GeV 2 4 2 “’Na, 'Be 2C(P,X)'Be stack 1975
®Ar, FAr, FAr, 27 2
00095 0.15-24 GeV 4 10 4 i2p, Al(P,X)*Na stack 1979
00098 | 800-2600 MeV | 3 6 2 “’Na, 'Be ZTAI(P,X)**Na stack 1990
00103 750 MeV 1 4 *He, *He ZTAI(P,X)*Na 1988
00104 108-600 MeV 4 4 1 “Ca 1987
00154 0'13§§\'/23'9 13 | 13 1 *H single target | 1976

19




EXFOR
code
number

Energy range

Numbers of energies

Cross sections
measured

Numbers of

excitation functions

measured

Nuclides measured

Monitor reactions

Irradiation type

Year

00159

660 MeV

30

57C0, 56C0, 5500,
*2Fe, **Mn, *’Mn,
SZmMn, 54Mn, Slcr,

49Cr, 48Cf, 48Vl 4880,

47SC, 4GSC, 44SC,
44mSC, 4380, 43K,
42K, 41Ar, 39C|, 38C|,
samc| stg’ 24N,
”Na, 'Be, *’Fe

ZTAI(P,X)?Na

stack

1995

00276

7.35-329 MeV

84

659

21

%Co. °'Co, ®Co.
%Co, %°Fe, **Mn,
54Mn. S1Cr, “Ti,

48V, 4850’ 415c. 46807
4amg 43 7 42K,
*cl, Al *Cr,

e, "Be

ZTAI(P,X)**Na,
Cu(P,X)%Zzn

stack

1997

00277

600-2600 MeV

106

27

%Co. °'Co, ¥Co.
55Co, 2Mn, *Mn,
S1Cy 48V’ 485C, 4c,
4G Mg 470,
43K, 42K, SGCI, ZGAI,
“BCr, 1Be, 'Be,
38AI‘, SGAI‘, 28Mg,
2Na, 2Na, 2Ne,
ZINe, ®Ne, “He, *He

ZTAIP,X)?*Na

stack

1995

00281

57.9-2600 MeV

13

14

1OBe, ZGAI

ZTAI(P,X)*Na

stack

1990

00283

150 MeV

38

*®Co, >Co, *°Fe,
3Fe, 52Fe, °Mn,
**Mn, **Mn, >*Mn,
51Cr, 49CI’, 48CI’, 48V,
an 45T 41ge
3¢, #sc, “*sc,
“1ca, *5Ca, 43K, 42K,
39C|, 38C|, 34mC|,
388, 358, SBP, 32P’
SlSi, ZSMg, 24Na,
ZZNa, 18F, 110, 7Be

ZTAI(P,X)*Na

1963

00284

214-399 MeV

24

176

17

5Co. ®*Co, ®Co.
55Co, *Mn, M,
8oy 4By 4G
sbge MM M3y
42 36C| B 2Ng
Be, Be

ZTAI(P,X)*Na,
ZTAI(P,X)*Na

stack

1996

20




8 »
> o
[ 43 @
EXFOR o 5 |2 2 >
code = 5 |2 S = Nuclides measured Monitor reactions c Year
© %) OT | v €T o
number Z = DO| 520 =
é 3 Um, 518 g > ©
5 E | QR EER =
[ > = @ > < (5] s
LLl =z OE|Z3E =
56C0, 55Col 55Fe,
ke, 52Fe, *°Mn,
54Mn, 52Mn, San,
51Cr’ 49Cr, 48CF, 48V,
47V, 47V, 45-“, 47SC,
00299 660 MeV 1 38 g, #mge, 4se, ZTAIP,X)*Na 1963
47Ca, 4SCa’ 43K, 42K,
39C|l 38C|l 34mC|,
385’ 355’ 33P, 32P,
;Si* 28Mg’ 24Na,
Na, °F, *C, ‘Be
00304 | 130-450 MeV 2 2 1 *H stack 1967
00305 | 2.05-6.2 GeV 2 2 1 *H ZTAIP,X)F stack 1959
00307 2.2 GeV 1 7 *H ZTAI(P,X)**Na stack 1955
00308 0.15-24 GeV 3 3 1 %cl ZTAI(P,X)*Na stack 1977
56Mn, 53mFe, SSFG,
48Cf, 49Cf, 48V, 42K,
43 38 24 38
K, ®Cl, *Na, *s,
00339 1.1 GeV 1 18 spp oe Mg, 1990
47SC, 4BSC, 52Mn,
52mMn
ZTAI(P,X)**Na,
27 24
3 Al(P,X)*Na,
00342 150MeV 1 1 H CP.X)IC, 1962
2c(P,X)'Be
00353 | 69.8-2600 MeV | 14 | 14 %C| ZTAI(P,X)**Na stack 1996
4 3 3 39
He, “He, °H, A, .
00361 0.16-0.43 GeV 2 13 2 BAr FAr BAr single target | 1958
>"Co, 5°Co, >°Co,
52Fe, 56Mn, 54Mn,
52 51 48 27 22
Mn, *“Cr, ™Cr, Al(P,X)*°Na,
00376 1000 MeV 1 19 48V, 485C, 4BSC, 27AI(P,X)7Be 1989
44mSC, 43K, 42K,
28Mg, 24Na, 22Na
56C0, SSCO’ 52Fe,
56Mn, 54Mn, 52Mn,
51 48 48
Cr, ™Cr, ™V,
00378 1000 MeV 1 18 ABSC, 47SC, AGSC, 1997
44mSC 44SC 438(:
43K,I4ZK, ’24Na '
47 46 44m
00410 | 150-600MeV | 3 | 12 5 SC’MKS%ZK sc, ZA1(P,X)?Na 1975
27 22
24 22 Al(P,X) Na,
00412 400 MeV 1 2 Na, ““Na 2A1(P.X)%Na stack 1967
00476 | 9.61-232MeV | 15 | 15 1 *He 1960
SSCO, 57C0, SBCO,
00498 3-30 MeV 28 | 174 7 %5Co, **Mn, **Fe, stack 1997
52Mn
45 44 43 38
00584 | 059-183Gev | 2 | 14 | 2 K, K4’2KK’ Kol 272810, xy%Na 1965

21
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[ 43 @
EXFOR o 5 |2 2 >
code % 5 |2 S i Nuclides measured Monitor reactions c Year
number = £ 1833|2258 2
3 3 Um, 5|8 T > o
5 E | QR EER =
[ > = @ > < (5] s
LLl =z OE|Z3E =
00664 558 MeV 1072 1H, 2H 1976
SSCO, 48\/l 47SC, 27AI(P,X)22Na,
00728 | 86.7-352.7 MeV | 17 | 129 9 “mge. S2Fe, S*Mn, ZTAIP,X)**Na, stack 1999
*2Mn, 2Cr, ®Cr Cu(P,X)%Zn
ZTAI(P,X)?Na,
00729 | 86.7-352.8 MeV | 13 | 13 1 7Be ZTAI(P,X)*Na, stack 1998
Cu(P,X)%zn
00803 | 17.2-1600 MeV | 16 | 16 1 *Mn stack 2000
01229 | 17.2-2600 MeV | 16 | 17 1 *Mn stack 2000
TH, 2H, *H, *He,
01305 | 1200 MeV 1| 13 He, °He, °Li, 'Li, 2006
8Li, °Li, 'Be, °Be,
10ge
52 54 55
01631 | 477-2494MeV | 5 | 60 5 ngFeME,Q'COFe’ 2007
57C0, 56’00, 5500,
2Fe, 5Mn, %2Mn,
51Cr’ 48Cr, 48V,
T0131 590 MeV 1 | 19 *83c, ¥'Sc, “°sc, ZTAI(P,X)*Na 1976
44mSC 43K 42K
2Mg, é4Na: ZZNé,
Be
T0149 750 MeV 1 2 *He, *He ZTAI(P,X)**Na stack 1988
58C0, 57C0, 56C0,
T0276 | 5.8-52.7MeV | 47 | 49 7 8\, ¥Mn, %M, ZTAI(P,X)*Na 1979

51(:r

22




54|:e

A0501

1GeV

14

*2Fe, *2Mn, **Cr,
8op 48y 4Tgc Hge
44mSC' 4480, 43SC,
43K, 42K, 24Na, 22Na

ZTAI(P,X)**Na

stack

1990

B0049

21.5 MeV

%re

83Cu(P,X)*zn

1955

00166

31.33-40.54
MeV

45

1H

single target

1964

00291

28.8-61.5 MeV

6630

"H, *H, °H, *He, “He

1970

Fe

A0195

22 MeV

=

stack

1983

B0041

15-39 MeV

15

e, %Mn

stack

1970

B0050

21.5 MeV

ke

®Cu(P,X)*Zn,
S6Fe(P,X)**Co

mixed
monitor

1955

C0454

800 MeV

39

*Co, *Fe, *'Mn,
52Mn, 52mMn'
SOmMn' Slcr' 49Cr,
48Cr' 53V, 48v, 51-“,
488C' 47SC, 4680,
44SC, 44mSC, 43SC,
4250’ 42 ’ 38mK7
“Ar, *ci, *cl,
34mCI, 32C|, 388, 35P,
si, °si, ©Al, #Al,

25N6{, 2N, 2Na,
23Ne, ZOF, 56Fe, 54Fe,
S2pe S4cr, 52,
0Cr, 30Ti, “®Ti, “°Ti,
*Ti, *°Ca, “Ca,
4ZCa, 4°Ca, 42Ar,
40Ar, 38Ar, 36Ar, 368,
345’ 325’ 305’ 288,
ZZNE, ZONe’ 140

1997

C0481

5.5-23.5 MeV

°Fe, 5°Fe, Co

1981

00044

150 MeV

°H

“TAI(P,X)**Na,
2C(P,X)"'C

single target

1961

00046

600 MeV

"H, *H, °H, *He, “He

single target

1975

00096

51.9 MeV

L

RO e

°H

single target

1974

00097

500 MeV

21

e 5*Mn, ®Mn,
ABCr, 4880, 4680’
44SC, 44mSC, mK,
Be, *'Co, %°Co,
SSCO’ 56Mn, 51Cr,
48V’ 47SC, 43SC, 43K,
24Na, 22Na

stack

1991

00294

61.5 MeV

2162

14, 2H, 3H, *He, “He

1969

00807

960 MeV

ke, Fe, *Fe,
55\, BMn, Cr.
2Cr, 8Ti, “Ca

1975

01086

190 MeV

20

"H

2004

01307

29.9 MeV

739

'H, “He

2005

01591

22-1600 MeV

26

168

He, “He, “Ne,
2\g BAr BAr

ZTAl(P,X)**Na

stack

2008

23




Table 1.2.3. The EXFOR-listed product nuclides measured in Ni(p,X) reactions.

o)
> 3 % 2 @
$ | 3|82 S
(5} a5} )
EXFOR ¢ |5|E|5 c
code | & [S|5|c2 Nuclides measured Monitor reaction % Year
— == D +—
number > |2 |B|EE 5
g | E|lalg £
u Z| 38| =
o
NatNi
59Fe SSCO 56C0 57Co 58C0 GOCO 56Ni
A0100 12_8879. 26 [369] 8 | °'Ni, **™sc, **sc, *'sc, v, “cr, *cr, 2TAI(P,3N+3P)*Na stack |1983
. 52 54
Mn, >*Mn
A0168| 22 |1 |5 %Co, 5'Co, %8Co, *°Co, *'Ni stack |1981
46 48 48 51 52 54 7
Sc, *°V, T°Cr, >°Cr, >*Mn, *Mn, 'Be,
A0344 {98-600| 4 |16 1 59Fe, SGCO, 57CO, 58C0, 57Ni,26A|,41C&l stack | 1986
51 52 56 57 58 56n1: 57N 65 65 A
Cr, >*Mn, >Co, *'Co, >°Co, *°Ni, >'Ni, Cu(P,N)>*Zn single
A0351 | 11-98 | 10 | 65 f0cy 2 AL (P X)*Na target 1987
A0408 | 600 | 1 |3 22Nja, 5*Mn, ©Co single |} ggg
target
57.2- 10 26
A0479 | Do00 | 11|12 Be, Al stack | 1990
A0481 ggg(') 3|21 7 2Ne, 2Ne, 2Ne, *°Ar, *®Ar, °He, “He stack |1990
A0497 %)538891' 16 | 57 52Fe, S5Fe, Fe stack |1990
57Ni, 42K, 43K, 438C, 44mSC, 44SC, AGSC,
47 48 48 48 49 51 52 H
Sc, *Sc, "V, 7°Cr, *Cr, **Cr, >*Mn, 27 2 single
A0502| 660 | 1 |22 SMn. M. S2Fe, FFe. 5Co. %50, 'Co. Al(P,N+3P)*Na target 1990
SBCO
Be, #Na, **Na, “Ca, **Ca, *sc, “°Sc,
A0516 | 1600 | 1 |20 ¢, BV, BCr, °'Cr, *>Mn, **Mn, *°Fe, ZTAI(P,3N+3P)*Na stack |1992
5600’ 57C0, 5300’ 60C0, 56Ni’ 57N
B0020 | 182 |15 |15 Co stack | 1972
56.6
B0083 E?z 19 |109 ®1Cu, *Co, %Co, ¥’Co, *Co, ®Co, >Mn stack [1978

24




56Ni, 57Ni, 60C0, 61C0, 44SC, 44mSC, 468Cl

47 48 48 49 51 56 42 43 -
Sc, *°Sc, *°Cr, *Cr, >*Cr, >°Cr, “K, "K, 27 2% single
B0085 | 590 | 1 |28 e S 2 S, S, SHFe AI(P,X)*Na tanget | 1971
48V, 53V, SSCO, SGCO, 57C0, SSCO, 58mC0
B0098 11863' 34 |162 %Co, %Co, Co, ®Co, *Ni. “/Ni stack | 1976
C0236 | 2800 | 1 | 3 9L, 1°C, 'N single |, g6
target
C0253 [100-300| 3 | 6 2Na, %Na single |, 574
target
C0203| 550 | 1|2 2p, p ZAIP3N+3P)PNa | SN9€ | 1970
target
C0401 | 65-85 | 2 | 2 "Be stack | 1966
137.9- 14 single
€055 | "o | 5 | 5 c targt | 1998
C0836 | 450 | 1 |1 M ZA1(P.X)% Na single | ; g5
target
46 48 51 52 54 56 57 i
Sc, ™V, 7°Cr, >Mn, >*Mn, >°Co, 'Co, 27 2 single
C1447 |140-500 6 |62 58C0, GOCO, 56Ni,57Ni,59Fe Al (P,X) Na target 2006
63 62 -
55 56~ 57~ 58~ 56N[i 57N Cu(P,2N)>Zn single
D0303 24 1|6 Co, >°Co, °'Co, *°Co, Ni, *'Ni 65Cu(P,N)6SZn target 2001
12.716- 55 single
DO393 | 5o'zs | 17 |17 Co target | 1996
D0479| 29 | 1|7 57Nii, Co, %Co, ¥'Co, *Co, ®'Cu, ®Cu single | g
target
8Cu(P,N)*zn
D4002 [7.9-29.6| 54 |120 %5Co, *Co, *'Co 83Cu (P,2N) ®2zn stack |1991
%Cu (P,N) *zn
D4058 [7.6-24.8| 17 | 19 “He, ¥Co single | ; 999
target
D4062 1423;3_ 75 | 75 SN stack | 1998
D4080 12%% 67 | 67 SN stack | 1991
D4106 gﬁg 25 | 25 SN stack | 2002
7Be, 24Na, “Ar, 42K, 435(:, 44SC, 4680’ 47SC,
E1251| 500 | 1 |23 8BCr, BV, 51Cr, 2Mn, 3*Mn, %*Mn, 52Fe, stack |1991
55Co, %Co, 9'Co, Co, ®Ni. 'Ni
E1864 25%88 16 | 40 55Fe, NI, “'Ni, Ni stack | 1990
E1865 g;’%i 17 | 17 e, BNi stack | 1991

25




"Be, “'Ar, 2K, 3K, s¢, “sc, %S¢, V7S¢,

E1923| 100 | 1 |38 B3¢, %8Cr, *°Cr, °Cr, **Mn, *Mn, 5Fe, stack |2004
56C0’ 57C0, SSCO’ GOCO, 61C0, 57Ni
00073 [130-396| 4 |28 *Co, *Mn, **Mn, *'Cr, 8V, %P, 'Be ZTAI(P,N+3P)**Na 1964
500- *Co, *Mn, **Mn, *Cr, 8V, P, #Na, 27 24 single
00077 | 5500 | 5 |40 "Be Al(P,N+3P)*Na target 1968
2Na, %Al “°sc, 1°Be, "Be, “V, “8Cr,
00078 | 660 | 1 |17 S1Cr, 52Mn, %*Mn, *°Fe, **Co, *'Co, *Co, 2TAl(P,X)**Na stack | 1989
60 56N1: 57N
Co, Ni, >'Ni
600- 26 27 22
00080 | »z00 | 5 | 5 Al Al(P,3N+3P)?*’Na stack | 1991
57ny; 60 58 57 56 54 52
Ni, "Co, *"Co, *'Co, °Co, >*Mn, **Mn,
00088 | 600 | 1 |12 Sicy, %y, 4Tge. 4650 Mg 1975
1000- 22 7
00094 | oos | 2 | 4 Na, 'Be 1975
150- 36p, 38a, 39A. 42 27 2
00095 | 5,000 | 3 |12 Ar, Ar, SAr, 2Ar Al(P,3N+3P)*’Na stack | 1979
7Be, 24Na, 41K, 42K, 43K, 4SSC, 44SC, 47SC,
00097 | 500 | 1 |23 8gc, v, “8Cr, SICr, **Mn, 3*Mn, **Mn, stack |1991
*’Fe, ®Co, *Co, *'Co, **Co, *Ni, *'Ni
800- 7 22 27 22
00098 | <00 | 3 | 6 Be, ??Na Al(P,3N+3P)*Na stack | 1990
00103| 750 | 1 |2 *He, “He 2TAI(P,X)**Na 1988
00104 |98-600| 4 | 4 “Ca 1987
7 10 22 36 44m 46 44—+
Be, “"Be, ““Na, *°ClI, *""'Sc, *Sc, *"Ti, 27 2
00276 12020 33 |466 8By, 8Cr, 5iCr, 52Mn, *Mn, **Co, %Co, CAI(F}’D’)>(()65Z’\:1a stack | 1997
57C0, SSCO’ GOCO, 56Ni,57Ni,59Fe u(P,X)
3He, “He, 'Be, °Be, ?Ne, *Ne, %*Ne,
800. 23Ne, 22Na, 24Na, 26A|, 3GCr’ 36Ar’ 38Ar’
00277 | Heng | 4 |118 2K BK, ¥Mse, Hse, 4se, By, cr, e, ZTAI(P,X)**Na stack | 1995
52Mn, 54Mn, 59Fe, 55C0, SGCO’ 57C0, 58C0,
6000’ 56Ni, 57Ni
53.3- 10 26 27 22
00281 | So0 | 13 |17 Be, Al Al(P,X)**Na stack | 1990
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7Be, IOBe, 22Na’ 36C|, 44mSC, 4680, 48Crl

ZTAI(P,X)*Na

00284 [211-385 22 (233 ®1Cr, 2Mn, **Mn, %*Co, *'Co, *®Co, *Co, stack |1996
56p(: 57n1: 59 ZTAl(P,X)**Na
Ni, >'Ni, ~Fe
106- 36 27 2
00353 | 5500 | 13 |13 Cl Al(P,X)*Na stack | 1996
27 22
2N, 24 Al(P,X)*“Na
00412| 400 | 1 |2 Na, *Na 21 AI(P ) Na stack | 1967
00476 3'263;9 15 [ 15 “He 1960
00530| 66 | 1 |1 S5Fe single | 159,
target
00584 1%%%-0 2 |7 K, *K, K, “K, K ZTAI(P,X)**Na 1965
57ny; 55 52 52m 52 49 48 -
Ni, Co, >Fe, >*"Mn, >*Mn, =Cr, *Cr, single
00768 850 | 1 |12 4mge g 43ge My, Mo target 2000
33.5- 53 60
01229 | 500 | 9 |18 Mn, ©Fe stack | 2000
1.3- H, 2H, °H, *He, *He, ®He, °Li, "Li, 8Li,
01305 | oo | 13 |13 L. "Be, Be, 'ge 2006
01313| 184 | 3 | 3 SN “Cu(P,2N)*Zn stack | 2005
27.3 5Cu(P,N)*zn
56pn1; 56 58 57n1; 57 55 60
01503 [5.5-27.4| 42 222 Ni, **Co, ™Co, 61’;{; Co, ™Co, "Cu, stack | 2007
01591 [24-1590| 24 {130 *He, *He, #Ne, #Ne, *Ar, ®Ar 2TAl(P,3N+3P)?Na stack | 2008
148- a 27 2
01741 1400 | 8 | 8 Ca Al(P,X)*Na 2004
P0030 [34.5-74| 8 |15 53Fe, ¥MFe %Co(P,N+P)*Co 1967
TO149 | 750 | 1 | 2 *He, *He ZTAl(P,X)**Na 1988
4N
A0013 | 1000 | 1 |1 17N ZAIP,X)YN 1977
B3N, ©Ni, %Ni, ®INi, ®°Ni, *°Ni, 58N,
61 60 59 58 57 58 57
Co, "Co, >*Co, >"Co, >'Co, *°Fe, 'Fe,
D6056 136 1 23 SGFE, 55Fe, 54Fe, SSMn, 54Mn, SBMn, 54Cr, 1977
3Cr, 2Cr
00132 [100-136| 2 | 2 s4cr single |} gq1)
target
62Ni
A0013 | 1000 | 1 | 1 N ZA1(P,X)VN single | 1 77
target
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®2Ni, ®INi, ©Ni, ®Ni, *®Ni, >'Ni, 61Co,
¢Co, ¥°Co, %Co, ¥'Co, *Co, *°Co,*Fe,
%8Fe, 57Fe, SFe, *°Fe, 54Fe, *°Fe, S°Fe,

D6056 | 136 | 1 |46 S\ M. SMn. SMn. M. IMn 1977
s4cr, 53’Cr, 52C,:r, 51C'r, SOCI‘: 51/ 5’on 49\'/1
48V’ 48-“
GONi
B0020 |27-56.5| 16 | 34 %8Co, 5'Ni, **Co, **Mn stack |1972
61Cu, GOCU, 57Ni, 56Ni, 61C0, 6°C0, 5800,
C0478 |80-164| 4 |82 %Co, %Co, *°Co, *°Fe, %°Fe, *Mn, **Mn, 1980
52 51
Mn, >*Cr
6°Ni, 59Ni, 58Ni, 57Ni, 59C0, 5800' 57001
56 54 58 57 56 55 54
Co, >"Co, °Fe, 'Fe, Fe, >Fe, >"Fe,
D6056 | 23-28 | 6 |28 e, M. M. M. Mn. #Cr. ¥Cr, 1977
SZCF, 51Cf, SOCF, 50\/: 49V| 48V
E1865 a%%%' 8 |8 ke, ®Ni stack | 1991
58Ni
A0013 | 1000 | 1 | 1 N 2A1(P,X)VN single | 177
target
A0025 | 1000 | 1 |13 “2Ca, “Ca, “°Ti, “8Ti, %°Cr, 52Cr, 5*Fe f;?g;’ 1978
A0195 | 22 111 >'Ni stack | 1983
A0497 f;‘ggg 45 | 45 52Fe stack | 1990
B0020 | 9-56.7 | 27 | 76 Ni, 5°Co, *°Fe, %2Fe, %Co, >Mn stack |1972
B0049 | 215 | 1 |1 >Ni 83cu(P,N)*zn 1955
B0083 jj'?é 19 |35 SN, SN stack | 1978
57n1; 56pNp; 57 56 55 52 54
Ni, °Ni, *‘Co, >°Co, >Co, >Fe, **Mn,
C0478 |80-164 | 33 | 39 20 Sy Oy #or By s Mg, 1980
C1012 132927 28 | 52 %6Co, %Ni, >'Ni 1964
Cu(P,X)*zn
D4078 |7.7-45.6 55 [138 **Co, **Co, *Ni, *'Ni Cu(P,X)%zn stack | 1998
Ti(P,X)*®V
%N, °"Ni, °'Co, *®Co, **Co, ®Fe, *°Fe,
54 55 54 53 52 51
Fe, °Mn, >*Mn, >*Mn, >*Mn, >~Mn,
D6056 |80-164 | 4 |98 oM. S2Cr. Sler S9Cr. Oy 0y 49y 4y 1977
) 1 1 49-Ili 1 ) ) )
00137 90 | 1 |5 H, 2H, °H, *He, *He single | ; 99
target
57Ni, 56Ni, 5300’ 57C0, 5600’ 55Co, 53Fe,
52Fg, %*Mn, %*Mn, 3*Cr, “°Cr, “8Cr, 8V, ZTAI(P,X)**Na
00980 | 2600 | 1 |38 B3¢, 7S¢, °Sc, “sc, ©sc, PK, K, FK, ZTAI(P,X)**Na 2001

4pr, 3cl, ®Bcl, #Cl, 2Al, Mg, 7'M,
%Na, 2Na, 'Be

ZTAl(P,X)"Be

Table 1.2.4. The EXFOR-listed product nuclides measured in “*Nb(p,x) reactions.
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g |2
> é’g 2 8
ks >
EXFOR| 2 | & SIS E =
code | o “g% g§§ Nuclides measured Monitor reaction % Year
number| £ E? EE g =
x €D |5 =
> x —
=z LLi
A0177 | 20-45 | 4 | 4 *H stack |1980
A0294 122;1 27|43 8Zr, %™Nb stack |1986
800- 7 27 22 single
A0491 | o0 |3 |3 Be Al(P,3N+3P)?*’Na target 1990
12.9- 92m 65 single
A0695 | o 18|18 Nb Cu(P,X)%2zn target 1974
C0236| 2.8 |13 %Li, C, I'N single; g6
target
C0203 | 550 |12 2p, 3p 27A1(P,3N+3P)2Na i;’;gé? 1970
240- %Nb, #Nb, #zr, #zr, #zr, ¢’Cu, Cu, *'Cu, 27 24 single
C0335 | “o0 | 4 (52| 13 N, BN, N, 2N, 2Na Al (P,3P+N)*Na target 1964
ZTAl (P, X) *Na
27 22
. 7 Al(P,X) *Na
D0054 [38.8-95/ 7 | 7 Be Cu(P X)%zn stack |1993
Cu(P,N)®zn
ZTAl (P, X) *Na
27 22
. 7 Al(P,X) *Na
D4036 [38.8-95/ 7 | 7 Be Cu(P X)%zn stack |1994
5Cu(P,N)*Zn
Cu(P,X) ZZZn
i Opjp 9In(h 867, 885, 895 85\, 87y, 87m Cu (P,X) ®zn
D4212 %679171 1081 Nb, ““Nb, 20 gy 2l h Y Y Y Cu (P.X)**Co stack | 2008
: : ZTAl (P,X) *Na
ZTAl(P,X) *Na
E1936 |50-390|32 345 H single) 5
target
00008 | S0 |3 | 4 "Be, Na Al (P3N+3P)2Na | stack |1990
8.64- 1 2y 4 single
00158 | (o 233557 H, ?H, *He target 1980
7Be, 22Na, 4GSC, 48V, 51Cr’ 52Mn, 54Mn, SGCO,
58 60 59 65 67 68 69 71
Co, "Co, Fe, ™Zn, °'Ga, "Ge, ~Ge, “As, 27 2
00276 éggg 531628 "As, "“As, "?Se, Se, ""Br, "°Kr, ®Rb, ¥Rb, C’ﬁ'((g';(())es'z\': stack [1997
BZSr, BSSI', 858[', 86Y, 87Y, 87mY, BSY, 8621’, SSZI', ’
8Zr, °Nb, “Nb
ZTAl (P,N+3P) “Na
27 22 B
3 Al (P,3D) ““Na single
00342 | 150 |11 H P Xlic target 1962
2C(P,X)'Be
27 24
2N, 24 Al (P,X) “"Na
00412 | 400 (1|2 Na, “'Na 2A1(P.X) ?Na stack [1967
00466 | 600 |13 %Rb, #Rb, ®Rb ZTAI(P,X) ®Na stack [1979
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8 [%)]
> | Bk S g
35 4B >
EXFOR| 2 |BE 858 _ . . s
code | & |SBdc 3 Nuclides measured Monitor reaction = |Year
number| £ |$B 48 2 k=]
I L ES e -%
© €D |5 =
> X e
2 L
00503 | 2% |21]21 H i;’;g: 1998
76 7 78 79 80 81 83 85 87
Sr, *'Sr, *°Sr, Sr, ~Sr, *°Sr, *°Sr, *°Sr, “'Sr,
00762 600 1123 30Y 31Y 32Y 33Y 34Y 35Y 36Y 37Y 39Y stack {1992
70 71 72 73 74 75 76 7 H
Br, ““Br, ““Br, “Br, “Br, "Br, "°Br, “'Br, single
00763 | 600 |1 (17 78, Mg, O, Yy ;. Sgy Mg, Bpr target 1981
*Rb, Rb, "®Rb, ""Rb, "®Rb, Rb, ®Rb, *Rb,
82 83 84 85 86 87 70 71 H
Rb, *°Rb, *"Rb, *°Rb, "°Rb, “'Rb, "Br, "*Br, single
00834 | 600 | 131 2By, *Br, ™Br, "Br, "°Br, "'Br, "°Br, "Br térget 1986
’ 8‘JBr’, 81Br’, 8ZBr’, 83Br’, 84Br’, ®Br
*Rb, ™Rb, "Rb, "Rb, ®Rb, ”Rb, ®Rb, *Rb,
00838 82Rb, #Rb, #Rb, ®*Rb, ®*Rb, ¥'Rb, Br, "'Br, single
600 | 116 "2Br, "Br, “Br, "Br, "°Br, "'Br, "®Br, B, target 1984
8py, 8By, 82y, &y, 8By, B
“*Mo, ®Mo, *Nb, ®Nb, ®Nb, *zr, ®zr, ¥'zr,
BGZF, 84Y, BSY, BGY, 87Y, BBY, 90Y, SSSI', SSSI',
BZSr, 81Sr, 84Rb, 83Rb' ssz' 81Rb, 79Rb, 77Kr,
®Kr, "Br, "Br, "Br, "°Se, "*Se, “Se, "As, ZTAl (P,X) **Na sinale
00981 | 2600 | 1 |84 2ps, MAs, PAs, ¥Ge, ©'Ge," Ga, ©Ga, “zn, ZTAIP,X) #Na target 2001
857n, ®2zn, ®'cu, ®Cu, *'Ni, *Co, **Co, °*'Co, ZTA (P,X)'Be 9
SGCO, SSCO, 59Fe, 56Mn, 52Mn, 51Cf, ABCr, 48V,
488C, 47SC, 4GSC, 44SC, 43K, 42K, 41AI’, 39C|7
34C|, 28Mg’ 27Mg, 24Na, 7Be
Table 1.2.5. The EXFOR-listed product nuclides measured in ***Ta(p,x) reactions.
> |8 2 ®
S |2 S o
EXFOR %ﬁggggeg ) ) ) g
code S 08283 ca Nuclides measured Monitor reaction | = |Year
number | > gggéégg =
= |E0 F5% =
L zZ ) -
117m 117 116m 115m 114m 113m 112m
In In In In In In
A0095 660 [1| 13 ' In 11’1In 110m’In 110|n’ 109In 1’07|n ' 1981
C0236 | 1000 [1| 3 YN, *°C, °Li 1965
1000 - 24 27 24
C0286 | 3700 |3| 3 1 Na Al(p,x)**Na 1958
C0293 | 550 |1| 2 $p %2p ZTAl(p,x)*Na 1970
115mCd llscd 113Ag 112Ag 111/6\g 109Pd 99MO
C0297 | 450 |1 19 8gr, 5Rb, "As, °As, “As, "?As, *’Cu, *Cu, ZTAl(p,x)*Na 1955
81Cu, ® Ni, ®Ni *Fe
171Lu 168Lu 166Yb 167 Tm 165-|—m 160Er 153 Tb
C0324 | 580 27 2Tp, 'Th, *°Gd, *'Gd, **°Gd, *°Eu, **°Nd, 1971
139CE, 137mce’ 134Ce
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> |3 2 ®
L O »n o o
= 131556558 =
EXFOR| & |G|E 2o » S g c
code g |° & §§é§ z Nuclides measured Monitor reaction % Year
number | > ggggggg 5
= £S5 P78 g
m |2 & =
178W I77 W 176W 178m-|—a 177—I—a 175Hf 173
171Hf 170Lu 169Yb 166Yb 167Tm 165-|-m 160Er 135
Ce C 131 Ba 129m B IZSBa 129 CS 127CS
121-|-e 119m-|-e 116-|- 114m|n 111|n 110m| 109|n 115m
C0353 | 340 |1]| 62 Cd, 15¢d, 197cq, 113Ag 112Ag 111Ag 11"mAg 1955
105Ag, 109Pd, 106mRh, 105Rh, 101mRh, 105RU, 103Rul
QYRU, 972r, 952r' ler' SQSI,, 83Br, SZBr, SOmBr, 77AS,
®As, As, ™ Ga, "*Ga, °'Cu, **Cu, *°Ni, ®Ni,
61C0, 59Fe, SGMn, 52Mn, 43K, 42K, ZSMg, 24Na
181 179 178 177 176 180 179 178m
W, "W, "W, -W, "W, T Ta, " Ta, Ta,
C0402 |24-84|9 68 15 177Ta 175Ta 174Ta 173Ta 130me 175Hf 173Hf 65CU(p,X)GACU stack| 1963
176Ta 175—I—a 180Hf 175Hf 173Hf 172Hf 170Hf
6277Lu';174|‘u',27:|‘u: 12?_“: 1713'0‘”: 169L6u: 169Yt;7
1 167 1 1 1 15 155
Yb ' Tm, >Tm, ~"Tm, "Dy, ~°Thb, ~Tb,
E1241 500 (1] 44 154Tb, 153Tb, 151Tb, 14ng’ 147Gd)’/146Gd’ 147Eu, stack| 1985
146EU, 145EU, 147Nd, 143C€, lSQCe, 133|, 131|, 87Y,
86Y, BSSr, SSRb, 57C0, 96TC, 92Nb
10 9 7 9y : 8 : 7y 6p: 51 : 4y 31 ;3
01305 | 1200 | 1| 13 Be, “Be, ‘Be, "L, IE;_| I1_|l| Li, °Li, "Li, °Li, °H, 2006
ZAl(p.x)*Na,
100 _ 178m-|—a, 180m2Hf, 179m2Hf, l77m2Hf, 175Hf, 172Hf, natCu X 622“,
A0598 500 5| 52 11 10y 177my ) 171y ) 169 ) 167) ) natW(E)p’X))lEilR& stack| 2003
lg7AU(p,X)lngg
29.3 - 178m—., 178
B0032 136 8| 8 2 Ta,"Ta current transformer 1973
19 - 180 63 63
BOO72 | 55, (6] 6 1 Ta Cu(p.x)*zn 1954
38.9 - 175
B0098 832 21| 21 1 Hf 1976
450- 149
C0572 3000 9| 9 1 Tb 1964
182-|- 181Hf 175Hf 172Hf 174Lu 173Lu 169Yb
600 168T 153Gd 151Gd 149Gd 14SGd 147Gd 145Gd
C1225 | g0 |2 71 33 |YPm, 144Pm B39ce 1333a 1315a 127Xe 131| 126| ZTAl(p,x)*Na 2005
mth, 95Nb, BSZr' 88Y, 83Rb, 7SBr, MSe, BSZn,
59Fe, 54Mn, 48V, 4680
nat
171y ¢ 170, 4 177) |, 172 |, 171; ,, 170; ,, 169 Cu(p,x)61Cu,
C1650 11%%2’ 2| 15 7 HIEZHE, L“’m'ﬁ‘n’ Lu, 7Lu, L, "INi(p,x)57Ni,  [stack| 2008
' ZTAl(p,x)*Na
E1981 ‘gggg 1] 56 | 7 18075 77T 16T, 15T 5, 113f, 119 MCu(px)®Co  lstack| 2004
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> |2 2 @
- |26 w6 © S ¢ 2
EXFOR | 8 18|53 8¢5 ¢ =
code S (0|2 288¢c 7 Nuclides measured Monitor reaction | .= |Year
number | > g@%%%%% -_‘g
5 E[C 35 =
m |2 & =
176T 175T 175Hf 173Hf 172 Hf 170Hf 177me
174Hf 173Hf 172Hf 171Hf 169LU 169Yb 167Tm
166: 165 166m1 160m1 157 156
Tm, >Tm, Ho, Ho, Th,
00296 | 500 |1| 42 55T 154-|-b 153-|-b 151-|-b 14QGd 147Gd 146Gy, 1985
147Nd, 147EU, 146EU, 145EU, 143Ce, 139Ce, 133|’ 131|’
96TC, gszb, 87Y, 86Y, BSSr, 83Rb, 57C0
27 24
248, 22 Al(p,x)""'Na,
00412 | 500 (1| 2 Na, ““Na 27A|(p’x)22Na stack| 1967
00512 | 590 |1| 4 %8 Tm, " Tm ZAl(p,x)**Na  Istack| 1976
00678 1128%%' 2| 4 2 ’H'H 1999
235 - 149 27 24
00908 | 705 |7| 7 1 Th Al(p,x)**Na 2001
178W, 181Hf, 179me| 178me: 175Hf, 177m LU' 174mLU,
174LU 173LU 172Lu 171Lu 170Lu 168-|—m 167Tm
166Dy 160Tb 156-|—b 155-|—b 1SSGd lSlGd 149Gd
100 _ 146Gd 149Eu 148Eu 147Eu 146Eu 145Eu 148um
01038 600 3| 132 42 148Pm’ 144Pm, 143Pm, 1398&, 14083., 1338a, gy 2002
1138“, 136Ce, 110mAg, 106mAg, lOSAg, lOOPd’ loszh,
101Rh, 95Nb, leNb, 882r, 88Y, 87Y, 858r, 84Rb,
83Rb, 7556‘, 725e, GSZn, 74AS, GOCO, SGCO, 59Fe, 48V
177-|—a 176Ta 175-|—a 179me 175Hf 173Hf 172Hf
171Hf”170Hf”177m L,U' 174Lu’, 173Lu’, 172Llj, 171Llj,
10|y 169y 169y 166y} 168y 167y 165
160Er, 157Dy, 155Dy, 156Tb, 155Tb, 153Tb, 152-|—b’
151Tb, 1536d, 151Gd, 14ng, 147Gd, lAGGd, 149EU,
816 _ 148EU, 147EU, 146EU, 145EU, 144Pm, 143Pm, 139C€, 27A| X 22Na,
01099 2500 35| 798 90 1350 1340 133gy 131, 1285, 1290 127y “atcé?p,z)%zn stack| 2002
121mTe, llnge, llQTe, 1138”, 111|n, 110mAg, 106mAg,
lOSAg, 102mRh, 102Rh, lOth’ 103RU, 96TC, ngr,
SBZr, 88Y, 87Y, BSSr, str, 84Rb, 83Rb, 7589, 74AS,
7n, ®Co, *Co, *'Co, *°Co, *°Fe, **Mn, **Mn,
48V, 4630’ 28Mg, 24Na, ZZNa, 7Be
400- 148 27 22
01733 2600 6| 6 1 Gd Al(p,x)*Na stack| 2002
Table 1.2.6. The EXFOR-Ilisted product nuclides measured in W(p,X) reactions.
(72}
% [«b]
<& y— 2 — = Qo
exeor| € |58/2E[5 2 £
Code > |29/8 2|2 <c 3 Nuclides measured Monitor reactions | -2 | Year
number | 5 |[E5|82g|ES¢g =
S |z eElzs &
w @) 'S =
)
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(72}
c
® @ 2 g
S Y— “— s
EXFOR| § |2 8|88|o S8 2
Code > 228 2|8 ¢ 3 Nuclides measured Monitor reactions % Year
number | 5 |E5|8g|lESg =
S |2 = ] &
w O 'S =
3
NatW
A0179 1577.96- 15 | 39 2 %R, 18Re current transformer |stack | 1979
177W 176W 184 T 183Ta 182Ta 176Ta 175Ta
174Ta 181Hf 173Hf 171Hf 170Hf 171Lu 170Lu
169Lu 167Lu 167Yb 166Yb 166Tm 165Tm
163-|-m' 161-|-r,;1 161Hb 160H’0 157Hc; 156H0'
155Tb 15é-|—b 1521|—b 151-i—b 1491’—b 147-|—’b 151G’d
149 ’147 ' 146 ’145 X 149 ' 147 ! 146 '
Gd, *'Gd, "Gd, ™Gd, “"Eu, **'Eu, “"Eu,
A0721 | 2600 | 1 96 139mNd 139Ce 135Ce 132Ce 132La l3lBa 1zeBa ZTAl(p,x)**Na 2000
129CS 127Xe 125xe 123Xe lZer 121Te 119Te
117Te, 1155b, 1133[1, 111|n’ 109|n, 105Ag7 100Pd,
IOORh, gngh, 97RU, 90Nb, SQZr, 882[‘, 88Y, 87Y,
83Sr, SSRb, 77Kr, 7556, 738e, 5lCr, 48V, 43K,
ZBMg, 24Na
C0236 12%%% 2 |6 | 3 1N, 15C, L 1965
184Re 183Re, 182Ta. 181Hf 175Hf 172Hf 174Lu
173) 4, ingb 168Yb'167Yb' 153Ga 151G’d 149G'd
C1225 %%%’ 2 | 72 148Gd 149Eu YBEY, 15pm **pm, ¥%Ce, ¥Ba,|  ZAl(p,x)*Na 2005
13lBa 127Xe 102Rh 95Nb 882r 88Y 83Rb 758e
Tias, 70, 59Fe, 54Mn, 48V7 465,
18.9 - 184, 183p, 182mpy,. 1825, 181 184, 183 27AI(p,X)Z4Na,
D0282 399 11 77 7 Re, “°Re, Re, “Re, *'Re, **"Ta, *°Ta 27A1(p.x)Na stack | 2008
19.3 - 184p,, 184mp ., 1835, 182mp5 . 1825, 181 SCu(p,x)®zn,
D0380 229 3 18 6 Re, Re, “°Re, Re, ““Re, “"Re BSCu(p,x)BZZn stack | 1999
20.0 - 186 27 2
D4087 || 16 | 16 | 1 Re Al(px)*Na  |stack| 1997
) 186, 184, 183, 182mp. 1825 181, . 183 natCu(p,x)65Zn,
D4163 200 15 | 90 8 Re, Re, "R, 137Re’ Re,"Re, Ta, natCu(p,x)63Zn, |stack | 2006
33.4 Ta
natCu(p,x)62Zn
183Re lSZmRe lSlRe 183Ta 177Ta 176Ta 175Ta
181Hf' 180me' 175p4f '173Hf '172Hf '170Hf ' 174Lu'
173 172 171 170 169 169 166 27 24
Lu, *““Lu, ~""Lu, *"Lu, ~"Lu, *°Yb, 7°Tm, Al(p,x)""Na,
E1241 | 500 1 41 1657y 160y Ts6Tyy TsdTy Tsipp LGy 27A|((F[J),X))22Na stack | 1985
16, 146 Ey, MSEy, 148mppm 124G %Tc, 7y,
87y 85y 55 As
00103 | 750 | 1 | 4 *He, *He ZTAl(p,x)?Na 1988
00512 | 590 | 1 | 4 %8 Tm, %" Tm ZAl(px)*Na  |stack | 1976
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EXFOR
Code
number

Energy range

Numbers of
energies
Cross sections

measured
Numbers of
excitation functions

measured

Nuclides measured

Monitor reactions

Irradiation type

Year

00768

850

177W 176W 182m-|-a 178m-|-a 175-|-a 174-|-a 173-|-a
172Ta 182me 162Yb 161Tm 161Er 159Er 156Ho

2000

00781

2600

129

181Re 177W 176W 184 T 183-|— 182Ta 176Ta

175 T 174T 173Ta’ lSle 180Hf 175Hf 173Hf
172Hf 171Hf 170Hf 173Lu 172Lu 171Lu 170Lu
169LU, 167LU, ngYb, 167Yb, 166Yb, 162Yb, 167Tm,
166Tm, 165Tm, 163Tm, 161Tm,160EI’, 159EI’, 157EI’,
156Er 160I’T‘IH0 157H0 156HO 157Dy 155Dy
153 Dy 152Dy 155Tb 153Tb 152Tb 151Tb 150Tb
149Tb 147Tb 153Gd 151Gd 149Gd 147Gd 146Gd
145Gd, 149ELI, 147ELI, 146EU, 145EU, 143Pm,
139mNd' 139C€, 135CE, 134Ce' 13SCe, 13ZCe, 132La.,
1338&, 13lBa 1ZSBa 1ZGBa lZQCS 127 Xe 125Xe
123Xe 122X 121Te 119Te 117Te llSSb 115Sb
113Sn 111 In llO In 109|n 106 Ag 105Ag’ lOOPd
lOORh 99mRh 96TC 90M0 97Ru 90Nb 892r
882r, 88Y, 873!’, 85 SI’, 833!’, 84Rb, 83Rb, 82Rb,
TKr, ™As, °Se, ™*Se, ©zn, PFe, %*Mn, SiCr,
48V 43K 28Mg, 24Na 7Be

2TAl(p,x)**Na,
2TAl(p,x)*Na,
ZTAl(p,x)7Be

2003

00800

268 -
630

179

64

[Bimpe 189Re, 1B9Re 178\ 18375 12T, Bl
Lomy g 178m e 175Hf 172Hf 177mLu 174Lu
3y mLu 169Yb 168-|—m 167Tm 156-|—b 155Tb,
156Gd e 147Gd 14sGd 149Eu 148Eu
W7Ey MoE 145Eu 144Eu 148mpm

139mNd 1405a 1338& 131Ba L2iq 113gy 126|
110mAg, 1°6mAg,,105Ag,,103Ru, 102Rh, 95TC, 95,
BImN |y 957y 887p 88y 8Ty 85gp Bipp 83pp
As, 5Se. 725, 7n ®Fe. Mn, Mn. ‘v,
2Na, 'Be

2004

01099

764 -
2590

729

58

184mR lBBRe lBZRe lBlRe 178W 183-|—a 182-|—a
lBle 175Hf 172Hf l?OHf 173Lu 171Lu 169Lu
169Yb 166 b 168Tm 167-|—m 160Er 155-|—b 153Tb
153Gd lSlGd 149Gd 146Gd 149Eu 148Eu 147Eu
145Eu 144Pm l43pm lSQCe 1SSBa 131Ba 127)(e
121m-|— 110m, 106mAg 96TC SQZr 88Zr 88Y 87Y
BSSr 84 83Rb 7SSe 74AS GSZn GOCO 56Co
59Fe 54, SZMn 48V 22Na 7Be

ZTAl(p,x)?Na,
natCU(p,X)BSZI’],

stack

2002

01100

52.1 -
84.2

130

18

186R 184mRe 184Re 183Re 182mRe 182Re
181R 178W 183Ta 182-|—a 177Ta. 176Ta 181Hf
179me 175Hf 173Hf 177Lu 88Y 88Zr

ZTAl(p,x)*Na

stack

2002

01733

400 -
2600

14SG d

ZTAl(p,x)?Na

stack

2008

T0149

750

43He

ZTAl(p,x)*Na

1988

T0276

17.5 -
57.4

14

29

184Re, 183Re

current transformer,

ZTAl(p,x)**Na

1979
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EXFOR
Code
number

Energy range

Numbers of

energies
Cross sections

measured
Numbers of
excitation functions

measured

Nuclides measured

Monitor reactions

Irradiation type

Year

186W

01021

200 -
1600

215

89

177W 184 Ta 182-|-a 176-|-a 175-|- 174-|-a 173-|-a

181Hf 175Hf 172Hf 171Hf 170Hf 173Lu 172Lu
171L 170Lu 169Lu 167Lu 169Yb 166Yb
162Yb, 167-|- 166-|-m 165-|-m 163-|-m 161Tm
161Er 160Er 159Er 160mHO 157H0 157Dy
155Dy 153Dy 152Dy 155-|—b 153-|—b 152-|—b
151—I—b 150-|—b 149Tb 148Tb 147Tb 1SSGd
151Gd 149Gd 147Gd 14BGd 14SGd 149Eu
147E u, E ,145EU 143Pm 137 d 136Nd
139Ce 1350 134Ce 132Ce L lSSBa
131B IZBBa 127)(e 125>(e 123Xe 121-[-e

119mTe 119-|—e 113Sn 105Ag 90Nb, 96TC, SQZr,

88Zr’ 88Y, SSSr’ 87Rb, 83Rb, 7586, 59 Fe, 52Fe,

SZMn’ 48V, 28Mg, 24Na, 22Na

ZAl(p,x)**Na,
2TAl(p,x)*Na,
ZTAl(p,x)7Be

2003

00800

268 -
630

180

64

169ypy 16Ty 1677y 16T} 155Th 156G
195y, 14'7Gd 145'Gd 149’Eu 148i5u 147i5u 146éu
usE 144Eu l48mpm 143Pm 139mNd 14°Ba
13354 1slBa 121-|-e “3Sn 1261 110mp g 106mAg,
105Ag 103Ru 102Rh 95TC 95Nb oamNp %7y
887, B8y 87Y 855, 84Rp BRp. As 758e 72
Se, ®Zn, *®Co, *Fe, **Mn, “®V, Na, 'Be

184mRe’ 184Re, 183Re, 178W, 183-|—a’ lngf, 179me’
178me’ 175Hf, 172Hf, 177mLU, 174LU, 173LU, 171LU,

2004

184W

01020

200 -
1600

228

87

177W 184Ta 183Ta 182Ta 178m-|—a T 175Ta
174-|— 173—I—a 181Hf 175Hf 172Hf 171Hf 170Hf
173Lu 172Lu 171Lu 170Lu 169 LU 167Lu 169Yb
166Yb 162Yb 167-|—m 166Tm 165Tm 163-|—m
161T 161Er IGOEr 159Er 160mH0 157 157Dy
155Dy 153 Dy 152Dy 155-|—b 153Tb 152-|—b 151—I—b
150-|—b 149-|—b 148Tb 147-|—b 1SBGd lSlGd 14QGd
147Gd,14GGd 14SGd 149Eu 147EU 146Eu 145EU
143Pm 137Nd 136Nd 139Ce 135Ce 134Ce 132Ce
132La 133Ba 13186. 12SBa 127Xe 125Xe 123Xe
121—I—e 119m-|—e 119-|—e 1133n lOSAg,goNb 96-|—C
SQZr SBZr 88Y BSSr 87Rb 83Rb 7SSe 59Fe

52Fe, 48V, ZBMg, 22Na

ZTAl(p,x)**Na,
ZTAl(p,x)*Na,
“TAl(p,x)7Be

2003

182W
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EXFOR
Code
number

Nuclides measured Monitor reactions Year

Energy range
Numbers of
energies
Cross sections
measured
Numbers of
excitation functions
measured
Irradiation type

01019

17T W 182-|- 176-|- l75-l-a 174-|-a 173-|-a 181Hf
175Hf 172Hf 171Hf 170Hf 173Lu 172Lu 171Lu
170L 169Lu 167Lu 169Yb 166Yb 162Yb
167-|-m 166Tm 165-|-m 163-|- 161Tm 161Er
lGOE 159Er 160mH0 157H0 157Dy 155Dy
153Dy l y 155-|—b 153Tb 152-|—b 151-|—b 150-|—b 27Al(p,x)24Na,
3 |222| 86 [“°Tb,*®Th,"Tbh, 153Gd BG4, 19Gd, 147Gol, ZTAl(p,x)?Na, 2003
146Gd 145Gd 149Eu 147Eu 146Eu 145Eu 27AI(p,X)7Be
143Pm 137Nd 136Nd 139Ce 13SCe 13ACe 13206,
132La 1338a lBlBa 1288a 127Xe 125Xe 123Xe,
lZlTe 119m-[-e 119-|—e 1138n 1°5Ag 90Nb 96-|—C
892r sszr 88Y 855!’ 87Rb 83Rb 755e7 59Fe,
52Fe, 48V’ 28Mg7 22Na

200 -
1600

Table 1.2.7. Identification of EXFOR code numbers.

EXFOR

code
number

Work

A0013

A0025

A0095

A0100

A0146

A0168

A0177

A0179

A0179

A0182

A0195

A0294

A0339

L.KH.Batist,E.E.Berlovich, K.A.Mezilev, JU.N.Novikov. Study of isotope dependence of the
yield of N-17 nuclei from targets of Mg,S,Ca,Ni and Sn isotopes. Jour: Yadernaya Fizika,
Vol.25, p.1140 (1977)
E.N.Vol'nin,V.T.Grachev,l.1.Gracheva,A.M.Zolotov, D.M.Seliverstov,L.A.Sliv,N.N.Smirnov.
Investigation of reaction channels for spallation of Ni-58 by 1 GeV protons. Jour: Zhurnal
Eksper. i Teoret. Fiz., Pisma v Redakt., Vol.28, Issue.1, p.45 (1978)
S.P.Avdeev, Joint Inst. for Nucl. Res., Dubna Reports, No.81, p.231 (1981)
R.Michel, R.Stueck, F.Peiffer. Proton-Induced Reaction on Ti,V,Mn,Fe,Co and Ni. Thesis:
Stueck (1983)
R.Michel,G.Brinkmann,H.Weigel,W.Herr. Measurement and Hybrid-Model Analysis of Proton-
Induced Reactions with V,Fe, and Co. Jour: Nuclear Physics, Section A, Vol.322, p.40 (1979)
P.P.Dmitriev, G.A.Molin. Radioactive nuclide yields for thick target at 22 MeV proton energy.
Jour: Vop. At.Nauki i Tekhn.,Ser.Yadernye Konstanty, VVol.44, Issue.5, p.43 (1981)
M.Merkel,M.Munzel. Formation of tritium in nuclear reactions induced by deuterons and alpha-
particles. Jour: Nuclear Physics, Section A, Vol.333, p.173 (1980)
N.C.Schoen,G.Orlov,R.J.McDonald. Excitation function for radioactive isotopes produced by
proton bombardment of Fe, Co, and W in the energy range from 10 to 60 MeV. Jour: Physical
Review, Part C, Nuclear Physics, Vol.20, p.88 (1979)
N.C.Schoen, Physical Review, Part C, Nuclear Physics, Vol.20, p.88 (1979)
M.C.Lagunas-Solar,J.A.Jungerman. Cyclotron production ofcarrier-free cobalt-55. A new
positron-emitting label for bleomtcin. Jour: Applied Radiation and Isotopes, VVol.30, p.25 (1979)
P.P.Dmitriev. Systematics of nuclear reaction yields for target at 22 MeV proton energy. Jour:
Vop. At.Nauki i Tekhn.,Ser.Yadernye Konstanty, Issue.2, p.57 (1983)
I.Konstantinov,P.P.Dmitriev,V.l.Bolotskikh. Activation of Zr, Nb and Ta at cyclotron. Jour:
Atomnaya Energiya, Vol.60, p.332 (1986)
I.F.Barchuk,V.S.Bulkin,V.A.Kuzmenkova,P.M.Kurilo,
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A0344

A0351

A0408

A0435

A0479

A0481

A0491

A0497

A0501

A0502

A0510

A0516

A0519

A0598
A0695

A0721
AQ0748

Yu.N.Lobach,A.F.Ogorodnik,V.S.Procopenko, V.D.Sklyarenko,V.V.Tokarev. Excitation
function of the reaction induced by interaction of protons over an energy range up to 67 MeV
with silicon and iron nuclei. Jour: Atomnaya Energiya, VVol.63, p.30 (1987)

R.Michel, P.Dragovitsch, P.Englert, F.Peiffer, R.Stuek, S.Theis, F.Begemann, H.Weber,
P.Signer, R.Wieler, D.Filges, P.Cloth. n the depth dependence of spallation reactions in a
spherical thick diorite target homogeneously irradiated by 600 MeV protons. Simulation of
production of cosmogenic nuclides in small meteorites. Jour: Nucl. Instrum. Methods in Physics
Res., Sect.B, Vol.16, p.61 (1986)

V.N.Aleksandrov,M.P.Semyonova,V.G. Semyonov. Excitation function for radionuclides
produced by (p,x)-reactions of copper and nickel. Jour: Atomnaya Energiya, Vol.62, p.411
(1987)

B.Dittrich,U.Herpers, Th.Schiffmann. Thin-target excination function for proton produced long-
lived radionuclides. Rept: Fed.Rep.Germ.report to the I.N.D.C., N0.32/LN+SPECIAL, p.33
(1988)

B.Dittrich, U.Herpers, M.Lupke, R.Michel. Proton-Induced Spallation Between 600 and 2600
MeV. Rept: Fed.Rep.Germ.report to the I.N.D.C., N0.34/LN+SPECIAL, p.31 (1989)
B.Dittrich, U.Herpers,R.Bodemann, M. Lupke,R.Michel,
P.Signer,R.Wieler,H.J.Hofmann,W.Woelfli. Integral Excitation Functions For the Production of
Long-Lived be-10 and Al-26 by Proton-Induced Reactions. Rept: Report from CEC-Countries
and CEC to NEANDC, No.312,U, p.51 (1990)

B.Dittrich, U.Herpers,R.Bodemann, M. Lupke,R.Michel,
P.Signer,R.Wieler,H.J.Hofmann,W.Woelfli. Production of Stable Rare Gas Isotopes by Proton
Induced Spallation Between 800 and 2600 MeV. Rept: Report from CEC-Countries and CEC to
NEANDC, No.312,U, p.53 (1990)

R.Wolfle,S.M.Qaim. Be-7 emission cross section in high energy proton induced reactions on V-
51,Nb-93 and Au-197. Jour: Radiochimica Acta, VVol.50, p.185 (1990)
G.F.Steyn,S.J.Mills,F.M.Nortier,B.R.S.Simpson, B.R.Meyer. Production of the Fe-52 via
proton-induced reactions on manganese and nickel. Jour: Applied Radiation and Isotopes,
Vol.41, p.315 (1990)

Yu.V. Aleksandrov,A.l.Bogdanov,S.K.Vasil'ev,
R.B.lvanov,M.A.Mikhaylova,T.I.Popova,V.P.Prikhodtseva. The Radionuclide Production by 1
GeV Protons in the Middle Atomic Weight Elements. Jour: 1zv. Rossiiskoi Akademii Nauk,
Ser.Fiz., Vol.54, p.2250 (1990)

Yu.V. Aleksandrov,A.A.Astapov,S.K. Vasil'ev,A.Zelenski, R.B.lvanov,A.Kolachkovski,
R.Misiak,M.A.Mikhaylova, A.F.Novgorodov, T.l.Popova,V.P. Prikhodtseva. Production Cross
Section For Radioactive Nuclides In Spallation Reaction in Thin Target Co,Ni,Cu and Zn at
E(P)=660 MeV. Conf: 40.Conf.Nucl.Spectroscopy Nucl.Struct.,Leningrad 1990, p.498 (1990)
V.N.Levkovskij. Activation cross section nuclides of average masses (A=40-100) by protons
and alpha-particles with average energies (E=10-50 MEV). Book: Levkovskij,Act.Cs.By
Protons and Alphas,Moscow 1991, (1991)

M.Luepke,H.J.Lange,M.Schnatz-Buettgen,R. Michel,
R.ROESEL,U.HERPERS,P.CLOTH,D.FILGER. Proton-Induced Spallation at 1600 MeV. Rept:
Fed.Rep.Germ.report to the I.N.D.C., N0.036/L, p.51 (1992)
M.Lupke,H.J.Lange,M.Schnatz-Buttgen,R.Michel,R.Rosel, U.Herpers,P.Cloth,D.Filger. Proton-
spallation at 1600 MeV. Rept: Fed.Rep.Germ.report to the 1.N.D.C., N0.037/LN, p.50 (1993)
B.L.Zhuikov, Physical Review, Part C, Nuclear Physics, VVol.68, p.054611 (2003)

B.G.Kiselev, N.R.Faizrakhmanova. Reaction cross sections of (p,n), (p,pn) and (p,alpha+n) on
93-Nb. Conf: 24.Conf.on Nucl.Spectr.and Nucl.Struct.,Kharkov 1974, p.356 (1974)
Yu.E.Titarenko, Los Alamos Scientific Lab. Reports, N0.00,3597 (2000)

J.Janczyszyn, W.Pohorecki, G.Domanska, L.Loska, S.Taczanowski, V.Shvetsov. Measurement
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A0811

B0020

B0032
B0041

B0049

B0050

B0072
B0O073

B0083

B0085

B0098

C0226

C0235

C0236

C0253

C0272

C0275

C0276

coz277

C0286

C0293

C0297

and calculation of cross section for (p,x) reactions on natural Fe for 650 MeV protons. Jour:
Annals of Nuclear Energy, Vol.33, p.633 (2006)

D.Ridikas, A.E.Barzakh, V.Blideanu, J.C.David, D.Dore, D.V.Fedorov, X.Ledoux, F.Moroz,
V.Panteleev, R.Plukiene, A.Plukis, A.Prevost, O.Shcherbakov, A.VVorobyev. Measurement of
delay neutron yields and time spectra from 1 GeV proton interacting with thick Pb-nat, Bi-209
and Fe-nat targets. Conf: Conf.on Nucl.Data for Sci. and Technology, Nice 2007,
p.1073(07646) (2007)

S.Tanaka, M.Furukawa, M.Chiba. Nuclear Reactions of Nickel with Protons Up to 56 MeV.
Jour: Journal of Inorganic and Nuclear Chemistry, VVol.34, p.2419 (1972)

C.Birattari, Lettere al Nuovo Cimento, Vol.7, p.101 (1973)

I.L.Jenkins, A.G.Wain. Excitation Functions For the Bombardment of Fe-56 With Protons. Jour:
Journal of Inorganic and Nuclear Chemistry, Vol.32, p.1419 (1970)

B.L.Cohen, E.Newman, T.H.Handley. (p,pn)+(p,2n) and (p,2p) Cross Sections in Medium
Weight Elements. Jour: Physical Review, Vol.99, p.723 (1955)

B.L.Cohen, E.Newman. (p,pn)+(p,2n) and (p,2p) Cross Sections in Medium Weight Elements.
Jour: Physical Review, Vol.99, p.718 (1955)

B.L.Cohen, Physical Review, VVol.94, p.620 (1954)

I.R.Williams, C.B.Fulmer. Excitation Functions For Radioactive Isotopes Produced By Protons
Below 60 MeV on Al, Fe, and Cu. Jour: Physical Review, VVol.162, p.1055 (1967)

R. Michel, H.Weigel, W.Herr. Proton-Induced Reactions on Nickel with Energies Between 12
and 45 MeV. Jour: Zeitschrift fuer Physik A, Hadrons and Nuclei, Vol.286, p.393 (1978)
J.E.Cline, E.B.Nieschmidt. Measurements of Spallation Cross Sections For 590 MeV Protons
on Thin Targets of Copper, Nickel, Iron and Aluminium. Jour: Nuclear Physics, Section A,
Vol.169, p.437 (1971)

F.J.Haasbroek, J.Steyn, R.D.Neirinckx, G.F.Burdzik, M.Cogneau, P.Wanet. Excitation
Functions and Thick Target Yields For Radioisotopes Induced in Natural Mg, Co, Ni and Ta By
Medium Energy Protons. Rept: Council f.Scient.and Indust.Res.,Pretoria,Repts., N0.89 (1976)
M.Honda,D.Lal. Spallation cross section for long-lived radionucleides in iron and light nuclei.
Jour: Nuclear Physics, Vol.51, p.363 (1964)

M.Honda,D.Lal. Some cross section for the production of radionucleides in thebombardment of
C,N,0O, and Fe By medium energy proton. Jour: Physical Review, VVol.118, p.1618 (1960)
I.Dostrovsky,R.Davis Jr,A.M.Poskanzer,P.L.Reeder. Cross Sections for the Production of L.i9,
C16, and N17 in Irradiations with GeV-Energy Protons. Jour: Physical Review, Vol.139,
p.B1513 (1965)

R.G.Korteling,A.A.Caretto jr. Energy dependence of Na22 and Na24 production cross sections
with 100- to 400-MeV protons. Jour: Physical Review, Part C, Nuclear Physics, Vol.1, p.1960
(1970)

R.L.Brodzinski,L.A.Rancitelli,J.A.Cooper,N.A.Wogman. High-Energy Proton Spallation of
Iron. Jour: Physical Review, Part C, Nuclear Physics, Vol.4, p.1257 (1971)
G.Rudstam,P.C.Stevenson,R.L.Folger. Nuclear Reactions of Iron with 340-MeV Protons. Jour:
Physical Review, Vol.87, p.358 (1952)

E.L.Fireman,J.Zahringer. Depth Variation of Tritium and Argon-37 Produced by High-Energy
Protons in Iron. Jour: Physical Review, Vol.107, p.1695 (1957)

0O.A.Schaeffer,J. Zahringer. High-Sensitivity Mass Spectrometric Measurement of Stable
Helium and Argon Isotopes Produced by High-Energy Protons in Iron. Jour: Physical Review,
Vol.113, p.674 (1959)

A.A.Caretto, Physical Review, Vol.110, p.1130 (1958)

R. Korteling,R.Koeffer. Production of P-32 and P-33 from various targets with 550-MeV
protons. Jour: Physical Review, Part C, Nuclear Physics, Vol.2, p.957 (1970)

P.Kruger, Physical Review, VVol.99, p.1459 (1955)
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C0324
C0335

C0336

C0353
C0401

C0402

C0454

C0478

C0481

C0555

C0572

C0836

C1012

C1225
C1447

C1650

D0054

D0260

D0282
D0303

D0380

D0393

D0455

D0479

D4002

B.Neidhart, Journal of Inorganic and Nuclear Chemistry, Vol.33, p.2751 (1971)
R.G.Korteling,E.K.Hyde. Interaction of high-energy protons and helium ions with niobium.
Jour: Physical Review, VVol.136, p.B425 (1964)

H.l.West,R.G.Lanier,M.G.Mustafa. Cr-52(p,n)Mn-52-g,m and Cr-52(d,2n)Mn-52-g,m
excitation function. Jour: Physical Review, Part C, Nuclear Physics, VVol.35, p.2067 (1987)
W.E.Nervik, Physical Review, Vol.97, p.1092 (1955)

M.S.Lafleur,N.T.Porille,L.Yaffe. Formation of 7Be in nuclear reactions induced by 85-MeV
protons. Jour: Canadian Journal of Chemistry, VVol.44, p.2749 (1966)

C.L.Rao, Canadian Journal of Chemistry, Vol.41, p.2516 (1963)

H.Vonach, A.Pavlok,A.Wallner,M.Drosg,R.C.Haight, D.M.Drake,S.Chiba. Spallation reactions
in 27Al and 56Fe induced by 800 MeV protons. Jour: Physical Review, Part C, Nuclear Physics,
Vol.55, p.2458 (1997)

J.Jastrzebski,H.J.Karwowski,M.Sadler,P.P.Singh. ecoil ranges of nuclei produced in the
interaction of 80 - 164 MeV protons with Ni. Jour: Physical Review, Part C, Nuclear Physics,
Vol.22, p.1443 (1980)

P.Dyer,D.Bodansky,A.G.Seamster,E.B.Norman, D.R.Maxson. Cross sections relevant to
gamma-ray astronomy: Proton induced reactions. Jour: Physical Review, Part C, Nuclear
Physics, Vol.23, p.1865 (1981)

AJ.T.Jull,S.Cloudt,D.J.Donahue,J.M.Sisterson, R.C.Reedy,J.Masarik. 14C depth profiles in
Apollo 15 and 17 core and lunar rock 68815. Jour: Geochimica et Cosmochimica Acta, Vol.62,
p.3025 (1998)

L.Winsberg, Physical Review, Vol.135, p.B1105 (1964)
L.A.Currie,W.F.Libby,R.L.Woldgang. Tritium Production by High-Energy Protons. Jour:
Physical Review, Vol.101, p.1557 (1956)

H.A.Ewart,M.Blann. Priv.Comm: Ewart (1964)

K.C.Kelley, Nuclear Physics, Section A, Vol.760, p.225 (2005)

J.M.Sisterson,J.Vincent. Cross section measurements for proton-induced reactions in Fe and Ni
producing relatively short-lived radionuclides at Ep = 140-500 MeV. Jour: Nucl. Instrum.
Methods in Physics Res., Sect.B, Vol.251, p.1 (2006)

D.G.Medvedev, Applied Radiation and Isotopes, VVol.66, p.1300 (2008)

B.Scholten. Radiochemical study of Be-7 emission in proton and neutron induced reactions at
energies up to 100 MeV. Thesis: Scholten (1993)
E.Acerbi,C.Birattari,M.Castiglioni,F.Resmini. Nuclear applied physics at the Milan cyclotron.
Jour: Journal of Radioanalytical Chemistry, Vol.34, p.191 (1976)

M.U.Khandaker, Nucl. Instrum. Methods in Physics Res., Sect.B, Vol.266, p.1021 (2008)
L.Landini, J.A.Osso Jr. Simultaneous production of 57Co and 109Cd in cyclotron. Jour: Journal
of Radioanalytical and Nuclear Chemistry, VVol.250, p.429 (2001)

Xiaodong Zhang, Radiochimica Acta, VVol.86, p.11 (1999)

M.Sonck,J.van Hoyweghen,A.Hermanne. Determination of the external beam energy of a
variable energy Multiparticle cyclotron. Jour: Applied Radiation and Isotopes, VVol.47, p.445
(1996)

M.S.Uddin,M.U.Khandaker,K.S.Kim,Y.S.Lee,M.W.Lee, G.N.Kim. Excitation functions of the
proton induced nuclear reactions on natural zirconium. Jour: Nucl. Instrum. Methods in Physics
Res., Sect.B, Vol.266, p.13 (2008)

Le Van So,P.Pellegrini,A.Katsifis,J.Howse,l.Greguric. Radiochemical separation and quality
assessment for the 68Zn target based 64Cu radioisotope production. Jour: Journal of
Radioanalytical and Nuclear Chemistry, Vol.277, p.451 (2008)
F.Tarkanyi,F.Szelecsenyi,P.Kopecky. Excitation functions of proton induced nuclear reactions
on natural nickel for monitoring beam energy and intensity. Jour: Applied Radiation and
Isotopes, Vol.42, p.513 (1991)
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D4026

D4036

D4058

D4062

D4078

D4080

D4087
D4106

D4163
D4181

D4212

D6056

E1241
E1251

E1864

E1865

E1923

E1936

E1981
00044

S.Takacs,L.Vasvary,F.Tarkanyi. Remeasurement and compilation of excitation function of
proton induced reactions on iron for activation techniques. Jour: Nucl. Instrum. Methods in
Physics Res., Sect.B, Vol.89, p.88 (1994)

B.Scholten,S.M.Qaim,G.Stoeklin. Radiochemical studies of proton induced Be-7-emission
reaction in the energy range of 40 to 100 MeV. Jour: Radiochimica Acta, VVol.65, p.81 (1994)
P.Jung. Cross sections for the production of helium and long-living radioactive isotopes by
protons and deuterons. Conf: Conf.on Nucl.Data for Sci.and Technol.,Juelich 1991, p.352
(1991)

M.Sonck, A.Hermanne, F.Szelecsenyi, S.Takacs, F.Tarkanyi. Study of the nat-Ni(P,X)Ni-57
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P.Reimer, S.M.Qaim. Excitation function of proton induced reactions on highly enriched Ni-58
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F. Tarkanyi, F.Szelecsenyi, P.Kopecky. Cross section data for proton, He-3 and a-particle
induced reactions on nat-Ni, nat-Cu and nat-Ti for monitoring beam performance. Conf:
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F.Szelecsenyi, Symp.Synth.lIsot.Labelled Comp.,Philadelphia,PA 1997, p.701 (1997)
S.Takacs,F.Tarkanyi,M.Sonck,A.Hermanne. New cross sections and intercomparison of proton
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\/01.188, p.106 (2002)

F.Tarkanyi, Nucl. Instrum. Methods in Physics Res., Sect.B, Vol.252, p.160 (2006)
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2. METHOD OF EXPERIMENTAL DETERMINING THE CROSS SECTIONS
FOR RADIOACTIVE PRODUCT GENERATION WITH DUE
ALLOWANCE FOR UNSTEADY PROTON PULSE AMPLITUDE
DISTRIBUTION

Works [1-5,7] assumed a steady distribution of proton pulse amplitudes in proton-irradiated thin
targets in case the irradiation time is sufficiently short. However, this condition is contingent
upon a given accelerator operation mode, thereby necessitating a more correct allowance for

unsteady state of proton beam pulse amplitude.

2.1. Method of experimental determining the production rates of radioactive products in
nuclear reactions by y-spectrometry techniques.

. . . . ind :
Given the concepts of independent nuclide production rate Rim , when nuclear reaction

generates a reaction product (Z;,A;), and of cumulative production rate Ricum , when a reaction

product (Z;,A,) is generated in the course of all processes (both the reaction proper and the
decays of its progenitors produced independently, Z;,A; for instance), the two can be presented
[3, 7] as

R(i:um/ind:Gicum/ind.\P =125t (2.1)

cum/ind

cum / ind
and O,

where T3 are, respectively, cumulative or independent production cross

cum/ind

sections for nuclides N; and N, in a proton-irradiated experimental sample [barn]; O are

cumulative or independent monitor reaction cross sections used to calculate mean proton flux
density [barn]; ¥ is the proton flux density [proton/(cm?-s)] at instant t of time measured from
start until end of irradiation.

Conforming to given irradiation mode, the function W for the j-th pulse may be presented as

\P:{CD(X,Y), for (J—]_)T St<(j—l)-T+T}

0, for (j—1)-T+r<t<j-T (2.2)

The reaction rate definition (2.1) permits an one- or two-link radioactive transformation chain

under irradiation to be described by a system of differential equations:

dN (t) cum/in
d—lt: NTag -Ry e _ﬂ“lNl(t)’
(2.3)
dN (t) in
d—zt = Nryg 'de 1+ AN (1) = 2,N, (1),

With initial conditions N;(0)=N,(0)=0.
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Here, Ny(t), N2 (t)) is the number of nuclei produced in an irradiated experimental sample;

lind pind . : . : :
Rium " : R'; are their cumulative or independent production rates, respectively; 1 1, 4 , are

decay constants; vy » is the probability for the 1% nuclide to get transformed into the 2" nuclide;
Nrag is the number of nuclei of element ZTag in the experimental sample; tis current time
measured from start to end of irradiation.

The given experiments make use of pulsed irradiation mode, i.e. of cyclic irradiation that
consists of K pulses of different amplitudes, but with constant duration z and repetition rate T
each (see Fig. 2.1). Solution for system (2.3) at the irradiation stop moment t;,,= (K-1)-T+z can

be described as:

A
T T T

R A’C: ‘T:‘ AT: "L': "E:

e

o

a

2

21 2 3 K-1 K

(3}

o

x

=

=

=

o [ L >

& 1 o
(K-DT time
(K-1)T+1t

Fig. 2.1. The pulsed irradiation mode characteristics.

N,(K-1)-T+r)=—"22— de‘w DT
N, (K =1)-T +7) =N, .ﬁl Vi, .m.zée—mk-m . (2.4)
2
N, | = A k
+ ag | R _ v e—iz(k )T
22 |: 2 12_11 12" j| Zg
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2Ry _ 2R,

where R = % , R= ile are the amplitude-averaged nuclide 1 and 2 production rates;
R =LR : R,-=L.R, are pulse duration-averaged production rates of nuclides 1 and 2;
1 T 1 2 T 2
&= ZK: is flux variation factor in each irradiation cycle. On the analogy of steady-state
()

LN

1=
irradiation with a constant flux amplitude, let the time functions be introduced as

K ) k )
Fl = ﬂ’lT 25 j.e‘/ll'(k—l)'T F2 — ﬂ’ZT .Zgj.e_ﬂz'(k—l)-T (25)

j=1 j=1
Irradiation having ended, the decays of nuclides N1 and N, produced are described by the set of
differential equations:

dN
AN

(2.6)
dN
dt2 =V, Ay N (1) =4, N, (1)

With initial conditions N1(0) =N, and N2(0) = N, , where N, , N, is the number of nuclei

produced by the “cooling” start moment (irradiation stop moment); t is the current time elapsed
after the irradiation stop moment.

Solution for system (2.6) at any moment of “cooling” time t can be presented as:
—2qt
N,(t) =N, -e™

A

NZ(t):—l'Nl .Vlz.e_/ll-t+ N2 +L'V12°Nl .e—ﬂ,z.t, (27)
A=A 0 ' ° 1 : 0

2 1

1 2

In the experiment, the nuclear reaction rates in the samples irradiated were determined via direct
v spectrometry without preseparating them. The nuclide 1 and 2 decay curve points measured at
the “cooling” start (irradiation stop) moment were fitted by the least square technique (LST). The
condition that the numbers of the 1% and 2" nuclide nuclei be the same at the “cooling” start and
at irradiation stop moments in the samples irradiated permits the required reaction rates to be

obtained from (2.4) and (2.7), namely:

a

. 1
Rlcum/md — Al — (28)
NTag ‘ne, R
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AL a1

Rlcum/ind — —, (29),
NTag'772"92'V12 A, F
A 2 Al
R;”d:(A%AZ-Al]- ! , (2.10),
F, R 4, NTag'772"92
Al A 2
F k)N T M2€, (2.11),

Where A, = A - K, A; =A; L A2=AZ K, are parameters determined by LST-aided

fitting the experimental points of the mother (subscript 1) and daughter (subscript 2) nuclide
decay curve points; 71, 772 are absolute y-quantum abundances; ¢, ¢, are absolute spectrometer
efficiencies at y-quantum energies E; (the 1% nuclide) and E; (the 2" nuclide, Fy, F, are the
functionals calculated by (2.5) formulae; ti., is irradiation time; 21, 4 2, vi2 and Nrag are the
same as in (2.3).

The corrections k, that allow for y-quantum absorption in an experimental sample material are

determined as

_ K 'O-totj -h Aku; (1_kﬂj _e—k‘%,wh). Ao-tOtj

ﬂj_

: (2.12),

K-oit: j
1 _e O'totj k/’j Gtotj

Where h is experimental sample thickness (g/cm?); T, is the total cross section for y-quanta of
the j-th energy to interact with matter (barn/atom); k :N_*\.lo—z‘t is the transition coefficient from
M

dimension [barn/atom] to dimension [cm%g], wherein N, is Avogadro number and M is

molecular weight. The total cross sections for y-quanta of the j-th energy to interact with matter
were borrowed from work [8]. Conforming to the recommendations made in that same work, the
relative errors in the total cross sections for y-quantum interactions with matter within the 100-
2600 keV range were broken to belong to two groups of energies below and above 200 keV,

wherein the error was taken to be 10% and 5%, respectively.
In some cases where the experimental dot fit fails to permit determination of factor Al the

concepts of supracumulative reaction rate and, respectively, of supracumulative cross section
[2,3,5,6]
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* i 1 AZ
RY™ =R} JFA-V1 R = 2 (2.13)
A — 4, NTag'Uz'gz'Fz

are expedient to introduce.
Corrections to allow for the difference between steady and unsteady neutron fluxes may also be

introduced, namely

_ 7ﬂi'tirr _ 7ﬂi'tirr k
- l-e _ l1-e Z‘D

K _ k . i
AT Y E e Yo et
=1 j=1

(2.14)

1

2.2. Errors in y-spectrometric measurements of reaction rates

Since, in further calculating the mean production rates, a few (R"'*" + AR1'*") values

calculated for k different y-lines (i=1,2; 1< j<k) [9,10] may get averaged, it is expedient to
introduce definitions for relative quantum yield and relative spectrometer detection effeciency

that are related to their absolute values as

=k, 'Uirfl &; =Kk, '5ir?| (2.15)

with the k; + Ak ; values being borrowed from [9], and the procedure of determining the

kg + Akg value described in [5]. In that case, the relative production rate of each nuclide may
be presented via the factors k ; and k, introduced and the absolute reaction rate values
calculated by formulas (2.8-2.11, 2.13):
rel pcum/ind __ pcum/ind

Rij o Rij ) k;/j ) ke ) Ntag (2.16)

The errors in the relative reaction rates A™RM™ ™ = A™RI™M AR CA™RY™ are calculated

via the error transfer expression making allowance for errors in all cofactors entering expressions
formulas (2.8-2.11, 2.13):

2 2
AA, | [ Ak, An? Agy®

A R(l:um/ind _ reIR(l:um/ind ) (2.17)

rel rel

A, K., Zn €1
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2 2 2
_ . A A1 Ak A rel A&‘ rel
Arel R(l:um/md _ reIR(l:um/md . A12 + ” U + 77rez| + r;
2 , &,

H2

. . AG 1 Ak 2 rel 2 rel 2
AreIchum/md :reIchumllnd_ A; +( #2} +[A77rezl ] +(A5r; j

GAl kﬂz 772 82
2
AG Ak 2 Ap '™ 2 Ag ™ 2
rel o cum rel pcum A2 {2 n &
ATIRSM = IR H +£ - J +£ rezl)
G,, e T2 €2

The errors in the functions

Jy_ AL AL A

G,.(A,)
A2 ’ FZ Fl 12
N Al A2
G,.(A)=—"2+-%
AZ( 2) Fl F2

of parameters A} and A2 are determined as.

AGf\g = gradGAiz M -(gradGAiz)T, i=12
gradGAl :{iﬁ’i}
(R4 K

gradG,, = i,i
& Fl I:2

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

The mean independent production rates of the i-th nuclide derived from ; y-lines were calculated

as
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k
relpcum/ind  rel
Z Rij ' Wij

rel Ecum/ind — j=1 - reIWij — 1 ; (2.26)
rel pcum/ind
Z relv\/ij (A Rij )
j=1
A ﬁicum/ind — max {(A rel ﬁicum/ind )’ ;(Arel §icum/ind )u} 227

k
rel rel o cum/ind relpy \2
_ o, Z Wij( Ri o Rij)
(A rel Ricum/md ) _ |2 - (2.28)
\ (k _l)z reIWij
j=1

(A rel ﬁicum/ind ) — (2.29)

The mean absolute independent or cumulative i-th nuclide production rates and the errors therein

were calculated from their relative counterparts:

rel 3 cum/ind
F_zcum/ind _ Rij
i

k, -k, -N

tag

_ ' _ ' rel _.cum/ind 2 Ak 2 2 AN ?
ARicum/md — Ricum/md . [Arel ;Lm/ind j +£ k 7i J _l_[Akkgj _*_{ N tag] (2_31)

7 & tag

(2.30)

If a single y-line is involved in calculating a reaction rate (in such a case, that single line may be

selected among j y-lines, or else a nuclide may have but a single y-line, i.e. j=1), then, according

to (2.8-2.11, 2.13), the quantum abundance of that y-line (77, £ A7, ) was used therein together

with the absolute detection effectiveness (& +Ag; ). Since
A Y (ak, Y (ApY
LT P e 0 Y e (2.32)
;i k;/i T;
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Ag ‘ Ak 2 (Ag™ ’
ij £ ij

formula (2.31), with due allowance for formulas (2.17-2.20), gets transformed to calculate the

error in the reaction rate found for but a single y-line.
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2.3. Techniques for determining the proton flux density

Here, the 2’Al(p,x)?*Na reaction, whose energy dependence is shown in Fig. 5.24, is used as a
monitor reaction. In this case, ?Na is produced via one-link chain, so the ?Na production rate
and the error thereof can be determined via (2.7 and (2.28), so, according to (2.1), the proton

flux density and its error can be calculated as

2

. Rcum/ind Aq") AR cum/ind \2 Agcum/ind
_ Dt st _ st st 234
cI)St cum/ind Ci) - Rcum/ind + cum/ind (2:34)
st st st st

2.4. Calculating the production cross sections of nuclear reaction products and the errors

therein

On determining the nuclear reaction rates in the irradiated samples via formulas (2.8-2.11, 2.13)
and Al monitors-aided calculating the proton flux density, the sought production cross section of

a given reaction product are calculated as

* s * . . 2 2
. cum/cum- /ind cum/cum’” /ind cum/cum” /ind 2
oreum/eum”/ind_ Ri Ao, ARi + AD,, (2.35)
I ~ * . * . ~
cum/cum /ind cum/cum /ind

st

Note that the difference between o™ and o™ is not indicated in many works. Actually, this has

to be done because o™ is always greater than o™ because, irradiation having ended, the

nuclei of the second nuclide keep being generated due to decay of the first nuclide, being

formally equivalent to a shift of the cooling start time. The expediency of introducing o®™ was

discussed in detail in [5]

2.5. Procedure of experimental determining the production rates of nuclear reaction

products by a-spectrometry techniques

Detection of “¥Gd (Ty, = 74.6 y, E4= 3.183 MeV, 1 = 100%, [10]) free of gamma-lines, which
is exclusively an a-emitter, necessitates using the a-spectrometry techniques. The above

presented mathematical tool intended for determining reaction rates by A-spectrometry

53



techniques is also suitable in case a-spectrometry is used. However. the standard a-spectrometry
techniques assume chemical extraction of a sought element from a sample irradiated. Irradiation
with a ~10-nA proton beam from the ITEP U-10 accelerator restricts ***Gd accumulation in a
sample to 102 — 10™** g. Such small Gd quantities are very difficult to separate because of very
high Gd loss when concentrated on any carrier (i.e. any matter that absorbs element to be

extracted). In this Project, therefore, the a-spectrometry was used without chemical separation.

The specific ***Gd activity in ***Ta and "W samples can be determined by comparing between
the calculated and measured a-spectra obtained given identical measurement geometries. It is
assumed in this case that the count rate within a given energy spectrum is proportional to
specific 1*®Gd activity. 3183 keV a-particle ranges in ***Ta and "W are 9.88 and 10.09 mg/cm?,
correspondently [11]. Simulated counting rate for the cylindrical shape samples as a function of
the sample thickness shows (Figs. 2.2 and 2.3) that the thicknesses of samples used in the

experiments (0.2-0.3mm) are much above the range of a-particle emitted by *3Gd.

181
n atW T a ]
0 5 10 15 20 0 5 10 15 20

depth layer, mg/cm’ depth layer, mg/cm’

counting rate of alpha detector arb. units
-
! !
counting rate of alpha detector arb. units
-
1

Fig. 2.2 Simulated counting rate of a-detector ~ Fig. 2.3 Simulated counting rate of a-detector

vs. "W thickness. vs. 11Ta thickness.

The above approach necessitates the following.

Not only a-particles, but also the - and the characteristic y-emission from the radioactive
nuclides produced together with **3Gd in the samples irradiated. That is why the cutoff energy
Ecutoff has to be engaged for any a-peak detection range free of -and y-components to be

discriminated.

In view of the above, the ***Gd production rate expression (2.8) must take form

:A:utoff.ka'kpeak_l: Q . 1
N 7 6, F Ny, 1—e

tag

R

, (2.36)
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where R is the 1*®Gd production rate; Acuoft — i the a-detector count rate integral from the
cutoff energy Ecutort to the initial 3183 keV a-particle energy; k, is a computational factor to allow
for energy loss by an a-particle up to its stopping in the sample; Kpeax is @ computational factor to
allow for the a-particle peak area ratio from the Egisc (80 keV) - E31g3 (3183 keV) range and Ecyoff
(2000 keV) and to E3183 (3183 keV); Niag is number of target nuclei; #,._is the o particle
abundance; Q —*®Gd activity; 2 — *Gd decay constant; ti;r — sample irradiation time.
Activity Q can be determined by :
Q=g-m (2.37)
The specific activity of **®Gd of the used samples can be determined as:
q=K %;: Y, = K- Ay (2.38)
where:
y; — count in i-th experimental spectra channel, pulse/s;
N1, N2 — summing spectra range.
K — proportional factor.
Proportional factor K can be defined using the simulated a-spectra from identical sample
measurement condition:
1:K-m-.NZ;:7i=K-m-Rumﬁ (2.39)
where:
¥i — count number in i-th channel of simulation spectra;
The (2.39) can be used to define K that is put to (2.38).

N,
_ 1 ‘ileyi _l_ A&utoﬁ

T e T m A, (240
2.9
i=N;
The equation (2.37) gives
i
Yi
Q — q ‘m= iT\"\:l — 'ﬁsutoff (241)
Z y A:utoff

and (2.36) provides:
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3. EXPERIMENT DESIGN

Experiments to measure the ADS nuclear data may readily be made subject to using the
external proton and heavy ion beams extracted from the Terawatt Accumulator (the TWA-ITEP

Project), which is the unique heavy-ion acceleration-storage facility. Fig. 3.1 shows the TWA-
ITEP accelerator layout. The accelerator includes

1. External ring to accelerate protons
2. Inner ring to accelerate ions

3. Proton injector, 1-2

4. Laser injector of ions, 1-3

5. External proton and ion bean extraction (LEH - nuclear physics, irradiations , building
102 —high energy density physics, irradiation-, building 103 — proton radiotherapy)

Injector1-2 . ; o,
Externalproton ring
/
o /f/ ==
S0
qR8 o o B335 2
e, G
Medicine | -1 Ll
Physics " ' ‘ A=
) - A £/ RS -
nnnnnnnnnnnnnnnnnnnnnnnn l--== “ : lnner Ion rlng v . 4 ‘:
q "o ; . T T ot
t o o . \.. & ] |
........................... R : o \)% '
High-density g, NS r, . T s
matter Physics % -t

S Nuclear.Physi
Laser ion Injéctor I-3 YCIERLENYSIES

Fig. 3.1. The TWA-ITEP accelerator layout.
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3.1. Preparation and irradiation of experimental samples

Experimental samples and monitors were prepared by cutting them off metal foils ("Ni,
%BNb, #Ta, "W, #Al) or by pressing fine-disperse metal powders ("™Cr, *°Fe). All the
experimental samples and monitors were of the same 10.5-mm diameter. Table 3.1 presents the

isotopic composition of the samples used in obtaining the results described below.

Table 3.1. Isotopic composition of the targets used.

Material Certificate Isotopic composition, %
ety *) *0Cr — 4.345+0.013, **Cr — 83.789+0.018, >3Cr —
9.501+0.017, **Cr — 2.365+0.007
*oFe 284 STC “SI” (**) >Fe — 0.3, *°Fe — 99.5+0.1, >'Fe — 0.2, *®Fe - < 0.05
8N — 68.0768+0.0089, ®Ni - 26.2231+0.0077, **Ni —
"IN *) 1.1399+0.0006, ®*Ni — 3.6345+0.0017, ®*Ni —
0.9256+0.009.

%Nb *) %Nb — 100.

181Ta *) 180mT3 _ 0.012+0.002, **1Ta — 99.988+0.002

natyy *) 180\ — 0.1240.01, *#2W — 26.50+0.16, W —
14.31+0.04, "W — 30.64+0.02, *¥*'w — 28.43+0.19.

(*) — Isotopic composition was not determined; the data have been taken from [12].

(**) Quality certificate of the Scientific-Technical Center of Stable Isotopes.

As seen from Table 3.1, 50% of the materials used (*°Fe, *Nb, **'Ta) are monoisotopic or
enriched with a basic isotope. Of course, the results obtained may have been much affected by
chemical admixtures (if any) in the irradiated samples. Therefore, all the materials used were
strictly certified. Tables 3.2 and 3.3 present the total chemical admixture contents in all

experimental samples.

The total admixture composition for *°Fe is presented in conformity with the Quality
Certificate issued by the Stable Isotopes Scientific and Technical Center, wherefrom *°Fe was
received. The admixture compositions for "'Cr, "Ni, **Nb, and **'Ta are presented conforming

to the certificate issued by Alfa Aesar Co. (Jonson Matthey Company, www.alfa.com),

wherefrom the materials were received. The "W researches were made at the Mass

Spectrometry and Chromatography Laboratory of the State Institute of Rare Metals

(GIREDMET) via spark mass spectrometry techniques using a double-focusing mass

spectrometer JIMS-01-BM2. The mass spectra of a high mass-spectrum resolution were recorded

on llford-Q photoplates. The mass spectra were quantitatively interpreted using a Joyce Loebl

Co.-made MDM6 microdensitometer coupled with a NOVA-4 minicomputer. The impurity
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contents were calculated using the software developed at MS&GC Lab. The random error in the
analysis results is characterized by a relative standard deviation of 0.15-0.30. The inert gas and
transuranium element contents in a given sample have been found to be below their detection
limits of 0.001 ppm. The analysis results are presented as mass parts per a million relative to
metallic base (1 ppm = 0.0001%).

To be 1600 MeV and 2600 MeV proton-irradiated, an experimental sample-Al monitor
“sandwich” was packed into a polyethylene bag that was fastened with a scotch to a 72x72-mm
0.1-mm thick Al plate placed normally to a proton flux. The samples and monitors were prepared
to within a sufficient accuracy for them to be of identical geometric dimensions. The geometry
selected has precluded any extra contribution from ?*Na, ?Na, and 'Be in the samples due to
ejection of the three from the Al monitor. The Al plate was used to monitor the total proton beam

intensity (see Section 5 below).

For <1200 MeV proton irradiations, the “sandwich” was made of two sample-monitor pairs,
either of them packed in a separate polyethylene bag, namely, sample #1-monitor #1-sample #2-
monitor-monitor #2. Either *°Fe or **Nb, or "W was used as sample #1, and either "'Cr or "Ni,

or ¥1Ta? as sample #2.

Table 3.2. Chemical admixture contents in the *°Fe, "™'Cr, "Ni, ®*Nb, and *®'Ta samples.

Admixture Admixture contents in
element "“Cr, % | *Fe,ppm | "™Ni, ppm Nb, ppm | *Ta, ppm

Al 0.0009 0.009 0.7 2
B 0.2
C 0.0060 <10 10 7
Ca 0.005 <0.1
Cl 0.005 2
Co <0.01 0.1
Cr 99.8100 0.013 0.07 9
Cu 0.018 0.2 2
Fe 0.1500 0.8 4 11
H 0.0200 <5 1
Hf <1
K 0.3
Li <0.01
Mg 0.007 0.03
Mn 0.006
Mo 2 4 7
N 0.0500 21.5 35 10
Na <0.001 1

2 The exceptions were two long irradiations of ™W and ®'Ta to measure **®Gd at 400 and 600MeV energies. ®'Ta was
Sample#1, "W was Sample #2 in those irradiations.
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Admixture Admixture contents in
element "“Cr, % | *Fe,ppm | "™Ni, ppm “Nb, ppm | Ta, ppm
Nb 29
Ni 0.001 1 26
@) 0.6700 66 81 76
Pb 0.4
P 0.04
Sh 0.002
Si 0.0010 0.02 0.9 <10 2
S 0.0270 22
Ta <100
Ti <1 1
V 0.004
W 4 97
Zr 0.05 1
Extra information
Certificate No. (**) 284
Stock No.(*) 41797 12045 10259 10353
Serial number(*) D18R024 B13R041 A09R036 115P25

(*) — according to the Certificate of Alfa Aesar (a Jonson Matthey Company,

www.alfa.com)

(**) The Quality Certificate of the “Stable Isotopes™ Scientific and Technical Center.
Table 3.3. Chemical admixtures in "'W.

Element Content, ppm Element Content, ppm
Li 40 Ag <0.9
Be <0.01 Cd 9
B 0.4 In <0.7
F 0.1 Sn <2
Na 60 Sb 1
Mg 9 Te <2
Al 20 | <0.5
Si 20 Cs <0.4
P 2 Ba <1
S 40 La <0.4
Cl 50 Ce <0.5
K 100 Pr <0.4
Ca 30 Nd <0.8
Sc <0.3 Sm <0.9
Ti 2 Eu <0.5
\Y 5 Gd <0.8
Cr 30 Th <0.4
Mn 2 Dy <0.8
Fe 2000 Ho <0.5
Co 9 Er <0.9
Ni 900 Tm <0.5
Cu 10 Yb <0.9
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Element Content, ppm Element Content, ppm
Zn <1 Lu <0.5
Ga <0.6 Hf <1
Ge <0.7 Ta <0.8
As 2 W Base
Se <0.5 Re <0.9
Br <0.8 Os <0.8
Rb <0.6 Ir <0.6
Sr <0.3 Pt <0.8
Y <0.4 Au <0.6
Zr <1 Hg <1
Nb <3 Tl <0.7
Mo 100 Pb <2
Ru <1 Bi <0.7
Rh <0.5 Th <0.9
Pd <2 U <0.9

All the irradiations under the projects belong to the following four groups::

1. Routine (standard) irradiations, when the above described “sandwiches” were
exposed to protons for 0.5-1.0 hour; 39 irradiations of 66 samples in total;

2. High-intense (long) irradiations, when the "™'W-'¥!Ta pairs were exposed for at least
4 hours to 400, 600, 800, 1200, and 1600 MeV protons to safely record **Gd; in
total, five irradiations of 10 samples;

3. Additional irradiations of Fe-Cr and W-Ta pairs without polyethylene bags to 0.04,
0.07, 0.1, and 0.15 GeV protons to measure 'Be yield; in total, eight irradiations of
16 samples;

4. Additional irradiations of *°Fe to 0.3, 0.5, 0.75, 1.0, and 1.5 GeV protons to compare
the data obtained with the GSI inverse kinematics results obtained at the respective

energies; five irradiations in total.

A total of 57 irradiations of 97 samples were carried out under the Project in 2006-2009. The

irradiation parameters are presented in Section 4 below.

Within 10-15 min after irradiation stop moment, the sample stacks were taken from the
polyethylene bags irradiated. After that, the samples and monitors were placed into unimpaired
polyethylene bags that got sealed to preclude any possible loss during the impending
measurements and were then y-spectrometered. The samples and monitors of stack #1 (sample
#1-monitor #1) were measured with the GC2518 #1 y-spectrometer purchased in 1995 when
implementing ISTC Project #017, and those of stack #2 (sample #2-monitor #2) with the
GC2518 #2 y-spectrometer purchased in 2007 under the present Project.
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To estimate a possible loss of radioactive recoil nuclei due to their escape from a sample
under irradiation, the unsealed polyethylene bags irradiated were y-spectrometered too. As a
result, the loss level proved to be below the spectrometer detection level.

3.2. Description of the external proton beam extraction

The thin targets made from in the ADS structural materials were irradiated with 0.04-2.6
GeV proton beams from the ITEP U-10 synchrotron. The latter is a ring facility with a 25 MeV
energy of proton injection into a ring and a 9.3 MeV ultimate proton acceleration energy. The
proton beam accelerated up to a given energy (within 40 - 9300 MeV) and consisting of four
bunches of ~250 ns duration each moves from an accelerator ring to the transport channel,
wherefrom the protons are ejected, given the following parameters: a 2-10** proton/dump
intensity, normal cross section shaped as an ellipsis with ~10x15-mm axes, ~1-us total pulse

duration, and ~15 pulse/min pulse repetition rate.

Fig. 3.2 shows the sample irradiation transport channel layout together with the elements of

fast proton beam extraction
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Fig. 3.2. The transport channel layout and the elements of proton beam fast extraction.
1.  Support to place the positioning table together with the target to be irradiated; 2.

transformer; 3. Outlet flange of vacuum proton guide; 4. Bending magnet; 5,6. A doublet of
quadruple lenses to focus the beam; 7. Septum magnet; 8,9. Magnetic units of the accelerating ring;
10. Kicker magnet with a 15 mrad deflection angle; 11. Correction magnet (with a 20-30 mrad

deflection angle).
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Fig. 3.3. Place to irradiate the samples.

A proton beam goes from an accelerating ring to the transport channel, wherefrom protons
of any energy within 40-2600 MeV are extracted with the fast extraction system that includes a
15 mrad deflection angle kicker magnet (with a 20-30 mrad deflection angle) and two magnetic
lenses to focus the beam to take the form of an ellipsis with axes within 10-15 mm. The focusing

made actually all protons hit an irradiated sample.

The beam was guided to an irradiated target using a ceramic plate that phosphoresces when
proton beam-affected. The plate was placed on a task-oriented support (see Fig. 3.3.). A light
flash was monitored with a camcorder. The beam having been guided to the ceramic plate center,
the plate was taken from the support and replaced manually with a 0.1-mm thick 72x72 mm Al
plate. The packed samples and monitors to be irradiated were fastened with a scotch to the center
of the Al plate, which was so placed in the support that the proton beam would fall normally to
the samples. The Al plate has a “petal” with a hole to fasten a capon cord passing through a task-
oriented transport channel that connects the magnetic hall with the adjacent room (see Fig. 3.3).
An irradiation run having ended, the capron cord picks the Al plate and pulls it from the support,
whereupon the plate was transported without physical contact for ~1 min from the magnetic hall.
In ~3-4 min, the samples were taken to the laboratory, wherein they were repacked and got

monitored then with Ge detectors.
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3.3. Determining the proton energies

The extracted proton beam energy has to be known because the given experiments aim to
obtain the energy dependence of measured cross sections- the excitation functions for reactions

analyzed in separate channels.

Under acceleration, the proton energies are measured with due allowance for the invariable
length of the closed circulating proton orbit. Thus we can calculate the proton or heavy ion

(charged heavy particle, CHP) energy by measuring the particle rotation frequency f; :
mc

Ey=———-m,,
0 [z _|2 f2 (3.1)

where Eyp is the circulating proton kinetic energy; m is proton mass (938.26 MeV); L =
251.21m is the closed proton orbit length; ¢ = 2.99776-10° m/s is speed of light.

The f, value is multiple to the accelerating radio frequency
fo=h-f, (3.2)

where h is the accelerating frequency multiplication factor relative to the beam the beam
rotation frequency; f, is the accelerating radio frequency that varies from 0.7 to 10.0 MHz The f,

signal is measured safely to within 10 accuracy or even better.

The energy measurement error if energy-dependent and can be calculated as

Ag:JAﬁ+AE; (3.3)

where AE; is the accelerator ring exit energy uncertainty contingent upon the space-
frequency uncertainty; AE; is the energy uncertainly contingent upon proton momentum spread.

The AEs and AE, values are determined as:

V- a

2.3 2 2
AE, =g, B0 || A | (ALY (54 aE, =295°P PooVEBIcp , (35)
1\ f L m, +E,
where B is proton velocity equaling L-f,/(h-C); v is a relativistic factor equaling to \1- % ; p

is momentum that corresponds to energy Eo.. The L value is known to within a relativistic error
of 10™.
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When transported to the experimental sample irradiation place, the beam loses a portion of
its energy for proton interactions with the transport channel structural materials, with air. The

losses are allowed for as
Esample = Eo - Eloss , (3.6)

Here, Esample 1S the proton beam Kinetic energy in the location of a sandwich irradiated,
whereas 4E)qss, that is the proton energy loss for passage from transport channel to an irradiated
sandwich, namely Ejoss= 0Emem - 0Fair - 0Epol — 0.5 0Esample (Where 6Emem, SEair, 0Epo1, and dEsample
are, respectively, proton energy losses in the steel membrane at the transport channel outlet, in
the air gap between the channel and an irradiated sandwich, in the sandwich bag polyethylene,
and in the sample proper), is calculated via formula 6£ = (dE/dx) X, which is valid because the
total structural material depth X traversed by the proton beam is insignificant, so that specific

loss for ionization may well be considered constant. The energy uncertainty may be estimated as

AEsample = Esample \/AE(? + AEszpread /4 + z (5Eloss )2 (37)

where AEsampie 1S the difference between the energies when entering and leaving a sample;
Y(0E)0ss) IS root of the sum of dispersions of the Landau fluctuation of energy loss Ejoss [3-Mo0X];

p is momentum that corresponds to energy Ep .
Table 3.4 presents the energy uncertainties (by examples of proton-irradiated thin targets).

Table 3.4. Extracted energies and their errors.

Eo (MeV) 40 100 800 2600

AEiry (MeV) <14 <1.0 2 8

Table 3.5 presents the energy loss in each irradiation run together with the resultant energies

on samples and monitors.
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Table 3.5. Proton beam energies in irradiating the sample-monitor “sandwiches” with due account for ionization loss in the transport channel
structural materials as well as the *’Al(p,x)*Na monitor reactions cross section values at the energies calculated.
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o 2 g ElE| 2|2 | 2|2 |2|s|2|2|2|2|2 |2 |2 5|22 /2|5|2|s|8|5|¢2c¢
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0.04 W-Ta 30.06.08| 1.471 | 48.00 (0.1| 185 |0.2621|0.0481(0.3578|0.0481| 0.69 | 0.26 | 0.14 | 1.96 | 0.59 | 0.30 | 2.83 | 0.62 | 2.07 | 3.34 | 459 | 44.7 | 5.36 | 7.08 | 42.6 | 40.9 | 435 | 2.6 | 414 | 25
0.04| W-Ta (Be) [19.03.09| 1.471 | 48.00 |0.1| 185 |0.138 [0.0497|0.353 [0.0497| 0.69 | 0.26 | 0.14 | 1.03 | 0.60 | 0.30 | 2.74 | 0.63 | 1.61 | 2.42 | 46.4 | 45.6 | 440 | 6.09 | 43.6 | 41.9 | 429 | 2.6 | 428 | 2.6
0.07 W-Ta 23.06.08| 1.747 | 69.95 [0.1| 185 |0.2648|0.0964(0.3548|0.0498| 0.52 | 0.19 | 0.10 | 1.50 | 0.86 | 0.21 | 2.05 | 0.46 | 1.56 | 2.74 | 68 | 67.2 | 441 | 566 | 66 |643|226| 1.4 |23.7| 14
0.07| W-Ta (Be) [19.03.09| 1.747 | 69.95 |0.1| 185 [0.0335[0.0493| 0.127 {0.0493| 0.52 | 0.19 | 0.08 | 0.19 | 0.43 | 0.16 | 0.72 | 0.44 | 088 | 1.19 | 69 | 68.8 | 1.92 | 250 | 68 | 674 | 222 | 14 | 226 | 14
0.1 W-Ta 18.02.08| 2.044 | 100.01 |0.1| 185 |0.2770{0.0481|0.3586|0.0480( 0.40 | 0.14 | 0.08 | 1.21 | 0.32 | 0.16 | 1.59 | 0.33 | 1.23 | 2.00 | 99 98 |3.11 | 4.06 | 97 96 198 1.3 | 198 | 1.3
0.1 | W-Ta (Be) |26.03.09| 2.044 | 100.01 |{0.1| 185 |0.136 |0.0482| 0.124 |0.0479| 0.40 | 0.14 | 0.06 | 0.60 | 0.32 | 0.11 | 0.54 | 0.32 | 0.90 | 1.36 | 99 99 | 191|234 | 98 98 | 198 | 13 | 198 | 1.3
0.15 W-Ta 14.02.08(2.4187| 150.06 |0.1| 185 |0.2670{0.0584(0.3550({0.0588( 0.30 | 0.11 | 0.06 | 0.89 | 0.29 | 0.11 | 1.19 | 0.30 [ 091 | 151 | 149 | 149 | 236 | 3.10 | 148 | 147 (171 | 11 |17.2| 1.2
0.15| W-Ta (Be) |26.03.09|2.4187| 150.06 |0.1| 185 |0.131 |0.048 | 0.128 |0.0489| 0.30 | 0.11 | 0.04 | 0.44 | 0.24 | 0.08 | 043 | 0.24 | 0.67 | 1.01 | 149 | 149 | 142 | 1.76 | 149 | 148 | 17.1| 1.1 | 171 | 11
0.25 W-Ta 06.12.07| 2.929 | 250.01 {0.1| 185 |0.2660|0.0587{0.3544|0.0585| 0.22 | 0.08 | 0.04 | 0.65 | 0.21 | 0.08 | 0.87 | 0.21 | 0.66 | 1.10 | 249 | 249 | 1.71 | 2.25 | 248 | 248 15.0 0.9
0.4 W-Ta 18.10.07| 3.404 | 400.14 |0.1| 185 |0.2680|0.0589(0.3558|0.0590( 0.17 | 0.06 | 0.03 | 0.52 | 0.16 | 0.06 | 0.69 | 0.16 | 0.52 | 0.86 | 400 | 399 | 1.35 | 1.77 | 399 | 398 15.8 10
0.4| W-Ta (Gd) [18.10.07| 3.404 | 400.14 |0.1| 185 | 0.276 |0.0588( 0.353 |0.0585| 0.17 | 0.06 | 0.03 | 0.53 | 0.16 | 0.06 | 0.68 | 0.16 | 0.53 | 0.88 | 400 | 399 | 1.36 | 1.78 | 399 | 398 ' '
0.6 W-Ta 15.10.07| 3.783 | 600.30 |0.1| 185 |0.2660{0.0594(0.3575|0.0591| 0.15 | 0.05 | 0.03 | 0.44 | 0.14 | 0.05 | 0.59 | 0.14 | 0.44 | 0.73 | 600 | 600 | 1.15 | 1.51 | 599 | 599 16.0 10
0.6| W-Ta (Gd) |15.10.07| 3.783 | 600.30 {0.1| 185 | 0.267 |0.0588| 0.356 |0.0592| 0.15 | 0.05 | 0.03 | 0.44 | 0.14 | 0.05 | 0.58 | 0.14 | 0.44 | 0.73 | 600 | 600 | 1.14 | 1.51 | 599 | 599 ' '
0.8 W-Ta 22.06.07| 4.018 | 799.75 [0.1| 185 |0.2670|0.0592(0.3575|0.0589| 0.13 | 0.05 | 0.03 | 0.40 | 0.13 | 0.05 | 0.54 | 0.13 | 0.41 [ 0.67 | 799 | 799 | 1.06 | 1.39 | 799 | 798 155 11
0.8| W-Ta (Gd) |22.06.07| 4.018 | 799.75 [0.1| 185 | 0.259 |0.0598| 0.358 |0.0593| 0.13 | 0.05 | 0.03 | 0.39 | 0.13 | 0.05 | 0.54 | 0.13 | 0.40 | 0.66 | 799 | 799 | 1.04 | 1.38 | 799 | 798 ' '
1.2 W-Ta 21.06.07| 4.289 [1199.51(0.1| 185 |0.2650|0.0593(0.3596/0.0590| 0.12 | 0.04 | 0.02 | 0.39 | 0.12 | 0.04 | 0.53 | 0.12 | 0.38 | 0.64 1199 (1199 | 1.01 | 1.33 | 1199 | 1198 144 10
1.2| W-Ta (Gd) [20.06.07| 4.289 | 1199.51|0.1| 185 | 0.269 |0.0592| 0.356 {0.0595| 0.12 | 0.04 | 0.02 | 0.40 | 0.12 | 0.04 | 0.52 | 0.12 | 0.39 | 0.64 | 1199 | 1199 | 1.01 | 1.33 | 1198 | 1198 ' '
1.6 Ta 08.02.07| 4.435 [ 1599.17 (0.1| 185 |0.3542|0.0589(0.0000/0.0000| 0.12 | 0.04 | 0.02 | 0.49 | 0.11 | 0.04 | 0.00 | 0.00 | 0.43 | 0.73 | 1599 | 1598 | 0.83 | 0.83 | 1598 | 1598
1.6 W 08.02.07| 4.435 {1599.17({0.1| 185 |0.2709/0.0592(0.0000(0.0000| 0.12 | 0.04 | 0.02 | 0.37 | 0.11 | 0.04 | 0.00 | 0.00 | 0.37 | 0.61 [ 1599 | 1599 | 0.71 | 0.71 | 1598 | 1598 13.2 1.0
1.6| W-Ta (Gd) (28.03.06| 4.435 |1599.17|0.1| 1000 {0.0328(0.0226| 0.124 {0.0239| 0.12 | 0.22 | 0.02 | 0.05 | 0.04 | 0.04 | 0.17 | 0.05 | 0.39 | 0.43 | 1599 | 1599 | 0.58 | 0.69 | 1599 | 1598
2.6 Ta 27.11.06| 4.603 |2605.82({0.1| 185 |0.3598/0.0591(0.0000(0.0000| 0.12 | 0.04 | 0.02 | 0.50 | 0.11 | 0.04 | 0.00 | 0.00 | 0.43 | 0.74 | 2605 | 2605 | 0.83 | 0.83 | 2605 | 2605 114 0.9
2.6 w 27.11.06| 4.603 |2605.82({0.1| 185 |0.2566/0.0592(0.0000(0.0000| 0.12 | 0.04 | 0.02 | 0.35 | 0.11 | 0.04 | 0.00 | 0.00 | 0.36 | 0.59 | 2605 | 2605 | 0.69 | 0.69 | 2605 | 2605 ' '
0.04 Nb-Ni 30.06.08| 1.471 | 48.00 {0.1| 185 |0.1894|0.0483(0.2057|0.0480| 0.69 | 0.26 | 0.14 | 1.75 | 058 | 0.30 | 1.99 | 0.61 | 1.97 | 3.14 | 46.0 | 44.9 | 4.73 | 6.03 | 43.3 | 42.0 | 43.4 | 26 [ 429 | 26
0.07 Nb-Ni 23.06.08| 1.747 | 69.95 (0.1| 185 |0.1860/0.0483(0.2056(0.0498| 0.52 | 0.19 | 0.10 | 1.29 | 0.42 | 021 | 1.46 | 045 | 146 | 232 | 68 | 67.6 | 3.47 | 442 | 66 | 655|225 | 14 [232| 14
0.1 Nb-Ni 20.02.08| 2.044 | 100.01 {0.1| 185 (0.1897|0.0497|0.2035|0.0485| 0.40 | 0.14 | 0.08 | 1.01 | 0.33 | 0.16 | 1.09 | 0.33 | 1.13 | 1.80 | 99 98 | 2.66 | 3.37 | 97 97 (198 1.3 | 198 | 1.3
0.15 Nb-Ni 14.02.08(2.4187| 150.06 |0.1| 185 |0.1909(0.0480|0.2066|0.0247{ 0.30 | 0.11 | 0.06 | 0.76 | 0.24 | 0.11 | 0.83 | 0.12 | 0.85 | 1.35 | 149 | 149 | 2.00 | 248 | 148 | 148 [ 17.1| 11 | 171 | 11
0.25 Nb-Ni 06.12.07| 2.929 | 250.01 {0.1| 185 |0.1890|0.0490(0.2065|0.0491| 0.22 | 0.08 | 0.04 | 0.55 | 0.18 | 0.08 | 0.60 | 0.18 | 0.61 | 0.98 | 249 | 249 | 1.45 | 1.83 | 249 | 248 15.0 0.9
0.4 Nb-Ni 18.10.07| 3.404 | 400.14 |0.1| 185 |0.1899|0.0583|0.2068|0.0582( 0.17 | 0.06 | 0.03 | 0.43 | 0.16 | 0.06 | 0.47 | 0.16 | 0.48 | 0.78 | 400 | 399 | 1.16 | 1.47 | 399 | 399 15.8 1.0
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0.6 Nb-Ni 15.10.07| 3.783 | 600.30 |0.1| 185 |0.1895|0.0584(0.2067|0.0588| 0.15 | 0.05 | 0.03 | 0.37 | 0.14 | 0.05 | 0.40 | 0.14 | 0.41 | 0.66 | 600 | 600 | 0.98 | 1.25 | 599 | 599 16.0 1.0
0.8 Nb-Ni 22.06.07| 4.018 | 799.75 [0.1| 185 |0.1893|0.0590(0.2054(0.0589| 0.13 | 0.05 | 0.03 | 0.34 | 0.13 | 0.05 | 0.37 | 0.13 | 0.37 | 0.61 | 799 | 799 | 0.90 | 1.15 | 799 | 799 15.5 11
1.2 Nb-Ni 21.06.07| 4.289 {1199.51{0.1| 185 |0.1901|0.0590{0.2054(0.0590| 0.12 | 0.04 | 0.02 | 0.31 | 0.12 | 0.04 | 0.34 | 0.12 | 0.35 | 0.56 | 1199 | 1199 | 0.83 | 1.06 | 1199 | 1198 14.4 1.0
1.6 Ni 12.02.07| 4.435 | 1599.17|0.1| 185 |0.2054(0.0593(0.0000/0.0000| 0.12 | 0.04 | 0.02 | 0.33 | 0.11 | 0.04 | 0.00 | 0.00 | 0.35 | 0.57 | 1599 | 1599 | 0.67 | 0.67 | 1598 | 1598 132 10
1.6 Nb 12.02.07| 4.435 | 1599.17|0.1| 185 |0.1859(0.0590(0.0000/0.0000| 0.12 | 0.04 | 0.02 | 0.30 | 0.11 | 0.04 | 0.00 | 0.00 | 0.33 | 0.54 | 1599 | 1599 | 0.64 | 0.64 | 1599 | 1599 ' '

2.6 Ni 29.11.06| 4.603 | 2605.82(0.1| 185 |0.2059|0.0589(0.0000/0.0000| 0.12 | 0.04 | 0.02 | 0.33 | 0.11 | 0.04 | 0.00 | 0.00 | 0.35 | 0.57 | 2605 | 2605 | 0.67 | 0.67 | 2605 | 2605 114 0.9
2.6 Nb 29.11.06| 4.603 | 2605.82(0.1| 185 |0.1892|0.0592(0.0000/0.0000| 0.12 | 0.04 | 0.02 | 0.30 | 0.11 | 0.04 | 0.00 | 0.00 | 0.33 | 0.54 | 2605 | 2605 | 0.64 | 0.64 | 2605 | 2605 ' '

0.04 Fe-Cr 08.07.08| 1.471 | 48.00 (0.1| 185 |0.2401|0.0481(0.3308|0.0476| 0.69 | 0.26 | 0.14 | 253 | 0.59 | 0.30 | 3.74 | 0.65 | 2.36 | 3.92 | 456 | 44.1 | 6.39 | 858 | 41.6 | 394 | 436 | 26 | 37.2 | 2.2
0.04| Fe-Cr(Be) |19.03.09| 1.471 | 48.00 |0.1| 185 (0.4039(0.0482| 0.361 |0.0492| 0.69 | 0.26 | 0.14 | 4.29 | 0.61 | 0.30 | 4.20 | 0.69 | 3.24 | 5.69 | 44.8 | 42.3 | 8.40 {10.85| 39.6 | 37.2 | 43.1 | 26 | 29.7 | 1.8
0.07 Fe-Cr 08.07.08| 1.747 | 69.95 [0.1| 185 |0.2396|0.0248(0.3323|0.0492| 0.52 | 0.19 | 0.10 | 1.87 | 0.22 | 0.21 | 2.64 | 045 | 1.75 (279 | 68 |67.2 | 443 | 598 | 66 |640|226| 1.4 |239| 14
0.07| Fe-Cr(Be) |19.03.09| 1.747 | 69.95 |0.1| 185 (0.4776|0.0483| 0.317 |0.0482| 0.52 | 0.19 | 0.10 | 3.72 | 0.44 | 0.21 | 255 | 045 | 2.67 | 475 | 67 | 652 | 6.46 | 7.96 | 63 | 620|233 | 14 | 251 | 15
0.1 Fe-Cr 20.02.08| 2.044 | 100.01 {0.1| 185 |0.2592|0.0488(0.3384|0.0481| 0.40 | 0.14 | 0.08 | 1.16 | 0.33 | 0.16 | 2.02 | 0.33 | 1.21 | 1.95 | 99 98 328|445 | 97 96 198 | 1.3 | 198 | 1.3
01| Fe-Cr (Be) |26.03.09| 2.044 | 100.01 |0.1| 185 [0.3443(0.0481| 0.351 {0.0495| 0.40 | 0.14 | 0.08 | 1.55 | 0.32 | 0.16 | 1.57 | 0.33 | 1.40 | 2.33 | 99 98 | 343|439 | 97 9 | 198 | 13 (198 | 13
0.15 Fe-Cr 09.07.08|2.4187| 150.06 {0.1| 185 |0.2164|0.0498(0.3369(0.0495| 0.30 | 0.11 | 0.06 | 0.70 | 0.25 | 0.11 | 1.50 | 0.25 | 0.82 | 1.29 | 149 | 149 | 228 | 3.15 | 148 | 147 | 17.1 | 11 | 172 | 1.2
0.15| Fe-Cr (Be) [26.03.09(2.4187| 150.06 |0.1| 185 [0.4015[0.0496| 0.394 {0.0482| 0.30 | 0.11 | 0.06 | 1.29 | 0.25 | 0.11 | 1.27 | 0.24 | 1.12 | 1.89 | 149 | 148 | 2.76 | 3.561 | 147 | 147 (171 | 11 | 1.7 | 1.2
0.25 Fe-Cr 13.12.07| 2.929 | 250.01 |0.1| 185 |0.2447(0.0479(0.3398|0.0492| 0.22 | 0.08 | 0.04 | 0.62 | 0.17 [ 0.08 | 0.85 | 0.18 | 0.65 | 1.04 | 249 | 249 | 1.63 | 2.15 | 248 | 248 15.0 0.9
0.4 Fe-Cr 09.07.08| 3.404 | 400.14 {0.1| 185 |0.2704|0.0478|0.3222(0.0481| 0.17 | 0.06 | 0.03 | 0.58 | 0.13 | 0.06 | 0.69 | 0.13 | 0.55 | 0.91 | 400 | 399 | 1.38 | 1.79 | 399 | 398 15.8 1.0
0.6 Fe-Cr 16.10.07| 3.783 | 600.30 |0.1| 185 |0.2398|0.0585(0.3289|0.0583| 0.15 | 0.05 | 0.03 | 0.47 | 0.14 | 0.05 | 0.64 | 0.14 | 0.46 | 0.76 | 600 | 600 | 1.20 | 1.59 | 599 | 599 16.0 1.0
0.8 Fe-Cr 24.06.07| 4.018 | 799.75 (0.1| 185 |0.2454|0.0591(0.3374|0.0591| 0.13 | 0.05 | 0.03 | 0.43 | 0.13 | 0.05 | 0.59 | 0.13 | 042 [ 0.70 | 799 | 799 | 1.11 | 1.47 | 799 | 798 155 11
1.2 Fe-Cr 21.06.07| 4.289 [1199.51(0.1| 185 |0.2430|0.0595(0.3403|0.0592| 0.12 | 0.04 | 0.02 | 0.44 | 0.12 | 0.04 | 0.61 | 0.12 | 0.41 | 0.69 | 1199 | 1199 | 1.10 | 1.46 | 1198 | 1198 144 1.0
16 Cr 15.02.07| 4.435 | 1599.17|0.1| 185 |0.3386|0.0586|0.0000|{0.0000| 0.12 | 0.04 | 0.02 | 0.59 | 0.11 | 0.04 | 0.00 | 0.00 | 0.48 | 0.83 | 1599 | 1598 | 0.93 | 0.93 | 1598 | 1598 13.2 10
16 Fe 15.02.07| 4.435 | 1599.17|0.1| 185 |0.2474|0.0592|0.0000|0.0000| 0.12 | 0.04 | 0.02 | 0.43 | 0.11 | 0.04 | 0.00 | 0.00 | 0.40 | 0.67 | 1599 | 1598 | 0.77 | 0.77 | 1598 | 1598 ' '

2.6 Cr 04.12.06| 4.603 | 2605.82(0.1| 185 |0.3661|0.0590{0.0000/0.0000| 0.12 | 0.04 | 0.02 | 0.59 | 0.11 | 0.04 | 0.00 | 0.00 | 0.48 | 0.83 | 2605 | 2605 | 0.92 | 0.92 | 2605 | 2605 114 0.9
2.6 Fe 04.12.06| 4.603 | 2605.82 (0.1| 185 |0.2433|0.0592(0.0000/0.0000| 0.12 | 0.04 | 0.02 | 0.39 | 0.11 | 0.04 | 0.00 | 0.00 | 0.38 | 0.63 | 2605 | 2605 | 0.73 | 0.73 | 2605 | 2605 ' '
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3.4. Procedure of y-spectrometry-based analyzing the samples irradiated

The measured y-spectra were shown above to be explicitly much complicated. Besides, the
intensity of y-emission from the samples irradiated was sufficiently high, particularly during the
decay startup. In such conditions, a possible spectrometer performance instability may not only
impede obtaining and processing experimental data but also significantly distort the obtained
results. Therefore, the stability of the spectrometer parameters is given particular attention to

when making experiments.
The spectrometer parameters that determine the admissible measurement modes include
e temporal and temperature stability,
e cascade summation effects,
e ultimate spectrometer load,
e absolute detection efficiency at different heights and energies. Temperature stability

To ensure temperature stability, a microclimate got sustained in the laboratory measurement

room.

3.4.1. Temporal stability

Temporal stability is assessed by periodic measuring the 2

Eu y-emission spectrum. The
many-year laboratory observations (see Fig. 2.11) have shown that the detection positions of the
121.78 keV, 778.90 keV, and 1408.01 keV y-line photopeaks fluctuate around their means
mostly within 0.1%. The observed temperature drift of the instrumental line in the measured y-
spectra is allowed for by constant calibrating the spectrometer, thereby providing a 0.1-0.3 keV
error when measuring the energy of y-emission from the samples irradiated. The procedure has
led to a much decreased number of y-lines to be considered as additional contributions when

analyzing the spectra.
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Fig. 3.4. The fluctuations of the maxima locations when detecting the 121.78 keV, 778.90
keV, and 1408.01 keV y-line photopeaks with Canberra detector#1
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Fig. 3.5. The fluctuations of the maxima locations when detecting the 121.78 keV, 778.90
keV, and 1408.01 keV y-line photopeaks with Canberra detector#2

3.4.2. Quantitative count loss estimation

The count loss in case of high spectrometer loads was quantitatively estimated by two-
source techniques. One of the sources (10.11kBq activity *’Cs) was placed at a fixed height H =
40 mm that determined the y-source-Ge detector spacing, whereas the height of the second
(50.93kBq activity *?Eu) decreased as measurements went on. Position of the first source
provided for a low spectrometer loading, while the second source imitated the measurement load
increase by varying the height. Figs. 3.6 and 3.7 show the peak area and **'Cs y-line resolution

variations vs. spectrometer load.

The results obtained were used to determine the ultimate spectrometer load, which was not
found to exceed 5% in all measurement runs. To provide the conditions, the experimental
samples began being monitored at heights of ~1325 mm and ~1050 mm for Canberra

spectrometers #1 and #2, respectively.
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Fig. 3.6. Fig. 3.6. Detector#1 loading Fig. 3.7. Detector#2 loading characteristics.

characteristics.

3.4.3. Cascade summation.

The cascade summation effect that results in distorting the measured y-spectra was
experimentally estimated using the standard spectrometric *°Co (11.76 kBq and 98.9 kBq) y-ray
sources. The main ®°Co 1173.2 keV and 1332.5 keV lines produce the spurious 2505.7 keV peak.
The cascade summation effect was estimated to be the spurious 2505.7 keV peak-t0-1173 keV
peak area ratio depending on the source height above the detector. The 11.76 and 98.9 Bq
sources were used for 0-150 mm and >150 mm source heights over the detector, respectively.
Fig. 3.8 shows the experimental estimate, from which it follows that the cascade summation
effect does not exceed 0.6% for at least a 40-mm y-detector - sample spacing.
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Fig. 3.8. Cascade summation effect vs. source-detector spacing.

3.4.4. Absolute spectrometer detection efficiency. Determining the height and energy

dependences of the spectrometer detection efficiency.

The independent and cumulative reaction product yields in formulas (2.8-2.11, 2.13) were
calculated in terms of absolute spectrometer efficiency, thereby attracting much attention to

calculating the latter.

The absolute spectrometer efficiency for an energy that corresponds to the y-line energy of a
monitored source at a fixed height H can be presented as:

! (3.8)

Where S,is the total absorption peak count rate (pulse/s) at energy E; 7 is the y-line
quantum abundance; A is the attested y-source activity reduced to the measurement moment.

Use was made of standard set of spectrometric y-ray sources#3-1-9402, 3-1-6630, 3-2-6626
certified by the All-Russian D.I. Mendeleev Metrology Institute and comprising >*Mn, °'Co,
0co, 8y, 199¢cq, 13gn, 1383y, 1¥7Cs, 1¥9Ce, °2Eu, *2Th, and ***Am. The radionuclide activity in

the sets Ne 9402, Ne 6630 is ~10 kBq and ~100 kBq in the set Ne 6626. Sets with different

activities were used to reduce calibration times on high heights (from 40 to 1325mm).
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The source certification dates, activities, and nuclear data to be used to calculate the absolute

efficiency were taken to conform to the source ratings [9,10,14-16].

Fig. 3.9 presents the results of experimental determining the absolute spectrometer
efficiency at different heights. In practice, the analytical energy dependences of the absolute

spectrometer efficiency should actually be known.

The absolute spectrometer detection efficiency at energy E at the fixed height H is calculated
as:

g(E)= exp[g P-(In E)“k}

’ (3.9)
with error:
Zz k+3 k+3 _ .
A, == -\/ZZMijl-(ln E)™*.(InE)"™*
- , (3.10)
Where
N, o
M =D W, -(INE);? wsi, j=1,....4
k=1
M; :Zwk‘(ln E) msi, j=5,...,8;
k=1
K= 1, ma nE<InE,
S5, mm1 InE>InEj
2 Rt €x| calc 2 1
r = Z [8 "(E)-¢ (Ei):| E
- " (3.12)
F =Ny N, —m —m, +k =3 (3.13)

wherein £°(E,) is calculated from (3.9); W, - inverse square of ¢ relative error; A, is

absolute error in the experimental spectrometer efficiency at energy E,; k-1 is the highest order
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of derivative, for which adjusting were made at point InEq (Eo = 300 keV); N,,N, - numbers of

experimental point to the left and to the right from the adjusting point, respectively, m,m, -

polynomial degrees on the left and to the right from the adjusting point, respectively.

Thr following factors presented in tables 3.6 and 3.7 were obtained to be used in formulae

(3.9) to get efficiencies of the detectors used in this work.

Table 3.6. P; factors for Detector #1.

Height | Index Factors values
i Pi Pix1 Pix2 Pi+s
40 1 -8.0558410645E+01 | 4.3604387283E+01 |-8.0408525467E+00 | 4.8303857446E-01
5 2.7600402832E+00 |-1.4625129700E+00 | 7.8527450562E-02 | -4.2118132114E-03
60 1 -7.0631233215E+01 | 3.7071483612E+01 |-6.7032184601E+00 | 3.9316287637E-01
5 4,7654953003E+00 | -2.4805488586E+00 | 2.1287393570E-01 | -9.9528133869E-03
80 1 -7.2066257477E+01 | 3.7635593414E+01 |-6.8136596680E+00 | 4.0060263872E-01
5 -4.9985504150E-01 | -2.6699829102E-01 | -1.2275314331E-01 | 6.9065093994E-03
100 1 -7.2896057129E+01 | 3.7925178528E+01 |-6.8706102371E+00 | 4.0415441990E-01
5 8.1451416016E+00 | -4.5231399536E+00 | 5.4054450989E-01 | -2.7149021626E-02
150 1 -6.8119155884E+01 | 3.4526981354E+01 |-6.1800374985E+00 | 3.5815274715E-01
5 9.9623565674E+00 |-5.6898040771E+00| 7.2156286240E-01 | -3.6457479000E-02
300 1 -6.5712272644E+01 | 3.2290397644E+01 |-5.7673292160E+00 | 3.3325320482E-01
5 3.4106140137E+00 |-3.3897399902E+00 | 3.6963939667E-01 | -1.8467754126E-02
450 1 -6.5289535522E+01 | 3.1501045227E+01 |-5.5905447006E+00 | 3.2058292627E-01
5 4.8513031006E+00 |-4.3762130737E+00| 5.2167510986E-01 | -2.6225388050E-02
700 1 -6.9415992737E+01 | 3.3295265198E+01 |-5.9383125305E+00 | 3.4303367138E-01
5 1.7035522461E+00 |-3.3744964600E+00 | 3.6154747009E-01 | -1.7589986324E-02
1325 1 -6.9642684936E+01 | 3.3071022034E+01 |-5.8766736984E+00 | 3.3815521002E-01
5 -1.9138336182E+00 | -1.8311080933E+00 | 1.1600875854E-01 | -4.6740174294E-03

Table 3.7. P; factors for Detector #2.

Height | Index Factors values
i Pi Pi+1 Pi+2 Pi+3
40 1 -8.0558410645E+01 | 4.3604387283E+01 |-8.0408525467E+00 | 4.8303857446E-01
5 2.7600402832E+00 |-1.4625129700E+00| 7.8527450562E-02 |-4.2118132114E-03
60 1 -7.0631233215E+01 | 3.7071483612E+01 |-6.7032184601E+00 | 3.9316287637E-01
5 4.7654953003E+00 |-2.4805488586E+00| 2.1287393570E-01 |-9.9528133869E-03
80 1 -7.2066257477E+01| 3.7635593414E+01 |-6.8136596680E+00 | 4.0060263872E-01
5 -4.9985504150E-01 | -2.6699829102E-01 | -1.2275314331E-01 | 6.9065093994E-03
100 1 -7.2896057129E+01 | 3.7925178528E+01 |-6.8706102371E+00| 4.0415441990E-01
5 8.1451416016E+00 |-4.5231399536E+00 | 5.4054450989E-01 |-2.7149021626E-02
150 1 -6.8119155884E+01 | 3.4526981354E+01 |-6.1800374985E+00 | 3.5815274715E-01
5 9.9623565674E+00 |-5.6898040771E+00| 7.2156286240E-01 |-3.6457479000E-02
350 1 -6.5712272644E+01 | 3.2290397644E+01 |-5.7673292160E+00 | 3.3325320482E-01
5 3.4106140137E+00 (-3.3897399902E+00| 3.6963939667E-01 |-1.8467754126E-02
500 1 -6.5289535522E+01 | 3.1501045227E+01 |-5.5905447006E+00 | 3.2058292627E-01
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Height | Index Factors values
i Pi Pi+1 Pi+2 Pi+s
5 4.8513031006E+00 |-4.3762130737E+00| 5.2167510986E-01 |-2.6225388050E-02
850 1 -6.9415992737E+01 | 3.3295265198E+01 |-5.9383125305E+00 | 3.4303367138E-01
5 1.7035522461E+00 |-3.3744964600E+00| 3.6154747009E-01 |-1.7589986324E-02
1050 1 -6.9642684936E+01 | 3.3071022034E+01 |-5.8766736984E+00 | 3.3815521002E-01
5 -1.9138336182E+00 | -1.8311080933E+00| 1.1600875854E-01 |-4.6740174294E-03;

Fig. 3.9 shows that developed technique allows description of the measured values of

detector efficiencies at any heights and correct reproduction of changing of slope of the curve of

energy dependence of detector efficiency on H in double logarithmic scale.

The proposed technique allows calculation the absolute efficiency in 100keV — 2600keV

energy and 40mm — 1240mm height ranges with 3-10% relative uncertainty. At relatively low

energies (<120keV) as well as in energy ranges with low number of experimental points the

uncertainty is close to upper limit of the above values. It should be noted however that in

practice the energies of the analyzed y-lines of the nuclides produced in this work are above

100keV.
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Fig. 3.9 Absolute detection efficiency of spectrometers Nos. 1 and 2 (the right- and left-hand
panels, respectively) measured using the standard sources and calculated via least squares
techniques..

3.4.5. Processing of y-spectra

Figs. 3.10 — 3.21 show examples of the irradiated sample y-spectra measured.
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Instance of 2600 MeV proton-
irradiated "'Cr sample y-spectrum#05 in 1.49
hour after irradiation. Measurement time is 900 s.
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Fig. 3.11. Instance of 2600 MeV proton-irradiated
"Cr sample y-spectrum#25 in 179.52 days after
irradiation. Measurement time is 248400 s
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Fig. 3.13. Instance of 2600 MeV proton-irradiated

*®Fe sample y-spectrum#05 in 1.88 hour after *°Fe sample y-spectrum#30 in 130.47 days after

irradiation. Measurement time is 600 s.
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Fig. 3.14. Instance of 2600 MeV proton-irradiated Fig. 3.15. Instance of 2600 MeV proton-irradiated
"INi sample y-spectrum#05 in 1.47 hour after "Ni sample y-spectrum#27 in 99.66 days after

irradiation. Measurement time is 900 s.
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Fig. 3.16. Instance of 2600 MeV proton-irradiated
%Nb sample y-spectrum#05 in 1.61 hour after
irradiation. Measurement time is 900 s.
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Fig. 3.17. Instance of 2600 MeV proton-irradiated
%Nb sample y-spectrum#27 in 98.84 days after
irradiation. Measurement time is 75600 s.
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y-spectrum#25.

Figs. 3.22 — 3.27 show instances of automatic and interactive processing of y-spectra.

Cr:
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- Fig. 3.22-a “Automatic processing” shows the region with missed peak for 28Mg y-line
(1014.44 keV, yield 28.00, Ty, = 9.458 min),

- Fig. 3.22-b “Interactive processing” shows that same peak added after being interactive
mode-processes.

Fe:

- Fig. 3.23-a “Automatic processing” shows the region with missed peak for **Fe y-line
(377.9 keV, yield 42.00, Ty, = 8.51 min),

- Fig. 3.23-b “Interactive processing” shows that same peak added after being interactive
mode-processes.

Ni:
- Fig. 3.24-a “Automatic processing” shows the region with missed peak for **Fe y-line
(377.9 keV, yield 42.00, Ty, = 8.51 min),

- Fig. 3.24-b “Interactive processing” shows that same peak added after being interactive
mode-processes.

Nb:

- Fig. 3.25-a “Automatic processing” shows the region with missed peak for **Mn y-line
(1810.72 keV, yield 27.00, Ty, = 2.5789 hours),

- Fig. 3.25-b “Interactive processing” shows that same peak added after being interactive
mode-processes.

— -
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Hauano: 1034852 kel Wrepaumm: 1} Hauano: 1012.397 kel Wrepaumm: 1]
Konew: 1040.710 kel HH-KEBAOPAT: 1] Konew: 1016.953 ke HH-KEBAOPAT: 1]
M Aneprua LeHrp Mnowane Owmtika MNune M JHeprua LleHrp Mnowane Owwtika Mnwne
1 1037.725 38583 161.03 2433 1.888 1.1E 1 1014.562 311465 95.43 3623 1634 1.0
QaKpbrrbI LCnpaeka | QaKpbrrbI LCnpaeka |
Fig. 3.22. Examples of automatic (a) and interactive (b) processing of a 2.6 GeV proton-irradiated "Cr
spectral range, spectrum No. 5.
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Fig. 3.23. Examples of automatic (a) and interactive (b) processing of a 2.6 GeV proton-irradiated >°Fe
spectral range, spectrum No. 6.
a)

m
A
L
{ |
£ I}' l
‘l\ : / 4
i 4
1 B 1
] :
J \ \
A 5 ¥ X
v utht. st ¢ Ty Lot |b f
srtitattalaeteet, PP P ARTI TN #le b o
] = = e = = ™
A I he .
:
. 5
| e == e ] o o o]

79



QaKpbrrbI LCnpaeka |

QaKpbrrbI LCnpaeka |

OTHET No 06NACTH OTHET No 06nacTH
Hauano: 370623 kel Wrepaumm: 1} Hauano: 370623 ket Wrepaumm: 9
Konew: 374.528 kel HH-KEBAOPAT: 1] Konew: 379.409 kel HH-KEBAOPAT: 098
M Aneprua LeHrp Mnowane Owmtika MNune M JHeprua LleHrp Mnowane Owwtika Mnwne
1 372746 114252 |72 324 1.273 1.00 1 372749 114253 358677 2.34 1.242 047
2 377EE3 115733 315.83 16.27 1.245 047

Fig. 3.24. Examples of automatic (a) and interactive (b) processing of a 2.6 GeV proton-irradiated "Ni

spectral range, spectrum No. 6.

OTHET N0 0ONACTH OTHET no 0bnacTu
Hauano: 1789.082 kel Wrepaumm: 32 Havano: 1788.106 key Hrepaumu: 7
Kaonew: 1813.488 keV HH-EBanpaT: 28 Fanew: 1613.488 ke Hu-kEalpar: 092
Mz AHeprua LleHTp Maowans Ouwmtika nune ME FAHeprua UeHrp Mnowaie Owwtka MWne

1 1790.474 543928 97.53 2410 4.224 22 1 1730302 580059 143.05 17.03 2.385 1.27

2 1801.622 H533.53 136.70 18.46 4.227 224 2 1801.832 5534.18 234.73 11.37 2.389 1.27

3 1809.167 H58E.72 1353.86 274 4.229 2.24 3 1607.645 5552.04 744.45 5.02 233 127

4 1810665 5B61.32 E33.01 5E5 2391 127

Sakpems I LCnpaeka | Jakpeme I LCnpaeka |

Fig. 3.25. Examples of automatic (a) and interactive (b) processing of a 2.6 GeV proton-irradiated
%Nb spectral range, spectrum No. 10.
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Havano: 259 669 kel Wrepaum: 3
K.onew: 275.290 ket HWKEBA0PAT: 38
M FHeprun Llextp Mnowane Owutka MNwne
1 265.697 81352 41004.35 0.54 1.578 1.35
2 271.008 52984 12704.82 1.57 1.583 1.35
] 273695 83810 754769 2.45 1.585 135

P4 07uéT no obnacty

¥4 OTuET no oBnacTi
Havano: 259,995 ket Wrepau: 5
Konew: 275.947 keV HU-KEBALPAT: 1.2
M2 Aneprua Uexrp Mnowaae Ouwmtika Mwne
1 261.365 800.21 226334 7.8 1.223 1A
2 262.925 805.00 3041.39 5.54 1.224 1.
3 265,572 81314 3428491 0.91 1.226 1
4 266886 817.18 Fa7e32 307 1.228 1
5 263.310 824.62 234313 6.23 1.230 1
g 271.075 830.09 10705.69 1.76 1.23 1[%
Jakpeme | Crpaeka |

Fig. 3.26. Examples of automatic (a) and interactive (b) processing of a 2.6 GeV proton-irradiated

18173 spectral range, spectrum No. 10.
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¥4 OTuET no obnacTy ¥4 DTuET no obnacTy
Havano: Tr4.166 kel Wrepaumu: 13 Hauano: T74.166 ket Wrepaumm: E
Kaonew: 794.342 ket HHREA1paT: 7.6 Konew: 794,342 ke HH-REA1pAT: 1.1
Mz JHeprua LeHTp Mnowaak Owwmtika Mg M= JHeprua UeHrp Mnowaae Ouwmtika MNwne
1 TFAET 2387.71 472676 1.76 2686 1.79 1 776.641 238361 2020.43 Xl 1.668 11
2 784.045 240636 2309.12 310 2689 1.79 2 778.610 2389.66 2592059 276 1.669 11
3 788341 241956 1222.37 5.45 2.691 1.79 3 783701 2405.30 1742.22 384 1.671 111
4 792.306 2431.74 911.84 6.96 2693 1.79 4 785.827 2411.84 78818 75 1672 111
5 708.640 2420.48 1059.38 549 1674 11
792.216 2431.47 80813 6.89 1.675 11

Fig. 3.27. Examples of automatic (a) and interactive (b) processing of a 2.6 GeV proton-irradiated

"W spectral range, spectrum No. 10.

3.4.6. Laboratory background

Occurrences of the background y-lines induced in the measured y-spectra by the natural

radioactive laboratory background and by possible radioactive impurities in samples were

allowed for by analyzing the y-spectra of the intact samples monitored in the same way as the

samples irradiated. Fig. 3.28 shows the laboratory 14 days-accumulated radioactive background

typical of y-spectrometry. The background is indicative of the occurrences of natural
radionuclides that are members of the 28U, *°U, and %*?Th decay chains, except for the =*'Cs
661 keV and '®™Ag 433.9, 614.9 and 722.9 keV, *?Eu 244.7, 344.3, 778.9 keV, *Na 274.2

keV vy-lines. The *¥'Cs and '®™Ag occurrences arose probably from many-year heavy water

reactor operations in the ITEP territory, "?Eu and ?’Na occurrences arose from the character of

the work carried out.
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Fig. 3.28. The background spectra measured for 14 days with detectors Nos. 1 (the red lines)
and 2 (the blue lines). Table 3.8 lists the lines found.

Table 3.8. List of y-lines of the background spectra displayed in Fig. 3.28.
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Counting rate,

Counting rate,

No. of line | E (keV) Nulide pulse/s (detectorNel) | pulse/s (detectorNe2)
1 112.8 “4Th 8.079E-004 3.998E-004
2 121.4 24y - 4.029E-003
3 143.9 U 2.227E-003 1.592E-003
4 163.4 | ®U+=Th 8.935E-004 4.044E-004
5 185.7 | “°U+**Ra 1.090E-002 6.232E-003
6 205.4 U 9.607E-004 6.490E-004
7 238.6 “2pp 3.000E-003 5.922E-003
8 241.9 | ““Pb+**Ra - 1.317E-003
9 244.7 B2y - 6.791E-004
10 277.4 2057 - 6.491E-004
11 295.2 2lipp 1.085E-00 2.585E-003
12 300.1 | “*pPb+**'Pa 1.886E-004 6.300E-004
13 338.1 “Bpc 6.554E-004 1.021E-003
14 344.28 B2y - 2.175E-003
15 351.9 2lipp 3.104E-003 6.045E-003
16 433.9 108mAg 3.694E-003 8.134E-004
17 438.6 DE 3.857E-004 9.766E-004
18 462.7 “Bpac 8.277E-004 9.560E-004
19 510.9 AN 2.378E-002 3.225E-002
20 583.1 2057 4.883E-003 7.176E-003
21 609.2 2lpj 1.195E-002 1.611E-002
22 614.2 108m p, 4.559E-003 1.283E-003
23 661.5 BCs 2.164E-003 3.479E-003
24 665.4 2lBj 5.510E-004 4.161E-004
25 722.8 108mp, 4.598E-003 1.525E-003
26 727.1 2l2gj 1.414E-003 2.250E-003
27 755.3 “Bac - 4.701E-004
28 768.3 2lpj 1.453E-003 2.049E-003
29 772.2 “Bac - 3.258E-004
30 778.9 B2y - 4.732E-004
31 782.1 “Bpac 1.129E-004 1.744E-004
32 785.6 2lipp 8.008E-004 7.328E-004
33 795.1 “BAC 1.130E-003 1.673E-003
34 806.1 2lpj 4.869E-004 6.990E-004
35 835.7 “BAC - 3.132E-004
36 860.4 2057 8.335E-004 1.670E-003
37 911.0 “Bpac 6.251E-003 3.216E-004
38 933.9 2B 1.179E-003 9.594E-003
39 949.6 SE 4.563E-004 1.015E-003
40 964.5 | “MBi+*®Ac 1.200E-003 2.542E-003
41 968.8 2B 3.975E-003 6.178E-003
42 1000.8 23iMpa 9.645E-004 8.062E-004
43 1110.6 2B - 6.741E-004
44 1120.1 2lBj 6.220E-003 8.896E-003
45 1154.9 2Bj 9.303E-004 1.273E-003
46 1207.7 2lpj 2.558E-004 1.413E-004
47 1238.0 2Bj 2.628E-003 3.497E-003
48 1274.2 “’Na - 4.391E-004

83




. . Counting rate, Counting rate,
No. of line | E (keV) Nulide pulse/s (detectorNel) | pulse/s (detectorNe2)
49 1280.1 4B 5.443E-004 8.900E-004
50 1377.4 214 1.843E-003 2.737E-003
51 1384.9 4B 3.348E-004 3.824E-004
52 1401.2 214 6.327E-004 8.400E-004
53 1407.7 4B 9.781E-004 2.241E-003
54 1460.6 K 5.292E-002 8.804E-002
55 1495.7 2Bpc 3.179E-004 4.977E-004
56 1501.3 NS 1.416E-004 2.675E-004
57 1509.0 24 9.566E-004 1.404E-003
58 1511.8 SE - 1.806E-004
59 1538.5 214 2.518E-004 2.901E-004
60 1543.3 214g;j 1.064E-004 2.399E-004
61 1580.5 NS 1.482E-004 2.307E-004
62 1582.7 214 2.090E-004 4.106E-004
63 1587.9 NS 9.074E-004 1.597E-003
64 1592.2 DE 1.385E-003 2.760E-003
65 1599.1 24 9.990E-005 1.361E-004
66 1620.5 212g;j 4.932E-004 7.124E-004
67 1625.0 28 ¢ 1.199E-004 8.628E-005
68 1630.4 NS 6.297E-004 9.479E-004
69 1638.3 2B 2.157E-004 1.720E-004
70 1661.1 24 4.560E-004 7.949E-004
71 1729.5 214g;j 1.379E-003 1.989E-003
72 1764.2 24 7.227E-003 1.104E-002
73 1838.4 24 1.054E-004 1.559E-004
74 1847.2 214g;j 9.197E-004 1.374E-003
75 1933.0 DE - 1.422E-004
76 2103.1 SE 1.701E-003 2.706E-003
77 2118.3 24 5.340E-004 8.143E-004
78 2203.9 214g;j 2.345E-003 3.508E-003
79 2293.4 214g;j 1.467E-004 2.009E-004
80 2447.6 24 7.615E-004 1.049E-003
81 2614.8 2087 1.217E-002 1.963E-002

AN — Annihilation peak
SE — Single ejection of annihilation y-quanta
DE — Double ejection of annihilation y-quanta
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3.4.7. Decay curves

Figs 3.29 — 3.34 exemplify the decay curves of reaction products in the samples irradiated.

I v I v I v I v I v
1000 O 373keV: “sc(T,,=9.9 h)+“K (T ,=22h) 3
A 478 keV: *Co (T =18 h) + 'Be (T ,=53 d)
100 O 1274 keV: ®Al (T ,=6.56 m) + “Na (T ,=2.6y) |
; A 1369 keV: *Na (T,,=15 h) E
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Fig. 3.29. Decay curves of reaction products in 2600 MeV proton-irradiated *°Fe.
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Fig. 3.30. Decay curves of reaction products in 2600 MeV proton-irradiated "Cr.
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Fig. 3.31. Decay curves of reaction products in 2600 MeV proton-irradiated **Nb.
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Fig. 3.32. Decay curves of reaction products in 2600 MeV proton-irradiated "Ni.
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Fig. 3.33. decay curves of reaction products in 2600 MeV proton-irradiated '*'Ta.
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Fig. 3.34. decay curves of reaction products in 2600 MeV proton-irradiated "W.
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3.4.8. Neutron background

When irradiated, the samples interact with not only the primary beam protons but also
secondaries, primarily the neutrons produced in interactions of primary proton beam with
transport channel structural materials and with shielding. The role of the background particles,
whose interactions generate identical reaction products in experimental samples, was appraised
by measuring the number of Mg nuclei, and the number ‘Be, ’Na, and **Na nuclei, which are

products of 2’ Al(n,p)*’Mg, %’ Al(p,x)'Be, ¥’ Al(p,x)*Na, and 2’ Al(p,x)**Na reactions, respectively.

In that case, the mean secondary neutron flux-to-mean primary proton flux ratio can be

found from the expressions [1,4,5].
The above experimental techniques was applied to all eleven proton beam energies.

Fig. 3.35 shows the measurement results. Given log-log scale, the near-linear rise of @n/®p
ratio with increasing proton energy is indicative of a correlation between neutron yield rise and
neutron background increase. The relevant estimates have shown that, given even the highest
®n/Pp value, the neutron component ((n,Xn) reaction) contribution is insignificant (to (p,p(X-

1)n) reaction, respectively).

0.1 — . ———r

—=— W+Ta '
—e— Nb+Ni /
Fe+Cr E T

Neutron background
—a—
WARY
\m
\

0.01 |- - = : .
s |
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Proton energy (MeV)
Fig. 3.35. Neutron background when irradiating different samples.
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3.5. Procedure of a-spectrometric analyzing of samples irradiated

3.5.1. Energy calibration and a-spectrometer detection efficiency.

The detection efficiency of the a-spectrometer composed of an A300-17-AM detector
and an ASPECT ADC 1K-B1 (2048 channels) analyzer was energy-calibrated, and its detection
efficiency determined, using Set No. 665 of the Standard Spectrometry a-Sources (SSAS that
consists of 22U+2pPu+2pu, #°Ra, ?*®pu, and **°Pu sources. Figs 3.36-3.39 are examples of the

spectra measured in each of the sources.

“¥pu 5499.0 keV
0o “*Pu 5456.3 keV)
c
[
© 10
i
o
%
E 1 239
3 Pu 5156.6 keV
L)0.1
0.01
1450 1500 1550 1600 1650
Channel

Fig. 3.36. The ?*®Pu source spectrum measured.

" Pu 5156.6 keV
100 Pu 5144.3 keVl

2 Py 5105.5 ke

[
® 10 25pu 5499.0 keV
°© 238 l
% Pu 5456.3 keV
-E 1

>
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()(11

0.01
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Fig. 3.37. The ?**Pu source spectrum measured.
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26Ra 4784.3 keV “’Rn 5489.5 keV  2*pg 6002.4 keV
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Fig. 3.38. The **°Ra source spectrum measured.
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Fig. 3.39. The #*U+%8pu+2**pu source spectrum measured.

The spectra measured were processed by a-block of the Genie-2000 program, thereby
having determined the areas and center positions of the peaks together with the errors involved.
From Fig. 3.40, which shows the peak center positions determined, it follows that the *°Ra peak
centers are shifted by some 10 channels downwards with respect to the peak positions of the rest
sources. Therefore, the energies were calibrated separately for ??°Ra and for other sources (see
Fig. 3.40). The shift of the “Ra lines may be accounted for by the difference in active layer
depths of the used a-sources. This is confirmed indirectly by the elevated left-hand half of the
226Ra a-line Gaussian (see Fig. 3.38). Eventually, the function E(keV) = 3.434-Ch+21, which has
permitted the *®Gd (3083 keV) line position at channel 921, was taken to be the energy
calibration result.
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Fig. 3.40. a-energy calibration.

Fig. 3.41 shows the spectrometer detection efficiency as a function of the source-detector
surface spacing measured without collimating.

v  Experimental ]
— AASI
A MCNPX
0.1
)
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0.01
o o 20 0 0 50

Distance between sample and detector, mm

Fig. 3.41. The experimental (**Pu) and calculated dependences (AASI, MCNPX) of detection
efficiency on the distance to the detector. The measurement error is within a dot.
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The detection efficiency measured agrees well with the values calculated via the AASI
code for simulating the energy spectrum in the a-spectrometer [9]. The value was also calculated
by the MCNPX code used conforming to the description in Subsection 3.5.3. Table 3.9 presents
the detection efficiencies for a 4-mm source-detector surface spacing.

Table 3.9
The a-spectrometer effectiveness
Source-detector Detection efficiency Detection efficiency Detection efficiency
spacing, mm measured by 2°Pu calculated by AASI calculated by MCNPX
4 0.294(0.018) 0.2942(0.0015) 0.29485(0.00015)

The calibration measurements having ended, the a-chamber background was measured.
The results are displayed in Fig. 3.42
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Fig. 3.42. The a-spectrometer background count rate accumulated for 105 hours.

3.5.2. Processing of a-spectra

As indicated in Subsection 2.5, the Gd production was quantitatively determined
without chemical separating the nuclide. Therefore, the shapes of the measured a-spectra of the
Natyw/ and 81 Ta samples irradiated, which are shown as examples in Fig. 3.43, are much different

from those of the standard spectra shown in Figs. 3.36-3.39.
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Fig. 3.43. Instances of the measured o-spectra of "W and '*'Ta samples irradiated.
Shown are the feasible versions of A(E) as an integral of the measured spectrum from Ecywofr UP
to 3183 keV.

The difference in the spectra is due to the **®Gd-emitted 3183 keV o-particle stoppage in
an experimental sample that leads to complete smearing of **3Gd monoline and to a-particle
detector recording the a-particles within the range from the lower discrimination energy of the
spectrometer (~80 keV) up to 3183 keV. The samples irradiated contain many B-active residual
nuclides, so the spectrometer records also their summary spectrum. The differences in the
excitation functions of the residual nuclides and in their irradiation and decay times results in the
fact that any constant energy boundary between the B and o spectra is absent. The boundary
energy Ecuwofr Were determined in additional experiments in which each experimental sample was
shielded by an aluminum foil in the thickness 15 microns. As an example, the Figs 3.45 and 3.46
presents spectra of "W and *'Ta (E,=800MeV) measured with and without 15 microns Al-foil
shield. Therefore, in conformity with formula (2.42), the a-spectra measured were processed by
determining the parameter Aquorf that is the count rate integral from the selected discrimination
energy to the *Gd o-line energy of 3183 keV. The selected discrimination energies Ecuoft are
presented in Table 4.15 and 4.18.
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Fig. 3.45. "W (E,=800MeV) spectrum measured with and without 15 microns Al-foil
shield.
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Fig. 3.46. *'Ta (E,=800MeV) spectrum measured with and without 15 microns Al-foil
shield.

3.5.3. Calculations of the detection efficiency g, and of coefficient k, .

The *Gd o-particle spectrum was simulated, and the coefficient k, entering formula
(2.36) determined, in terms of the MCNPX code with geometric description of the problem
according to Fig. 3.46. The a-particles were taken to have energy of 3183 keV and to obey
isotropic angular and uniform spatial distribution within a 10 mg/ cm? surface layer. The
calculations assumed the source-detector surface spacing H = 4 mm, a 19.54-mm Si detector

diameter, a 10.3-mm W sample diameter, and a 10.5-mm Ta sample diameter.
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Fig. 3.46. The MCNPX model to simulate a-spectra and to calculate the parameters
entering expression (2.36).

The calculation results have given K(E) - the energy distribution of pulses created in the
PIPS detector volume allowing for all the nuclear-physics processes of a-particle interactions
with medium simulated by the MCNPX code. ,Z\(E) bins correspond to the energy deposited in
the detector volume by all the tracks during a single simulation history. ﬂwmﬁ is calculated after

Ecuorf €nergy determination.
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4. RESULTS OF MEASURING OF RESIDUAL NUCLIDES
PRODUCTION CROSS SECTION

The carried out experiments allowed us to determine 3865 (see Table 8.1) residual
nuclides production cross section values, of them: 726 independent (signed as (i)) yields; 365
sums of independent metastable and the ground state yields (i (Zmj+g)); 365 independent yields
of a metastable states (i (Xmyj); 2409 cumulative and supracumulative yields (c, c*).

The formula (2.35).was used for determination values of residual nuclides production
cross section values and their uncertainties. Values of residual nuclides production rates were
determined with the use of formulas (2.8 — 2.11) and 2.13, and their uncertainties — with the use
of (2.28-2.31). The proton fluxes and their uncertainties were determined also by use of the
formula (2.34).

Results of determination of residual nuclides production cross section are presented in
Tables 4.2,4.4,4.5,4.7,4.9,4.11,4.11a,4.13,4.16 and 4.19.

Since a value of reaction rate for a given nuclide can be found with the use of both one,
and several y — lines, the appendix 1 presents the detailed information on calculation of every
reaction rate, both in experimental samples and in monitors..

Average uncertainty in determination of residual nuclides production cross sections are:
"Cr-10.4 %, *°Fe-11.1 %, "*Ni-11.4 %, ®*Nb-15.2 %, *'Ta-14.4 %, ""W-14.5 %.

Uncertainty distributions of reaction rates and cross sections are presented in Fig. 4.1, 4.2
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4.1 Residual nuclides production cross sections in "Cr.

Table 4.1. Parameters of "*Cr irradiations.

. . Average Fluence
Proton Sa”?p'e MO'?”” Welght of Irradiation proton flux Number of y-spectra m red measured by
y-Spectra measure
energy weight weight monitor time (min) p/(cmPss) in sample/monitor/plate current 14
(MeV) (mg) (mg) plate (mg) <1070 transformer, 10
protons
2605+8 366.1 59.0 1452.5 33.48 5.26 +0.46 26/14/2 1.279
1598+4 338.6 58.6 1483.5 29.68 5.98 £ 0.50 22/12/6 1.288
1198+3 340.3 59.2 1476.1 27 6.70 + 0.54 27/17/10 1.303
799+2 337.4 59.1 1495.1 20 6.88 + 0.64 23/10/4 1.301
599+2 328.9 58.3 1510.1 29 6.78 £0.52 22/15/4 1.282
399+2 322.2 48.1 1406.4 26.33 5.70 + 0.47 20/16/3 1.240
248+1 339.8 49.2 19115 29 7.27 £ 0.64 23/15/7 1.290
148+1 336.9 49.5 1405.1 34.75 3.14 £ 0.27 20/17/3 1.245
97+1 338.4 48.1 1388.3 35 3.73+0.28 21/18/2 1.214
66+1 332.3 24.8 1423.6 315 5.42 +0.43 22/18/4 1.218
42+1 330.8 47.6 1396.6 36 2.10+£0.16 23/18/4 1.225
Parameters of ™'Cr irradiations by 40-150 MeV protons to measure 'Be
147+1 393.9 48.2 - 30 6.82 £ 0.53 3/2/- 1.305
97+1 350.6 49.5 - 31 5.76 + 0.43 3/2/- 1.352
63+1 317.0 48.2 - 31 5.50+0.38 3/2/- 1.225
40+1 361.3 49.2 - 46 2.42 £ 0.17 3/3/- 1.474

Table 4.2. Experimental values of residual nuclides production cross sections in "Cr(p,x) reactions induced by 0.04-2.6GeV protons.

Nuclide| Type T Cross sections [mb] at proton energies [MeV]
42 66 97 148 399 599 799 1198 1599 2605
*Mn i 312.11d | 0.996 (0.083) | 0.430(0.040) | 0.346 (0.032) | 0.250 (0.031) | 0.167 (0.016) | 0.153 (0.018) | 0.185 (0.015) | 0.167 (0.026) | 0.205(0.022) | 0.177 (0.017) | 0.155 (0.016)
"Mn [ i(m) 21.1m 17.7 (1.4) 7.29 (0.65) 4.79 (0.66) 2.85 (0.30) 1.95 (0.40) 1.17 (0.13) 0.989 (0.099) 0.97 (0.12) 0.956 (0.095) | 0.795(0.097) | 0.690 (0.075)
*Mn i 5.591d 9.89 (0.75) 3.35(0.29) 2.35(0.20) 1.64 (0.16) 0.917 (0.087) | 0.665(0.059) | 0.589 (0.049) | 0.543(0.054) | 0.570(0.049) | 0.432(0.039) | 0.376 (0.035)
*icr c 27.7025d 329 (25) 152 (13) 120.0 (10.0) 89.9 (8.5) 58.8 (5.5) 53.9 (4.8) 52.4 (4.4) 47.8 (4.7) 48.2 (4.2) 38.6 (3.4) 317 (2.9)
“Cr c 42.3m 10.02 (0.80) 30.7 (2.8) 21.0(1.9) 14.8 (1.6) 9.80 (0.98) 7.89 (0.73) 6.96 (0.61) 5.86 (0.61) 5.31 (0.49) 4.11 (0.48) 3.23(0.38)
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Nuclide| Type Ti Cross sections [mb] at proton energies [MeV]
42 66 97 148 248 399 599 799 1198 1599 2605

“Cr c 21.56h 1.65 (0.13) 1.57 (0.14) 244 (0.21) 1.81 (0.18) 1.21(0.11) 1.000 (0.090) | 0.869 (0.074) | 0.742 (0.075) | 0.628 (0.056) | 0.491 (0.044) | 0.367 (0.035)
BV c |15.9735d| 46.3(3.5) 33.3(2.8) 50.9 (4.3) 42.2 (4.0) 30.1 (2.8) 27.2 (2.4) 246 (2.1) 21.0 (2.1) 19.2 (L.7) 16.0 (L.4) 12.1(1.1)
3¢ i 43.67h | 0.014(0.002) | 0.110(0.011) | 0.514 (0.047) | 0.639 (0.065) | 0.742(0.071) | 1.010 (0.090) 1.27 (0.11) 1.34(0.14) 1.34 (0.12) 1.130 (0.100) | 0.870 (0.080)
'S¢ i 3.3492d - - - 4.31(0.41) 4.44 (0.42) 5.51 (0.49) 6.34 (0.53) 6.21 (0.62) 6.12 (0.53) 4.50 (0.40) 3.45(0.32)
7S¢ c 3.3492d | 0578 (0.043) | 2.24(0.19) 3.50 (0.30) 4.38(0.42) 450 (0.42) 5.62 (0.50) 6.41 (0.54) 6.23 (0.62) 6.21 (0.54) 4.61(0.41) 3.54(0.33)
®sc | i(m+g) | 83.79d | 0.266 (0.023) 9.61 (0.84) 10.50 (0.90) 12.7 (1.2) 12.3(1.2) 14.4 (1.3 155 (1.3) 142 (1.4) 134 (1.2) 11.10 (1.00) 8.28 (0.79)
“mgc | i(m) | 58.61h | 0.154(0.012) | 1.58(0.13) 6.48 (0.56) 7.51(0.72) 7.72(0.72) 8.93(0.79) 9.79 (0.82) 8.81 (0.87) 8.11(0.72) 6.14 (0.55) 4.49 (0.42)
“sc i 3.97h 0.284 (0.021) 2.59(0.22) 9.45 (0.85) 10.65 (1.00) 10.7 (1.2) 13.4(1.2) 143 (1.2) 12.8 (1.3) 11.39 (1.00) 9.78 (0.87) 7.05 (0.66)
“Sc | i(m+g) | 3.97h | 0.433(0.038) | 4.13(0.35) 16.5 (1.6) 18.4 (1.8) 20.4 (1.9) 22.3(2.0) 24.4(2.0) 215(2.2) 19.3 (1.7) 16.0 (1.4) 11.6 (1.1)
=S¢ c 3.891h | 0.124(0.012) | 1.27(0.12) 2.46 (0.22) 4.70 (0.48) 5.50 (0.54) 6.82 (0.65) 7.43(0.67) 6.75 (0.71) 6.08 (0.59) 4.82 (0.46) 3.47 (0.35)
“'Ca c 4.536d - - - 0.026 (0.008) | 0.051(0.009) | 0.079(0.013) | 0.097 (0.025) | 0.107 (0.040) | 0.135(0.018) | 0.112(0.011) | 0.089 (0.009)
®K c 17.3m - - - - - 0.049 (0.011) | 0.091(0.013) | 0.092 (0.014) | 0.098 (0.016) | 0.086 (0.012) | 0.074 (0.010)
“K c* 22.13m - - - - - 0.246 (0.048) | 0.362 (0.061) | 0.395(0.082) | 0.444 (0.088) | 0.373(0.078) | 0.304 (0.060)
BK c 22.3h - 0.034 (0.003) | 0.195 (0.017) | 0.570 (0.054) | 0.961 (0.090) | 1.57 (0.14) 2.21(0.18) 2.33(0.23) 2.26 (0.20) 1.83 (0.16) 1.42 (0.13)
2K i 12.360h - 0.021 (0.003) | 1.100 (0.090) | 2.08 (0.20) 3.28(0.31) 5.31 (0.47) 7.22 (0.60) 7.32(0.73) 6.94 (0.60) 5.89 (0.52) 4.34 (0.40)
®K i 7.636m - - - 0.105 (0.024) | 0.311(0.069) | 0.672 (0.069) 1.03 (0.10) 1.03 (0.11) 0.75 (0.10) 1.05 (0.13) 0.787 (0.096)
“IAr c 109.34m - - 0.045 (0.004) | 0.155(0.015) | 0.360 (0.033) | 0.714 (0.064) | 1.091 (0.090) 1.18(0.12) 1.26 (0.11) 1.130 (0.100) | 0.873(0.081)
“cl c 55.6m - - - 0.043 (0.006) | 0.144 (0.014) | 0.361(0.034) | 0.630(0.054) | 0.732(0.074) | 0.846 (0.075) | 0.757 (0.078) | 0.585 (0.062)
BCl [ i(m+g) | 37.24m - - - - 0.588 (0.059) | 1.28(0.12) 2.25(0.19) 2.57 (0.26) 2.90 (0.27) 2.69 (0.25) 1.94 (0.18)
%cCl c 37.24m - - 0.045 (0.006) | 0.171(0.018) | 0.578 (0.056) 1.30 (0.12) 2.30 (0.20) 2.64 (0.27) 2.97 (0.27) 2.77 (0.25) 2.02 (0.19)
“mcl | i(m) [ 32.00m - - - 0.033 (0.012) | 0.140(0.017) | 0.400 (0.036) | 0.791 (0.067) | 0.948 (0.095) | 1.141(0.099) 1.05 (0.14) 0.744 (0.085)
*®g c 170.3m - - - - 0.007 (0.002) | 0.024 (0.003) | 0.050(0.005) | 0.072(0.008) | 0.077(0.008) | 0.081(0.009) | 0.064 (0.008)
“Al 6.56m - - - - - 0.389 (0.039) 1.21 (0.10) 1.86 (0.19) 2.61(0.24) 3.15(0.29) 2.57(0.24)
Mg c 20.915h - - - - 0.007 (0.001) | 0.042 (0.004) | 0.143(0.012) | 0.244 (0.024) | 0.420(0.037) | 0.467 (0.042) | 0.421 (0.039)
Mg c 9.458m - - - - - 0.146 (0.022) | 0.559 (0.050) | 0.915 (0.092) 1.35 (0.13) 1.79 (0.16) 1.57 (0.15)
“Na c 14.9590h - - - 0.012 (0.002) | 0.061 (0.006) | 0.308 (0.027) | 1.040 (0.090) 1.83 (0.18) 3.36 (0.29) 3.89(0.35) 3.69(0.34)
“Na c 2.6019y - - - - - 0.216 (0.035) | 0.659 (0.064) 1.09 (0.12) 2.06 (0.18) 2.55 (0.23) 2.44(0.23)
Be i 53.29d | 0.056 (0.010)* |0.212 (0.022)**| 0.297 (0.028) | 0.348 (0.032) | 0.676 (0.069) 1.26 (0.11) 2.39 (0.20) 3.28 (0.33) 5.38 (0.46) 6.04 (0.54) 6.58 (0.61)

* at 40 MeV

**at 63 MeV
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4.2 Residual nuclides production cross sections in *°Fe.

Table 4.3. Parameters of *°Fe irradiations.

. . Average Fluence
Proton Sa”?p'e 'V'Of"tor WE|gI_1t of Irradiation proton flux Number of y-spectra m red measured by
y-Spectra measure
energy weight weight monitor time (min) p/(cm?es) in sample/monitor/plate current 14
(MeV) (mg) (mg) plate (mg) <1010 transformer, 10
protons
2605+8 243.3 59.2 1479.7 35.13 4.75+041 30/13/2 1.279
1598+4 2474 59.2 1547.0 33.67 5.56 + 0.47 24/12/6 1.289
119943 243 59.5 1476.1 27 6.62 + 0.53 27/16/10 1.303
799+2 2454 59.1 1495.1 20 6.97 £ 0.59 23/14/10 1.301
6002 239.8 58.5 1510.1 29 7.99 + 0.64 22/15/4 1.282
400£2 270.4 47.8 1406.4 26.33 6.35 + 0.57 21/15/3 1.240
249+1 244.7 47.9 19115 29 7.22+0.51 23/15/7 1.290
149+1 216.4 49.8 1405.1 34.75 3.44+0.30 20/16/3 1.245
99+1 259.2 48.8 1388.3 35 4.07£0.31 22/20/2 1.214
68+1 239.6 49.2 1423.6 31.5 5.61 £ 0.46 22/18/4 1.218
461 240.1 48.1 1396.6 36 3.12+0.22 23/17/4 1.225
Parameters of *°Fe irradiations by 40-150 MeV protons to measure
149+1 401.5 49.6 - 30 6.85+0.51 3/2/- 1.305
99+1 344.3 48.1 - 31 5.66 £ 0.42 3/2/- 1.352
67+1 477.6 48.3 - 31 5.60 £ 0.39 3/2/- 1.225
45+1 403.9 48.2 - 46 2.10+0.15 3/3/- 1.474

Table 4.4. Experimental values of residual nuclides production cross sections in **Fe (p,x) reactions induced by 0.04-2.6GeV protons.

Nuclide | Type T Cross sections [mb] at proton energies [MeV]
46 68 99 149 249 400 600 799 1199 1599 2605
*Co i 271.74d | 0.077 (0.010) | 0.073(0.007) | 0.079 (0.008) | 0.080(0.010) | 0.075(0.008) | 0.104 (0.020) | 0.152 (0.015) | 0.194 (0.019) | 0.277(0.024) | 0.343(0.031) | 0.321 (0.030)
*Co i 77.233d | 11.00 (0.90) 6.36 (0.56) 4.42 (0.38) 2.68 (0.25) 1.61(0.12) 1.14 (0.11) 0.922 (0.080) | 0.914 (0.084) | 1.030 (0.090) | 1.050 (0.100) | 0.854 (0.080)
®Co i 17.53h 8.85 (0.78) 5.12 (0.47) 3.44 (0.34) 2.08 (0.23) 1.22 (0.13) 0.75 (0.10) 0.451 (0.041) | 0.391 (0.038) | 0.354 (0.045) | 0.358 (0.041) | 0.268 (0.033)
**Fe c* 8.51m 3.56 (0.40) 15.1 (1.7) 9.1(1.1) 6.92 (0.85) 5.07 (0.54) 3.90 (0.53) 2.88 (0.34) 2.55 (0.34) 2.51 (0.30) 2.46 (0.39) 1.84 (0.20)
*2Fe c 8.275h | 0.035 (0.026) 0.96 (0.13) 1.09 (0.15) 0.96 (0.12) 0.76 (0.16) 0.560 (0.070) | 0.392 (0.055) | 0.354 (0.048) | 0.294 (0.029) | 0.296 (0.032) | 0.229 (0.031)
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Mn ¢ | 25789h [ 0.110 (0.011) | 0.128 (0.014) | 0.151 (0.014) | 0.150 (0.017) | 0.225 (0.023) | 0.393 (0.043) | 0.534 (0.050) | 0.714 (0.067) | 0.897 (0.084) | 0.921 (0.085) | 0.735 (0.071)
Mn i | 312.11d 148 (12) 72.7 (6.4) 64.0 (5.6) 48.0 (4.5) 42.1(3.3) 39.4 (3.8) 36.4 (3.2) 37.0 (3.4) 38.6 (3.3) 403 (3.6) 31.3 (2.9)
"M | i(m) | 21.1m | 454 (0.38) 13.6 (1.2) 15.8 (1.6) 13.3 (L5) 10.3 (3.1) 8.92 (0.87) 7.81(0.70) 7.28 (0.69) 739 (0.72) 6.59 (0.63) 5.18 (0.50)
ZMn | ¢ 20.1m | 4.67(0.39) 14.4 (16) 17.0 (L.7) 14.4 (L.7) 115 (3.2) 9.57 (0.93) 8.30 (0.74) 7.70 (0.72) 7.74(0.75) 6.95 (0.66) 5.45 (0.52)
Mn c 5501d | 6.02 (0.50) 254 (2.3) 26.2 (2.3) 18.7 (1.8) 14.3 (1.1) 12.1 (1.2) 9.77 (0.94) 9.00 (0.89) 8.45 (0.78) 8.66 (0.79) 6.41 (0.60)
SICr ¢ | 27.7025d | 79.3(6.4) 305 (2.7) 66.1 (5.8) 55.4 (5.3) 496 (3.9) 46.2 (4.4) 39.7 (35) 375 (34) 35.8 (3.0) 359 (3.2) 26.9 (2.5)
Cr c 42.3m | 0.058 (0.011) | 2.73 (0.28) 6.48 (0.60) 6.90 (0.69) 7.03 (0.58) 7.11(0.72) 6.23 (0.57) 5.75 (0.55) 5.35 (0.49) 5.08 (0.51) 3.81 (0.40)
BCr c 21.56h | 0.033(0.004) | 0.022(0.002) | 0.666 (0.060) | 0.710 (0.068) | 0.840 (0.066) | 0.916 (0.089) | 0.834 (0.074) | 0.767 (0.073) | 0.698 (0.063) | 0.699 (0.064) | 0.485 (0.047)
By c | 15.9735d | 2.15(0.18) 1.73 (0.15) 16.1 (L4) 16.8 (1.6) 19.2 (L5) 20.0 (1.9) 19.9 (L.7) 19.2 (L7) 17.9 (L5) 17.4 (L6) 12.7 (L.2)
BSc i 43.67n | 0.033(0.037) | 0.027 (0.030) | 0.084 (0.012) | 0.152 (0.015) | 0.261 (0.026) | 0.403 (0.043) | 0.490 (0.044) | 0.505 (0.049) | 0.558 (0.059) | 0.583 (0.061) | 0.417 (0.042)
7S¢ i | 3.3492d - - - - 1.80 (0.14) - 3.06 (0.27) 3.27 (0.30) 3.35 (0.29) 3.40 (0.31) 2.54 (0.24)
7S¢ c | 3.3492d - 0.194 (0.017) | 0.400 (0.035) | 1.080 (0.100) | 1.81 (0.14) - 3.11(0.28) 3.32 (0.31) 3.41 (0.30) 3.33(0.32) 2.58 (0.24)
%S¢ |i(m+g) | 83.79d | 0.116 (0.027) | 0.083 (0.018) | 1.64(0.15) | 3.20(0.31) 5.31 (0.41) 7.81(0.75) 8.84 (0.77) 9.33 (0.85) 9.39 (0.81) 9.39 (0.85) 6.84 (0.64)
“msc | i(m) | 58.61h - 0.105 (0.010) | 0516 (0.046) | 1.90(0.19) | 4.17 (0.33) 5.98 (0.62) 7.70 (0.68) 8.35 (0.78) 8.30 (0.73) 8.24 (0.77) 5.94 (0.57)
7Sc i 3.97h - 0.191 (0.017) | 0.645(0.059) | 2.32(0.23) | 4.56 (0.39) 6.83 (0.68) 8.61(0.75) 9.23 (0.91) 9.61 (0.87) 9.17 (0.84) 6.50 (0.61)
3¢ |i(m+g) | 3.97h - 0.290 (0.025) | 1.08(0.15) | 4.16(0.39) 8.65 (0.66) 12.4 (L.2) 16.2 (L4) 17.5 (L6) 17.7 (L6) 17.1 (L5) 12.4 (L1)
5S¢ c 3.891h - - 0.151 (0.019) | 0.996 (0.100) | 2.32 (0.20) 414(043) | 4.93(0.47) 5.67 (0.56) 5.83 (0.55) 5.81 (0.56) 411 (0.41)
TCa c 4536d - - - - 0.013 (0.004) | 0.023 (0.006) | 0.032 (0.004) | 0.045 (0.005) | 0.052 (0.006) | 0.064 (0.015) | 0.038 (0.005)
K | 22.13m - - - - - 0.088 (0.027) - - 0.185 (0.048) - -
BK c 22.3h - - 0.016 (0.003) | 0.094 (0.009) | 0.310 (0.024) | 0.701 (0.067) | 1.060 (0.090) | 1.27 (0.12) 1.44 (0.12) 155 (0.14) | 1.130 (0.100)
7K i | 12.360h - - 0.085 (0.009) | 0.302 (0.029) | 1.062 (0.080) | 2.43 (0.24) 3.48(0.31) 4.33 (0.40) 4.90 (0.43) 4.97 (0.45) 3.74 (0.35)
B i 7.636m - - - - 0.098 (0.025) | 0.421 (0.069) | 0.696 (0.091) | 0.88 (0.12) 1.03 (0.15) 0.91 (0.18) 0.75 (0.10)
TAr c | 109.34m - - - 0.024 (0.004) | 0.097 (0.008) | 0.288 (0.028) | 0.463 (0.041) | 0.645 (0.059) | 0.809 (0.071) | 0.858 (0.079) | 0.653 (0.061)
=Cl c 55.6m - - - - 0.046 (0.014) | 0.118 (0.016) | 0.257 (0.024) | 0.379 (0.045) | 0.547 (0.050) | 0.578 (0.055) | 0.463 (0.046)
®CI [i(m+q) | 37.24m - - - - - 0.485 (0.056) | 0.990 (0.093) | 1.50 (0.14) 1.96 (0.18) 2.20 (0.22) 1.71 (0.16)
Cl c | 37.24m - - - - 0.136 (0.013) | 0528 (0.052) | 1.013 (0.090) | 1.53 (0.14) 2.03 (0.18) 2.24 (0.21) 1.73 (0.16)
FnCl | i(m) | 32.00m - - - - 0.038 (0.023) | 0.157 (0.019) | 0.406 (0.037) | 0.685 (0.065) | 0.990 (0.090) | 1.080 (0.100) | 0.881 (0.084)
B3 c | 1703m - - - - - 0.009 (0.017) | 0.018(0.020) | 0.042 (0.006) | 0.036 (0.005) | 0.055 (0.009) | 0.046 (0.006)
ZAl c 6.56m - - - - - 0.093 (0.052) | 0525 (0.057) | 1.05 (0.11) 2.09 (0.21) 2.18 (0.23) 2.32 (0.23)
BMg ¢ | 20.915h - - - - 0.004 (0.001) | 0.016 (0.004) | 0.059 (0.005) | 0.122 (0.011) | 0.271 (0.024) | 0.381 (0.035) | 0.380 (0.035)
Mg c | 9.458m - - - - - - 0.232 (0.027) | 0.525 (0.062) | 1.034(0.098) | 1.34 (0.17) 1.38 (0.13)
"Na ¢ | 14.9590h - - - - 0.040 (0.014) | 0.178 (0.019) | 0.528 (0.046) | 1.080 (0.100) | 2.39 (0.21) 357 (0.32) 3.73 (0.35)
ZNa c_ | 26019y - - - - - 0.120 (0.038) | 0.423 (0.049) | 0.769 (0.077) | 1.70 (0.15) 2.56 (0.24) 2.75 (0.26)
"Be i 53.29d | 0.137 (0.018) | 0.206 (0.021) | 0.271 (0.026) | 0.329 (0.034) | 0.873 (0.073) | 1.29 (0.13) 2.38 (0.21) 3.54 (0.33) 6.05 (0.53) 8.33 (0.76) 9.07 (0.85)

Table 4.5. Experimental values of residual nuclides production cross sections in **Fe(p,x) reactions induced by 0.3-1.5GeV protons.
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Nuclide | Type Ty Cross sections [mb] at proton energies [MeV]
0.3 0.5 0.75 1.0 15
Co i 271.74d | 0.091(0.008) | 0.125(0.010) | 0.189(0.018) | 0.245(0.021) | 0.314(0.029)
%Co i 77.233d 1.42(0.12) 1.02(0.08) | 0.908(0.083) | 0.976(0.080) | 0.959(0.086)
*Co i 17.53h 1.01(0.09) | 0.570(0.049) | 0.404(0.041) | 0.377(0.040) | 0.332(0.032)
Fe c* 8.51m 3.69(0.67) 4.38(0.95) 2.14(0.33) 2.93(0.69) 2.85(0.35)
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Nuclide | Type Ti Cross sections [mb] at proton energies [MeV]
0.3 0.5 0.75 1.0 1.5
S2Fe c 8.275h | 0.630(0.061) | 0.471(0.040) | 0.372(0.043) | 0.348(0.040) | 0.302(0.039)
*Mn c 2.5789h | 0.249(0.021) | 0.442(0.044) | 0.644(0.060) | 0.791(0.066) | 0.857(0.077)
%Mn i 312.11d 44.9(3.6) 42.1(3.3) 40.4(3.7) 42.4(3.5) 39.4(3.5)
S2M\Min i(m) 21.1m 10.7(0.9) 9.49(0.83) 7.71(0.73) 7.36(0.64) 6.96(0.64)
S2M\Min c 21.1m 11.3(1.0) 9.97(0.87) 8.16(0.81) 7.75(0.67) 7.33(0.72)
2Mn c 5.591d 14.4(1.2) 12.0(1.0) 10.0(0.9) 9.63(0.82) 8.55(0.78)
Sicr c 27.7025d | 52.9(4.3) 47.7(3.8) 41.9(3.9) 41.0(3.4) 35.6(3.2)
“cr c 42.3m 7.36(0.62) 7.31(0.61) 6.26(0.60) 5.93(0.51) 5.19(0.48)
“Cr c 21.56h | 0.930(0.080) | 0.973(0.078) | 0.876(0.081) | 0.836(0.070) | 0.690(0.063)
By c 15.9735d 21.9(1.8) 23.0(1.8) 21.1(1.9) 20.6(1.7) 17.4(1.5)
¢ i 43.67h | 0.313(0.039) | 0.473(0.040) | 0.553(0.053) | 0.607(0.060) | 0.547(0.055)
43¢ i 3.3492d | 2.32(0.19) 3.26(0.26) 3.58(0.33) 3.73(0.31) 3.40(0.31)
43¢ c 3.3492d | 2.36(0.19) 3.30(0.26) 3.62(0.34) 3.80(0.32) 3.44(0.31)
%3¢ i(m+g) | 83.79d 6.93(0.56) 9.50(0.75) 10.2(0.9) 10.6(0.9) 9.33(0.84)
4mge i(m) 58.61h 5.43(0.52) 8.13(0.79) 9.30(0.97) 9.63(0.95) 8.88(0.81)
#Sc i 3.97h 6.09(0.64) 9.61(1.12) 11.3(1.9) 18.9(1.5) 17.2(1.5)
#Sc i(m+g) | 3.97h 10.4(0.8) 15.9(1.2) 18.8(1.7) 11.1(1.4) 7.87(1.25)
*5¢ c 3.891h 3.09(0.27) 5.14(0.44) 6.07(0.59) 6.48(0.58) 5.68(0.54)
“ICa c 4536d | 0.031(0.004) | 0.032(0.005) | 0.045(0.006) | 0.058(0.014) | 0.051(0.007)
MK c* 22.13m | 0.0(191314.3) - 0.188(0.085) | 0.254(0.079) | 0.277(0.080)
K c 22.3h | 0.468(0.038) | 0.962(0.076) | 1.33(0.12) 1.53(0.14) 1.48(0.13)
2K i 12.360h 1.62(0.13) 3.28(0.26) 4.39(0.41) 5.08(0.42) 4.85(0.44)
“Ar c 109.34m | 0.168(0.015) | 0.416(0.034) | 0.650(0.060) | 0.809(0.067) | 0.851(0.077)
*cl c 55.6m | 0.076(0.010) | 0.226(0.022) | 0.387(0.038) | 0.499(0.044) | 0.561(0.054)
%Cl i(m+g) | 37.24m - - 1.44(0.14) 1.95(0.17) 2.23(0.21)
%Cl c 37.24m | 0.287(0.029) | 0.916(0.077) | 1.48(0.14) 1.99(0.17) 2.28(0.21)
s“mcl i(m) | 32.00m | 0.090(0.014) | 0.287(0.031) | 0.653(0.063) | 0.902(0.079) | 1.08(0.10)
g c 170.3m | 0.0(191314.3) - 0.029(0.004) | 0.046(0.006) | 0.049(0.006)
Al c 6.56m - - 0.842(0.119) | 1.61(0.41) 2.75(0.29)
Mg c 20.915h | 0.008(0.001) | 0.048(0.007) | 0.111(0.011) | 0.209(0.020) | 0.355(0.035)
Mg c 9.458m | 0.0(135279.6) - 0.462(0.053) | 0.593(0.109) | 1.41(0.14)
*Na c 14.9590h | 0.072(0.021) | 0.293(0.034) | 0.977(0.097) | 1.80(0.16) 3.05(0.28)
“Na c 2.6019y | 0.070(0.014) | 0.264(0.024) | 0.671(0.064) | 1.35(0.11) 2.35(0.21)
Be i 53.29d | 0.891(0.076) | 1.90(0.16) 3.19(0.30) 4.87(0.40) 7.30(0.66)




4.3 Residual nuclides production cross sections in "Ni.

Table 4.6. Parameters of "N irradiations.

. . Average Fluence measured
Proton Samp'e 'V'OT"“” Welght of Irradiation proton f%ux Number of y-spectra measured by current
energy weight weight monitor . . 2 X . m
(MeV) (mg) (mg) plate (mg) time (min) p/(cm_las) in sample/monitor/plate transformer, 10
x10 protons

260548 205.9 58.9 1477.0 27 6.45 £ 0.56 29/12/2 1.314
1598+4 205.4 59.3 1499.9 29.25 5.30+0.44 21/12/5 1.290
1199+3 205.4 59.0 1473.8 55 3.39+0.27 27/18/11 1.300
799+2 205.4 58.9 1477.7 30 3.06 £ 0.26 25/14/9 1.296
599+2 206.7 58.8 1448.8 24 7.19 £ 0.68 22/15/3 1.274
399+2 206.8 58.2 1460.4 22 4.01£0.38 20/11/3 1.254
249+1 206.5 49.1 1916.1 22 7.10 £ 0.55 21/17/5 1.300
148+1 206.6 24.7 1413.6 24 5.31+0.45 29/23/7 1.244

97+1 203.5 48.5 1431.0 33.5 4.36 £+ 0.32 19/20/3 1.211

66+1 205.6 49.8 1410.3 67.5 1.85+0.14 25/21/4 1.228

43+1 205.7 48.0 1415.2 25 443 +0.32 20/15/4 1.211

Table 4.7. Experimental values of residual nuclides production cross sections in " Ni(p,x) reactions induced by 0.04-2.6GeV protons.

Nuclide | Type Tip Cross sections [mb] at proton energies [MeV]
43 66 97 148 249 399 599 799 1199 1599 2605

®iCu i 3.333h 1.92 (0.24) 0.91 (0.15) 0.486 (0.082) | 0.338 (0.060) | 0.251 (0.047) - - - - - -
%Cy i 23.7m 5.25 (0.42) 2.24 (0.19) 1.45(0.13) | 0.814 (0.079) | 0.474 (0.042) | 0.340 (0.036) | 0.309 (0.041) | 0.252 (0.031) | 0.296 (0.032) | 0.211 (0.025) | 0.197 (0.033)
*"Ni c 35.60h 91.4 (9.4) 72.0 (8.5) 57.8 (5.8) 47.3 (5.3) 32.3(3.2) 32.1(3.9) 29.9 (3.4) 25.0 (2.7) 26.5 (2.6) 21.2 (2.4) 19.0 (2.3)
*Ni c 6.075d 11.70 (1.00) 7.21 (0.60) 5.98 (0.51) 462 (0.42) 3.16 (0.27) 2.85 (0.29) 2.57 (0.26) 2.14 (0.19) 2.10 (0.18) 1.64 (0.15) 1.44 (0.14)
©MCo i(m) 13.91m - - - - - - - 0.092 (0.015) | 0.106 (0.023) | 0.079 (0.019) | 0.079 (0.027)
®Co [i(m+g) | 5.2714y 1.90 (0.20) 1.64 (0.21) 1.67 (0.20) 1.68 (0.18) 2.03(0.23) 1.93(0.34) 2.03(0.26) 1.73 (0.19) 1.92 (0.22) 1.79 (0.17) 1.46 (0.14)
*®Co | i(m+g) 70.86d 69.6 (6.4) 32.9(2.8) 25.9 (2.5) 21.1(2.0) 15.9 (1.5) 17.1(1.7) 18.1(1.9) 16.9 (1.5) 18.4 (1.7) 13.6 (1.3) 111 (1.2)
*Co i 271.74d 89.7 (9.1) 58.0 (6.3) 65.1 (6.4) 43.5(4.2) 38.6 (3.8) 37.9 (4.3) 46.0 (4.8) 43.2 (4.4) 50.7 (4.9) 34.8 (8.9) 35(11)
Co c 271.74d 213 (17) 172 (14) 132 (11) 100.9 (9.0) 72.8(6.1) 755 (7.6) 785 (7.8) 71.3(6.4) 74.9 (6.4) 56.8 (5.1) 50.3 (4.6)
*Co i 77.233d 208 (17) 93.9 (7.9) 76.9 (6.9) 57.8 (5.3) 40.8 (3.5) 38.8(3.9) 37.5(3.8) 32.3(2.9) 32.0 (3.5) 25.7 (2.4) 21.9 (2.2)
%Co c 77.233d 223 (18) 105.0 (8.0) 82.9 (7.0) 62.8 (5.7) 435 (3.6) 415 (4.2) 39.3(3.9) 33.1(3.0) 33.3(2.8) 275 (2.5) 24.2(2.2)
*Co c 17.53h 11.80 (1.00) 34.3(2.9) 26.9 (2.4) 20.5 (1.9) 15.3 (1.3) 13.9 (1.4) 13.4 (1.5) 10.4 (1.0) 10.41 (0.90) 8.59 (0.79) 7.47 (0.71)
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Nuclide | Type Ti Cross sections [mb] at proton energies [MeV]
43 66 97 148 249 399 599 799 1199 1599 2605
“Fe c 44.472d | 0.082 (0.048) | 0.155(0.037) | 0.183(0.020) [ 0.210(0.033) | 0.267 (0.038) | 0.309 (0.047) [ 0.374 (0.050) | 0.342 (0.038) | 0.372 (0.034) | 0.298 (0.030) | 0.252 (0.026)
“Fe c* 8.51m 17.1(1.8) 8.24 (0.96) 12.8 (1.4) 10.8 (1.4) 9.2 (1.0) 10.1 (1.3) 9.6 (1.3) 8.06 (0.98) 7.75 (0.98) 5.35 (0.66) 3.44 (0.42)
“’Fe c 8.275h 0.020 (0.004) | 2.75(0.24) 2.13(0.19) 2.16 (0.21) 1.90 (0.17) 1.96 (0.20) 2.01(0.27) 1.50 (0.14) 1.46 (0.13) 1.17 (0.21) 0.86 (0.11)
| ®Mn c 2.5789h | 0.025(0.006) [ 0.249 (0.023) | 0.570(0.051) | 0.615 (0.059) | 0.606 (0.053) | 0.776 (0.080) | 0.924 (0.095) | 0.856 (0.080) | 0.901 (0.080) | 0.748 (0.070) | 0.601 (0.058)
Mn i 312.11d - 22.3(1.8) 23.6 (2.0) 21.2(1.9) 17.1 (1.4) 18.7 (1.9) 18.8 (1.9) 16.1 (1.4) 15.8 (1.3) 12.4 (1.1) 10.39 (0.90)
[ %"Mn [ i(m) 21.1m 0.321 (0.028) | 11.16(0.93) 10.0 (1.4) 10.4 (1.3) 9.47 (0.86) 10.4 (1.1) 10.0 (1.0) 8.80 (0.91) 7.94 (0.83) 6.68 (0.62) 5.19 (0.54)
S2M\Mn c 21.1m 0.347 (0.030) 14.0 (1.3) 125 (1.4) 12.8 (15) 11.3(1.0) 12.3(1.3) 12.3(1.3) 10.27 (1.00) | 9.60 (0.95) 8.08 (0.74) 6.31 (0.64)
*2Mn c 5.591d 0.631 (0.051) 20.9 (1.7) 18.2 (1.6) 19.5 (1.8) 16.8 (1.4) 18.4 (1.9) 18.2 (1.8) 153 (1.4) 14.6 (1.3) 11.3 (1.0 9.11 (0.86)
SICr c 27.7025d | 0.985 (0.097) - 315 (2.7) 38.0 (3.5) 36.7 (3.1) 44.2 (4.4) 45.8 (4.5) 38.7 (3.5) 36.4 (3.1) 26.8 (2.4) 21.7 (2.0)
“cr c 42.3m 0.018 (0.013) | 2.99 (0.29) 3.68 (0.34) 7.15 (0.74) 8.08 (0.75) 10.8 (1.2) 11.9 (1.3) 10.50 (1.00) | 9.72(0.92) 7.09 (0.91) 5.38 (0.73)
ECr c 21.56h - 0.036 (0.004) [ 0.483 (0.042) | 0.898 (0.083) | 1.19(0.10) 1.75 (0.18) 2.08 (0.21) 1.81(0.17) 1.80 (0.16) 1.32(0.12) [ 1.070(0.100)
Y c 15.9735d - 0.592 (0.048) | 4.69 (0.40) 10.7 (1.0) 14.7 (1.2) 22.3(2.2) 26.4 (2.6) 235 (2.1) 225 (1.9) 18.0 (1.6) 143 (1.3)
3¢ i 43.67h - - - - 0.055 (0.007) | 0.114 (0.015) | 0.221 (0.024) | 0.183 (0.045) | 0.281 (0.043) | 0.241 (0.025) | 0.238 (0.037)
7S¢ c 3.3492d - - - - 0.524 (0.045) | 1.01(0.10) 1.53 (0.15) 1.56 (0.14) 1.76 (0.15) 1.23(0.11) | 1.020 (0.090)
*®sc |i(m+g) | 83.79d - - 0.091 (0.011) | 0.771(0.092) | 1.82(0.15) 3.99 (0.40) 5.74 (0.58) 5.82 (0.54) 6.10 (0.53) 4.95 (0.46) 4.00 (0.38)
#mge 1 i(m) 58.61h - - 0.219 (0.019) [ 0.868 (0.079) | 2.25(0.19) 5.28 (0.53) 8.33 (0.83) 8.56 (0.77) 9.43 (0.81) 7.08 (0.63) 5.65 (0.52)
¢ i 3.97h - - 0.295 (0.042) | 1.040(0.100) | 2.49 (0.21) 5.54 (0.56) 8.65 (0.90) 8.73 (0.80) 9.23 (0.83) 8.01 (0.81) 6.5 (1.0)
*sc | i(m+g) 3.97h - - 0.539 (0.058) | 1.90(0.19) 4.69 (0.39) 10.7 (1.1) 16.9 (1.7) 17.1(15) 18.4 (1.6) 153 (1.4) 125 (1.1)
3¢ c 3.891h - - - 0.581(0.058) | 1.64(0.15) 4.00 (0.42) 6.70 (0.70) 7.09 (0.68) 7.61 (0.69) 5.87 (0.56) 4.66 (0.45)
Ca c 4.536d - - - - 0.015 (0.004) - - - - 0.023 (0.005) | 0.021 (0.005)
K c 22.3h - - - - 0.059 (0.005) | 0.230 (0.024) | 0.491 (0.049) | 0.563 (0.051) | 0.755 (0.064) | 0.651 (0.058) | 0.541 (0.050)
K i 12.360h - - - - 0.299 (0.031) | 1.05(0.11) 2.14 (0.21) 247 (0.22) 3.10 (0.27) 2.78 (0.25) 2.40 (0.23)
K i 7.636m - - - - 0.071 (0.020) | 0.359 (0.056) | 0.771(0.095) | 1.05(0.12) 1.39 (0.16) 1.24 (0.14) 0.85 (0.10)
“Ar c 109.34m - - - - - 0.094 (0.011) | 0.219 (0.023) | 0.311 (0.029) | 0.433(0.039) | 0.411(0.037) | 0.324 (0.030)
*Cl c 55.6m - - - - - - 0.129 (0.020) | 0.192 (0.027) | 0.277 (0.026) | 0.281 (0.028) | 0.234 (0.024)
®Cl [i(m+g) | 37.24m - - - - - - - - - 1.25(0.12) | 0.972 (0.099)
*Cl c 37.24m - - - - 0.026 (0.014) | 0.214 (0.025) | 0.572 (0.059) | 0.812 (0.074) | 1.18(0.10) 1.29(0.12) | 1.050 (0.100)
el | i(m) 32.00m - - - - 0.032 (0.009) | 0.214 (0.035) | 0.545 (0.056) | 0.804 (0.074) [ 1.27 (0.11) 1.15(0.14) 1.06 (0.13)
3 c 170.3m - - - - - - - - - 0.021 (0.009) | 0.034 (0.007)
Al c 6.56m - - - - - - - 0.654 (0.075) | 1.35(0.16) 1.57 (0.17) 1.37 (0.14)
Mg c 20.915h - - - - - - 0.043 (0.016) | 0.065 (0.007) | 0.163 (0.015) | 0.190 (0.017) | 0.232 (0.022)
“Mg c 9.458m - - - - - - 0.164 (0.025) | 0.337 (0.036) | 0.696 (0.067) | 0.899 (0.086) | 0.884 (0.085)
*Na c 14.9590h - - - - - - - 1.020 (0.090) | 2.14(0.18) 2.61(0.23) 3.08 (0.28)
“Na c 2.6019y - - - - - - 0.462 (0.086) | 0.86 (0.10) 1.74 (0.15) 2.31(0.21) 2.86 (0.26)
Be i 53.29d - - - - 0.71(0.12) 1.54 (0.20) 2.89 (0.32) 3.96 (0.38) 6.94 (0.59) 7.60 (0.68) 9.25 (0.86)
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4.4 Residual nuclides production cross sections in *Nb.

Table 4.8. Parameters of *Nb irradiations..

Proton Sample Monitor Weight of - Average proton Fluence measured by
. . X Irradiation 2 Number of y-spectra measured

energy weight weight monitor plate time (min) flux p/(g{g\ *s) in sample/monitor/plate currenLtransformer,
(MeV) (mg) (mg) (mg) x10 10 protons
260518 189.2 59.2 1466.0 27.42 6.96 + 0.61 29/14/2 1.316
1599+4 189.5 59.0 1517.6 31.37 6.00 £ 0.50 24/13/5 1.289
119943 190.1 59.0 1473.8 55 3.66+0.29 27/17/11 1.300

79942 189.3 59.0 1477.7 30 3.09+0.27 25/14/9 1.296

600+2 189.5 58.4 1448.8 24 8.17+0.75 22/15/3 1.274
400+2 189.9 58.3 1460.4 22 426 +0.40 20/11/3 1.254
249+1 189 49.0 1916.1 22 7.58 + 0.57 23/20/5 1.300

14941 190.9 48.0 1413.6 24 5.67 +0.45 25/22/7 1.244

99+1 189.7 49.7 1431.0 33.5 4.67+0.35 19/20/3 1.211

68+1 186.9 48.3 1410.3 67.5 1.97£0.15 24/20/4 1.228

46+1 189.4 48.3 1415.2 25 4.86 + 0.34 20/15/4 1.211

Table 4.9. Experimental values of residual nuclides production cross sections in "Nb (p,x) reactions induced by 0.04-2.6GeV protons. .

Nuclide Type Ti Cross sections [mb] at proton energies [MeV]
46 68 99 149 249 400 600 799 1199 1599 2605
“MMo i(m) 6.85h 1.37(0.13) | 0.845(0.095) | 0.651 (0.069) | 0.392 (0.043) | 0.270 (0.049) | 0.222 (0.066) | 0.236 (0.059) | 0.228 (0.073) | 0.209 (0.033) | 0.216 (0.028) | 0.196 (0.030)
Mo i(m+g) 15.49m 94 (22) - - - - - - - - - -
Mo i 5.56h 61.3(5.3) 25.7(2.4) 12.1(1.3) 6.07 (0.60) 3.30(0.32) 2.10(0.24) 1.36 (0.36) 0.94 (0.10) | 0.808 (0.099) | 0.663 (0.095) | 0.555 (0.076)
“"Nb i(m) 10.15d 54.8 (4.4) 44.0 (4.1) 33.9(2.9) 25.0 (2.1) 18.9 (1.5) 19.9 (2.0 20.3 (2.0 18.6 (1.7) 19.8 (1.7) 19.1 (1.7) 17.8 (1.7)
M\ c 60.86d 34.9 (3.2) 22.0 (2.0) 17.6 (1.7) 11.6 (1.2) 7.63(0.83) 8.0 (1.3) 75(11) 5.3 (1.1) 5.1(1.2) 5.5 (1.3) 5.44 (0.66)
“Nb i(m+g) 14.60h 302 (25) 179 (17) 108 (11) 71.4 (6.4) 441 (4.5) 36.7 (3.7) 30.9 (3.7) 24.4 (2.4) 21.8(2.1) 20.2 (1.9) 18.3 (1.8)
“Nb c 14.60h 364 (29) 200 (17) 123 (11) 79.2 (6.9) 48.9 (4.3) 39.8 (4.0) 33.2(3.4) 26.7 (2.5) 24.5(2.2) 225(2.1) 20.0 (1.9)
BN i(m) 66m 0.39 (0.18) 18.0 (1.7) 9.27 (0.92) 6.41 (0.66) 4.41 (0.49) 3.78 (0.49) 3.09 (0.39) 1.88 (0.37) 2.38(0.29) 1.94(0.22) | 1.47(0.16)
®Nb c 2.03h - 176 (21) 87 (11) 54.9 (6.7) 27.9(3.4) 24.9 (3.4) 20.6 (2.8) 14.6 (2.0) 129 (1.7) 11.9 (1.6) 9.5 (1.3)
®Nb c* 14.5m - 4.13(0.38) 21.0 (2.0) 12.4(1.2) 7.52(0.71) 5.52 (0.65) 4.28(0.45) 3.29 (0.33) 2.76 (0.29) | 2.27(0.27) | 2.07(0.20)
8Zr c 78.41h 12.40 (1.00) 268 (23) 164 (14) 117.0 (10.0) 81.9 (6.8) 72.7(7.2) 61.5 (6.0) 50.8 (4.7) 47.1(4.1) 42.7 (3.9) 37.3(3.5)
®Zr c 83.4d 61.2 (4.8) 44.7 (3.8) 125 (11) 90.4 (7.7) 64.2 (5.2) 57.6 (5.6) 47.4 (4.6) 37.3(3.4) 33.3(2.9) 29.6 (2.7) 25.1(2.3)
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Nuclide Type Ti Cross sections [mb] at proton energies [MeV]
46 68 99 149 249 400 600 799 1199 1599 2605
¥Zr c 1.68h 7.76 (0.77) 26.9 (2.2) 73.6 (6.3) 56.6 (4.8) 43.0 (3.5) 40.3 (4.0) 315 (3.0) 26.6 (2.4) 20.7 (1.8) 17.6 (1.6) 14.8 (1.4)
%zr c 16.5h 4.0 (1.0 13.8 (1.3) 7.6 (1.4) 22.4 (2.0 17.8 (15) 16.0 (1.6) 10.9 (1.4) 10.2 (1.0) 6.93 (0.71) 7.31(0.70) 5.80 (0.55)
®Zr c 7.86m - - 2.94 (0.36) - 5.76 (0.56) 7.58 (0.81) 7.86 (0.82) 7.09 (0.73) 5.31(0.73) - -
[Ty i(m) 3.19h - 0.553 (0.093) | 0.635 (0.071) | 0.865 (0.092) [ 0.90(0.11) 1.43 (0.16) 1.81 (0.20) 1.73(0.23) 1.86 (0.17) 1.66 (0.16) 1.45 (0.15)
®y i 106.65d 13.4 (1.2) 7.77 (0.70) 18.1 (1.6) 175 (15) 16.0 (1.3) 18.2 (1.9) 17.8 (1.8) 15.7 (1.5) 15.4 (1.4) 14.1 (1.3) 12.1(1.2)
| By c 106.65d 74.6 (6.2) 53.3 (4.6) 145 (13) 110.0 (10.0) 81.3 (6.9) 76.6 (7.6) 66.8 (6.7) 53.6 (5.1) 49.0 (4.5) 44.0 (4.1) 37.6 (3.6)
8Ty i(m) 13.37h 6.56 (0.70) 20.3(2.5) 22.3(3.4) 27.2(2.5) 24.3(2.5) 24.6 (2.9) 23.2(2.4) 18.0 (1.8) 18.1 (1.7) 16.6 (1.5) 13.8 (1.4)
BTy c 13.37h 143 (1.1) 46.7 (4.0) 94.7 (8.4) 83.6 (7.2) 66.9 (5.6) 64.7 (6.4) 54.6 (5.3) 445 (4.1) 38.6 (3.4) 34.1(3.1) 285 (2.7)
oy c 79.8h 19.1 (15) 59.7 (5.1) 97.1(8.4) 107.0 (9.0) 84.8 (6.9) 82.4 (8.1) 70.8 (6.9) 57.4 (5.3) 50.9 (4.4) 44.9 (4.1) 37.8(35)
gy i(m) 48m - 17.3(1.6) 17.0 (1.6) 23.6 (2.1) 19.0 (1.9) 21.9(2.2) 19.6 (2.0) - 13.8 (1.2) 11.8 (1.1) 10.02 (0.99)
| By i(m+g) 14.74h 22 (51) 32.7 (3.0) 30.4 (2.9) 41.0 (3.7) 36.0 (3.1) 39.5 (4.0) 34.4 (3.4) 27.7(2.6) 25.0(2.2) 18.2 (2.0 176 (1.7)
%y c 14.74h 25 (27) 46.0 (4.2) 44.9 (4.0) 63.2(5.7) 54.0 (4.6) 56.3 (5.7) 47.4 (A7) 38.0 (3.6) 33.2(2.9) 27.9 (2.6) 23.3(2.2)
By c 4.86h - 1.94 (0.39) 17.7 (1.9) 20.6 (2.0) 18.9 (2.1) 21.3(2.3) 17.4 (2.3) 14.7 (1.9) 11.9 (1.4) 9.29 (0.96) 7.81(0.85)
By c 2.68h - - 7.53 (0.68) 9.1 (1.0) 8.64 (0.83) 8.9 (1.1) 7.42 (0.95) 6.15 (0.66) 5.43 (0.55) 4.35 (0.43) 3.73(0.39)
Sy c 39.5m - - 9.64 (0.85) 129 (1.2) 14.6 (1.3) 16.3(1.7) 14.4 (1.5) 113 (1.1) 9.13(0.83) 7.68 (0.73) 6.21 (0.62)
smgy i(m) 67.63m - - 1.19 (0.13) 1.51(0.28) 1.46 (0.13) 1.84 (0.20) 2.08 (0.30) 1.82 (0.20) 1.61 (0.16) 1.46 (0.15) 1.22 (0.14)
omgy c 67.63m - 0.144 (0.087) | 8.54(0.79) 10.0 (1.0) 9.90 (0.86) 10.9 (1.2) 9.6 (1.1) 7.92 (0.80) 6.93 (0.70) 5.76 (0.61) 4.89 (0.58)
®gy c 64.84d - - - - - - - 47.6 (4.9) 40.8 (3.9) 33.8 (3.4) 29.5 (3.0)
%sr c 32.41h - 2.4 (2.4) 3.74 (0.89) 22.2 (3.6) 28.6 (4.6) 37.6 (6.8) 319 (5.9) 26.1 (4.9) 25.3 (4.6) 21.8 (4.0) 17.1(3.3)
®sr c 25.55d - - 2.30(0.20) [ 10.10 (0.90) 15.7 (1.3) 21.9 (2.2) 217 (2.1) 17.8 (1.6) 14.9 (1.3) 12.5 (1.1) 9.77 (0.91)
®lsr c 22.3m - - 0.44 (0.14) 2.27 (0.30) 4.18 (0.59) 7.23(0.87) 7.47 (0.90) 6.75 (0.83) 4.94 (0.83) 3.83 (0.55) 3.29 (0.50)
gy c 106.3m - - - - - - - 2.06 (0.78) 1.37 (0.34) 1.33 (0.30) 1.10 (0.20)
®Rb i(m+g) 18.631d - - - - 0.24 (0.12) 0.36 (0.29) 0.30 (0.37) 0.58 (0.55) | 0.535(0.087) | 0.561 (0.095) | 0.524 (0.071)
¥"Rb i(m) 20.26m - - 0.71(0.33) 1.63 (0.16) 2.05 (0.20) 3.07 (0.33) 3.34(0.37) 3.15(0.31) 2.95 (0.30) 242 (0.24) 1.98 (0.21)
¥Rb i(m+g) 32.77d - 0.554 (0.049) | 1.060 (0.100) | 2.38(0.21) 3.38 (0.30) 4.98 (0.50) 5.56 (0.58) 5.00 (0.51) 4.75 (0.45) 4.22 (0.39) 3.51(0.34)
®Rb c 86.2d - 245 (0.23) 7.16 (0.71) 31.5 (3.0 41.8 (3.8) 54.9 (5.8) 54.0 (5.6) 44.7 (45) 39.1(3.7) 33.4(3.3) 26.1(2.7)
®MRb i(m) 6.472h - - 3.39 (0.35) 7.51 (0.66) 11.4 (1.0) 17.6 (1.8) 18.8 (1.9) 16.2 (1.5) 141 (1.2) 12.3(1.1) 9.82 (0.94)
®IRb c 4.576h - 0.69 (0.18) 3.4 (13) 115(13) 22.3(2.0) 36.9 (3.7) 39.1(3.9) 325 (3.3) 27.6 (2.5) 24.0 (2.3) 18.4 (1.9)
™Rb c 22.9m - - - 1.46 (0.18) 3.89 (0.36) 8.15 (0.86) 10.1 (1.1) 8.9 (1.0) 8.20 (0.76) 6.33 (0.74) 5.02 (0.59)
Kr c 35.04h - - - 4.56 (0.96) 119 (1.1) 25.3 (2.6) 31.8(3.3) 27.0(2.7) 25.2(2.3) 22.0(2.1) 16.9 (1.7)
TKr c 74.4m - - - 0.313(0.047) | 3.07(0.31) 8.96 (0.91) 12.2 (1.3) 12.1(1.1) 11.2 (1.0) 8.81(0.79) 6.65 (0.62)
°Kr c 14.8h - - - 0.06 (0.61) 0.71(0.12) 2.07 (0.31) 1.59 (0.36) 3.45 (0.48) 3.55 (0.46) 2.89 (0.31) 2.22 (0.23)
®gr i(m+g) 35.30h - - 0.70 (0.18) 0.43(0.22) 0.42 (0.41) 0.60 (0.19) 0.8(1.2) 0.48 (0.55) 0.35 (0.33) 0.35 (0.11) 0.14 (0.35)
Br i(m+g) 57.036h - - - - - - - 6.2 (8.6) 12.8 (7.2) 9.7 (4.6) 10.4 (3.2)
"Br c 57.036h - - - 0.610 (0.094) | 6.52(0.55) 18.1(1.8) 26.8 (2.7) 25.9 (2.4) 23.8(2.2) 20.5 (1.9) 15.7 (L.5)
™Br i(m+q) 16.2h - - - 0.5 (1.1) 3.17 (0.38) 10.9 (1.4) 17.0 (2.0) 17.1 (2.0) 16.3 (1.6) 13.8 (1.3) 10.50 (1.00)
"Br c 16.2h - - - 0.59 (0.43) 3.95 (0.57) 13.4 (1.8) 21.3(2.3) 20.1(2.1) 19.9 (2.0) 16.8 (1.7) 125 (1.3)
™Br c 96.7m - - - 0.59 (0.40) 1.9 (1.1) 8.1 (3.4) 11.4 (2.9) 13.8 (3.2) 12.8 (2.8) 10.7 (2.4) 8.0 (1.8)
Timpy i(m) 46m - - - - 1.48 (0.62) 2.11(0.92) 3.62 (0.69) 3.74 (0.67) 3.72 (0.53) 3.51 (0.53) 2.18 (0.74)
“Br c 25.4m - - - - - 2.40 (0.99) 1.4 (1.1) 47(2.2) 4.9 (2.6) 3.1(L7) 2.0 (1.9)
Se c 119.779d - - - 0.416 (0.045) | 4.03(0.42) 155 (1.7) 27.3(3.1) 29.2 (3.3) 285 (2.9) 24.9 (2.6) 19.1 (2.1)
"mSe c 39.8m - - - - - 37(12) 7.4 (15) 6.8 (1.4) 5.4 (1.7) 6.06 (0.90) 453 (0.81)
"se i 7.15h - - - - - 2.39 (0.68) 5.37 (0.89) 7.35 (0.96) 9.3(1.2) 7.12 (0.76) 5.52 (0.65)
"se c 7.15h - - - - 0.989 (0.092) | 5.10 (0.51) 10.7 (1.1) 12.3(1.2) 132 (1.2) 115 (1.1) 8.85 (0.84)
2Se c 8.40d - - - - 0.242 (0.023) | 1.91(0.19) 4.35 (0.42) 5.36 (0.53) 6.05 (0.54) 5.30 (0.49) 4.02 (0.38)




Nuclide Type Ti Cross sections [mb] at proton energies [MeV]
46 68 99 149 249 400 600 799 1199 1599 2605
"As i 17.77d - - - 0.048 (0.012) | 0.427 (0.041) | 2.11(0.61) 4.1 (1.0) 4.60 (0.87) 5.10 (0.92) 4.71(0.87) 3.66 (0.64)
2As i 26.0h - - - - 1.94 (0.18) 5.91 (0.74) 13.1 (1.5) 13.9 (1.4) 16.2 (1.6) 15.8 (1.6) 11.7 (1.3)
As c 26.0h - - - - 2.27 (0.45) 8.0 (1.0) 17.9 (2.0) 19.9 (1.9 225(2.2) 214 (2.1) 15.7 (1.7)
"As c 65.28h - - - - 0.548 (0.089) | 4.10(0.46) 9.9 (1.1) 129 (1.2) 15.2 (1.4) 13.9 (1.4) 10.6 (1.1)
As c* 52.6m - - - - - 1.22 (0.22) 3.84 (0.43) 4.69 (0.51) 6.26 (0.65) 5.99 (0.63) 4.27 (0.47)
| ®Ge c 39.05h - - - - 0.141 (0.022) | 2.22(0.36) 6.70 (0.99) 9.0(1.3) 11.9(1.3) 11.1(1.4) 9.3(L.0)
Ge c 18.9m - - - - - - 0.85 (0.11) 1.47 (0.17) 1.93 (0.25) 2.07 (0.25) 1.66 (0.20)
“Ga c 3.2612d - - - - 0.11 (0.12) 1.71 (0.18) 6.65 (0.67) 10.5 (1.1) 15.6 (1.4) 15.5 (1.4) 125 (1.2)
Ga c* 9.49h - - - - - 0.93 (0.24) 3.53(0.76) 5.50 (0.64) 8.76 (0.91) 9.08 (0.85) 7.12 (0.84)
%Ga c 15.2m - - - - - - 0.74 (0.26) 1.62 (0.43) 2.49 (0.65) 2.58 (0.52) 2.28 (0.54)
| ®zn c 244.26d - - - - 0.100 (0.018) | 1.23(0.13) 5.36 (0.52) 9.45 (0.88) 15.6 (1.4) 16.3 (L.5) 137 (1.3)
®2Zn c 9.186h - - - - - - - - 0.30 (0.13) 0.83 (0.22) 0.71(0.14)
¥Cu c 61.83h - - - - - - - - - - 0.30 (0.17)
*icu c 3.333h - - - - - 0.49 (0.42) - 2.26 (0.54) 2.31(0.57) 3.37 (0.86) 3.43 (0.56)
®Cu c 23.7m - - - - - - - 0.43 (0.17) 0.77 (0.14) 0.86 (0.11) 0.69 (0.14)
*"Ni c 35.60h - - - - - - - - 0.118 (0.015) | 0.182 (0.019) | 0.177 (0.020)
#nCo i(m) 13.91m - - - - - - - - 0.31(0.21) [0.198 (0.086) | 0.262 (0.053)
®Co i(m+g) 5.2714y - - - - - - - 0.69 (0.20) 2.56 (0.33) 3.10 (0.40) 2.97 (0.36)
*Co i(m+g) 70.86d - - - - - 0.128 (0.014) | 1.12(0.11) 2.75 (0.25) 6.89 (0.59) 8.85 (0.80) 8.79 (0.85)
*Co c 271.74d - - - - - - 0.704 (0.086) | 1.94(0.18) 5.34 (0.54) 7.20 (0.70) 7.38 (0.71)
*Co c 77.233d - - - - - - 0.21 (0.11) 0.55 (0.12) 1.47 (0.17) 2.07 (0.21) 2.20 (0.24)
*Co c 17.53h - - - - - - - - - 0.284 (0.076) | 0.55 (0.37)
“Fe c 44.472d - - - - - - 0.114 (0.020) | 0.233(0.028) | 0.551 (0.054) | 0.723 (0.069) | 0.717 (0.082)
Fe c* 8.51m - - - - - - - - - 0.21 (0.12) 0.47 (0.21)
*Mn c 25789 - - - - - - - 0.327 (0.059) | 1.00 (0.14) 1.31(0.19) 1.41(0.14)
*Mn i 312.11d - - - - - - 0.41(0.13) 1.23(0.17) 3.96 (0.35) 5.96 (0.54) 6.91 (0.65)
*"Mn c 21.1m - - - - - - - 0.229 (0.096) | 0.191 (0.067) | 0.446 (0.076) | 0.494 (0.082)
*Mn c 5.591d - - - - - - 0.114 (0.012) | 0.356 (0.100) | 1.29 (0.11) 2.07 (0.19) 2.61 (0.25)
Sicr c 27.7025d - - - - - - - 0.88 (0.10) 3.48 (0.31) 5.91 (0.55) 7.42 (0.70)
“Cr c 42.3m - - - - - - - - - 0.472 (0.082) | 0.761 (0.084)
“®Cr c 21.56h - - - - - - - - - 0.066 (0.066) | 0.085 (0.013)
By c 15.9735d - - - - - - 0.090 (0.009) | 0.309 (0.050) [ 1.28 (0.11) 2.28 (0.21) 3.36 (0.31)
3¢ i 43.67h - - - - - - - 0.048 (0.025) | 0.174 (0.029) | 0.282 (0.034) | 0.474 (0.063)
“Sc i 3.3492d - - - - - - - - 0.553 (0.049) | 0.98 (0.10) 1.50 (0.14)
7S¢ c 3.3492d - - - - - - 0.058 (0.008) | 0.167 (0.018) | 0.567 (0.050) | 1.010 (0.100) [ 1.57 (0.15)
3¢ i(m+g) 83.79d - - - - - - 0.093 (0.011) | 0.33(0.10) 1.09 (0.12) 1.99 (0.19) 3.10 (0.31)
#mge i(m) 58.61h - - - - - - 0.147 (0.025) | 0.27(0.12) 0.72 (0.36) 1.26 (0.13) 2.10 (0.20)
s i 3.97h - - - - - - - - - 0.709 (0.072) | 1.30(0.12)
3¢ i(m+g) 3.97h - - - - - - - 0.118 (0.044) | 0.362 (0.039) | 1.89(0.17) 3.31(0.31)
e c 3.891h - - - - - - - - 0.60 (0.13) 0.76 (0.15) 1.01 (0.13)
“Ca c 4.536d - - - - - - - - 0.022 (0.008) | 0.044 (0.020) | 0.063 (0.008)
BK c 22.3h - - - - - - - - 0.278 (0.032) | 0.526 (0.059) | 0.774 (0.078)
K i 12.360h - - - - - - - - - 0.97 (0.13) 1.66 (0.17)
“Ar c 109.34m - - - - - - - - - 0.294 (0.037) | 0.488 (0.059)
“Cl c 55.6m - - - - - - - - - 0.215 (0.071) | 0.286 (0.047)
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Nuclide Type Ti Cross sections [mb] at proton energies [MeV]
46 68 99 149 249 400 600 799 1199 1599 2605
| %l c 37.24m - - - - - - - - 0.302 (0.073) | 0.521 (0.077) | 0.866 (0.098)
ZAl c 6.56m - - - - - - - - - 0.393 (0.079) | 1.49 (0.21)
Mg c 20.915h - - - - - - - - - 0.180 (0.065) | 0.365 (0.050)
Mg c 9.458m - - - - - - - - - 0.286 (0.100) | 0.61(0.10)
¥Na c 14.9590h - - - - - - 0.144 (0.033) | 0.179 (0.027) | 0.560 (0.051) | 0.992 (0.092) | 2.07 (0.20)
’Na c 2.6019y - - - - - - - - 0.324 (0.050) | 0.364 (0.076) | 0.963 (0.097)
Be i 53.29d - - - - 0.430 (0.043) | 0.84 (0.16) 1.41 (0.15) 2.13(0.22) 4.06 (0.36) 5.73(0.53) | 8.31(0.78)
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4.5 Residual nuclides production cross sections in *'Ta.

Table 4.10. Parameters of ®'Ta irradiations.

Proton Sample Monitor Weight of I Average proton Fluence measured by
. - . Irradiation 2 Number of y-spectra measured

energy weight weight monitor time (min) flux p/(cm®es) in sample/monitor/olate current transformer,
(MeV) (mg) (mg) plate (mg) x107%0 P P 10 protons
260518 359.8 59.1 1463.6 24.18 7.44 +0.64 28/16/4 1.296
1598+4 354.2 58.9 1481.8 29.12 5.74+0.48 23/12/5 1.295
119943 359.6 59.0 1437.1 28 6.98 + 0.56 31/28/14 1.300
799+2 357.5 58.9 1471.0 24 6.05+0.49 22/14/10 1.300
599+2 357.5 59.1 1480.9 28 455+ 0.54 26/15/3 1.297

399+2 355.8 59.0 1436.3 23 4.21+0.38 24/11/3 1.245
248+1 354.4 58.5 1932.5 28 8.09 + 0.58 24/17/5 1.303

148+1 355 58.8 1439.9 27 5.17 £ 0.40 27/23/7 1.247

97+1 358.6 48.0 1417.6 38.5 3.23+0.27 21/22/7 1.219

66+1 354.8 49.8 1407.7 65.5 1.81+0.13 26/21/4 1.241

43+1 357.8 48.1 1400.2 25 457 +0.34 22/15/4 1.211

Parameters of **'Ta irradiations by 40-150 MeV protons to measure 'Be

14941 127.7 48.9 - 31 6.84 + 0.50 3/2/- 1.355

98+1 123.8 47.9 - 30 5.13+0.38 3/2/- 1.360

68+1 127.0 49.8 - 31 6.14+0.43 3/3/- 1.286

44+1 352.5 48.1 - 45 3.67 £0.26 2/2]- 1.358

Table 4.11. Experimental values of residual nuclides production cross sections in "*Ta(p,x) reactions induced by 0.04-2.6GeV protons.

Nuclide Type Ty Cross sections [mb] at proton energies [MeV]
43 66 97 148 248 399 599 799 1199 1598 2605
1 i 21.6d 690 (60) 102.0 (9.0) 57.4 (5.9) 30.7 (3.5) 16.7 (3.4) 11.2 (1.5) 9.7 (1.5) 73(1.1) 8.2 (1.0) 6.1 (1.2) -
Ty i 135m 366 (48) 151 (20) 64.7 (9.0) 33.3 (4.6) 16.9 (2.2) 10.8 (1.6) 8.5 (1.4) 6.06 (0.83) 4.84 (0.70) 3.47 (0.50) 2.92 (0.43)
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oW i 2.5h - 457 (38) 95.1(9.7) - - - 15.6 (3.4) 12.5 (6.0) 5.8 (3.2) 9.2 (2.1) 4.8 (2.8)
w i 31m - - 136 (17) 41.8 (5.4) 18.6 (2.2) 11.3(2.2) 5.7 (3.0 5.1(1.7) 0.6 (3.1) 1.8 (1.3) 0.11 (0.77)
5Ta i 8.152h 114 (12 80 (13 78.1(9.1) 54.9 (6.5) 76 (12) 40.6 (55) - - - - -

M Ty i(m) 2.36h 36.5 Es.o)) 59.4((5.)3) 50.1 (4.6) 32.9(2.9) 214 (2.1) 221(2.2) 19.9 2.7) 15.4 (1.5) 14.1 (1.3) 13.2(2.3) 115 (1.4)
"Ta c* 56.56h 480 (62) 329 (43) 208 (28) 103 (19) 70 (17) 55 (14) 46 (12) 39.5 (9.9) 42 (10) 32.7 (8.4) 28.8(7.2)
*Ta i 8.09h - 73.1(1.7) 123 (12) - - - 33.8(5.8) 25.6 (6.3) 28.3 (6.9) 17.7 (2.4) 21.2(3.9)
5Ta c 8.09h - 543 (45) 221 (21) - - - 51.1 (7.0) 40.2 (4.2) 326 (4.1) 274 (2.7) 24.2 (2.4)
1 c* 8.09h [ 0.404 (0.036 - - 138 (13) 78.8 (7.1) 63.0 (6.7) - - - - -
17512 c 10.5h ( : 224 (18) 234 (22) 137 (12) 78.6 (6.4) 61.9 (6.2) 51.3 (6.4) 324 (3.1) 25.9 (2.4) 20.4 (2.1) 15.6 (1.6)
Ta i 1.14h - - 105 (13) 75.1 (9.4) 46.2 (5.4) 404 (5.7) 34.3(7.0) 21.1(3.6) 20.3 (5.8) 13.7 (2.5 15.1 (2.1)
Ta c 1.14h - - 241 (30) 117 (14) 64.8 (7.5) 51.7 (6.7) 39.9 (6.2) 26.2 (3.3) 20.8 (3.3) 15.5 (2.1) 15.2 (1.9)
™Ta c 3.14h - - 221 (23) 145 (15) 81.3(8.9) 61.8 (7.6) 42.4(9.2) - 22.4(5.1) 19.7 (4.5) 20.1(3.2)
2Ta c* 36.8m - - 19.3 (6.0 66.4 (6.4) 39.3(35) 30.4 (3.4) 21.7(2.8) 11.1(2.1) 13.6 (1.9) 11.3(2.3) 10.4 (1.7)
BIf c 42.39d - - - - - - - - - - 0.160 (0.017)
Sl i(m) 5.5h [ 0.089 (0.014) - - 1.36 (0.36) 1.93 (0.35) 2.52 (0.32) 3.45 (0.51) 3.24 (0.33) 3.13(0.28) 2.30(0.35) 2.25 (0.23)
1ompf i(m) 25.05d - 0.193 (0.017) | 0.379 (0.036) | 0.503 (0.053) | 0.570(0.069) | 0.78 (0.10) 0.95(0.12) | 0.803 (0.082) | 0.790 (0.072) | 0.641 (0.075) | 0.518 (0.056)
Hf c 70d 8.92 (0.88) 234 (19) 255 (24) 169 (16) 108.0 (10.0) 89.8 (9.1) 78.5 (9.9) 56.5 (5.2) 50.0 (4.8) 44.9 (5.5) 31.5(3.1)
BHf i 23.6h - - 9 (10) - - - - - 25.0 (5.5) 18.2 (4.4) 3.6 (2.8)
BHf c 23.6h - - 234 (22) - - - - - 49.3 (4.4) 37.9 (3.6) 26.6 (3.0)
BHf c* 23.6h - 19.1 (1.6) - 180 (16) 123.0 (10.0) 104 (10) 87 (11) 64.3 (5.8) - - -
2Hf c 1.87y - 2.28 (0.20) 39.7 (3.7) 122 (11) 88.9 (7.1) 78.0 (7.7) 64.5 (7.9) 44.2 (4.1) 35.4 (3.7) 28.7 (3.8) 21.0 (2.1)
el c 12.1h - - 7(12) 109 (12) 91.7 (8.1) 78.9 (9.9) - - 29.7 (5.1) 27.9(3.2) 15.3 (4.0)
04f c 16.01h - - 12.6 (1.9) 70.9 (6.6) 78.8 (6.5) 76.1(7.4) 57.2 (7.4) 47.6 (4.9) 33.1(3.3) 24.7 (2.4) 16.8 (1.8)
i c 25.95m - - - 20.7 (5.8) 50.9 (4.5) 54.6 (5.5) 48.2 (6.0) 28.6 (2.7) 18.6 (1.9) 17.2(2.1) 9.8 (1.5)
By c 1.37y - 18.7 (1.7) 204 (20) 152 (14) 104.9 (9.0) 95.0 (9.8) 82 (10) 56.0 (5.3) 46.2 (4.3) 39.3 (4.1) 27.4(2.7)
Ly i 6.70d - 0.063 (0.006) | 3.49(0.33) 4.68 (0.42) 7.66 (0.63) 12.1(1.2) 135 (1.7) 10.40 (1.00) | 9.43(0.83) 8.43 (0.79) 6.36 (0.60)
7Ly c 6.70d - 2.35(0.22) 42.9 (4.0 126 (11) 96.1(7.9) 89.3 (8.9) 78.3(9.7) 55.5 (5.0) 45.0 (4.6) 38.7 (4.8) 27.1(2.7)
My i(m+g) 8.24d - - 22 (13) 13.3 (8.0) 14.6 (3.3) 23.0 (6.8) - - 18.1 (4.9) 11.5 (2.3) 12.8 (4.2)
My c 8.24d - - 28.8 (2.7) 122 (11) 111.0 (9.0) 106.0 (10.0) - - 50.1 (4.4) 40.4 (3.7) 29.9 (2.8)
Ly c* 8.24d - - - - - - 93 (11) 63.8 (5.6) - - -
Ly i(m+g) 2.012d - - 8.8 (2.8) 9.0 (3.2 9.4 (2.5) 16.1(2.1) 20.1(3.8) 7.3(3.9) 8.0 (2.4) 6.9 (1.4) 8.4 (1.6)
0y c 2.012d - - 20.4 (2.1) 79.7 (7.1) 88.3(7.1) 92.0 (9.0) 78.5 (9.7) 53.4 (4.9) 43.0 (3.9) 32.9 (3.1) 25.1 (2.4)
Ly c 34.06h - - 1.48 (0.16) 36.9 (3.5) 67.9 (6.0) 745 (7.3) 66.2 (8.2) 49.8 (4.4) 35.2 (3.2) 26.8 (2.5) 18.7 (1.9)
7Ly c 51.5m - - - 21.7 (2.6) 55.0 (6.1) 81 (10) 78 (11) 49.0 (5.7) 35.0 (4.1) 24.9 (3.0) 16.8 (2.1)
%yp c* 32.026d - - - 48.2 (4.4) 88.7 (7.2) 103 (10) 95 (12) 60.2 (6.0) 48.7 (4.4) 39.7 (3.6) 24.1(2.3)
*Yh i 17.5m - - - 0.22 (0.77) 3.1(1.0) 6.8 (1.5) 3.7 (14) 8.0 (1.4) 6.6 (1.2) 4.73 (0.58) 2.17 (0.68)
%7yp c 17.5m - - - 22.0 (2.6) 57.9 (6.5) 89 (11) 83 (12) 57.1(6.7) 41.7 (4.9) 29.5 (3.5) 19.0 (2.3)
%5Yh c 56.7h - - - 7.8 (1.3) 43.4 (3.6) 76.3 (7.6) 80 (10) 58.3 (5.4) 41.6 (3.6) 32.4 (3.0) 22.4(2.1)
%2yp c 18.87m - - - - 9.5 (1.0) 45.9 (5.3) 62.3(8.2) 40.7 (4.9) 27.2 (2.8) 16.7 (6.7) 10.9 (2.7)
5Tm i 93.1d - - - 0.138 (0.024) | 0.361(0.041) | 0.96 (0.11) 1.64 (0.25) 1.48 (0.14) 1.44 (0.15) 1.37 (0.18) 1.00 (0.11)
%Tm c 9.25d - - - 19.1 (2.7) 59.0 (8.0) 90 (13) 91 (15) 63.0 (8.9) 47.0 (6.6) 38.1 (5.5) 22.8 (3.3)
5Tm i 7.70h - - - 0.15 (0.35) 1.39 (0.63) 2.13(0.93) 35(13) 3.96 (0.94) 3.27 (0.64) 2.83(0.42) 2.04 (0.37)
%5Tm c 7.70h - - - 7.8 (1.1) 45.4 (3.8) 81.2 (8.1) 86 (11) 63.1(5.7) 46.0 (4.1) 36.7 (3.4) 24.8 (2.4)
5Tm c 30.06h - - - 2.91 (0.44) 34.0 (3.0) 71.2(7.1) 84 (11) 65.7 (6.2) 46.8 (4.8) 34.1(3.6) 23.3(2.4)
%Tm c* 1.810h - - - - 22.0 (3.2) 69.8 (7.1) 85 (11) 60.4 (5.5) 43.7 (4.1) 28.0 (3.3) 19.2 (3.2)
%2Tm i(m+g) 21.70m - - - - 1.7 (3.0) 1.6 (2.0) 9.4 (4.0) 15.0 (3.4) 7.3(8.3) 15.3 (3.9) 9.5(5.2)
%2Tm c 21.70m - - - - 9.6 (2.1) 50.3 (6.1) 74 (10) 54.8 (6.1) 37.1(7.8) 25.1 (6.8) 12.7 (4.8)
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®Tm c 33m - - - - 42.2 (5.6) 27.6 (4.8) 17.8 (2.9)
6IEy i 3.21h - - - - 0.8 (4.0 2.5 (3.0) 3.0 (3.1)
gy c 3.21h - - - - 42.9 (4.6) 33.7(3.7) 23.2(2.6)
1EY c* 3.21h 9.61 (0.97) 52.8 (6.1) 81 (11) 61.7 (7.3) - - -
150y c 28.58h 5.32 (0.60) 39.1 (4.4) 68.5 (9.2) 61.8 (6.4) 44.4 (4.6) 36.7 (4.1) 23.8(2.6)
| ™Er c* 36m 3.56 (0.56) 35.0 (4.6) 67 (10) 56.3 (7.0) 44.3 (55) 345 (4.4) 21.7(3.2)
= c* 18.65m - 23.6 (3.3) 50.4 (8.1) 44.9 (5.9) 33.6 (4.6) 31.8 (4.4) 18.7 (2.6)
| Er c 19.5m - 13.6 (1.4) 33.7 (4.8) 35.6 (3.3) 29.2 (2.9) 25.3(2.6) 16.5 (1.8)
e0mHg i(m) 5.02h 0.05 (0.26) 1.85 (0.54) 2.3(1.1) - 2.72 (0.56) 1.56 (0.68) 1.11 (0.24)
| ®MHg c 5.02h 5.53 (0.85) 42.9 (5.0) 71.8(9.9) - 46.7 (5.1) 37.3(4.4) 245 (2.8)
%0Ho i(m+g) 25.6m - 41(1.2) 6.8 (1.7) 6.8 (1.7) 45 (1.5) 2.68 (0.51) 3.86 (0.60)
% Ho i 56m - 0.64 (0.62) 6.0 (3.4) 4.26 (0.95) 6.6 (1.8) 2.8 (1.8) 0.20 (0.94)
| ®Ho c 56m - 13.9 (1.4) 40.6 (5.0) 40.3 (3.6) 35.8 (3.2) 289 (3.1) 16.9 (1.7)
Dy c 8.14h 1.25 (0.14) 21.6 (2.3) 52.7 (6.8) 53.8 (5.3) 43.7 (4.2) 34.8 (3.5) 21.2 (2.1)
Spy c* 9.9h - - 40.5 (5.0) 43.6 (4.0) 40.9 (3.7) 32.3(3.1) 18.5 (1.8)
2Dy c 2.38h - 3.67 (0.37) 17.9 (2.2) 22.3(1.9) 25.6 (2.2) 21.1(2.0) 125 (1.2)
5Th c* 5.32d - 10.9 (1.4) 40.3 (5.1) 42.8 (3.9) 40.1 (3.7) 28.3 (2.9) 15.6 (1.7)
53Tp c* 2.34d - 6.48 (0.92) 27.7 (3.7) 38.1(3.6) 41.7 (7.8) 29.4 (3.1) 15.5 (1.6)
2Th i(m+g) 17.5h - - 1.69 (0.92) 3.9 (2.3) 1.18 (0.94) - -
52Tp c 17.5h - - 20.1(2.8) 28.4 (3.1) 28.4 (3.0) 23.2 (4.1) 15.7 (1.8)
BITh c 17.609h - 3.52 (0.36) 19.3 (2.5) 26.8 (2.5) 28.0 (2.5) 22.4(2.2) 14.6 (1.5)
50Tp c 3.48h - 1.44 (0.26) 8.8 (1.4) 13.7 (1.8) 15.2 (2.0) 11.7 (1.6) 6.82 (0.96)
Tp c 4.118h - 1.47 (0.26) 6.09 (0.92) 9.86 (0.92) 11.3 (1.1) 8.82 (0.91) 5.14 (0.50)
8Th c 60m - 2.01 (0.23) 8.2 (1.1) 115 (1.1) 14.1 (1.3) 11.6 (1.3) 7.54 (0.73)
58Gd c 240.4d - 4.77 (0.74) 24.8 (3.5) 32.9 (3.7) 34.8 (3.9) 24.3 (2.8) 14.1 (2.1)
BIGd c 124d - 3.90 (0.74) 17.4 (2.4) 23.0 (2.2) 24.9 (2.4) 20.5 (2.9) 12.7 (1.3)
Gd c 9.28d - 2.83(0.29) 19.0 (2.4) 27.5(2.6) 35.2 (3.3) 30.7 (3.0) 17.3(1L.7)
“Gd c 38.06h - 1.44 (0.17) 12.2 (1.6) 23.5 (2.4) 31.3(2.8) 27.7 (2.6) 16.0 (1.6)
%Gd c 48.27d - 1.29 (0.13) 11.6 (1.4) 20.9 (1.8) 30.2 (2.6) 28.4 (2.6) 15.9 (1.5)
Gd c 23.0m - - 6.0 (2.0) 9.8 (1.0) 17.0 (1.6) 15.4 (1.6) 10.1 (1.2)
= i 93.1d - - 1.37 (0.84) 6.3 (1.2) 1.7 (2.1) - -
ey c 93.1d - - 20.3(2.5) 30.9 (2.7) 37.9(3.3) 28.2(2.9) -
= c* 93.1d - 2.95(0.32) - - - - 17.8 (1.7)
ey i 54.5d - - 0.70 (0.11) 1.18 (0.11) 1.73 (0.16) 1.65 (0.17) 1.18 (0.13)
“EyY i 24.1d - - - - - - 12.8 (4.3)
YEy c 24.1d 0.121(0.015) | 1.78(0.23) 15.6 (2.1) 26.8 (2.6) 38.2 (3.5) 33.4 (3.1) 20.2 (2.0)
EY i 4.61d - 0.197 (0.022) | 1.90(0.43) 3.47 (0.50) 5.51 (0.73) 5.33 (0.80) 3.25 (0.47)
ey c 4.61d - 1.43 (0.14) 14.3 (2.0) 25.6 (2.4) 37.2(3.4) 33.0 (3.0) 20.4 (2.0)
Ey c 5.93d - 0.546 (0.074) | 7.81(0.99) 16.2 (1.5) 26.7 (2.5) 24.3(2.3) 15.3 (1.5)
“pm i* 363d - - 0.169 (0.054) | 0.314 (0.032) | 0.588 (0.052) | 0.560 (0.063) -
%pm c 265d - - 5.16 (0.71) 12.1 (1.3) 24.3 (2.6) 25.2 (2.8) 16.4 (1.8)
140mpm i(m) 5.95m - - - - 8.4 (1.1) 7.2(1.3) 7.3 (1.4)
19N i(m) 5.5h - - - - 2.96 (0.50) 3.62 (0.64) 2.59 (0.45)
¥Nd c 50.65m - - 2.94 (0.42) 4,67 (0.51) 12.7 (1.5) 17.3 (1.8) 13.5 (1.3)
138mpy i(m) 2.12h - - - - 1.53 (0.16) 1.74 (0.19) -
3%pr i 13.1m - - 0.54 (0.19) 1.46 (0.22) 1.86 (0.59) 5.4 (1.2) 2.17 (0.35)
¥5py c 13.1m - - 3.54 (0.50) 6.13 (0.67) 14.4 (1.5) 22.1(2.8) 15.4 (1.6)




pr c* 17m - - 2.39(0.25) [ 10.34(0.90) 13.8(1.3) 12.0 (1.1)
9Ce c 137.640d 0.083 (0.013) | 2.16 (0.26) 7.50 (0.66) 20.8 (1.8) 25.3(2.3) 15.6 (1.4)
5Ce c 17.7h - - - 15.5 (1.4) 205 (2.1) 155 (1.5)
¥iCe c 3.16d - - - 12.6 (1.2) 16.8 (2.2) 11.8 (1.2)
133mCe i(m) 4.9h - - - 2.85 (0.28) 4.59 (0.61) 3.54 (0.36)
32Ce c 3.51h - - 1.28 (0.16) 9.53(0.92) 153 (1.6) 14.9 (1.6)
¥0Ce c 25m - - - 5.07 (0.54) 8.44 (0.87) 751 (0.75)
32| a i(m+g) 4.8h - - 0.359 (0.094) | 0.29 (0.21) 0.28 (0.49) 0.41 (0.54)
%2 a c 4.8h - - 1.64 (0.20) 10.0 (1.0) 15.7 (1.7) 15.3 (1.6)
0La i 8.7m - - - 2.39 (0.52) 4.45 (0.92) 4.8 (1.4
30 c 8.7m - - - 7.54 (0.84) 12.6 (1.4) 12.3 (1.9)
Ba c 3848.9d - - 2.35 (0.33) 11.4 (1.0) 19.7 (1.8) 13.5 (1.3)
BiBa c 11.50d - 0.63 (0.14) 2.03(0.19) | 10.60 (0.90) 16.8 (1.5) 13.8 (1.3)
%Ba c 2.43d - - - 7.71(0.77) 14.5 (1.6) 12.8 (1.4)
B c 100m - - - 2.58 (0.44) 5.22 (0.90) 6.09 (0.83)
%Cs c 32.06h - - - 11.4 (1.5) 18.8 (1.9) 17.2 (1.7)
7'Cs c 6.25h - - - 7.60 (0.73) 13.2 (1.3) 13.0 (1.2)
2TXe c 36.4d - - 1.13 (0.11) 7.25 (0.63) 13.5(1.2) 11.6 (1.2)
BXe c 2.08h - - - 6.00 (0.56) 11.3(1.1) 11.9 (1.2)
12Xe c 20.1h - - - - - 9.14 (0.93)
2InTg i(m) 154d - 0.098 (0.012) | 0.178 (0.076) | 0.235(0.021) | 0.64(0.11) | 0.493 (0.051)
21T i(m+g) 19.16d - 0.146 (0.018) | 0.453 (0.043) | 3.20 (0.29) 7.78 (0.74) 10.20 (1.00)
21T c 19.16d - 0.233 (0.029) | 0.675 (0.064) | 3.45(0.32) 8.35 (0.80) 10.70 (1.00)
19T i(m) 4.70d - - - 0.570 (0.055) | 1.28(0.12) 1.86 (0.18)
9Te c 16.05h - - - 2.78 (0.28) 6.09 (0.64) 9.51 (0.90)
Te c 62m - - - 1.34 (0.18) 5.01 (0.57) 9.03 (0.87)
MiTe c 15.2m - - - - 1.32 (0.17) 2.82(0.37)
12mspy i(m) 5.76d - - - - 0.098 (0.010) | 0.139 (0.014)
NSl i(m) 5.00h - - - 0.274 (0.035) | 0.665 (0.072) | 0.832 (0.099)
s c* 32.1m - - - 0.49 (0.56) 3.84 (0.39) 5.09 (0.89)
Bgn i(m+q) 115.09d - - - - - 6.41 (0.59)
n c 2.8047d - - - 1.23 (0.11) 3.50 (0.33) 6.03 (0.64)
In i 4.9h - - - 1.04 (0.22) 2.77 (0.26) 3.24 (0.62)
n c 4.2h - - - - 1.70 (0.17) 3.84 (0.41)
108mp i(m) 58.0m - - - - 1.26 (0.19) 2.31(0.36)
%8 c* 39.6m - - - - - 455 (0.57)
mAg i(m) 249.76d - - - - 0.068 (0.009) | 0.130 (0.013)
%mAg i(m) 8.28d - - - 0.336 (0.032) | 0.724 (0.073) | 157 (0.15)
®Ag c 41.29d - - - 0.805 (0.099) | 2.27 (0.25) 4.60 (0.43)
100pq c 3.63d - - - - 0.507 (0.053) | 1.52(0.16)
%2Rh i(m+g) 207d - - - - - 0.512 (0.079)
™Rh i(m+g) 20.8h - - - - 0.816 (0.098) | 2.49(0.31)
"™Rh c 20.8h - - - - 1.32 (0.14) 3.92 (0.43)
“"Rh c 4.7h - - - 0.446 (0.069) | 0.78 (0.10) 2.11 (0.25)
%Ry c 39.26d - - - - - 0.136 (0.024)
“Ru c 2.791d - - - - - 3.02 (0.28)
*Tc i(m+g) 4.28d 0.145 (0.020) | 0.188 (0.025) | 0.228 (0.022) | 0.445 (0.059) | 0.746 (0.093) | 1.63(0.16)




[ ®™Mo i(m) 6.85h - - - - - - - - - 0.449 (0.097) [ 1.42(0.17)
*Nb c* 14.60h - - - - - - 0.209 (0.033) | 0.369 (0.073) | 0.655 (0.080) | 1.08 (0.11) | 2.74(0.25)
| ®zr c 78.41h - - - - 0.086 (0.012) | 0.190 (0.020) | 0.293 (0.043) | 0.426 (0.038) | 0.850 (0.076) | 1.53(0.14) | 3.17(0.29)
®zr c 83.4d - - - - - 0.071 (0.008) | 0.208 (0.025) | 0.273 (0.024) | 0.514 (0.044) | 0.976 (0.087) | 2.26 (0.21)
By i 106.65d - - - - - - 0.334 (0.072) | 0.468 (0.042) | 0.62 (0.11) | 0.89(0.13) | 1.34(0.13)
By c 106.65d - - - - - - 0.62(0.15) [0.560 (0.051) | 1.13(0.10) 1.83(0.17) | 3.87(0.36)
simy c* 13.37h - - - - - - - - - - 1.18 (0.40)
oy i 79.8h - - - - - - - - - - 2.19 (0.49)
sy c 79.8h - - - - - - - - - - 3.34(0.32)
oy c 79.8h - - 0.026 (0.004) - - 0.234 (0.028) [ 0.479 (0.060) | 0.550 (0.066) [ 1.09 (0.15) 1.77 (0.18) -
sy c 14.74h - - - - - - - - 0.98 (0.57) 1.43 (0.40) 2.64 (0.36)
gy c 64.84d - - - - - - - - - - 3.07 (0.31)
gy c 32.41h - - - - - - - - - - 1.61 (0.77)
®Rb i(m+g) | 32.77d - - - 0.119 (0.014) | 0.126 (0.011) | 0.241 (0.025) | 0.376 (0.048) | 0.389 (0.036) | 0.531 (0.048) | 0.680 (0.064) | 0.929 (0.088)
®Rb c 86.2d - - - - - 0.249 (0.036) [ 0.350 (0.057) | 0.678 (0.085) [ 1.15 (0.15) 1.81(0.24) | 3.05(0.33)
¥"Rb i(m) 6.472h - - - - - - - - - - 1.15 (0.15)
Br c 57.036h - - - - - - - - - - 2.39 (0.23)
>Se c 119.779d - - - - - - - - 0.799 (0.082) | 1.16(0.12) 1.82 (0.18)
"As i 17.77d - - - - 0.056 (0.008) | 0.170 (0.025) | 0.345 (0.050) | 0.408 (0.047) | 0.619 (0.068) | 0.569 (0.066) | 1.08 (0.12)
#mZn i(m) 13.76h - - - - - - - - 0.191 (0.024) - -
%Zn c 244.26d - - - - - - - - 0.351 (0.037) | 0.646 (0.090) | 1.57 (0.14)
%Co im+g) | 5.2714y - - - - - - - - 0.78 (0.14) 1.12 (0.13) 1.24 (0.12)
*®Co i(m+g) 70.86d - - - - - - - - - - 1.23(0.12)
%Co c 77.233d - - - - - - - - - - 0.116 (0.016)
*Fe c 44.472d - - - - - 0.143 (0.018) [ 0.235 (0.031) | 0.234 (0.039) | 0.364 (0.040) | 0.540 (0.064) | 0.764 (0.077)
¥Mn i 312.11d - - - - - 0.099 (0.024) [ 0.145 (0.025) | 0.270 (0.031) [ 0.542 (0.050) | 0.879 (0.083) [ 1.59 (0.15)
*Mn c 5.591d - - - - - - - - - - 0.271 (0.025)
By c 15.9735d - - - - - - - - 0.100 (0.013) | 0.223 (0.022) | 0.475 (0.045)
B3¢ i 43.67h - - - - - - - - 0.315 (0.083) | 0.461 (0.048) | 0.558 (0.068)
3¢ i(m+tg) | 83.79d - - - - - - 0.201 (0.034) | 0.419 (0.040) | 0.377 (0.035) | 0.703 (0.066) | 1.60 (0.15)
4mse i(m) 58.61h - - - - - - - - - - 0.458 (0.043)
“Mg c 20.915h - - - - - - - - 0.164 (0.026) | 0.355 (0.035) | 0.814 (0.077)
*Na c 14.9590h - - - - - - - - 1.34 (0.12) 2.03(0.19) | 4.17(0.38)
“Na c 2.6019y - - - - - - - - - - 0.623 (0.062)
"Be i 53.29d [0.031(0.007)[0.161(0.042)*[0.259(0.036)[0.284(0.053)] 0.240 (0.037) | 0.575(0.070) | 1.05(0.27) | 1.51(0.16) | 2.55(0.22) | 3.95(0.36) | 6.70(0.63)
*at 68 MeV

Table 4.11a. Experimental values of residual nuclides production cross sections in "™Ta(p,x) reactions including neutron contribution induced by
0.04-2.6GeV protons.

Nuclide Type Ty Cross sections [mb] at proton energies [MeV]
43 66 97 148 248 399 599 799 1199 1598 2605
®2Ta  [i(m1+m2+g)| 114.43d | 3.02 (0.29) 3.02 (0.29) 3.08 (0.32) 2.78 (0.25) 2.91 (0.23) 3.84 (0.38) 5.33 (0.67) 4.46 (0.41) 5.44 (0.48) 4.09 (0.40) 3.59 (0.33)
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4.6 Residual nuclides production cross sections in "'W.

Table 4.12. Parameters of "W irradiations..

Proton Sample Monitor Weight of . Average proton Fluence measured by
. . ' Irradiation 2 Number of y-spectra measured

energy weight weight monitor time (min) flux p/(gg\ *s) in sample/monitor/plate currenLtransformer,
(MeV) (mg) (mg) plate (mg) x10 10™ protons
26058 256.6 59.2 1439.6 28.83 6.91 + 0.60 30/17/4 1.286
1599+4 270.9 59.2 1489.7 30.68 2.93+0.25 27/19/5 1.295
1199+3 265 59.3 1437.1 28 7.19+£0.60 32/20/14 1.300
799+2 267 59.2 1471.0 24 6.64 + 0.58 22/15/10 1.300
600+2 266 59.4 1480.9 28 5.78 + 0.46 26/15/3 1.297
40042 268 58.9 1436.3 23 4.87 £0.42 24/11/3 1.245
249+1 266 58.7 19325 28 8.06 + 0.59 26/20/5 1.303

149+1 267 58.4 1439.9 27 5.40 £ 0.42 26/23/5 1.247

99+1 277 48.1 1417.6 38.5 3.53+0.25 21/22/5 1.219

68+1 264.8 96.4 1407.7 65.5 2.11+£0.16 25/21/4 1.241

46+1 262.1 48.0 1400.2 25 5.22 + 0.37 22/15/4 1.211

Parameters of "W irradiations by 40-150 MeV protons to measure 'Be

149+1 131.0 48.0 - 31 6.81+0.51 3/2/- 1.355

99+1 136.0 48.2 - 30 5.21+0.39 3/2/- 1.360

69+1 33.5 49.3 - 31 6.22 £ 0.46 3/3/- 1.286

46+1 138.0 49.7 - 45 3.42+£0.24 3/2/- 1.358

Table 4.13. Experimental values of residual nuclides production cross sections in "*W(p,x) reactions induced by 0.04-2.6GeV protons.

Nuclide Type Ty Cross sections [mb] at proton energies [MeV]
46 | 68 | 99 | 149 [ 249 400 600 [ 799 | 1199 | 1599 [ 2605
*Re i 3.7183d | 3.44(0.35) | 1.95(0.18) | 0.774 (0.087) - - - - - - - -
54Re i(m) 169d 5.89 (0.63) | 2.89(0.32) 1.60 (0.16) 1.03 (0.20) 0.82 (0.18) - - - - - -
®Re | i(m+g) 38.0d 29.1(2.3) 16.4 (1.3) 10.50 (0.90) 6.37 (0.59) 4.13(0.34) 2.38(0.23) 1.90 (0.18) 1.53 (0.15) 1.66 (0.15) 1.34 (0.13) 1.46 (0.14)
®Re i 70.0d 102.0 (9.0) | 41.7(34) 25.5(2.2) 16.1 (1.5) 9.72 (0.84) 5.57 (0.57) 3.72(0.35) 3.09 (0.30) 3.44 (0.46) 2.80 (0.27) 3.14 (0.36)
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B2Re i(m) 12.7h 150 (13) 45.7 (4.5) 27.3(2.8) 16.3 (1.6) 9.5 (1.0 4.90 (0.59) 3.68 (0.45) 2.65 (0.39) 2.91(0.48) 2.54 (0.39) 2.51(0.35)
*’Re i 64.0h 142 (12) 29.2 (2.4) 15.0 (1.3) 8.50 (0.76) 5.21 (0.45) 2.72(0.29) 1.72 (0.60) 1.90 (0.55) 1.98 (0.75) 1.66 (0.51) 2.36 (0.52)
"IRe i 19.9h 172 (28) 96 (17) 51.2 (7.9) 28.1 (4.4) 19.9 3.1) 10.8 (1.8) 8.4 (1.4) 6.2 (1.1) 5.80 (0.78) - 4.94 (0.84)
™Re i 19.5m 219 (18) 149 (12) 79.7 (7.1) 33.2(3.3) 17.1 (2.3) - - - - - -
""Re i 13.2m 78.7 (1.9) 169 (16) 98.0 (9.8) 38.9 (4.5) 19.8 (2.9) 9.5 (1.4) 5.28 (0.84) - - - -
""Re i 14.0m - 140 (11) 95.8 (7.8) 26.9 (2.3) 29 (16) - - - - - -
Re i 5.3m - 28.6 (5.2) 84.0 (8.6) 34.5 (4.0) 14.2 (1.7) - - - - - -

8T c 121.2d 437 (44 377 (38 216 (29) - - - - - - - -
“Sw c 21.6d 75.3 Ee.e)) 198 517; 167 515) 102.0 (10.0) 66.0 (5.8) 40.3(4.2) 326 (3.3) 23.3(2.5) 25.2 (2.6) 18.3(2.2) 19.2 (2.1)
W i 135m - 8 (27) 20 (16) 37 (10) 27 (16) - - - - - -
Ty c 135m 1.39 (0.18) 141 (18) 146 (19) 99 (13) 56.3 (7.5) 45.0 (6.5) 32.2 (45) 24.2 (3.5) 226 (3.2) 17.4 (2.5) 13.1(1.8)
Ty c 2.5h - 35.9 (3.3) 168 (15) 127 (11) 81.0 (7.6) 46.7 (5.7) 32.6 (3.6) 25.2 (3.4) 16.1 (4.2) 17.2 (3.4) 8.8 (2.1)
Hhw c 31m - 1.23 (0.44) 47.0 (5.7) 97 (13) 61.9 (7.4) 39.6 (5.4) 31.0 (4.3) 18.0 (3.1) 20.8 (3.0) 6.1 (2.0) 6.6 (1.5)
®Ta c* 8.7h - 1.02 (0.11) 2.02 (0.18) 2.40 (0.50) 3.62 (0.36) 3.48 (0.63) 4.80 (0.56) 4.63 (0.54) 5.05 (0.69) 4.64 (0.47) 4.27 (0.53)
®Ta c 5.1d 1.10 (0.13) | 2.04(0.30) 4.57 (0.45) 6.70 (0.63) 9.5 (1.0) 10.1 (1.0) 12.3(1.2) 11.9 (1.2) 12.4 (1.3) 9.6 (1.7) 10.9 (1.1)
%2Ta |i(ml+m2+g) | 114.43d | 1.02(0.13) | 3.09 (0.29) 6.36 (0.56) 9.22 (0.79) 11.80 (1.00) 12.3(1.1) 14.2 (1.2) 13.8 (1.3) 15.1 (1.4) 12.9 (1.2) 12.8 (1.2)
78Ty i(m) 2.36h 2.09(0.18) | 3.92(0.34) 6.36 (0.72) 11.0 (1.5) 13.1 (1.2) 12.3(1.2) 10.3 (1.1) 8.48 (0.85) 11.9 (1.1) 7.61 (0.94) 9.47 (0.92)
' Ta c* 56.56h 134 (24) 196 (25) 207 (29) 161 (25) 112 (22) 92 (23) 59 (14) 49 (12) 43 (11) 37.1(9.1) 33.0 (8.1)
Ta i 8.09h - 9.3 (L.7) 4.9 (3.5) 19.4 (4.1) 25.6 (3.5) 26.2 (4.0) 28.8 (3.7) 21.7 (3.0) 26.9 (4.2) 17.4 (3.9) 24.4 (3.4)
*Ta c 8.09h - 45.6 (3.8) 172 (15) 143 (13) 110.0 (9.0) 77.2 (8.0) 62.2 (5.9) 45.5 (4.8) 43.2 (4.2) 35.8 (3.7) 33.3(3.3)
T, c* 8.09h 3.27 (0.30 - - - - - - - - - -
“5T: c 10.5h ( : 8.88 (0.75) 123 (11) 139 (13) 109.0 (9.0) 74.1(7.2) 59.9 (5.9) 40.9 (4.2) 34.0 (3.2) 27.6 (3.0) 27.2(3.1)
" Ta i 1.14h - 4,01 (0.77) 49 (1.4) 5.9 (4.1) 28.6 (3.8) 25.3 (4.0) 19.4 (3.7) 18.4 (3.8) 8.4 (2.6) 17.7 (3.4) 14.3 (2.5)
Ta c 1.14h - 5.26 (0.66) 51.7 (6.2) 103 (13) 91 (11) 64.9 (8.2) 50.2 (6.2) 36.4 (4.7) 29.2 (3.7) 23.9 (3.2) 21.0 (2.7)
Ta c 3.14h - - 19.3 (2.3) 90.8 (8.6) 97.1(8.8) 73.9 (7.8) 59.4 (6.1) 445 (5.2) 30.0 (4.9) 25.8 (5.1) 22.2 (3.4)
Ta c* 36.8m - - - 33.1(4.2) 44.2 (4.0) 34.6 (3.9) 28.3 (2.9) 18.9 (2.1) 17.4 (2.4) 16.6 (2.3) 15.4 (2.2)
sl c 42.39d [ 0.043 (0.005) [0.078 (0.007)] 0.157 (0.014) [ 0.301(0.026) | 0.629 (0.051) - 1.23(0.11) - 1.40 (0.13) 1.19 (0.11) 1.23(0.11)
180mp £ i(m) 5.5h - - 0.69 (0.16) 0.76 (0.10) 0.67 (0.10) | 0.572(0.090) | 1.01(0.16) 0.86 (0.10) - - -
oM i(m) 25.05d - 0.045 (0.008)] 0.073 (0.007) [ 0.116 (0.011) | 0.207 (0.028) | 0.259 (0.038) [ 0.332 (0.040) | 0.326 (0.035) - - -
Hf c 70d 0.192 (0.018) | 9.60 (0.85) 122 (11) 137 (12) 116.0 (10.0) 83.6 (8.3) 70.3 (6.6) 53.9 (5.4) 48.9 (4.7) 39.6 (3.9) 36.4 (3.6)
PRt i 23.6h - - - 0.5 (5.9) 3.7(6.2) 10 (16) 5.3 (7.6) 0.5 (5.4) 15.5 (8.6) 11 (11) 13.2(2.8)
Hf c 23.6h - - - 101 (12) 113 (13) 88 (12) 79.9 (8.1) 56.0 (6.8) 48.3 (5.1) 37.7 (3.8) 33.4 (3.6)
PRt c* 23.6h - 0.753 (0.084 22.9 (2.0) - - - - - - - -
sl c 1.87y - ( : 11.09 (1.00) 55.2 (4.8) 80.1 (6.4) 73.1(6.8) 62.4 (5.5) 46.3 (4.6) 39.1(3.6) 29.3(2.7) 24.4 (2.4)
f c 12.1h - - - 24 (16) 72.0 (7.8) 67.7 (9.4) 64.6 (7.4) 42.6 (5.9) 33.9 (4.1) 27.9 (3.5) 23.6 (3.1)
TOHf c 16.01h - - 0.6 (1.8) 18.6 (1.8) 58.1 (4.7) 62.3 (6.0) 63.7 (5.8) 44.4 (4.5) 30.1(3.3) 25.9 (2.7) 20.9 (2.1)
sl c 25.95m - - - 9.3(1.2) 32.8 (3.9) 46.4 (4.6) 47.6 (4.4) 34.0 (3.4) 24.8 (2.5) 18.3 (1.9) 14.3 (1.7)
By c 1.37y - - 18.9 (1.7) 83.7 (7.9) 98.7 (8.9) 83.0 (8.4) 73.0 (7.0) 55.4 (5.6) 43.1 (4.3) 36.4 (3.7) 31.9 (3.2)
2Ly i 6.70d - - 0.25 (0.12) 0.937 (0.086) 2.52(0.21) 4.13 (0.41) 5.45 (0.50) 5.11 (0.49) 4.84 (0.44) 4.00 (0.37) 3.74 (0.37)
2Ly c 6.70d - - 11.6 (3.6) 55.5 (4.9) 82.4 (6.8) 77.7(1.3) 67.7 (6.1) 51.9 (5.1) 44.1(4.1) 33.3(3.2) 28.4 (2.9)
My i(m+g) 8.24d - - - 14 (17) 9.8 (5.4) 13.3(7.3) 10.7 (5.0) 14.5 (4.8) 13.8(3.1) 9.0 (2.6) 8.1(2.4)
Ly c 8.24d - - - 39.7 (3.4) 85.4 (6.9) 84.6 (7.9) 79.3(7.0) 60.0 (5.7) 49.4 (4.5) 37.8(35) 33.1(3.1)
Ty c* 8.24d - - 5.31 (0.45) - - - - - - - -
Ly i(m+g) 2.012d - - 1.6 (2.6) 3.7(13) 49 (2.3) 1.9 (2.1) 2.3(1.8) 3.7 (2.0 11.0 (2.5) 4.4 (2.0) 43 (1.4)
Ly c 2.012d - - 0.79 (0.16) 22.1(2.0) 61.7 (5.2) 64.1(6.1) 64.7 (5.8) 48.4 (4.9) 41.9 (4.0) 31.2 (3.2) 25.9 (2.6)
Ly c 34.06h - - - 11.4 (1.1) 45.2 (3.9) 54.4 (5.4) 57.2 (5.3) 43.9 (4.2) 36.0 (3.5) 26.6 (2.6) 22.6 (2.3)
7Ly c 51.5m - - - - 28.1(3.1) 55.3 (6.5) 61.8 (7.1) 47.1 (5.6) 36.2 (4.2) 27.2 (3.2) 21.2 (2.5)
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[ ™Yb c* 32.026d 0.403 (0.037) 14.1(1.2) 54.9 (4.6) 73.1(6.9) 72.6 (6.5) 58.4 (5.8) 48.1 (4.5) 36.5 (3.6) 30.3(2.9)
®7Yb i 17.5m - - 0.45 (0.77) 1.14 (0.53) 0.1 (2.6) 2.81(0.91) 0.6 (1.1) 1.2 (1.1) 0.29 (0.79)
*7Yb c 17.5m - - 28.4 (3.1) 56.9 (6.7) 62.6 (7.3) 50.0 (5.9) 36.9 (4.3) 285 (3.4) 21.4 (2.6)
%5Yb c 56.7h - 1.21 (0.18) 20.7 (1.7) 47.0 (4.4) 61.4 (5.4) 49.3 (4.6) 41.0 (3.7) 316 (2.9) 247 (2.3)
%2yh c 18.87m - - 5.31 (0.89) 13.3(2.3) 31.9 (5.6) 28.0 (4.9) 23.4 (3.8) 13.6 (4.4) 10.5 (4.8)

[ Tm i 93.1d - - 0.114 (0.015) | 0.310 (0.044) [ 0.610 (0.063) | 0.787 (0.081) | 1.05(0.10) | 0.876 (0.099) | 0.641 (0.072)
Tm c 9.25d - 3.31(0.52) 32.7 (45) 57.6 (8.3) 73 (10) 58.0 (8.4) 48.9 (7.0) 35.0 (5.1) 285 (4.1)

[ Tm i 7.70h - 0.12 (0.9) 1.55 (0.60) 1.29 (0.62) 2.57 (0.90) 1.15(0.33) 2.65 (0.71) 2.24 (0.63) 1.90 (0.50)
5Tm c 7.70h - 1.54 (0.89) 22.6 (1.9) 48.8 (4.6) 65.3 (5.8) 51.8 (5.0) 453 (4.2) 34.9 (3.3) 27.8(2.6)
Tm c 30.06h - 0.789 (0.083) 16.0 (15) 415 (4.1) 618 (5.7) 52.1(5.2) 425 (4.3) 33.0(3.4) 27.0(2.9)
STm c* 1.810h - - - 37.5(4.7) 55.2 (6.5) 53.1 (6.2) 41.2 (5.1) 29.2 (3.2) 19.4 (3.5)
2Tm |  i(m+q) 21.70m - - - 17 (11) 27.5 (4.6) 24.1 (3.6) 12.4 (3.3) 18.9 (4.2) 7.2 (5.6)
%2Tm c 21.70m - - - 27 (11) 56.8 (6.4) 50.2 (6.4) 34.3(7.8) 26.9 (5.2) 18.0 (4.5)
*ITm c 33m - - 1.9 (1.1) 18.3 (3.4) 33.7 (6.0) 37.5(6.7) 34.6 (6.2) 29.8 (3.4) 22.7(3.2)
Igy i 3.21h - - 0.8 (1.3) - - - - 1.6 (2.0) 0.3(2.3)
gy c 3.21h - - 2.68 (0.35) - - - - 32.2 (3.6) 24.9 (2.8)
Iy c* 3.21h - - - 27.6 (3.1) 57.0 (6.1) 57.1(6.5) 50.7 (5.7) - -
180Er c 28.58h - - 2.07 (0.37) 19.3 (2.1) 46.5 (4.8) 47.1(5.1) 46.0 (5.0) 34.1(3.7) 25.3(2.7)
SOEr c* 36m - - - 15.4 (2.0) 43.9 (5.5) 45.4 (5.9) 43.0 (5.5) 33.5 (4.3) 27.3(3.2)
= c* 18.65m - - - 10.8 (1.7) 33.0 (4.7) 38.2 (5.4) 39.4 (5.7) 34.0 (4.8) 23.7 (3.4)
EY c 19.5m - - - - 23.7(3.1) 31.6 (3.3) 33.2 (4.2) 29.2 (6.2) 22.1(3.0)
160mp o i(m) 5.02h - - - 1.69 (0.41) 1.91 (0.51) 1.83 (0.53) 2.60 (0.43) 2.37 (0.44) 0.94 (0.34)
160mH o c 5.02h - - - 21.9 (2.5) 49.4 (5.3) 49.9 (5.7) 48.7 (5.7) 36.3 (4.1) 27.7(3.1)
%0Hg i(m+g) 25.6m - - - - 452 (0.72) 5.1 (1.0) 5.86 (0.91) 2.86 (0.76) 3.34 (0.60)
Ho i 56m - - - - 0.5 (2.0) 1.4 (1.4) 1.3(3.3) 0.4 (7.0) 0.3 (2.5)
"Ho c 56m - - - - 24.3 (3.4) 32.6 (3.2) 36.0 (4.6) 315 (3.4) 23.8 (2.6)
®py c 8.14h - - 0.406 (0.059) 9.7 (1.0 33.4 (3.3) 42.6 (4.5) 44.3 (4.4) 32.8 (3.4) 25.7 (2.7)
5py c* 9.9h - - - 5.81 (0.58) 25.3 (2.3) 34.1(3.5) 40.2 (3.8) 30.9 (3.0) 23.9 (2.3)
52Dy c 2.38h - - - 1.24 (0.12) 10.02 (0.90) 16.2 (1.5) 24.4(2.2) 20.7 (2.0) 15.0 (1.4)
5Th c* 5.32d - - - 7.0 (1.7) 23.6(2.2) 33.0(3.3) 40.2 (4.2) 28.2 (3.4) 20.8 (2.7)
55Th c* 2.34d - - - 2.43(0.35) 16.3 (1.6) 25.6 (2.7) 33.6 (3.5) 27.6 (2.9) 19.4 (2.1)
B2Tp i(m+g) 17.5h - - - - 2.1(1.4) 7.9 (2.5) 0.43 (0.91) - -
52Th c 17.5h - - - - 10.7 (1.2) 20.4 (2.3) 26.6 (2.9) 27.2(3.1) 20.3 (2.4)
BiTp c 17.609h - - - - 8.63 (0.76) 17.9 (1.7) 25.3 (2.4) 22.8 (2.5) 16.9 (1.7)
B0Tp c 3.48h - - - - 4,87 (0.66) 9.4 (1.4) 14.9 (2.0) 11.6 (1.6) 8.4 (1.1)
9Th c 4.118h - - - - 3.34(0.38) 6.69 (0.72) 9.6 (1.1) 8.81 (0.82) 6.36 (0.59)
¥Tp c 60m - - - - 450 (0.46) 8.85 (0.95) 13.2 (1.3) 11.1 (1.1) 8.57 (0.85)
“Th c 1.7h - - - - - - - - 1.83 (0.26)
5Gd c 240.4d - - - - - - 22.8(2.8) 235 (2.5) 18.7 (1.9)
BiGd c 124d - - - - 14.3 (1.7) 17.2 (1.8) 24.5 (3.0) 21.4 (3.0) 16.9 (1.7)
Gd c 9.28d - - - 1.16 (0.13) 10.6 (1.1) 20.8 (2.0) 33.8 (3.3) 28.1(2.9) 22.1(2.1)
Gd c 38.06h - - - 2.36 (0.27) 7.9 (1.3) 15.9 (1.7) 27.7 (2.7) 24.9 (2.4) 18.7 (2.0)
%Gd c 48.27d - - - 0.479 (0.047) | 6.37 (0.56) 15.1 (1.4) 30.4 (3.7) 26.0 (2.4) 20.0 (1.9)
Gd c 23.0m - - - - - - 16.0 (1.7) 15.2 (1.6) 11.2 (1.3)
ey i 93.1d - - - - 0.1(2.1) 0.8 (1.5) - - -
ey c 93.1d - - - - 10.30 (1.00) 20.1(2.2) - - -
Eu c* 93.1d - - - - - - 38.6 (3.7) 29.2 (2.8) 24.1(2.4)




= i 54.5d - 0.322 (0.041) | 0.739(0.073) | 1.51(0.16) 1.42 (0.15) 1.32(0.12)
= i 24.1d - - - 27 (16) 7 (16) 15 (7.1)
“Ey c* 24.1d 0.734 (0.091) | 7.85(0.94) 185 (1.9) 34.6 (3.3) 30.9 (3.1) 23.3(2.3)
Eu i 4.61d 0.048 (0.014) | 0.738(0.079) | 2.06 (0.27) 6.07 (0.66) 5.69 (0.62) 3.74 (0.39)
= c 4.61d 0.530 (0.053) | 7.00 (0.64) 175 (1.7) 35.7 (3.3) 32.1(3.0) 23.9 (2.3)
= c 5.93d 0.359 (0.058) | 4.09(0.38) 10.9 (1.1) 23.6(2.2) 227(22) 18.1(1.8)
%Ppm i* 363d - - - 0.464 (0.049) | 0.552 (0.055) | 0.542 (0.053)
pm c 265d - - 8.13 (0.91) 23.4 (2.6) 22.8 (2.5) 18.9 (2.1)
140mpm i(m) 5.95m - - - 5.67 (0.81) 6.61 (0.97) 459 (0.72)
[ PN i(m) 5.5h - - - 2.39 (0.42) 2.93 (0.51) 2.87 (0.50)
Nd c 50.65m - 1.22 (0.17) 3.26 (0.39) 10.1 (1.1) 15.1 (1.5) 15.4 (1.8)
%pr i 13.1m - - - 3.01 (0.56) 8.1(1.3) 2.99 (0.61)
| opr c 13.1m - - - 13.2 (1.5) 22.6 (3.3) 17.9 (2.1)
¥pr c* 17m - - 1.33 (0.18) - - 13.0 (1.3)
e c 137.640d - 0.759 (0.069) | 4.63(0.44) 17.6 (1.6) 22.3(2.1) 20.3(1.9)
%Ce c 17.7h - - - 12.7 (1.4) 17.9 (L.7) 18.3 (1.8)
¥ice c 3.16d - 1.18 (0.24) 2.40 (0.37) 10.3 (1.1) 15.8 (2.1) 16.3 (1.7)
1mce i(m) 4.9h - - - 252 (0.31) 3.71(0.38) 3.08 (0.37)
%2Ce c 351h - - 1.01 (0.23) 7.68 (0.84) 13.0 (1.4) 14.9 (1.5)
¥0Cce c 25m - - - 3.96 (0.46) 6.50 (0.70) 7.95 (0.79)
2L a i(m+g) 4.8h - - 0.28 (0.32) 0.78 (0.24) 0.73 (0.35) 0.31(0.32)
%2 c 4.8h - - 1.30 (0.22) 8.5 (1.0) 13.9 (1.6) 15.6 (1.6)
0 5 i 8.7m - - - 0.53 (0.85) 5.786 (0.79) 5.02 (0.78)
L c 8.7m - - - 451 (0.86) 12.3 (1.4) 13.0 (1.5)
*Ba c 3848.9d - - - 10.5 (1.0) 15.3 (1.5) 16.1 (1.6)
BiBa c 11.50d - - 1.47 (0.14) 8.23 (0.75) 14.0 (1.3) 16.6 (1.5)
Ba c 2.43d - - - 5.23 (0.55) 10.8 (1.2) 15.5 (1.7)
B c 100m - - - - - 7.01 (0.98)
2Cs c 32.06h - - - 8.14 (0.85) 14.7 (1.5) 19.4 (2.0)
7cs c 6.25h - - - 4.68 (0.44) 9.92 (0.95) 14.4 (1.4)
27Xe c 36.4d - - 0.663 (0.075) | 4.99 (0.60) 10.3 (1.3 15.6 (L.5)
5Xe c 16.9h - - - 3.27 (0.33) 8.92 (0.85) 14.6 (1.4)
Zxe c 2.08h - - - 5.24 (0.53) 10.3 (1.1) 15.5 (1.5)
122X c 20.1h - - - - - 9.7 (1.1)
120 e c 40m - - - 0.85 (0.35) 1.12 (0.47) 3.30 (0.44)
120) i 81.0m - - - 0.65 (0.48) 4.23(0.73) 7.03 (0.75)
0] c 81.0m - - - 1.50 (0.22) 5.35 (0.54) 10.28 (1.00)
12T i(m) 154d - - 0.165 (0.027) | 0.322 (0.064) | 0.309 (0.042) | 0.621 (0.063)
1Te i(m+g) 19.16d - - 0.310 (0.032) | 2.53(0.24) 6.30 (0.61) 11.7 (L.1)
2Te c 19.16d - - 0.456 (0.046) | 2.82(0.27) 6.67 (0.65) 12.3(1.2)
1S Te i(m) 4.70d - - - 0.475 (0.045) | 1.100 (0.100) | 2.03 (0.20)
9T c 16.05h - - - 13.6 (1.9) 11.9 (1.8) 10.6 (1.5)
"Te c 62m - - - - 3.83 (0.41) 9.44 (0.92)
e c 15.2m - - - - - 2.09 (0.32)
12omgpy i(m) 5.76d - - - 0.060 (0.010) | 0.086 (0.018) | 0.168 (0.020)
smgp) i(m) 5.00h - - - - 0.74 (0.11) 1.06 (0.14)
5sh c* 32.1m - - - - 3.08 (0.36) 9.21 (0.88)
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Bgn i(m+g) 115.09d - - - - - - 0.71 (0.30) 3.18 (0.47) 7.53(0.70)
n c 2.8047d - - - - - - 1.32 (0.21) 1.73 (0.35) 7.4 (1.2)
Opn i 4.9h - - - - - - - 1.71 (0.41) 3.56 (0.68)
1% c 4.2h - - - - - - - - 453 (0.47)
108m )y i(m) 58.0m - - - - - - - 0.87 (0.17) 3.30 (0.43)
[ TI0m A i(m) 249.76d - - - - - - - 0.108 (0.022) | 0.159 (0.018)
0emAg i(m) 8.28d - - - - - - 0.373 (0.055) | 0.643 (0.068) | 1.79(0.17)
®Ag c 41.29d - - - - 0.291 (0.058) | 0.325 (0.051) | 0.92(0.11) 1.97 (0.23) 5.21 (0.49)
100pq c 3.63d - - - - - - 0.147 (0.021) | 0.445(0.048) | 1.65(0.17)
1020Rh i(m) 2.9y - - - - - - - - 1.16 (0.12)
%Rh i(m+g) 20.8h - - - - - - 1.22 (0.13) 1.37 (0.14) 2.33(0.34)
0Rh c 20.8h - - - - - - 1.37 (0.15) 1.82 (0.18) 3.82 (0.44)
| "Rh c 4.7h - - - - - - - 0.79 (0.11) 2.42 (0.29)
"®Ru c 39.26d - - - - - - 0.089 (0.026) | 0.074 (0.049) | 0.167 (0.021)
“Ru c 2.791d - - - - - - 1.76 (0.18) - 3.72 (0.38)
%Tc i(m+g) 4.28d - - - - 0.156 (0.016) | 0.186 (0.034) | 0.442 (0.046) | 0.697 (0.068) | 1.83 (0.18)
“Tc c 293m - - - - - - - 0.632 (0.084) | 2.00 (0.20)
*“"Mo i(m) 6.85h - - - - - - - 0.397 (0.057) | 1.51(0.21)
“Np c* 14.60h - - - - - - 0.63 (0.16) 1.03 (0.11) 2.88 (0.28)
®zr c 78.41h - - - 0.096 (0.012) | 0.244 (0.032) | 0.367 (0.039) | 0.816 (0.075) | 1.23(0.11) 3.68 (0.34)
¥zr c 83.4d - - 0.032 (0.033) | 0.103 (0.009) | 0.212 (0.018) | 0.290 (0.027) | 0.255 (0.023) [ 0.796 (0.073) | 2.72(0.25)
By i 106.65d - - 0.120 (0.015) | 0.149 (0.032) | 0.307 (0.030) | 0.52(0.12) 0.87 (0.15) 0.94 (0.16) 1.57 (0.19)
By c 106.65d - - 0.151 (0.025) | 0.353 (0.090) | 0.783 (0.085) | 0.64 (0.10) 1.27 (0.12) 1.80 (0.17) 4.27 (0.40)
smy c* 13.37h - - - - - - 0.83 (0.60) 0.89 (0.29) 2.2 (L.0)
5y i 79.8h - - - - - - 0.12 (0.69) 0.60 (0.32) 17 (1.2)
Y c 79.8h - - - - - - 1.24 (0.14) 1.72 (0.21) 3.88 (0.41)
Sy c* 79.8h - - - 0.178 (0.023) | 0.370 (0.040) | 0.587 (0.059) - - -
%y c 14.74h - - - - - - - 1.16 (0.17) 3.17 (0.38)
®sr c 64.84d - - - - 0.667 (0.070) - 1.56 (0.16) 1.94 (0.20) 3.81 (0.39)
gy c 32.41h - - - - - - - - 1.58 (0.75)
¥Rb | i(m+g) 32.77d - - 0.125 (0.012) | 0.230 (0.024) | 0.339 (0.044) | 0.425 (0.046) | 0.665 (0.063) | 0.796 (0.077) | 1.17 (0.11)
®Rb c 86.2d - - - 0.246 (0.037) | 0.543 (0.070) | 0.697 (0.092) | 1.70(0.68) 2.39 (0.48) 3.91 (0.45)
®"Rb i(m) 6.472h - - - - - - - - 1.45 (0.17)
"Br c 57.036h - - - - - - - - 2.66 (0.29)
*Se c 119.779d - - - - 0.324 (0.035) | 0.448 (0.047) | 1.020 (0.100) 1.10 (0.11) 2.54 (0.25)
"As i 17.77d - - 0.077 (0.009) | 0.167 (0.023) | 0.320 (0.036) | 0.347 (0.042) | 0.596 (0.070) | 0.713(0.091) | 1.27 (0.15)
¥m7Zn i(m) 13.76h - - - - - - - - 0.359 (0.055)
®2Zn c 244.26d - - - - - - - - 1.79 (0.17)
©Co i(m+g) 5.2714y - - - - - - - - 1.40 (0.15)
%®Co | i(m+g) 70.86d - - - - - - 0.347 (0.083) | 0.623 (0.090) | 1.53(0.14)
%Co c 77.233d - - - - - - 0.094 (0.011) - 0.213 (0.021)
Fe c 44.472d - - 0.065 (0.006) | 0.104 (0.013) | 0.215 (0.020) | 0.273 (0.027) | 0.465 (0.055) | 0.538 (0.068) | 0.919 (0.092)
*Mn i 312.11d - - - - - 0.395 (0.043) | 0.687 (0.063) | 0.89 (0.12) 1.95 (0.18)
*Mn c 5.591d - - - - - - 0.121 (0.012) | 0.161 (0.021) | 0.325 (0.031)
By c 15.9735d 0.055 (0.005) 0.069 (0.007) | 0.086 (0.007) | 0.107 (0.011) | 0.119 (0.013) | 0.134 (0.016) | 0.190 (0.017) | 0.253 (0.038) | 0.608 (0.058)
B3¢ i 43.67h - - - - - - 0.277 (0.040) | 0.423 (0.041) | 0.726 (0.078)
%3¢ i(m+g) 83.79d - - - - - 0.377 (0.038) | 0.848(0.077) | 1.10(0.11) 1.77 (0.16)
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ansc T i(m) 58.610 - - - - - - 0.116 (0.018) | 0.229 (0.026) | 0.564 (0.056)
BMg c 20.915h - - - - - - 0.170 (0.035) | 0.321 (0.034) | 0.932 (0.094)
ZNa c 14.9590h - - - - - - 1.26 (0.12) 2.04(0.19) | 4.69 (0.44)
ZNa c 2.6019y - - - - - - - 0.487 (0.087) | 0.770 (0.081)
"Be i 53.29d 0.396(0.058) _ 0.393(0.077)| 0.425 (0.040) | 0.64 (0.11) | 1.04(0.10) | 142(0.15) | 2.69 (0.25) 3.77(0.36) | 8.31(0.79)
i* - to *Pm contribution of alpha decay **®Eu (v= 9.4 + 107%) ignored
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4.7 *Gd production cross sections in **Ta and "*W.

Table 4.14. Parameters of *®'Ta irradiations..

Proton | Sample | Monitor o
. . Irradiation time

energy weight weight (min)
(MeV) (mg) (mg)

2605 359.8 59.1 24.18

1599 123.6 23.9 1545

1198 355.0 59.5 2502

799 358.4 59.3 3022

599 355.5 59.2 759

399 353.0 58.5 1262

Table 4.15. Detailed calculation of **3Gd production rate in **'Ta to determine its cross section.

Ep, 21y | Ecutoff, A, ~ 13 5 15

2.6 1.2 1500 | 0.23+0.02 | 2.83+0.28 | 0.0439 | 1.55+0.19
1.6 0.41 1500 16.2+0.1 |8.05+0.81 | 2.73 1.79+0.21
1.2 1.18 1500 37.9+0.1 |287+0.29 | 4.42 1.91+0.25
0.8 1.19 1600 | 32.6+0.02 |2.69+0.27 | 5.34 1.90+0.24
0.6 1.18 1700 4.8+0.5 2.55+0.26 | 1.34 1.18+0.18
0.4 1.17 1700 | 0.268+0.006 | 2.57+0.26 | 2.23 | 0.040+0.005

Table 4.16. Experimental values of ***Ta(p,x)**®Gd reaction cross section in case of 0.4-2.6GeV

protons.

Ep, GeV | R, (10™/s) | @, (10"%cm?/s) | o, mb
2.6 1.55+0.19 7.44+0.65 | 21.4+32
1.6 1.79+0.21 5.65+0.57 | 31.7+4.8
1.2 1.91+0.25 5.12+0.37 | 27.7+3.4
0.8 1.90+0.24 8.55+0.64 | 22.3+2.8
0.6 1.18+0.18 7.97+0.57 148 +2.3
0.4 |0.040+0.005| 1.89+0.16 |2.11+0.28

Table 4.17. Parameters of "W irradiations.

Proton | Sample | Monitor \rradiation ti
. . rradiation time

energy weight weight (min)
(MeV) (mg) (mg)

2605 256.6 59.2 24.18

1599 3.28 22.6 1545

1199 269.0 59.2 2502

799 259.0 59.8 3022

600 267.0 58.8 759

400 276.0 58.8 1262

Table 4.18 . Detailed calculation of ***Gd production rate in "W to determine its cross section..
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GE;\’/ Niag, (107) Eﬁgc’\f’ (10 glhse/s) A(10% |F, (10°) | R, (10™%%s)
26 | 841 | 1900 | 0.147+0.016 |2.97+0.29 | 0.0509 | 1.16+0.20
1.6 | 107 | 1500 | 14.2+06 | 29.3¥2.9 | 273 | 1.66x0.21
12 | 881 | 1600 | 18.2+0.7 |3.63:0.36| 4.42 | 1.78+0.22
08 | 848 | 1600 | 272409 |3.56+0.36| 534 | 1.690.21
06 | 875 | 1750 | 2700.32 |3.16+0.32| 1.34 | 0.69+0.09
04 | 904 | 1750 | 0.115+0.007 |3.06+0.31| 223 | 0.019+0.003

Table 4.19 Experimental values of "™'W(p,x)**®Gd reaction cross section in case of 0.4-2.6GeV
protons.

Ep, GeV | R, (10™/s) | @, (10™%cm?/s) | o, mb
2.6 1.16+0.20 6.91+0.62 16.8+2.9
1.6 1.66+0.21 6.24+0.51 26.7+3.4
1.2 1.78+0.22 5.000.36 257+ 3.2
0.8 1.69+0.21 8.05+0.60 21.0+ 3.0
0.6 0.69+0.09 7.82+0.56 8.78 £1.08
0.4 0.019+0.003 1.79+0.15 1.04 £ 0.15
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5. DETERMINATION OF MONITOR REACTION CROSS SECTIONS

Section 2 above describes in detail the presentation formalism and, conformably, the
techniques for experimental determining the cross sections of nuclear interactions-produced
nuclides (the monitor reactions included) on the basis of independent measurements of reaction
rates and proton flux density being determined via monitor reactions (see Subsection 2.3). In
determining the cross section of monitor reaction proper, therefore, the nuclear reaction rate is
also measured by vy-spectrometry techniques, whereas the proton flux density has to be
determined by alternative techniques. Absolute particle flux measurements belong to the hardest
experimental physics tasks. The fact is that the instruments and experimental techniques
developed for the purpose are not universal. Their reliability is contingent upon the radiation
source operation mode and upon experimental conditions. Any variations thereof lead to
additional checkout and debugging of high-precision meters, thereby increasing time and
expenditures spent to obtain the desired result. In the present work, the current transformer

techniques are used as additional means to determine the proton flux density.

5.1.Determining the proton flux density by current transformer techniques

The accelerator ring-extracted proton flux density was measured with two current
transformers, one (TP10) being fixed to the beam outlet circuit, while the second was a portable
FCT-122-05:1-H current transformer (see Subsection 3.2 above, Fig. 3.2). According to the
technical data of the latter, its frequency band upper boundary is 676 MHz, and the respective
front duration 0.52 ns. The digital signal shape data of the transformers were received by a GaGe
Co.-made CompuScope 85G (CS85G) board mounted on IBM PC PCI. The reference CS85G
board frequency band is 500 MHz The Bergoz and CS85G frequency characteristics provide

quite properly for high-quality transfer and digitization of proton bunch signals.

IBM PC together with CS85G board were housed in the accelerator control desk hall. The
transformer signals are transmitted to the CS85 inputs via a few tens of meters-long coaxial

cables. Fig. 5.1 is the metering equipment flowchart.
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Fig. 5.1. Fast-extracted particle beam monitoring flowchart: 1 — proton beam; 2 — the
fixed current transformer TP10; 3 — the FCT-122-05:1-H portable current transformer; 4 —
amplifier; 5,6 — coaxial cables; 7 - CS85G board mounted into IBM PC.

Both current transformer monitoring results are presented as
1. Temporal distributions of measured current transformer readings (Figs. 5.2-5.11),
2. Summary oscillograms for each of the irradiation runs (Figs. 5.12-5.21).

The total numbers of the temporal and summary oscillograms are 52 each, which
corresponds to the number of irradiation runs, although 92 samples were irradiated in total
because some of the irradiation runs (40) were paired. It should be noted also that the FCT-122-

05:1-H current transformer was used in far from all experiments.

The time functions F; and F, in formulas (2.8) — (2.11), (2.13) were calculated in terms of
the temporal distributions of proton pulse amplitudes in each irradiation run (Figs. 5.2-5.11),
while the flux density of the proton flux in irradiating each sample was calculated via summary
oscillograms of each irradiation run (Figs. 5.12-5.21).
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Fig. 5.2. Temporal distributions of proton beam intensity when 0.04, 0.07, and 0.1 GeV proton-

irradiating Cr+Fe.
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Fig. 5.3. Temporal distributions of proton beam intensity when 0.15, 0.25, 0.4, 0.6, and 0.8 GeV

proton-irradiating Cr+Fe.
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Fig. 5.15. Proton beam fine structure oscillograms when 0.04, 0.07, 0.1, 0.15, 0.25, and 0.4 GeV
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Fig. 5.16. Proton beam fine structure oscillograms when 0.6, 0.8, 1.2, 1.6, and 2.6 GeV proton-
irradiating Ni+Nb.
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Fig. 5.17. Proton beam fine structure oscillograms when 2.6 GeV proton-irradiating Nb.
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Fig. 5.19. Proton beam fine structure oscillograms when 0.15,0.25, 0.4, 0.6, and 0.8 GeV proton-

irradiating Ta+W.
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Fig. 5.20. Proton beam fine structure oscillograms when 1.2, 1.6, and 2.6 GeV proton-irradiating

Ta+W.
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Fig. 5.21. Proton beam fine structure oscillograms when 0.4, 0.6, 0.8, 1.2, and 1.6 GeV proton-
irradiating Ta+W to determine the **3Gd production cross sections.
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The results of summing the oscillograms of all pulses in each irradiation run were used to

calculate the proton flux density as:
D ., = & , (5.1)

K-eT.,-S

Where I is the channel-by-channel sum expressed in the pulses of summary oscillograms, V: tis
the oscillogram (digitization) channel width, s; ksux is the 10.5-mm diameter monitor-traversed -
to-72x72-mm plate-traversed proton number ratio; K is the current transformer signal conversion
factor, V/A,; e is elementary charge; Tj. is irradiation time, s; S is the monitor cross-section area,

cm?.

The flux density error was determined as

2 2 2 2 2
ACDFCT — (A_IJ +(§j + Akflux +[AKJ +(§j , (5.2)
CDFCT I t kflux K S

The cannel-by-channel sums were calculated as

l=> VYV _»y = (5.3)
i=T,+1 i=T, 2- T|eft i=T, 2- Tright

Where Vi is the oscillograph-measured amplitude within the i-th time interval; Tpeax = 73-72-1;
Tiett = To-T1+1; Trighe = Tu-T3+1; Ty, T, T3, T4 are the oscillogram partition points (see Fig. 5.2).
In calculating the channel-to-channel sums, the constant component was estimated from the

left- and right-hand oscillogram sides. The error in the channel-to-channel sums is calculated as

Tpeak 2 2 Ik 2 Tpeak 2 2 5 4
Al = N A+ D AV +| AL (5.4)
left i=T, * Tright
T, _ 2
Ay = Z(Vi _V'eﬁ) (5.5)

Ay = \/i(vi ~V right )2 (5.6)

i=T,
Where At and Ayigne are the error in the left and right-hand oscillogram sides, respectively.
In this case,
T, T,
2V 2V

\/ i=Ty (5 ' 7)

i,
Vet = — V right =
left right
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The charged particle flux portion through a monitor is determined by finding the ratio of the
?’Na production rate in the “large” monitor, where the beam cross section gets overlapped, to

that in the “small” monitor, whose cross section corresponds to that of the experimental sample.
5.2. The monitor reaction cross sections and their errors

After using formulas (2.8) to determine the monitor nuclear reaction rates in Al samples
irradiated and on current transformer-aided calculating the proton flux density, the sought
monitor cross section and its error were calculated as

_ cum/ind cum/ind cum/ind \2 A 2
O_;:tumllnd:Rit A(Tst _ (ARSI j_i_[AfDFCT_] (5.8)

CDFCT chm/lnd R(S:tum/md

st © FCT

Where ™™ is the monitor reaction cross section; RS™™ is the monitor reaction rate; @, is

the current transformer-measured proton flux density.

5.2.1. Calibration of current transformers

The calibration aimed to experimentally determine the signal transformation coefficients -
K(V/A) for the TP10 and FCT-122-05:1-H current transformers.

The current transformers monitoring system was calibrated given the conditions closest
to those of proton beam monitoring. The two transformers were placed just where they were
during irradiations (when monitoring proton fluxes), while the signals therefrom are transferred
via the same cables to the CS85G plate placed in the accelerator console room.

The calibration was made via the conductor passing through a current transformer ring.
For the purpose, a charge pulse generator was manufactured (see Fig. 5.22). Its operations were
as follows. The capacitor was charged through the charging resistor 2 up to voltage V of source 1
within less than 1 ps. As the mercury magnetically operated sealed contact 5 was circuited, the
capacitor got charged within ~150 ns through resistor 4 and a conductor that transpierces the
current transformers. In such a way, the charge

q=C-U (5.9)

(C is the discharge capacitor capacitance) is transferred through the transformers.

The parameters of the condenser and resistor 4 were selected so that the discharge signal
oscillations were avoided and the duration of discharge signal was close to that of proton bunch
signals.

Fig. 5.23 shows the shapes of the pulses from discharge generator and from different-
energy proton bunches.
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Irradiations were made under different CS85G plate operation modes, so the calibration
was made for each of the modes separately within series of a hundred discharge generator pulses
each. The data obtained were online accumulated in PC and processed then via formula (5.3).
After that, the sensitivity coefficient K was calculated for each of the CS85G operation modes as

K= It , Where (5.10)
q

| is the channel-by-channel sum expressed in the pulses of summary oscillograms, as
calculated via (5.3), tis the oscillogram (digitization) channel width, g — charge through current
transformer, as calculated via (5.9),

The error 4K was calculated as

Fig. 5.22. Charge pulse generator circuit: 1 — voltage source, 2 — 300-kOhm resistor, 3 —
discharge condenser C = 1357 pF, 4 — 50-Ohm resistor, 5 — mercury magnetically operated
sealed contact, 6,7 — current transformers, 8 — digital voltmeter.
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Table 5.1 presents the results of determining the sensitivity coefficients K of the current
transformers for different CS85G plate operation modes. The K values shown in Table 5.1 were

used to calculate the proton flux density from formula (5.1).

Table 5.1.
The current transformer sensitivity coefficients K measured (the first column shows the

CS85G digitization frequency, and the second column the maximum signal in the measurement

channel)
CS85G mode FCT-122-05:1-H in FCT-122-05:1-H in
channel «A» channel «B»

f. GHz | scale,V | K, (V/A) | AK, (V/A) | K, (V/IA) | AK, (V/A)
0.5 0.2 4.186 0.003 4,219 0.002
0.5 0.5 4.207 0.004 4.224 0.003
0.5 1 4.230 0.006 4.230 0.005
1 0.2 4.159 0.002 4.190 0.002
1 0.5 4.186 0.003 4.186 0.004
1 1 4.205 0.005 4,197 0.006

CS85G mode TP10 in channel «Ax» TP10 in channel «Bx»

F,GHz | scale,V | K, (VIA) | AK, (V/A) | K, (V/A) | AK, (V/A)
0.5 0.5 8.988 0.004 9.031 0.003
0.5 1 9.035 0.005 9.035 0.004
0.5 2 8.970 0.008 9.032 0.008

1 0.5 8.825 0.003 9.035 0.003
1 1 8.871 0.004 9.032 0.004
1 2 8.849 0.006 9.022 0.006

5.3. Errors in determining the proton flux density

Table 5.1 shows that, given each of the CS85G plate operation modes, the statistic
fluctuations arisen from the CS85G plate noise do not exceed 0.1% of K values when averaged
over 100 pulses. During irradiation runs, some 1000 bunches were recorded as a minimum, so
the statistical fluctuations contributed but negligibly to the K error and were disregarded
afterwards.

The K value determination accuracy is affected by spatial smearing of the beam in the
plane normal to its axis because of its dependence on the point of current passage through the
transformer ring. According to the Bergoz technical record data, the dependence of K on the
current transverse coordinate is characterized as 0.2 %/mm. Proceeding from the 18.7x16.4-mm

beam radius, the beam smearing introduces an 1% error to the K valu
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The pulses from different-energy proton bunches
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Fig. 5.23. The shapes of the CS85G-recorded single pulses. The upper panel shows the pulses

from different-energy proton bunches, and the lower panel a discharge generator pulse.
5.4. Results of determining the monitor reaction cross sections

Table 5.2 and Figs. 5.24 — 5.26 present the results of determining the 2’ Al(p,x)**Na,

2TAl(p,x)**Na, and *’Al(p,x) "Be monitor reaction cross sections.
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Table 5.2. ?’Al(p,x)**Na, *’Al(p,x)**Na, and 2’ Al(p,x) 'Be monitor reaction cross sections

ER/?(;?/V’ s'\i/zlg?lraonrq Experiment o ®Na, mb o *Na, mb o 'Be, mb
W 10.61 + 0.53 (0.12) | 9.89 + 0.45 (0.01) -
Ta 10.55 + 0.85 (0.31) | 8.96 + 0.39 (0.05) -
%72 Nb 11.01 + 0.56 (0.14) | 8.75 + 0.40 (0.03) -
Ni 11.12 + 1.25 (0.54) | 8.70 + 0.38 (0.02) -
Fe 10.00 + 0.87 (0.65)[11.53 = 0.53 (0.08) -
2605+ 8 Cr 10.52 + 0.57 (0.23) | 12.13 + 0.55 (0.03) -
W 10.98+ 0.58 (0.15) | 10.33 % 0.47 (0.01) | 8.13 % 0.39 (0.02)
Ta 10.85 + 0.53 (0.05) | 10.05 + 0.47 (0.01) -
105 Nb 11.72 + 0.58 (0.07) | 10.27  0.48 (0.01) | 8.87 % 0.43 (0.01)
Ni 11.88 % 0.59 (0.07) | 9.32+0.43(0.01) | 7.82 +0.36 (0.01)
Fe 1223+ 0.62 (0.04) | 10.31 + 0.51 (0.01) | 8.83 + 0.45 (0.02)
Cr 12.13 % 0.59 (0.05) | 10.47 + 0.47 (0.01) | 8.87 +0.41 (0.02)
Average: 11.69 + 0.55 (0.18) | 10.22 + 0.47 (0.11) | 8.49 % 0.45 (0.24)
W 11.76 + 0.62 (0.20) | 10.83 + 0.49 (0.02) -
Ta 12.25 + 0.65 (0.24) | 11.63 + 0.52 (0.03) -
79 % 72 Nb 11.70£0.77 (0.42) | 9.49 £0.43 (0.03) -
Ni 12.25+ 1.04 (0.78) | 10.12 + 0.46 (0.03) -
Fe 11.19 + 0.80 (0.28) | 10.43 £ 0.47 (0.03) -
1508 4 4 Cr 12.00 = 0.62 (0.20) | 10.90 + 0.49 (0.03) -
W 13.15+ 0.69 (0.14) | 11.51 + 0.55 (0.03) | 7.90 + 0.51 (0.23)
Ta 12.75 + 0.59 (0.03) | 11.63 + 0.53 (0.01) | 7.57 % 0.35 (0.02)
5105 Nb 13.42 + 0.66 (0.06) | 11.38 + 0.53 (0.01) | 8.42 % 0.41 (0.02)
Ni 13.04 + 0.64 (0.06) | 11.23 + 0.51 (0.01) | 7.42 % 0.35 (0.02)
Fe 12.76 + 0.63 (0.05) | 11.13 + 0.54 (0.02) | 8.37 % 0.41 (0.02)
Cr 13.88 % 0.68 (0.05) | 11.79 + 0.56 (0.04) | 8.65 + 0.40 (0.02)
Average: 12.98 + 0.59 (0.14) | 11.28 + 0.52 (0.13) | 8.09 + 0.43 (0.22)
W,Ta | 13.11+0.83(0.43) | 13.84 « 0.61 (0.01) -
12X72 Nb, Ni 12.76 £ 0.69 (0.26) | 11.30 + 0.49 (0.02) -
Fe,Cr | 13.35+0.67 (0.16) | 12.25 + 0.57 (0.05) -
W 15.81 + 0.88 (0.29) | 14.82 + 0.68 (0.01) | 8.58 + 0.42 (0.04)
1199 + 3 Ta 14.41 +0.73 (0.17) | 13.91  0.62 (0.01) | 7.42 % 0.34 (0.02)
5105 Nb 15.38 + 0.79 (0.14) | 12.82 + 0.60 (0.02) | 8.08 % 0.41 (0.06)
Ni 12.99 + 0.64 (0.11) | 12.12 + 0.54 (0.01) | 6.86 + 0.32 (0.02)
Fe 15.37 £ 0.79 (0.13) | 12.90 + 0.61 (0.01) | 7.98 + 0.40 (0.03)
Cr 13.44 +0.70 (0.17) | 12.21 + 0.56 (0.01) | 6.81  0.32 (0.02)
Average: 14.13 +0.73 (0.38) | 12.84 + 0.67 (0.36) | 7.33 + 0.42 (0.26)
W,Ta | 13.49+0.68 (0.17) | 12.09 % 0.54 (0.02) -
72X 72 Nb, Ni | 14.85+0.75 (0.18) | 12.30 + 0.55 (0.01) -
Fe,Cr | 16.32+0.92 (0.37) | 13.02 + 0.59 (0.03) -
799 + 2 W 16.64 + 1.00 (0.41) | 13.01 + 0.61 (0.01) | 5.84 + 0.32 (0.08)
105 Ta 14.00+0.71 (0.15) | 11.99 + 0.56 (0.03) | 4.95 % 0.26 (0.06)
Nb 17.37 + 1.02 (0.40) | 13.27 + 0.62 (0.02) | 6.43 + 0.33 (0.06)
Ni 14.99 + 0.83 (0.28) | 12.28 + 0.57 (0.03) | 5.37 % 0.27 (0.05)
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E'r\l/(laég/y, s'\i/zlg,n:;[]onrq Experiment 6 Na, mb o *Na, mb o 'Be, mb
Fe 18.22 £ 1.05(0.35) | 13.95 £ 0.66 (0.02) | 6.54 +0.33 (0.04)
Cr 15.75+1.20 (0.77) | 14.09 £ 0.65 (0.03) | 5.67 +0.30 (0.07)
Average: 14.73 £ 0.80 (0.46) | 12.80 £ 0.60 (0.21) | 5.86 +0.38 (0.27)
W, Ta 16.11 £0.78 (0.13) | 13.46 £ 0.61 (0.03) -
72X 72 Nb, Ni 15.90 £ 0.99 (0.50) | 12.36 £ 0.56 (0.03) -
Fe, Cr 15.41 £ 0.76 (0.16) | 12.29 £ 0.55 (0.02) -
w 18.26 £ 1.09 (0.44) | 14.48 £ 0.68 (0.01) | 5.08 +0.28 (0.07)
600 + 2 Ta 16.10 £ 0.98 (0.45) | 13.56 + 0.62 (0.01) | 4.09 +0.22 (0.06)
210.5 Nb 17.91+1.01(0.34) | 13.16 £ 0.61 (0.01) | 4.60 +0.25 (0.06)
Ni 14.19+£1.10(0.73) | 12.31 £ 0.56 (0.02) | 4.16 +0.22 (0.06)
Fe 18.67 £ 1.14 (0.45) | 12.92 £ 0.67 (0.05) | 4.77 +0.26 (0.05)
Cr 14,90 £ 0.92 (0.41) | 12.51 £ 0.60 (0.05) | 4.01 +0.22 (0.07)
Average: 16.10 £ 0.78 (0.33) | 13.35 £ 0.64 (0.25) | 4.45 +0.26 (0.16)
W, Ta 14.61 £0.72 (0.64) | 11.50 £ 0.53 (0.04) -
72X 72 Nb, Ni 18.02 £ 0.93 (0.26) | 11.66 £+ 0.62 (0.19) -
Fe, Cr 19.15+1.67 (1.15) | 11.12 £ 0.50 (0.02) -
w 16.89 £ 1.15(0.62) | 12.25 £ 0.61 (0.05) | 3.29 +0.22 (0.09)
400+ 2 Ta 14.13 £ 1.05 (0.64) | 11.53 £ 0.57 (0.05) | 2.36 +0.17 (0.09)
210.5 Nb 18.41 +1.47 (0.86) | 12.64 £ 0.70 (0.03) | 3.37 £0.25 (0.11)
Ni 16.01 £1.31(0.79) | 11.94 £ 0.64 (0.03) | 2.57 £ 0.20 (0.10)
Fe 16.84 £ 1.20 (0.74) | 10.74 £ 0.56 (0.15) | 2.86 +0.18 (0.08)
Cr 16.06 £ 1.16 (0.70) | 9.95+0.48 (0.15) | 2.18 +0.16 (0.10)
Average: 17.05+0.90 (0.50) | 11.69 + 0.56 (0.20) | 2.76 +0.23 (0.19)
W, Ta 15.87 £ 1.09 (0.01) | 10.53 £ 0.50 (0.03) -
72X 72 Nb, Ni 18.12 +1.36 (0.14) | 12.22 + 0.88 (0.02) -
Fe, Cr 15.85 + 0.86 (0.30) | 10.66 + 0.48 (0.02) -
249+ 1 w 17.08 £0.93(0.18) | 11.20 £ 0.62 (0.15) | 1.85+0.11 (0.04)
B Ta 15.16 £ 0.81 (0.19) | 10.62 £ 0.52 (0.03) | 1.50 +0.09 (0.03)
3105 Nb 19.14 £ 1.52 (0.22) | 13.12 £ 0.98 (0.25) | 2.03 £ 0.17 (0.04)
Ni 17.05 % 1.40 (0.29) | 12.27 £0.91 (0.25) | 1.79 £ 0.16 (0.05)
Fe 18.09 + 1.06 (0.40) | 11.30 £ 0.53 (0.06) | 1.88 +0.13 (0.08)
Cr 15.58 £ 1.13 (0.68) | 10.68 + 0.50 (0.02) | 1.78 +0.21 (0.18)
Average: 15.88 £ 0.70 (0.07) | 11.08 + 0.56 (0.25) | 1.76 £ 0.12 (0.09)
W, Ta 16.22 £ 0.79 (0.14) | 10.59 £ 0.47 (0.02) -
72x72 Nb, Ni 17.82 £ 0.98 (0.36) | 10.81 £ 0.48 (0.02) -
Fe, Cr 19.40£0.91 (0.12) | 11.13 £ 0.50 (0.02) -
1476 + w 18.01£1.07 (0.42) | 11.26 £ 0.53 (0.01) | 1.18 +0.09 (0.05)
0.'4 - Ta 16.50 £ 0.89 (0.26) | 10.37 £ 0.48 (0.03) | 0.94 +0.07 (0.04)
#10.5 Nb 19.62 +£1.11 (0.35) | 12.40 £ 0.59 (0.02) | 1.31+0.10 (0.07)
Ni 16.99 +£ 1.13 (0.56) | 10.73 £ 0.54 (0.06) | 1.10 +0.15 (0.13)
Fe 20.26 + 1.41 (0.76) | 12.00 £ 0.58 (0.03) | 1.22 +0.13 (0.10)
Cr 18.28 +1.21 (0.61) | 11.35 + 1.87 (0.01) | 1.31+0.14 (0.11)
Average: 17.99 £ 0.95(0.53) | 11.22 + 0.53 (0.19) | 1.11 +0.08 (0.07)
W, Ta 19.48 £ 0.90 (0.10) | 11.39 £ 0.51 (0.02) -
97.2£04 2xi2 Nb, Ni 21.41 +1.20 (0.46) | 11.90 + 0.59 (0.03) -
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Energy,

Monitor

M . Experiment o ?Na, mb o *Na, mb o 'Be, mb
eV size, mm
Fe,Cr | 19.73+0.93 (0.12) | 11.46 £ 0.52 (0.03) i
W 22.15+ 1.08 (0.11) | 12.01 = 0.56 (0.02) | 0.88 = 0.10 (0.08)
Ta 18.92 + 1.27 (0.50) | 11.41 + 0.61 (0.11) | 0.78 = 0.11 (0.09)
105 Nb 2333+ 1.30 (0.38) | 12.61 = 0.66 (0.02) | 1.44 = 0.14 (0.10)
Ni 20.62 + 1.12 (0.33) | 11.89 = 0.56 (0.03) | 0.87 = 0.09 (0.07)
Fe 2219+ 1.29 (0.37) | 12.52  0.60 (0.03) | 0.97 0.13 (0.11)
Cr 19.34 + 1.10 (0.34) | 11.23 + 0.59 (0.10) | 0.66 « 0.07 (0.06)
Average: 20.44 = 1.00 (0.44) | 11.94 = 0.55 (0.16) | 0.86 % 0.11 (0.10)
W, Ta | 2441+ 1.28(0.37) | 11.70 + 0.53 (0.03) -
72X 72 Nb,Ni | 26.85+ 151 (0.60) | 11.92 = 0.53 (0.02) i
Fe, Cr | 24.87 +1.44(0.62) | 11.51 + 0.61 (0.18) -
W 26.70 + 1.39 (0.29) | 12.68 + 0.60 (0.01) | 0.65 + 0.06 (0.04)
66.0 + 0.6 Ta 24.49 + 1.39 (0.47) | 11.52 + 0.55 (0.04) | 0.46 + 0.08 (0.07)
105 Nb 27.38+ 158 (0.53) | 12.72 + 0.62 (0.04) | 0.75 + 0.09 (0.07)
Ni 25.02 + 1.39 (0.41) | 11.91+ 0.57 (0.05) | 0.75 % 0.10 (0.09)
Fe 26.50 = 1.77 (0.70) | 12.05 = 0.64 (0.02) | 0.57 = 0.09 (0.08)
Cr 25,71+ 1.75 (0.70) | 11.28 = 0.68 (0.06) | 0.38 = 0.21 (0.09)
Average: 25.75+ 1.20 (0.38) | 12.22 + 0.56 (0.15) | 0.61 % 0.06 (0.05)
W 43.47 +2.67 (0.39) | 252 +0.15 (0.02) | 0.33+0.11 (0.11)
446+03| @105 Nb 49.90 + 3.09 (0.47) | 3.10 +0.19 (0.01) | 0.47 +0.13 (0.13)
Fe 41.16 +2.24 (0.11) | 1.93+0.11 (0.01) | 0.32 + 0.07 (0.06)
Average: 4176 +2.30 (1.39) | 2.78 + 0.37 (0.35) | 0.34 + 0.05 (0.05)
Ta 40.68  2.59 (0.49) | 1.51+0.09 (0.01) | 0.19 % 0.04 (0.04)
408+08| @105 Ni 46.00+ 2.92 (0.54) | 1.70+0.10 (0.01) | 0.97 £ 0.57 (0.56)
Cr 38.59 + 2.04 (0.10) | 1.20+0.09 (0.03) | 0.33 % 0.08 (0.08)
Average: 38.91 + 1.96 (0.96) | 1.55+0.11 (0.09) | 0.22 % 0.05 (0.05)
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" Al(p,x)**Na cross section data compilation
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Fig. 5.24. The cross sections obtained for 2’ Al(p,x)?Na reaction as compared to the data

obtained elsewhere.
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#"Al(p,x)**Na cross section measured at ITEP and other labs
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Fig. 5.25. The cross sections obtained for 2’ Al(p,x)**Na reaction as compared to the data
obtained elsewhere.
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?’Al(p,x)"Be cross section measured at ITEP and other labs
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Fig. 5.26. The results obtained for 2’ Al(p,x)’Be reaction as compared to the data obtained
elsewhere.
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6. UPDATING THE MODELS AND CODES ON THE BASIS OF FRESH
EXPERIMENTAL EVIDENCE

6.1. Introduction

Spallation reactions have aroused growing interest since recently because they are used to
design high-intensity neutron sources for the accelerator-driven subcritical (ADS) reactors and
for the physical and technology researches. Designing the subcritical ADS facilities necessitates
knowing cross sections for yields of various reaction product nuclei with the view of safe
predicting the number of radioactive isotopes produced in the target inside and in the nearby
structural materials. Really, the short-lived isotopes may induce troubles of facility operation,
while the long-lived ones can evoke a long-term increase in the system radiotoxicity. Within the
last decade, copious high-precision experimental spallation and fission data have been obtained
on Pb, which is considered to belong to the most promising ADS target coolant [19-23]. Despite
the repeated attempts made to perfect the appropriate theoretical models, the accuracies attained
in describing experimental evidence are often far from those required by technical applications
[21-25]. It is still urgent, therefore, to further accumulate the experimental evidence on other
feasible accelerator target materials and other structural materials for ADS facilities. Ta and W
are most frequently treated as possible solid-state targets, the Fe group nuclides as the main
structural material components, and the Zr-Mo group nuclides as the fuel shell materials [26].
Implementing the present Project has brought a rather large amount of new experimental data on
the residual yields from the high-energy proton irradiation of the above nuclei. The feasible
improvements of the modern theoretical models on the basis of these data will be discussed

below.

6.2. Main approximations of the intranuclear cascade models

The spallation reactions are generally modeled as a two-stage process. In the first stage,
the nucleon-nucleon collisions lead to emission of a few high-energy nucleons and to production
of excited primary fragments [27-29]. This process can be continued by a preequilibrium
emission of nucleons in some versions of the intranuclear cascade (INC) models [30-33]. During
the second stage, the prefragments lose their excitation energy via fission or light-particle
emission.

All the evaporation models are based on the well-known Weisskopf-Ewing formula [34]
for the particle emission width
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(2s+1)m, jw, (e)p,(U —B, —¢)de

h)= R p0) |

(6.1)

where s; and m; are spin and mass of an emitted particle; B; is its binding energy in a compound
nucleus with excitation energy U, o; is absorption cross section for the inverse reaction; p; and p.
are the level densities of residual and compound nuclei, respectively.

The following approximation is widely used to estimate the absorption cross section:

{O for e <Cg,,
o(e) =

6.2
R} fore>Ce,, ©2)

where Cgoy is the Coulomb barrier height determined by the standard formula; R; = rAY is the
nuclear radius. In accordance with such an approach, the relation (6.1) may be approximated as
(s +)m P AT p, (U — B, ~C,) (6.3)

h)= E n°p,(U) ’

where T; is the nuclear temperature of residual nucleus.

More complex formula for the emission width was proposed by Dresner [35], who used the
Fermi-gas model relation for the level densities to calculate the integral of Eq. (6.1) in an explicit
form taking into account some small components related to the pre-exponential factors in the
level density formulas. For the excitation energies above the neutron binding energy, which are
important for the most of practical applications, the difference between the Dresner’s
approximation and the calculations based on Eg. (6.3) can be negligible.

The choice of parameter r;and of the Coulomb barrier is much more important in the case of
the simple approximation (6.2). For the initial formula (6.1) all calculations can be made in terms
of the optical model without using any geometric cross section and the effective Coulomb barrier
that are requiered for Eq. (6.3). The best choice of parameters r; , which may vary for different
emitted particles, corresponds to the case where relations (6.1) and (6.3) give identical results.
Obviously, the complete identity of the results can only be attained at some energy only.
Nevertheless, we could required an agreement between the (6.1)- and (6.3)-based calculations for
the crucial energies that correspond to the averege energies of the Maxwellian spectra of
evaporated particles. In the practical versions of the INC models, the effective Coulomb barrier
parameters and the geometrical cross sections are usually estimated by fitting to some

experimental data and the corresponding values of r; differ essentially in various codes.

157



Another important evaporation model component is relevant to describing the fission
widths. Usually, the well-known Bohr-Wheeler formula [36] is applied for this purpose, whose
slightly simplified form is

T, p;U-B;)

I X

, (6.4)
where Bs is the fission barrier height.

During the last decades, it was recognized a need of some essential modifications of the
Bohr-Wheeler approach for describing the fission probability at high excitation energies. These
modifications relate to the dynamics of a collective motion. Some transient time is required to
create a collective motion similar to the fission process [37]. The dependence of the transient
time on nucleus properties can be determined by solving the time-dependent Fokker-Planck
equation for the collective degrees of freedom. In the case of the simple harmonic
parameterization of the collective mode potential, the transient time for an overdamped regime
can be approximated by the rather simple relation [37]

108,

In ,
2 -I-f (65)

B

20

Ty =

where £ is the reduced damping coefficient and  is the frequency for the corresponding
collective oscillations. Taking into consideration the transient time, the fission width should be

written as
L, U)=r"U)f (B en{-— > I,U)/n} (6.6)

where fx = [1+(ﬁ/2a))2-,6/2a)]1’2 is the Kramers factor [38], responsible for a reduction of the
fission probability due to the collective motion dissipation. The sum in (6.6) includes all decay
channels competed with fission.

The main effect of factors additional to the Bohr-Wheeler formula is an obstacle to
fission at times shorter than the transient time. The obstacle reduces strongly the fission widths at
excitation energies that exceed the fission barrier by 100-150 MeV. The analysis of the heavy
ion reactions has shown that the obstacle to fission play a crucial role for the consistent
description of the total amount of neutrons and light charged particles emitted from the
fissioning nuclei [39], as well as of the residual product yields observed in the fragmentation of
relativistic heavy ions [40].

The fission barriers used in various computational codes are compared in Fig. 6.1 with the
available experimental data for preactinide nuclei [41]. From the figure it is seen that the INC
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models use of fairly discrepant fission barriers. The simple liquid drop model is used in LAHET
[33] and in the earlier CASCADE versions [29], whereas the present-day codes use a more
complicated barrier parameterizations based on the droplet models, whose parameters are fitted
to the experimental barriers [41,42]. Most of the such codes include consistently the shell
corrections to fission barriers, which are very important at energies below 50 MeV for near-
magic preactinide nuclei [41].

According to the liquid drop model, the fission barriers rise with decreasing mass number
and reach their maxima of ~45-50 MeV for nuclei with mass number about 100-120 [43,44]. For
more light nuclei the fission barriers decrease to about 30 MeV for nuclei around iron and lighter
ones. These general tendencies of fission barrier variations are well confirmed by studying the
nuclear fissility in heavy ion reactions, but uncertainties of experimental determining the barrier
heights are still quite considerable. It is of importance to note, however, that the fission barriers
for the nuclei with Z%/A<20 get unstable to asymmetric deformations of nuclear shapes. In other
words, the asymmetric fission on two unequal fragments is more favorable in energy than the
symmetric fission into equal fragments. It was suggested by Moretto [45] that, despite instability,
the corresponding asymmetric barrier configurations could be treated as the transient states of
fissioning nuclei responsible for asymmetric distributions of the fission fragment masses and
charges. In this case, the fragment production probability can be described by the same relations
as Eq. (6.4) with the fission barriers depending on the fragment masses and charges. The Moretto
model was realized in the GEMINI code [46], which was successfully used to describe the basic
mechanisms of asymmetric fission of light nuclei (A<100) in heavy ion reactions [47]. Recently,
the model was included into some of the INC code versions to obtain a unified description of the
spallation and fission reactions for light nuclei [48, 49]. The basic parameters of the model will

be discussed below in the analysis of the present Project data for the *°Fe and **Nb targets.
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Fig. 6.1. Experimental fission barriers (dark circles) and their liquid drop components
(open circles) versus the fissility parameter Z%/A. The dotted line shows the fission barriers used
in LAHET and the asterisks indicate the liquid-drop barriers used in the GSI code.

The mass and excitation energy distributions of primary fragments resulting from INC of
nucleon-nucleon collisions were studied in details for the ®Pb+p (1 GeV) reaction that was
analyzed independently by many authors and is usually considered as a standard to test the INC
models. Fig. 6.2 shows the results of calculating the fragment distributions in terms of three INC
model versions: i) LAHET code [33] with default parameters including the preequilibrium
particle emission, ii) INCL4 code based on the Liege INC model [30, 31] coupled to the GSI
evaporation model [42], and iii) CASCADO code coupled originally to the JINR model [29, 32],
but modified essentially to take into account the IPPE experience of analyzing the level densities
and nuclear fission process [41]. The results of all codes exhibit fairly low excitation energies
(25-50 MeV) of the primary fragments, whose masses are close to the target nucleus. The
excitation energies increase up to 150-220 MeV for the most probable A~200-206 primary
fragments. The A<200 range primary fragments with higher excitation energies are produced to
within a relatively low probability. The distributions displayed in Fig. 6.2 may be considered as

input data for the second evaporation cascade stage.
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Fig. 6.2. The fragment mass and excitation energy distributions after the initial INC stage.

It should be noted that the considered distributions of the INC primary fragments for
lighter nuclei is distinguished only in the corresponding shift of the target nucleus mass, whereas
the excitation energies and the mass distribution widths are changed very slightly, at least for
masses A>150. Thus, in the case of **'Ta and "W targets studied in the present Project, the
primary fragment distributions differ from that shown in Fig. 2 by a shift in the mass scale
mainly. Besides, the primary product mass and charge distributions for "W are broadened
additionally due to a natural isotope mixture in the target. The broadening effect will be

discussed in more details below under analyzing the experimental data for "*W.
6.3. Analysis of the *°Fe experimental data

For *°Fe the experimental data on the residual product yields in a broad energy range of
incident particles are accumulated in a much larger amount than for any other of light nuclei.

Alongside with numerous measurements of the radioactive product yields in the high-energy
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proton-induced reactions, including those obtained under the present Project, the mass and
charge distributions of the residual products were studied by the inverse-kinematics methods too
[49]. The available data give an exhaustive representation of observed reaction product yields, so
it of primary interest to compare them with the various theoretical models.

The °Fe case is also supported by precision measuring the spectra of neutrons emitted
from the spallation reactions [50]. The measurements constitute an important test for the main
models used in the INC codes. Figs. 6.3 and 6.4 show the differential spectra of neutrons emitted
at different angles as compared with the CASCADO code calculations for 800 and 1200 MeV
incident protons, respectively. The calculated spectra agree quite well with the experimental data
at neutron energies above 5 MeV practically for all angles, whereas the soft part of neutron
spectra at energies below 4 MeV are somewhat underestimated for the back angles. It should be
noted that the calculations with the CEM and LAHET codes included in the MCNPX code
system [51] give very close results to the CASCADO ones and they show also similar
underestimations of the soft parts of neutron spectra. Such disagreements with experiment
indicate that the contributions from the preequilibrium and evaporation processes must be
somewhat redistributed in the available INC codes. However, for consistent resolving the
problem more precise data on soft neutron spectra below 3 MeV are required, which,
unfortunately, have not yet obtained.

The mass distributions of reaction products measured by the inverse kinematics method
[49] for the proton energies cross of 300 and 1000 MeV are compared in Fig 6.5 as compared
with the present Project data for the both independent or cumulative yields of certain radioactive
isotopes. The independent yields for a given mass number must always be below the summary
yield of all possible isotopes with the same mass. In some cases, however, the cumulative yields
of certain isotopes may be sufficiently close to the total yields of given-mass isotopes. The >'Cr
data displayed in Fig. 6.5 are exemplify that type of yields. The presented comparison between
two types of experimental data permits to conclude that the smoothed envelope of the maximal
cumulative yields gives a reasonable estimation of the total mass distribution of the high-energy
proton reaction products, at least in the mass range A>20. Such conclusion is important for the
proton energies that are not supported by the inverse-kinematics measurements, so that the
corresponding mass distributions should be evaluated on the basis of the fluctuating data of
activative measurements.

Fig. 6.5 presents also the mass distributions of the reaction products calculated with the
different INC codes. The calculations have been performed directly by the authors of the codes.
The common publication [3] treats the main features of every code in more detail. Comparing
with experimental data has shown that the Los Alamos MCNPX codes (the BERTINI, ISABEL,
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and CEM2k versions), as well as the IPPE-designed LAHETO and CASCADO codes, which
only comprise the customary models for evaporation of nucleons and light clusters (deutons,
tritons, and a-particles), cannot describe the observed production cross sections for the mass
range of A<35. The deviations between calculations and experiment become especially
considerable for A<20. The rise of the observed yields with decreasing the mass number in the
A<20 range is evidence of some additional reaction mechanism for the products with A<35 that
differs essentially from the spallation processes determining the yields of heavier products.
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t 10 100
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Fig. 6.3. CASCADO calculations of the *°Fe(p,xn) reaction spectra for 800-MeV protons
compared with experimental data [38].
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Fig. 6.4. CASCADO calculations of the *°Fe(p,xn) reaction spectra for 1200-MeV protons
compared with experimental data [38].

164



To simulate the light product yields the asymmetric fission model, developed in the
GEMINI code, and the statistical multifragmentation model, proposed by Botvina et al. [53],
were additionally included in the modified CEM03.G1 and CEMO03.S1 codes. Extensions G1 and
S1 in the above codes names designate the respective versions of the added models. Similar
modifications were made also for in the LAQGSMO03.G1 and LAQGSMO03.S1 codes [52], which
use the quark-gluon string models to describe the high-energy cascade of nucleon-nucleon
collisions. The calculation results displayed in Fig. 6.5 show that the models added increase
essentially the reaction product yields at the mass region A<20. However, the corresponding
calculations are rather sensitive to some of the new model parameters fitted to the analyzed
experimental data. It cannot yet be decided, which of the light nuclei production models is
preferable now. Also, the optimal sets of the new model parameters are difficult to determine
unambiguously on account of restricted experimental data.

The conclusion was drawn earlier from analyzing the light product yields of heavy-ion
reactions that the statistical multifragmentation arises only at the excitation energies per nucleon
exceeding 4-5 MeV [53, 54]. For nuclei with A~40 this condition corresponds to the compound
nucleus excitation energies above 150-200 MeV. Since the average excitation energy in the
initial stage of evaporation cascade is much lower (~90-100 MeV) for the 1000 MeV incident
protons, any significant contribution from the multifragmentation should be expected only at the
primary proton energies above 1000 MeV. On the other hand, the fission barriers in this mass
region are relatively high (~40-50 MeV) for the symmetric fission, but they reduced markedly in
the case of the strongly asymmetric fission. For the excitation energies about 10-15 MeV above
the barrier the fission widths get comparable with the neutron widths and the asymmetric fission
should dominate over the multifragmentation at least for the incident proton energies below 800-
1000 MeV. Taking into account the difficulties of simultaneous application of both models, we
will concentrate the following analysis mainly on estimation of the asymmetric fission model

parameters.
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Fig. 6.5. Mass distributions of the *°Fe+p reaction products measured at ITEP (black circles) and
GSI (open circles) for the 300-MeV (top panel) and 1000 MeV (bottom panel) protons
compared with calculations of various INC models. Black and red lines correspond to
different versions of the MCNPX codes [46], the green lines indicate the GMS03.01
(solid), GMS03.S1 (dotted) and GMS03.G1 (dashed-dotted) results and the magenta

lines indicate similar results for the LAQGMS versions.

The CASCADO code has been completed with the asymmetric fission model subroutines
taken from the GEMINI code [46] and the modified code thus was called GEMCAMO. The
high-energy collision and pre-equilibrium decay stages remained the same as in CASCADO,
whereas the subsequent particle evaporation and the asymmetric fission processes are calculated
in terms of the GEMINI algorithms. Fig. 6.6 compares this code results for 1000 MeV protons
with the GSI experimental data and with the similar results of the GEMO03.G and LAQ03.G
codes, wherein the same GEMINI blocks were used. Compared with Fig. 6.5, the GSI data were
completed with the recent measurements of the product yields in the range of A<18 [54]. The

additional data demonstrate directly the increase of light nuclei yields predicted by the Moretto
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model. Unfortunately, such experimental data has been obtained for 1000 MeV only, but not for
a broader energy range that is important for a more complete testing of the light-nuclei emission
models.

It should be noted that the GEMINI codes admit broad variations of the fission model
parameters that are usually fixed analyzing the corresponding experimental data. In particular,
the nuclearlevel densities may be calculated in terms of the standard Fermi-gas model, but can
also be calculated with addition of the collective enhancement of level densities. The fission
widths may be calculated in terms of not only the traditional Bohr-Wheeler formula (6.4), but
also through more complicated relations that simulate the nuclear viscosity effect and the fission
delay relative to the nucleon and light-cluster emissions. Three GEMCAMO code calculations
shown in Fig. 6.6 demonstrate the influence of the discussed effects on the light nuclei yields.
The collective enhancement of level densities leads to a 2.5-to-3-times rise of the product yields
with A< 30 without sufficient changing the yields for A>40. At the same time, allowance for
fission delay leads to much decreased product yields for A<20. The same yield variations can be
also attained by changing the barrier heights, which are predicted by the current models for the
light nuclei within very big uncertainties. The total sets of the parameters used in the Los Alamos
calculations (GEMO03.G and LAQO03.G) are not known exactly, but attention should be attracted
to significant discrepancies between the above code calculations that use of the identical
GEMINI blocks. Nevertheless, it possible to conclude on the basis of the results displayed in Fig.
6.6 that the asymmetric fission model permits to explain at least qualitatively the observed yields
for the mass region A<30. However, a quantitative description of experimental data needs
certainly a more careful adjustment of the model parameters.

Figs 6.7 and 6.8 show the results of the GEMO03.G, LAQ03.G, and GEMCAMO
calculations of reaction product yields from >°Fe target exposed to 300 and 100 MeV protons,
respectively. For the 300-MeV protons the experimental data in the region A<30 are very scanty,
while for the 100-MeV protons the data are available for 'Li yield only that was measured by the
activation method. The GEMCAMO calculations were performed in the version that includes the
collective enhancement of level densities, the zero-value of the fission delay time, and the same
fission barriers as in case of 1000 MeV protons. The results of all three codes for the 300-MeV
protons are reasonably agree with the GSI data that are obtained for A>20 only. Similar data for
lighter nuclei are absent, however. In the 100-MeV proton case all calculation results agree with
the “enveloping behavior” of the activation data in the region A>40, but the single experimental
point for lighter nuclei does not permit to make adjustments of the theoretical model parameters.

Nevertheless, some attention should be attracted to an appreciable difference between the
energy dependences of light nuclei yields in the GEM03.G and LAQO03.G results. For the 1000
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MeV protons the CEMO3.G yields are about 3 times larger for 7<A<20 than the corresponding
LAQO3.G yields. The differences reduce to a factor about 1.5 for the 300 MeV protons and
remain of the same level for the 100 MeV protons. The differences between the LAQO3 and

GEMCAMO results are smaller and fail on the average to exceed factor 2 for all proton energies

considered.
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Fig. 6.6. Calculated mass distributions of the *®Fe+p reaction products for 1000-MeV protons
compared with the GSI experimental data. The GEMCAMO calculations are presented
for three sets of parameters: without collective enhancement of the level densities
(dashed line), included collective enhancement (solid line), and included fission delay
t_delay = 2 10% s (dash-dotted line).

168



1000 -

Fe-56 + p(300MeV)

100 4 o GSI i
a ] ® |[TEP E
S - - --CEMO03.G
g """" LAQO3.G .
5 104 — GEMCAMO S
& ; s’ T L3
%] .
: T
= o
.
- o : o
' LRI TUR . ;
0.1 5 ¥ ¢ o L
A L T T T T ]
0 10 20 30 40 50 60

Mass number

Fig. 6.7. Calculated mass distributions of the *°Fe+p reaction products for 300-MeV protons
compared with the GSI and ITEP experimental data.
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Fig. 6.8. Calculated mass distributions of the *°Fe+p reaction products for 100-MeV protons

compared with the experimental data of the present Project.
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6.4. Analyzing the "'Cr and ""Ni target data

Fig. 6.9 shows the Project experimental data for "'Cr target irradiated with the 1200-MeV
protons in comparison with analogous *°Fe target data and with the GEMCAMO calculated
yields for "Cr and *°Fe targets. A change of the target mass number shifts the reaction product
distribution curve for A>20 towards lower masses. However, for the lighter nuclei the slight
yield variations occur only without any essential shift of the relative product distribution.
Generally, the calculated changes of product yields for some mass number are rather similar to
those that observed on the experiment for the most of individual or cumulative yields in the
corresponding mass region.
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Fig. 6.9. Calculated mass distributions of the ™'Cr+p reaction products for 1200-MeV protons
compared with the analogous *°Fe+p calculations and with the ITEP experimental data
the both reactions.

Fig. 6.10 shows the analogous data for "Ni target. As should be expected, in this case the
product mass distribution shifts with respect to *°Fe towards higher masses, while the A>20
yields get decreased. The trend, which is opposite to that observed in "*Cr target, is confirmed on
the average by experimental data on individual and cumulative yields in "™Ni target. For the
products with A<20 the differences between the yield distributions in "*Ni and *°Fe targets must

be quite small. It should be noted that above-stated regularities of the mass distribution variations
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are relate first of all to the data on cumulative yields. The independent nuclide yields are
determined on the basis of both the mass and charge distributions, so the comparison of the
respective data to the calculation results requires a more detailed analysis.

The considered general regularities of the mass distribution variations under target
changes must be valid for other incident proton energies too. In most cases, the experimental
data on cumulative yields obtained under the Project confirm this regularities. At the same time,
the opposite tendencies are observed often for independent yields when changing targets. As a
rule, such features occur for isotopes with very small yields when the charge distribution changes

are more important compared with the mass distribution variations.
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Fig. 6.10. Calculated mass distributions of the "™ Ni+p reaction products for 1200-MeV protons
compared with the analogous *°Fe+p calculations and with the ITEP experimental data
for the both reactions.

6.5. Analysis of the **Nb experimental data

Analyzing the proton induced reaction products for *Nb target is of great interest in
determining the parameters of the asymmetric light nuclide fission model. In the **Nb case, the
reaction product mass range is wider compared with the iron group targets, so the spallation and

asymmetric fission products can be separated more effectively.
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Fig. 6.11 shows the experimental data of the Project together with the GEM03.02 and
GEMGAMO calculations for the 1000 MeV incident protons. Also, the results of the GAMO
code that do no include the asymmetric fission model are shown as well as the results of
phenomenological systematics based on the transfer of the GSI data for the 136Xe+p reaction
[54] to the lighter **Nb target by shifting the spallation product distribution and preserving the
light product yields as invariable for A<20. Such spallation product systematics is confirmed by
the calculation results of all above codes, as well as the experimental data for nuclei with A>75,
but for the light mass region the GEM03.02 and GEMGAMO calculations has failed to confirm
the structure of light product yields observed for the *°Fe target in the mass region A<20 (see
Fig.6.6). Besides, attention attracts the significant difference between the GEMO03.02 and
GEMGAMO results in the mass range 15<A<30. The GEMO03.02 code includes the evaporation
model of light nuclei with mass numbers A<30, but do not consider the asymmetric fission and
multifragmentation processes. Unfortunately, the calculations with the GEMO03.G and GEM03.S
codes, which include a simulation of such processes, are still not performed for **Nb target.
Without such simulation the very low yields of nuclei the range of 15<A<30 look as an
inevitable result. Experimental data of the project on the cumulative yields of *Na and *Cl
agree reasonably with the GEMGAMO results, but the measured cumulative yield of ?*Na
supports the phenomenological systematics and indicates that fission cross section in the
GEMGAMO calculations could be increased.
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Fig. 6.11. Calculated mass distributions of the “*Nb+p reaction products for 1000-MeV protons
compared with the experimental data of the Project for the proton energies of 800 and
1200 MeV.

Fig. 6.12 shows the calculated mass distributions for the 300 MeV incident protons
together the experimental data of the Project. Also presented is the phenomenological
systematics of yields, which, however, is grounded to a lesser degree for the mass range A<50
compared with the above systematics for 1000 MeV, which is supported by the experimental
data of the **Xe+p reaction [54]. The GEM03.02 and GEMGAMO calculations predict a much
stronger decrease in the product yields for the mass region 15<A<60 compared to what follows
from the systematics. Unfortunately, the experimental data are absent for this region. Additional
experiments are needed to estimate more precisely the reaction product yields for proton
energies below 250 MeV.

*Nb+p (300 MeV)

o ITEP independent
e |TEP cumulative
Systematics
------- CEMO03.02

- ---CAMO
—— GECAMO

Cross section (mb)

Atomic mass

Fig. 6.12. Calculated mass distributions of the **Nb+p reaction products for 300-MeV protons

compared with the experimental data of the Project for 250-MeV protons.
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6.6. Analysis of the '*Ta and "W target data

The asymmetric fission model implemented in GEMINI code has to be used mainly to
analyze a decay of highly excited nuclei, whose the ratio values of Z?/A<20, i.e. the mass
numbers below 140-150. In the case of heavier nuclei, the high-energy fission can be described
properly in terms of the standard symmetric fission model. So, the Project data for ***Ta and "W
targets can be analyzed in terms of the traditional INC models, in which, nevertheless, the shell
corrections to the fission barriers and the level densities should be considered in the consistent
way. In accordance with that the following analysis was performed with the CASCADO code
that was successfully used earlier to describe the main regularities in the product yields of the
proton induced reactions on lead and bismuth targets [55]. For the light nuclei with A<18 this
code use the Fermi disintegration model instead the standard evaporation model usually used for
all more heavy nuclei. The disintegration model parameters were tested earlier on an extensive
amount of experimental data for the proton induced reactions on light nuclei [6-23].

The available experimental data on the proton-induced fission cross sections for *'Ta
and "W have been collected in [56], wherein they were used to obtain the empirical systematics
of the fission cross sections of these targets for the incident proton energies up to 10 GeV. In the
following calculations the fission barrier parameters were always slightly adjusted to agree the
calculated fission cross sections with the systematics predictions.

Fig. 6.13 shows the experimental data of the Project for &
1200 MeV protons together with the results of the GEM03.02 and CASCADO calculations. An
attention attract the big difference in the calculated fission-product yields in the region of
20<A<100. The fission cross section calculated by CASCADO is equal to 17.8 mb that well
agrees with the systematics [56]. Obviously, the GEMO03.02 calculations underestimate the

Ta target irradiated with the

fission cross section by more than 3 times. The total reaction cross section estimated by these
code are also too low, that reflects in the reduced yields of the nuclei, whose masses are close to
the target mass. The CASCADO results agree much better with the experimental data for A>150.
The reason for the calculation discrepancies in the region of 110<A<150 is still obscure.

In comparing with experimental data the main questions relate to the fission products
whose yields exceed the calculated values by a factor of 1.5-2. The found disagreement may be
easy removed via increasing the fission cross sections by the same factor in the corresponding
calculations. However, such increasing contradicts the fission cross section systematics [56]. On
the other hand, the measured yields of **Na is so high, that its description requires unjustified

large fission cross section increasing. So large fission increasing can hardly be explained, so a
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need for more accurate experimental data looks the most of probable. However, it should be
noted that a similar excess of **Na yield relative neighboring isotopes is observed also for **’Au
target [57]. So, the questions about *Na yields may be more difficult that it looks at once.

Fig. 6.14 shows the Project experimental data together with the calculated yields for the
250 MeV incident protons. The large difference between the GEMO03.02 and CASCADO results
Is accounted similarly to the previous figure by the difference of the calculated fission cross
sections. The CASCADO results correspond to the fission cross section of 4.2 mb that agrees
with the systematics [56], whereas for GEMO03.02 the much lower value of 1.9 mb has obtained.
In the mass region A>150 the results of the both codes are quite similar and some differences
arise only for masses near the target mass. The correct description of the fission cross section
allows the CASCADO results to be considered fairly reliable throughout the whole mass range.
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Fig. 6.13. Calculated mass distributions of the **Ta+p reaction products for 1200-MeV protons

compared with the experimental data of the Project.
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Fig. 6.14. Calculated mass distributions of the ~"Ta+p reaction products for 250-MeV protons

compared with the experimental data of the present Project

Figs 6.15 and 6.16 show the experimental data obtained for "W target irradiated with the
1200 and 250 MeV protons, respectively. The GEM03.02 and CASCADO code results are also
presented. For the both energies the fission cross sections calculated with CASCADO are equal
to 22.2 and 5.6 mb, respectively, which are in a good agreement with the systematics [56]. The
GEMO03.02 results for these cross sections are lower only a little and the calculated fission-
product mass distributions agree for "W target much better than in the case of **'Ta target. As
before, the measured cumulative yields in the region A>150 are in a good agreement with
experiment. Again, the main difficulties of the experimental data description relate to the fission
product yields, which are situated much above the theoretic curves.

It should be noted, however, that the systematics [56], to which were adjusted the
calculated fission cross sections, can not be considered as well reliable for the incident proton
energies above 1000 MeV. The experimental data used by this systematics are shown in Fig.
6.17. One can see that for the proton energy of 1000 MeV the experimental value of the fission
cross section for **'Ta overestimates the systematics value about 2-times and contradictions with
the systemstics are ever bigger for the "W experimental point at higher energies. The present
Project data on the cumulative yields of fission products for the mass region 70<A<110 (Fig.
6.15) could be also interpreted as indication on a higher value of the fission cross section than

evaluated one on the basis of the used systematics.
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Fig. 6.15. Results of calculating the "™W-+p reaction product yields for 1200-MeV protons as
compared with the experimental data of the Project.
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Fig. 6.16. Calculated mass distributions of the "W+p reaction products for 250-MeV protons
compared with the experimental data of the Project.
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Fig. 6.17. The systematics of the proton-induced fission cross-sections for "W and **'Ta (dotted

lines) compared with the available experimental data [56]
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6.7. Conclusions on chapter 6.

The research results presented in this Section may be summarized as follows:

e The spallation reaction product yields have been calculated with various INC codes that
simulate the high-energy intranuclear nucleon-nucleon collisions, the subsequent pre-
equilibrium processes, and the final evaporative decay or fission of a highly-excited
compound nucleus. The discrepancies between the results of different code simulating
the product mass distributions in the proton induced reactions have been analyzed for the
iron group targets, which relate to the main structure materials of the power generating
facilities, for **Nb nuclide that belongs to the family of Zr-Mo nuclei, applied as
important minor components of the structure materials, and of **Ta and "W nuclei,

considered as promising solid targets of high-current accelerators.

e It has been shown that the asymmetric fission model should certainly be included in the
INC code simulating the mass and isotope yields of the proton induced reactions on the
iron group nuclei and on the heavier nuclei related to Zr-Mo group. The experimental
data obtained under the Project permit to test the main parameters of the asymmetric
fission model: the fission barrier heights and the fission delay time evoked by a nuclear
viscosity. Uncertainties of current model parameters are still rather big due to strong
correlation between parameters. Additional experiments are needed for an accurate

evaluation of the crucial model parameters.

e It has been shown that for '®'Ta and ™W targets a consistent estimation of the total
fission cross sections plays a crucial role. The available empirical systematics of these
cross sections are reasonable for the proton energies below 1000 MeV, but they are

certainly needed in improvements for higher projectile energies.

e Performed simulating the mass distributions of reaction products permits to mark out the
results, which suffer significant systematic uncertainties and, therefore, must be isolated
in the experimental datasets or be analyzed repeatedly on the basis of improved models or

empirical systematics.

e The copious experimental data obtained under the Project will facilitate further
developing the INC models and the corresponding computational codes used widely in

the national and international designs of promising ADS facilities.
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/. THEORETICAL MODELING BY DIFFERENT CODES

7.1

The codes used to simulate the experimental results

The following five codes were used to calculate our measured cross sections:

MCNPX [51]. This is well known code widely used in different nuclear applications. It
carries out Monte-Carlo modeling of transport of nucleons, pions, muons, light ions and
antinucleons in extended objects and thin targets (interactions with nuclei). The MCNPX
has been developed in LANL and includes several options of models of intranuclear
cascade (INC), preequilibrium, evaporation and fission. This work uses Bertini and
ISABEL INC’s, multistage preequilibrium model, Dresner’s evaporation and Atchison’s

(RAL) fission models. (details can be found in [51]).

CEMO03.02 is the last, 2009, version of the improved Cascade-Exciton Model (CEM)
[58], proposed initially at JINR, Dubna [32]. It has a longer cascade stage, less
preequilibrium emission, and a longer evaporation stage with a higher initial excitation
energy compared to its precursors CEM97 and CEM95. It is based on an improved
Dubna INC [59], extended Fermi break up and coalescence models from [60], and
includes an improved version of the Generalized Evaporation-fission Model (GEM2) by
Furihata [61]. CEMO03.02 and/or its precursors are incorporated into the MARS,
MCNPX, and LAHET transport codes and are used in many applications. The above
modifications of CEMO03.02 and the simulations were carried out at LANL by
S.G.Mashnik.

INCL4+ABLA [62, 63] This code is based on a recent version of the Liege INC by
Cugnon et al. [66] merged with the GSI evaporation/fission model ABLA by Schmidt et
al. [67]. This code system was developed in the framework of the HINDAS project, it
was incorporated into LAHET3 and MCNPX transport codes, and is widely used at
present in Europe. The above modifications of INCL4+ABLA were carried out at CEA-
Sacley by A. Boudard. This work uses both previous (INCL4+ABLA), and the last
(INCL4.4.5+ABLAQ7) versions of the code.

PHITS [64] Particle and Heavy lon Transport Code System is a general purpose Monte
Carlo simulation code, widely used in many fields, such as accelerator, radiotherapy and
space science. To compute the production yields and characteristics of all the particles
and nuclei generated in spallation reactions, the PHITS code has three kinds of first stage
model/codes and one de-excitation (principally evaporation/fission) model. The Bertini
model [65,66] and the Jet AA Microscopic Transport Model, JAM code [67], are one of
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Intra-Nuclear Cascade (INC) models which treats hadron-nucleus collisions. And, the
Jaeri Quantum Molecular Dynamics, JQMD code [68], is one of Quantum Molecular
Dynamics (QMD) model which can also handle the nucleus-nucleus reactions. After
retrieving information from the first stage model, the Generalized Evaporation Model,
GEM code [69], simulates the evaporation and fission process which includes light nuclei
up to Mg as ejectiles. In the energy region from thermal to fast neutron, PHITS can be
calculated based on the Monte Carlo method using evaluated nuclear data. A new
feature, Event Generator mode, considered the conservation laws of energy and
momentum for one event, can be simulated event-by-event in the same way as high-
energy simulation process. Note that, unlike other codes, PHITS codes considers nuclei
after particle elastic scattering as residual nuclides that is easy seen below in Figs. 7.52 —

7.117 with mass distributions of reaction products.

CASCADEOQ7 [70] is Monte Carlo program (Intra-nuclear cascade — Preequilibrium -
Evaporation/ Fission code) is used for interaction of incident proton with single nucleus.
Dubna version of intranuclear cascade [60] is used with continuous density distribution
of nucleus. Cross-sections of the hadron-nucleus collisions are calculated based on the
compilations of the experimental data [71]. To calculate the nucleus-nucleus cross-
sections we used analytical approximations with parameters defined in [72]. Criteria of
transition from intra-nuclear cascade to pre-equilibrium stage are the cutoff energy
(binding energy above the Fermi energy). The cut off energy has been modified in the
recent work and it is reduced towards the tail of the density distribution down to 2MeV.
This reduction is done due to some discontinuity in the secondary particle spectra. Pre-
equilibrium stage is calculated by the method based on the Blann's model [73]. Proton,
neutron, deuterium, tritium, ®He and “He are considered as emitted particles in the pre-
equilibrium and in the subsequent equilibrium stage. Transition from pre-equilibrium to
equilibrium state of the reaction is modified in this work as described in [74].
Equilibrium stage considers the particle evaporation/fission of the thermally equilibrated
nucleus which is well described in [75]. The code has been modified further which is
published in [70] and some of the recent developments listed above and others are not yet
published.
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7.2 Simulation results comparison with experimental data

The modeling was carried out at 25 energies from 0.03 to 3.5 GeV to produce smooth
excitation functions (EF). The default options were used in all the simulation codes without
modifying the latter to get the optimal agreement with experimental data. All the calculations
were made prio to obtaining any experimental results. With such an approach, our comparisons
demonstrate the real predictive, rather than the descriptive power of the codes. To make the
comparison to experimental data correct, the required cumulative yields were calculated on the
base of simulated independent yields. Simulated and experimental values are compared both

qualitatively (by plots) and quantitatively (by the mean simulated-to-experiment squared

deviation factor <F>: <F>=10 /< log(o

cal,i /O-expj)z >).

It should be noted that a number of measured nuclides cannot be compared be compared with
simulated data. It concerns the metastable products which are not modeled by the used codes:
184mRe(169d), 1®™Ta(2.36h), *°™Hf(5.5h) °™Hf(25.05d), *™Ho(5.02h), *°™Pm(5.95m),
1¥9MNd(5.5h),  1MPr(2.12h), 3MCe(4.9h), '?'™Te(154d), ™Te(4.70d), ?°™Sb(5.76d),
18Mgh(5.00h), %®Min(4.2h), %MAg(249.7d), '%™Ag(8.28d), '“™Rh(2.9y), *™Rh(4.7h),
%MMo(6.85h), %™NDb(10.15d), *‘™Nb(60.86d), *™Nb(66m), *MY(3.19h), ®™Y(13.37h),
8my(48m), ®My(4.86h), ®™MSr(67.63m), *™Rb(20.26m), %™Rb(6.472h),  "“"Br(46m),
3M3e(39.8), #™zn(13.76h), ®*™Co(13.91m), **™Mn(21.1m), *™Sc(58.61h), **™CI(32.00m).

Moreover, a number of products, despite they are modeled by the codes, cannot be correctly
compared with experimental data. Such nuclides include those that:

1) have metastable states with significant branching factor (decay by non-internal transmission
mode with more than 20% probability): '*°Ta(8.152h), ***Tm(21.70m), **°Ho(25.6m),
B2Th(17.5h), “*°Tb(4.118h), *®Tb(60m), **'Tb(1.7h), **Pr(17m), *La(4.8h), **°1(81.0m),
119Te(16.03h), %In(4.9h), %In(58.0m), %?Rh(209d), **Tc(293m), **Mo(15.49m), Nb(14.5m),
857r(64.02m), Y (2.68h), Y (4.65), "“Br(25.4), "*Se(7.15h), *>Mn(5.591d), *K(7.636m).

2) have metastable states with lifetime significantly above the one of ground state: *¥Ta(8.152h),
“Scing)(3.97h)

These products were excluded from accounting at <F> factor calculation despite they were
modeled and plotted on the figures with EF (they are marked by “N” on the right upper corner of
the EF figures). In case of °Mn, the measured yield of metastable state was added to the
measured ground state (marked “o0” on the figures with EF) and resultant values (marked “e” on

the figures with EF) were compared with theoretical predictions.
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Moreover, several simulated values with low level statistics were excluded from accounting
at <F> factor calculation. A criterion of with low level statistics was accepted depending on

experimental yields as:

Feale -10R  where R = % (Ig(o,

O-exp

«»[MD]) +5)
Excluding such cases allows us to avoid unjustified high values of <F> factor due to cases

when a simulated value is based only by a few events per several million simulation histories.

The technique to calculate the cumulative and supracumulative cross sections is described in

[1-5]. Three set of figures were drawn for the qualitative comparison.
1. 583 figures with EF simulated by the codes and measured (Figs. 7.1 — 7.51).

2. 66 figures with mass production cross sections measured and simulated (Figs 7.52 —
7.117), plotted both in logarithmic and linear scale). The measured data shown at these
figures are the measured cumulative and supra cumulative yields of the nuclides that are
in immediate proximity to the stable isotope of a given mass (or the sum of such yields
from either side in the cases where both left- and right-hand branches of the chain are
present).Obviously, the simulation results do not contradict the experimental data if the
simulated values run above the experimental data and follow the general trend of the
latter. This is because the direct gamma-spectrometry identifies only the radioactive
products, which generally form a significant fraction of the total mass yield, but are never

equal to the total mass yield when a stable isobar is produced.

3. 108 figures with simulation-to-experimental ration statistics (Figs 7.118-7.135) that also

can be used for the quantitative comparison.

Additionally tables 7.1 — 7.6 presents lists of nuclides with supracumulative yields, their

branching factors — v, as well as supracumulative factors which are calculated in accordance

with (7.1):

_Awa _Awa

RY™ =R+ Voo R =R+ Vo R (7.0)
n-1~ ““n ' n—l_ﬂ“n '
ﬂ, 2
« 2 2
ARM™ = [A(RM™) 4| —=2L—.y | (R (7.2)
n \/ ( n ) [ﬂ«n_l_ﬂn n—l,nj ( n-1 )
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Table 7.1

The list of nuclides with supracumulative yields, their lifetimes, branching factors — v, as well as
supracumulative factors in case of Cr.

Ne  Nuclide (2)

T2 (2)

Nuclide (1)

Tip(1)

type

V12

M/(M-A2)

Kcum*

1 K

22.13 m

“Ar

11.87 m

C*

1

2.157

2.157

Table 7.2

The list of nuclides with supracumulative yields, their lifetimes, branching factors — v, as well as
supracumulative factors in case of Fe.

Ne  |Nuclide (2) Tip (2) Nuclide (1) Tip (l) type V12 7\4/0\.];7\2) Keum*

>Fe 8.51m >3MEe 2526m |c* |1 1.422 |1.422

2 K 22.13m “Ar 11.87m |c* |1 2.157 [2.157
Table 7.3

The list of nuclides with supracumulative yields, their lifetimes, branching factors — v, as well as
supracumulative factors in case of Ni

Ne  [Nuclide (2) Tip (2) Nuclide (l) Tip (1) type |vi2 7\.1/(7»1-7\.2) Keum*
1 >Fe 8.51 m >SMEe 2526m |c* |1 1.422 1.422
Table 7.4

The list of nuclides with supracumulative yields, their lifetimes, branching factors — v, as well as
supracumulative factors in case of Nb.

Ne  |Nuclide (2) Tip (2) Nuclide (1) Tip (1) type Vi2 kl/(kl-kz) Keum=*
1 ®Nb 14.5m %Mo 8m c* |1 2.231 2.231
2 OAs 52.6 m 3e 411m |c* |1 4574 4574
3 ®Ga 9.49 h ®Ge 226h [c* |1 1.313 1.313
4 >Fe 8.51m >MEe 2526m |[c* |1 1.422 1.422
Table 7.5

The list of nuclides with supracumulative yields, their lifetimes, branching factors — v, as well as
supracumulative factors in case of Ta.

Ne |Nuclide (2) | T12(2) |Nuclide (1) | T12(1) |type V12 M/(M-A2) Keum*
1 1" Ta 56.56 h W 135m | c* 1 1.041 1.041
2 1Ta 8.09h 1w 25h c* 1 1.447 1.447
3 17213 36.8m 2w 66m |c* 1 1.219 1.219
4 181t 23.6 h 83T 314h |c* 1 1.153 1.153
5 %9vh 32.026d 9 u 34.06h |c* 1 1.046 1.046
6 5 Tm 1.81h %3vb 11.05m | c* 1 1.113 1.113
7 19y 36m 55Tm 9.13m | c* 1 1.340 1.340
8 BTEy 18.65 m B Tm 363m |c* 1 1.242 1.242
9 >>py 9.9 h 5Hg 48m |c* 1 1.088 1.088
10 1T 5.32d >>py 99h |[c* 1 1.084 1.084
11 >3Th 2.34d 3py 6.4h |c* (09999 | 1.129 1.129
12 13py 17 m 1¥Nd 85m | c* 1 2.000 2.000
13 115gp 32.1m HomTe 6.7m |c* 1 1.264 1.264
14 15gh 32.1m Te 58m | c* 1 1.221 1.221
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Ne  [Nuclide (2) Tip (2) Nuclide (1) Tip (1) type V12 }\,1/(7\,1-7\,2) Keum=*

15 %8 58 m %85 10.3m |c* 1 1.216 1.216

16 PNDb 14.6 h Mb 556h |c* 1 1.615 1.615

17 87my 13.37h 877y 1.68h | c* 1 1.144 1.144
Table 7.6

The list of nuclides with supracumulative yields, their lifetimes, branching factors — v, as well as
supracumulative factors in case of W.

Ne |Nuclide (2) | T12(2) |Nuclide (1) | T12(1) |type V12 A/(M-22) Keum=*
1 %Ta 8.7h T 412h |c* 1 1.900 1.900
2 1 Ta 56.56 h 1w 135m | c* 1 1.041 1.041
3 1Ta 8.09h 1w 25h | c* 1 1.447 1.447
4 1%Ta 36.8m 1w 66m |c* 1 1.219 1.219
5 181t 23.6 h 8Ta 314h |c* 1 1.153 1.153
6 My 8.24d pt 121h |c* 1 1.065 1.065
7 %9vh 32.026 d %Ly 34.06h |c* 1 1.046 1.046
8 5 Tm 1.81h %3vb 11.05m | c* 1 1.113 1.113
9 1e1gy 3.21h 1 Tm 33m c* 1 1.207 1.207
10 19y 36m 5Tm 9.13m |c* 1 1.340 1.340
11 gy 18.65 m 5 Tm 3.63m |c* 1 1.242 1.242
12 | ™Dy 9.9h ™Ho 48m | c* 1 1.088 1.088
13 55T 5.32d >>py 99h |c* 1 1.084 1.084
14 | Tb 2.34d >3py 6.4h |c* (09999 | 1.129 1.129
15 ey 93.1d Gd 9.28d |c* 1 1.111 1.111
16 18y 24.1d 1%'Gd 38.06h |c* 1 1.070 1.070
17 13py 17 m 1¥Nd 85m |c* 1 2.000 2.000
18 115gh 321m 1mTe 6.7m |c* 1 1.264 1.264
19 5gh 32.1m 15Te 58m |c* 1 1.221 1.221
20 Nb 14.6 h Mb 556h |c* 1 1.615 1.615
21 By 106.65 d ®zr 834d |c* 1 4,587 4,587
22 8rmy 13.37h 877zr 1.68h | c* 1 1.144 1.144
23 8y 79.8 h 87zr 1.68h |c* 1 1.022 1.022
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Fig. 7.1 Simulated and experimental cross sections of "'Cr(p,x) reaction.

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
INCLA+ABLA(dots), INCL4.4.5+ABLAO7, CASCADE.07(dots),
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Fig. 7.2 Simulated and experimental cross sections of "'Cr(p,x) reaction (continuation of Fig.
7.1).
Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,

: , CASCADE.07(dots),
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Fig. 7.3 Simulated and experimental cross sections of "'Cr(p,x) reaction (continuation of Fig.
7.1).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
: , CASCADE.07(dots),
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Production cross section (mb)

Proton energy (MeV)

Fig. 7.4 Simulated and experimental cross sections of *®Fe(p,x) reaction.

Experimental points: e — this work,o —GSI works[77], P - R.Michel’s works [76], 1,0 - M.
Fassbender’s works [78], 0 ~W.R. Webber’s works [79], * - works of other laboratories.
Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEMO03.02,

, CASCADE.Q7(dots),
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Fig. 7.5 Simulated and experimental cross sections of *®Fe(p,x) reaction (continuation of Fig.
7.4).

Experimental points: e — this work,o —GSI works[77], P - R.Michel’s works [76], 1,0 - M.
Fassbender’s works [78], 0 —W.R. Webber’s works [79], * - works of other laboratories.

Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02, INCL4+ABLA(dots),
INCL4.4.5+ABLAO7, CASCADE.07(dots),
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Fig. 7.6 Simulated and experimental cross sections of *°Fe(p,x) reaction (continuation of Fig.
7.4).
Experimental points: e — this work,o —GSI works[77], P - R.Michel’s works [76], 1,0 - M.
Fassbender’s works [78], 0 —W.R. Webber’s works [79], * - works of other laboratories.
Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEMO03.02,

, CASCADE.07(dots),
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Fig. 7.7 Simulated and experimental cross sections of *®Fe(p,x) reaction (continuation of Fig.
7.4).
Experimental points: e — this work,o —~GSI works[77], ¥ - R.Michel’s works [76], 1.0 - M.
Fassbender’s works [78], 0 —W.R. Webber’s works [79], * - works of other laboratories.
Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEMO03.02,

, CASCADE.07(dots),
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Fig. 7.8 Simulated and experimental cross sections of "Ni(p,x) reaction.

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
: , CASCADE.07(dots),
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Fig. 7.9 Simulated and experimental cross sections of "'Ni(p,x) reaction (continuation of Fig.

7.8).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,

, CASCADE.07(dots),
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Fig. 7.10. Simulated and experimental cross sections of "*Ni(p,x) reaction (continuation of Fig.
7.8).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
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Fig. 7.11 Simulated and experimental cross sections of "Ni(p,x) reaction (continuation of Fig.
7.8).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
: , CASCADE.07(dots),
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Fig. 7.12 Simulated and experimental cross sections of **Nb(p,x) reaction.

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
: , CASCADE.07(dots),
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Fig. 7.13. Simulated and experimental cross sections of “*Nb(p,x) reaction (continuation of Fig.

7.12).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other

laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,

, CASCADE.07(dots),
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Fig. 7.14. Simulated and experimental cross sections of “*Nb(p,x) reaction (continuation of Fig.
7.12).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
: , CASCADE.07(dots),
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Fig. 7.15. Simulated and experimental cross sections of “*Nb(p,x) reaction (continuation of Fig.
7.12).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
: , CASCADE.07(dots),
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Fig. 7.16. Simulated and experimental cross sections of “*Nb(p,x) reaction (continuation of Fig.
7.12).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
INCLA+ABLA(dots), INCL4.4.5+ABLAO7, CASCADE.07(dots),
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Fig. 7.17. Simulated and experimental cross sections of “*Nb(p,x) reaction (continuation of Fig.
7.12).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
INCLA+ABLA(dots), INCL4.4.5+ABLAO7, CASCADE.07(dots),
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Fig. 7.18. Simulated and experimental cross sections of *Nb(p,x) reaction (continuation of Fig.
7.12).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
INCLA+ABLA(dots), INCL4.45+ABLAO7, CASCADE.07(dots),
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Fig. 7.19. Simulated and experimental cross sections of *Nb(p,x) reaction (continuation of Fig.

7.12).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,

INCLA+ABLA(dots), INCLA.45+ABLAO7, CASCADE.07(dots),
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Fig. 7.20. Simulated and experimental cross sections of *Nb(p,x) reaction (continuation of Fig.

7.12).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
INCLA+ABLA(dots), INCL4.45+ABLAO7, CASCADE.07(dots),
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Fig. 7.20A. Simulated and experimental cross sections of **Nb(p,x) reaction (continuation of Fig.
7.12).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
INCLA+ABLA(dots), INCL4.45+ABLAO7, CASCADE.07(dots),
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Fig. 7.21. Simulated and experimental cross sections of ¥ Ta(p,x) reaction.

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
INCLA+ABLA(dots), INCL4.4.5+ABLAO7, CASCADE.07(dots),
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Fig. 7.22. Simulated and experimental cross sections of ***Ta(p,x) reaction (continuation of Fig.
7.21).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
INCLA+ABLA(dots), INCL4.4.5+ABLAO7, CASCADE.07(dots),
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Fig. 7.23. Simulated and experimental cross sections of ***Ta(p,x) reaction (continuation of Fig.
7.21).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
INCLA+ABLA(dots), INCL4.4.5+ABLAO7, CASCADE.07(dots),
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Fig. 7.24. Simulated and experimental cross sections of **Ta(p,x) reaction (continuation of Fig.
7.21).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
INCLA+ABLA(dots), INCL4.4.5+ABLAO7, CASCADE.07(dots),
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Fig. 7.25. Simulated and experimental cross sections of ***Ta(p,x) reaction (continuation of Fig.

7.21).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
INCLA+ABLA(dots), INCL4.4.5+ABLAO7, CASCADE.07(dots),
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Fig. 7.26. Simulated and experimental cross sections of **Ta(p,x) reaction (continuation of Fig.
7.21).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
INCLA+ABLA(dots), INCL4.4.5+ABLAO7, CASCADE.07(dots),
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Fig. 7.27. Simulated and experimental cross sections of **Ta(p,x) reaction (continuation of Fig.
7.21).

Experimental points: e — this work, <P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
INCLA+ABLA(dots), INCL4.4.5+ABLAO7, CASCADE.07(dots),
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Fig. 7.28. Simulated and experimental cross sections of *®'Ta(p,x) reaction (continuation of Fig.
7.21).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
: , CASCADE.07(dots),
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Fig. 7.29. Simulated and experimental cross sections of ***Ta(p,x) reaction (continuation of Fig.

7.21).

Experimental points: e — this work, <P - R.Michel’s works [76], < - works of other

laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
INCLA+ABLA(dots), INCL4.4.5+ABLAO7, CASCADE.07(dots),
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Fig. 7.30. Simulated and experimental cross sections of *®'Ta(p,x) reaction (continuation of Fig.

7.21).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
, CASCADE.07(dots),
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Fig. 7.31. Simulated and experimental cross sections of *®'Ta(p,x) reaction (continuation of Fig.

7.21).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other

laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,

, CASCADE.07(dots),
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Fig. 7.32. Simulated and experimental cross sections of *®'Ta(p,x) reaction (continuation of Fig.

7.21).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
, CASCADE.07(dots),
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Fig. 7.33. Simulated and experimental cross sections of *®'Ta(p,x) reaction (continuation of Fig.
7.21).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
: , CASCADE.07(dots),
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Fig. 7.34. Simulated and experimental cross sections of *®'Ta(p,x) reaction (continuation of Fig.

7.21).
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laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
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Fig. 7.35. Simulated and experimental cross sections of *®'Ta(p,x) reaction (continuation of Fig.
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laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
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Fig. 7.36. Simulated and experimental cross sections of ""W(p,x) reaction.

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
: , CASCADE.07(dots),
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Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
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Fig. 7.38. Simulated and experimental cross sections of "™ W(p,x) reaction (continuation of Fig.
7.36).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
: , CASCADE.07(dots),
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Fig. 7.41. Simulated and experimental cross sections of "W(p,x) reaction (continuation of Fig.

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
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Fig. 7.42. Simulated and experimental cross sections of " W(p,x) reaction (continuation of Fig.
7.36).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
: , CASCADE.07(dots),
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Fig. 7.43. Simulated and experimental cross sections of "™ W(p,x) reaction (continuation of Fig.
7.36).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
: , CASCADE.07(dots),
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Fig. 7.44. Simulated and experimental cross sections of ""W(p,x) reaction (continuation of Fig.
7.36).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
INCLA+ABLA(dots), INCL4.4.5+ABLAO7, CASCADE.07(dots),
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Fig. 7.46. Simulated and experimental cross sections of "W(p,x) reaction (continuation of Fig.
7.36).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
: , CASCADE.07(dots),
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Fig. 7.47. Simulated and experimental cross sections of " W(p,x) reaction (continuation of Fig.

7.36).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,

, CASCADE.07(dots),

233




E E 10 = E
I 1 F 1 1'F E
10 i ‘i
i 1 = = %
L C + 110 # E
1 £ 109 L 108m ] 110m ‘1% 1
g In, . Iy ) 1 AGi(m) 1
__l\LIJIL‘ 1 Lol i ! Lol L Lol ! L IR | 1 | 1 -
2 3 2 3 2 3
_I \lllll‘ T III\\l‘ T ] _\ ||\||l| T \\ll\ll I_ j| \ll\lll T T II\\I\l T
- 1 - 110
" ﬁ 10 & € :
. 1 = - .
o) C .# ; - 11 L
E I &3‘ 1 'E ER-
C r ] L
S 1 F ; i
5 I i - 1 -
o 106m - 110 E
@y AGi(m) 0L ®Ag, - '"Ppg,
7 IR0 ) S Ll A SR LAY, L Ll ®
o 2 3 2 3 2
O T \IIIII‘ T III\\I‘ T T T ||\|||| T \\II\Il T CT \||\||1|0 T T II\\I\l T
c r B L
Ke]
g 10 —
'8 L i £ 3
o i ~peE
. i /] F
1B - . [ e |
: .
F 1 -
L 102m F 1 1+
Rh; E 100 ]
L 100
) i Rhi(mag) ] Rh,
=1 \IIIII‘ 1 III\\I‘ 1 1 4 Il\Jlll 1 Il \\II\IlI i' C \llJILl
2 2 2
B 1 . S [ A [
I 110 F E
I ¢ | : 110 |
T E E
1 - — F E
o ¢ F K.
: 1 /&
L 110 F Q, =
99m E g = 1
L Rh E 103 a4 T = 97R
¢ i K ] u
| \ Lo .F.{%/\./\ ﬁ\‘w| Lo S
2 3 2 3 2 3
10 10 10 10 10 10

Proton energy (MeV)

Fig. 7.48. Simulated and experimental cross sections of "™ W(p,x) reaction (continuation of Fig.
7.36).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
: , CASCADE.07(dots),
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Fig. 7.49. Simulated and experimental cross sections of "W(p,x) reaction (continuation of Fig.
7.36).

Experimental points: e — this work, P - R.Michel’s works [76], < - works of other
laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
INCLA+ABLA(dots), INCL4.4.5+ABLAO7, CASCADE.07(dots),
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Fig. 7.50. Simulated and experimental cross sections of "W(p,x) reaction (continuation of Fig.
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laboratories. Simulations: MCNPX(BERTINI), MCNPX(ISABEL), CEM03.02,
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Fig. 7.51. Simulated and experimental cross sections of "™W(p,x) reaction (continuation of Fig.
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Fig. 7.52. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields
in "*Cr irradiated with 0.04 GeV protons.
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Fig. 7.53. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in *°Fe irradiated with 0.04 GeV protons.
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Fig. 7.54. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in "Ni irradiated with 0.04 GeV protons.
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Fig. 7.55. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in “*Nb irradiated with 0.04 GeV protons.
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Fig. 7.56. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in *®'Ta irradiated with 0.04 GeV protons.
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Fig. 7.57. The simulated mass distributions of reaction products together with the measured

cumulative and supra-cumulative yields in "W irradiated with 0.04 GeV protons.
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Fig. 7.58. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in "Cr irradiated with 0.07 GeV protons.
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Fig. 7.59. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in *°Fe irradiated with 0.07 GeV protons.
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Fig. 7.60. The simulated mass distributions of reaction products together with the measured

cumulative and supra-cumulative yields in "Ni irradiated with 0.07 GeV protons.
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Fig. 7.61. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in “*Nb irradiated with 0.07 GeV protons.
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Fig. 7.62. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in *®'Ta irradiated with 0.07 GeV protons.

248



10

10

10

10

Mass production cross section (mb)

10

10

500

400

300

200

Mass production cross section (mb)

100

-3

T | I I | I T | T | I | T I I | [ I I | T | I T I | I [ I | I I_I.
- MCNPX-BERTINI i
| MCNPX-ISABEL |
[ CEM03.02 Fait N
~  CASCADE . -ﬁ -
= L -
- 4]
e "E .E —
g " é 3
- J ' 7
;I | | | | | | | | | | ﬂl i—a H | | JE,I Hﬂ HIH m | H‘H]‘ |H m | | | | | | | | | él;I_I_LE | | 7|
0 25 50 75 100 125 150 175 200

I T I I | I I T I | T T I I | I I I | | I | I I | T | I T | I I I I | I T I |_|_
 MCNPX-BERTINI ]
~ MCNPX-ISABEL -
[ CEMO03.02 B
- CASCADE i
: _;.ﬁ 1
i L1 lJ L1 L | I | 1 | | ! T L1 LJI | | 1 | 1 L1 | J L1 L \,!:I |_Til |T
0 o5 50 75 100 125 150 175 200

Mass number (A)

Fig. 7.63. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in "W irradiated with 0.07 GeV protons.
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Fig. 7.64. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in "Cr irradiated with 0.1 GeV protons.
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Fig. 7.65. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in *°Fe irradiated with 0.1 GeV protons.

251



T I [ I I I T I T I [ I T T I I I I I I T I I T [ I I I I I I T _I.
T MCNPX-BERTINI ]
103L MCNPX-ISABEL _
o) I CEMO03.02 ]
g 1L E E
S - CASCADE s
= ] [ |
3 B - i
2 10 = | E
% E . =
o C ]
5 n I ]
[ |
o 1 : -
3 E | 3
> — .
ho} - i —
= S i =
% 10 :—ﬁ =
(22} E IHE =
© C ol .
E [ Iér- :C. l —
20 i i 7
10 & n | —
- i | £
10 _3 ;I, Llil | | l:i-‘ LL_‘_A_A;E\ | | | | | | | | | | | | | | | | | | | | | | | | | | 7|
0 25 50 75 100 125 150 175 20
300 T T I T | T T T T | T T I T | I T I T | I T T T | T T T T | I T T I | T T T T |
| MCNPX-BERTINI i
- MCNPX-ISABEL 8
250 — —
o) u i
£ n |
= | CEMO03.02 ]
.% 200 — —
o | CASCADE ]
8 — —
o - ] i
o 150 —
c - ]
9 i ]
S i ]
=)
'8 - ]
5 100 — -
? L ]
©
= i i
50 —
B fila i
O i L1 L J L1 L I~j | il\ L | 1 1 | J L1 | 1 | 1 L1 | J L1 L1 I | L1 L _|
0 25 50 75 100 125 150 175 20

Mass number (A)

Fig. 7.66. The simulated mass distributions of reaction products together with the measured

cumulative and supra-cumulative yields in "Ni irradiated with 0.1 GeV protons.
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Fig. 7.67. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in “*Nb irradiated with 0.1 GeV protons.
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Fig. 7.68. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in '®'Ta irradiated with 0.1 GeV protons.
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Fig. 7.69. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in "W irradiated with 0.1 GeV protons.
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Fig. 7.70. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in "Cr irradiated with 0.15 GeV protons.
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Fig. 7.71. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in *°F irradiated with 0.15 GeV protons.
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Fig. 7.72. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in "Ni irradiated with 0.15 GeV protons.
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Fig. 7.73. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in *Nb irradiated with 0.15GeV protons.
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Fig. 7.74. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in '®Ta irradiated with 0.15 GeV protons.
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Fig. 7.75. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in "W irradiated with 0.15 GeV protons.
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Fig. 7.76. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in "Cr irradiated with 0.25 GeV protons.
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Fig. 7.77. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in *°Fe irradiated with 0.25 GeV protons.
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Fig. 7.78. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in "Ni irradiated with 0.25 GeV protons.
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Fig. 7.79. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in “*Nb irradiated with 0.25 GeV protons.
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Fig. 7.80. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in *®'Ta irradiated with 0.25 GeV protons.
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Fig. 7.81. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in "W irradiated with 0.25 GeV protons.
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Fig. 7.82. The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in "Cr irradiated with 0.4 GeV protons.
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Fig. 7.83. The simulated mass distributions of reaction products together with the measured

cumulative and supra-cumulative yields in *°Fe irradiated with 0.4 GeV protons.

269

200



T T 171 T T 71 T I 1T 17 T T 1 T T T T T 71 T 11
C MCNPX-BERTINI
103L MCNPX-ISABEL .
= [ CEMO03.02 i
g 1025— -
S - CASCADE E
5 - -
7 F =
e} C n
5 - ’
c
= 1 = =
© = =
0 — -
© - _
o AF ’
% 10 &= =
w = !
] C 7
= - .
o0 _
10 = =
10_3; | | [ — | (I N | [ | [N N | [ — I7|
0 75 100 125 150 175 200
T 17 | T T 7 | T T | T 11 | T T 1 | T 1T | T T 7T | T 171 |
120~ MCNPX-BERTINI ]
| MCNPX-ISABEL i
g 100 — —
= | CEMO03.02 i
Q
S _ _
© 80 — CASCADE —
8 B —
o B -
5 - il
§ 60 s
2 i 1
) - _
©
8 - .
g 40 N
W]
= B _
20 —
O ;I!A_\ l L l I S | | B B | | BN I J [ B I [ lT
0 75 100 125 150 175 200

Mass number (A)

Fig. 7.84. The simulated mass distributions of reaction products together with the measured
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