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INVESTIGATIONS OF NUCLEI-PRODUCTS
FORMATION IN TARGET AND CONSTRUCTION
MATERIALS OF ELECTRO-NUCLEAR INSTALLATIONS
IRRADIATED BY 1.5 GeV AND 130 MeV
PROTONS.

Yu. E. Titarenko, E.I. Karpihin, A.F. Smolyakov, A.S. Borovlev, S.G.
Mashnik, T.Gabriel, N.V. Stepanov, V.D. Kazaritskiy, V.F. Batyaev, O.V.
Shvedov.

ITEP, Russia

Different versions of installations for transmutation or incineration of
actinides and long-lived fission products are being considered nowadays; the
source of neutrons in these installations is supposed to be a nuclon-meson cascade
arising under interaction of 0.8 - 1.5 GeV proton beam and the substance of a
target. "Heavy" materials: eutectics of lead and bismuth or tangsten, are supposed
to be used as targets [1, 2]. In correspondence with this, measurements of the
cross sections of spallation of nuclides of these materials under impact of the
protons of different energies are going on in ITEP. Nuclides used as construction
materials for the accelerator are also being measured. Numerical simulation of
experimental results with utilization of the codes HETC, INUCLE, CEM95
capable to calculate the process of nuclon-meson cascade in the investigated
targets is being carried out.

The character of description of the reactions of spallation may be presented in
the form:

A A
ZAA:; T(pa ypx”)ZP (1), where

T, P - are chemical synbols of the elements,
A, Z,, - correspondingly mass number and the charge of a nuclon used as
the target; .
Y, X - number of protons and neutons knocked out of an investigated nuclide;
A,Z - correspondingly mass number and the charge of a nuclide
produced as a result of the reaction of spallation



(A=A, +1-y-x Z=2Z,+1-y)
Methodics of experimental definition of the cross sections of
reactions of spallation.

Nuclide ;P produced in the result of interaction of protons and investigated
nuclide may be radioactive as well as stable. The cross sections of formation of
radioactive products of spallation reactions are being defined in this work. That
is why the methodics of experimental definition of the investigated cross sections
is constructed on utilization of a relative method with utilization of ¥-
spectrometry with Ge-Li detectors of high resolution.

Reaction of the type is used as monitor
27 24 |
13A4l(p,3pn)1{Na (2)

In this case the expression for calculation of reactions cross sections of
spallation may be presented in the form:
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where

olp,ypxn) _
—————a(p 3pn) IS the ratio of the values of the cross sections of investigated
standard reaction;
s
goNa T is the ratio of intensities of y-irradiation
produced in an experimental sample and in
the standard one;
2'24’\/8
P is the ratio of decay constants of nuclides

produced in an experimental sample and in the
standard one;



Y ApNa

— the ratio of absolute quanta outputs of nuclides

Ap
produced in an experimental sample ind in the
standard one;
6 24Na
ap — the ratio of relative effecincies of spectrometry
£
registration under energies corresponding v-lines
of nuclides produced in an experimental sample and in the
standard one;
N4
T T ratio of number of nuclei in experimental and standard
samples;
KT
H . . : :
KA~ ratio of corrections defining absorption of y-quanta by the
73
material of an experimental sample and of a standard one;
S
— Ay ratio of time corrections.
HON

The number of nuclei in an experimental sample and in a standard one are
found with the aid of a gravimetric method.
The experiments are being carried out at the beam ejected out of the proton
synchrotron of ITEP U-10 with the aid of the system of slow ejection (fig. 1).
Under every irradiation cycle a thin experimental sample together with a
standard and an aluminium layer between them were installed in perpendicular
direction to protons trajectories. Standard sample, in the shape of a thin
aluminium foil, was placed in front of an experimental sample. The diameters of
the experimental sample, a layer and of standard were strictly identical and equal
10.5 mm.
Measuring installation consists of spectrometric channel containing
germanium detector GC2518, a modulus 1510 (analog-digital converter, an
amplifier, a set of high voltage), a plate S-100 which jointly with an IBM PC



emulates a multichannel analyser. Energy resolution of the installation is 1.8 keV
at the line 1332.5 keV of ¥Co .

Processing of the measured y-spectra is being realized with the aid of a set of
codes ASPRO realized in an IBM PC [3]. The spectra processed are combined in
a single file which is an initial one for the code SIGMA. Using the value of
energy of y-line, calculated value of half-life and nuclear data base GDISP [4],
this code automatically identifies produced nuclides and calculates the cross
sections.

As it is seen from the formul [1] calculation of a measured cross section is
carried out with the aid of relative efficiency of registration of the spectrometer.
Procedure of implementation is based upon utilization of y-sources with rather
high number of y-lines with well studied relative radiation intensities in the
spectrum. 22Th, *Eu, 110mAg and additionally *’Cs and **Co were used as such
sources. The dependence of relative efficiency of the spectrometer registration in
energy range from 36.5 to 2650 keV is presented in the fig. 2.

The value of k,, is found in accordance with papers [ 5,6].

Results
The results of experimental definition of the reactions of spallation cross
sections of “®Bi, “*Pb, *’Pb, **Pb, **Cu and ®*Cu by 130 MeV and 1.5 GeV
protons are presented in this work. The characteristics of experimental samples,

their isotopic composition and the modes of irradiation are presented in the tables
1 and 2.

Table 1.
Characteristics and the modes of irradiation of the samples
Diameter | Thickness | Weight Integral Protons
(mm) (mm) (mg) flux energy
“Bi 10.5 046 |368.05| 2.41E+13 1.5 AgAcels
(100%) 10.5 0.47 | 372.25 1.12E+13 1.5 AjAGe
10.5 0.68 | 564.70 1.07E+13 1.5 A5A Gy
10.5 0.51 | 432.35 1.53E+11 130 A deer
“®pb 10.5 0.13 | 117.00 1.31E+13 1.5 Ayh dev
(97.2%) 10.5 0.155 | 132.87 1.56E+13 1.5 AyAday
10.5 0.155 | 125.92 1.47E+11 130 ¥A A/
P 10.5 0.14 | 110.00 1.18E+14 1.5 AyA éay
(93.2%) 10.5 0.13 106.85 9.08E+12 1.5 AyA Gey
10.5 0.17 | 136.30 1.43E+11 130 i$A wer
“%pp 10.5 0.13 | 116.85 1.64E+13 1.5 AyAser




(92.3%) 10.5 0.13  |126.62| 1.42E+13 1.5 AvA G/
10.5 0.13 122.77 1.40E+11 130 $¢A feey
* Bu 10.5 0.63 | 417.20 1.31E+13 1.5 AyA &/
(99.6%) 10.5 0.63 1397.05| 7.54E+12 1.5 AvA
10.5 0.63 | 425.55 1.43E+11 130 A 1w
“Cu 10.5 0.73 |508.10| 1.36E+13 1.5 AjA &)/
(98.7%) 10.5 0.73 |527.45| 9.58E+12 1.5 AvA Gy
10.5 0.73 | 521.60 1.37E+11 130 $yA-Aev
Table 2.
Isotopic composition of the samples.
204Pb ZOFPb 207Pb 208P7b 63 Cu 65 Cu
< 0.01 0.87 1.93 97.2 99.6 0.4
< 0.01 1.39 93.2 5.41 1.3 98.7
0.19 92.3 5.1 2.41

The spectra of y-radiation of the reactions products in experimental samples as

the results of irradiation by protons are presented in the figures 3, 4 and 5.
The values of the cross sections of monitoring reaction > 4I(p,3pn)**Na
under energies of protons 1.5 GeV and 130 MeV were calculated from the

k
approximation of the form O = Zaz *E' ( GeV) with coefficients obtained in

RI named after V.G. Khlopin.
Values of approximation coefficients are presented in the table 3.

i=0

Table 3.
Values of approximation coefficients,
Interval of protons energy (GeV)
Parameters of ai | 0.100 — 0.350 0.350 — 0.800 0.800 — 2600
=4 =5 K=4
30 0.16082579&+2 | 0.91163994&5+0 | 0.108094855+2
al -0.980116914+2 | 0.72710174&+2 | 0.12760849A+1
a2 0.481055214+3 | -0.220748484&+3 | -0.25036816&5+1




a3 -0.92886532&+3 | 0.33836270&+3 | 0.10439362&+1
a4 0.63086480k+3 | -0.25781415K+3 | -0.13817290K40
as 0.77078179&+2

The results of calculations of the cross sections of spallation of 2°9Bi, 208Pb,
207Pb, 206Pb, 55Cu and ®*Cu by 130 MeV and 1.5 GeV protons are presented in
the tables 2, 3 and 4. Analysis of the errors of the obtained results shows that
their values are in the range appr. from 10% to 25%. The main contribution into
the calculated error are brought by indefiniteness of the values of nuclear data.
Presented experimental results are of preliminary character as the work on
measurements and analysis of y-spectra and on calculation of cross section of
spallation is going on now; for isotopes of Cu it is completed to 80% - 85% and
for Bi and isotopes of Pb - to 20% - 25%. Besides, it is supposed that
experimental samples will be weighted for the second time by more accurate
analytical scales.

Jointly with experiments on measuring of cross sections of 209g;, 2%pp,
27pb, 2%pb, %Cu and *Cu by 130 MeV and 1.5 GeV protons modelling or
simulation of these results was being carried out with the aid of cascade-
vapourizing ( HETC ), cascade-vapourizing-fissioning ( INUCL ) and
cascade-exciton ( CEM95 ) codes [7 - 13]. The INUCL and CEM95 codes are
made 100000 generations in each calculation, and HETC — 50000 ones.

The experimental results are presented in the tables 4, 5, 6 and 7.
The calculation results are presented in the tables 8, 9, 10,11, 12 and 13.

Table 4.
Experimental values of cross section of spallation of ®*Cu and ®*Cu

under protons energy 1.5 GeV

“cu %Cu
Nuclide T y (hour )] o (mb) Ao o (mb) Ao
"Be EC 1279 6.5 0.8 4.9 0.6
“*Na B- 15.02 1.6 0.2 1.7 0.2
“Mg B- 20.91 0.16 0.02 0.2 0.03




K B- 12.36 2.6 0.3 3.6 0.4
K B- 22.3 1.0 0.1 1.6 0.2
Sc EC 3.927 6.2 1.2 4.2 1.0
Sc IT 58.608 7.5 0.8 5.4 0.6
Sc B- 2011.4 6.3 0.7 8.0 1.0
Sc B- 80.28 2.6 0.3 4.0 0.5
Sc B- 43.7 0.4 0.06 1.0 0.1
V EC 383.38 9.3 1.0 7.0 0.8
Cr EC 21.56 0.4 0.04 0.2 0.02
Cr EC 664.9 30.1 3.2 22.0 2.5
Mn EC 0.35167| 12.1 1.3 1.6 0.2
Mn EC 134.18 5.8 0.6 4.1 0.5

n EC 7490.9 19.1 2.1 22.9 2.6

Mn B- 2.5785 2.2 0.3 5.2 0.6

Fe B- 1067.9 0.6 0.07 4.1 0.5
>Co EC 17.53 1.1 0.2 0.5 0.06

®°Co EC 1850.9 5.7 0.6 3.2 0.4

°'Co EC 6523.2 33.6 3.5 21.2 2.5
CoEC 1702 30.0 1.6 25.0 2.8
NiB+ 35.65 0.8 0.1 0.3 0.03
Cu EC 3.408 14.5 3.0 4.8 1.0

Table 5.

Experimental values of cross section of spallation of *Cu and *Cu

under protons energy 130 MeV

>Cu ®Cu
Nuclide T Y (hour )] o(mb) Ac c(mb) Ac
>°Mn B- 2.5785 1.1 0.2 2.4 0.2
>Co EC 6523.2 71. 9. 34. 4.0
%Co EC 1702 59. 8. 47. 5.0
®icu EC 3.408 79. 18. 22. 5.0

Table 6.



Experimental values of cross section of spallation of 2B, 208Pb, 7Py and 2%Pb
under protons energy 1.5 GeV

209Bi 208Pb 207Pb 206Pb

Nuclide T % o Ao o Ao c Ac c Ao
( hour (mb) (mb) (mb) (mb)

°Bi 149.8 | 29. 3,
EC
“PBi 367.5 | 32. 4.
EC
“Bj 11.22 | 28. 4. 3.3 0.4 341 0.7 3.1 0.4
EC
“Bi 11.76 | 21. 3.
EC
“*Pb 1.12 59 1.3 102 1.7] 102 2.1
IT
“Ppp 51.873| 47. 5. 23. 3. 34. 3. | 39. 4.
EC
““pp 3.53 32| 04 5. 1. 58 0.7 6.7 1.0
IT
“pp 9.33 | 39. 5, 18. 2. 24. 3. | 29. 3.
EC
““pb 21.5 | 29. 3. 16. 2. 23. 3. | 21. 2.
EC
“*Pb 1.5 35. 9. 22. 8. 28. 7. | 31. 8.
EC
-1 293.52] 6.1 0.7] 15. 2. 17. 2.
EC
PAu 64704 04| 0.1 2.3 0.2 1.7 0.2
B-
"PRe 0325 | 22. 3. 35. 7. 47. 9.
EC
®Lu 34.06 | 18. 2. 16. 2. 20. 2. | 18. 2.
EC
PRy 942.24| 5. 0.6
B-
I*’Cu 61.92 56] 0.7] 8.9 1.0 11. 1. | 11 1.




Table 7.
Experimental values of cross section of spallation of 209Bi, 208Pb, 207Pb and 2°Pb
under
protons energy 130 MeV
s ply: Tpp ph

Nuclide T Y c Ac c Ac c Ac c Ao
> | (mb) (mb) (mb) (mb)

“°pb |51.873| 222 | 26 | 157 | 17 | 168 | 18 | 197 | 26
EC

“'Pb 933 | 127 | 15 | 169 | 19 | 193 | 22 | 200 | 28
EC
“Pb 215 | 185 | 24 | 162 | 20 | 173 | 21 | 190 | 15
EC

Table 8.

Calculated values of cross section of spallation of 3Cu and SCu
under protons energy 1.5 GeV

Nuclide HETC CEM95 INUCL

63 Cu 05 Cu 63 Cu 05 Cu 63 Cu 65 Cu
Be 0.01

*Ne — “*Na 3.3 2.8 4.8 0.4
“Mg 0.02 0.4 0.45
“K 0.02 3.9 5.3 10.1 10.8
BAr - ¥K 0.8 1.3 1.9 2.8
“Sc| 204 | 219 | 12.7 11.5 142 | 122
*Sc 004 | 112 | 12.7 11.6 | 13.0
Mg - Yca—>*sc 0.05 | 2.1 3.4 2.6 3.8
3¢ 0.6 1.1 3.3 4.5
“®Bcr 5 By 243 | 248 | 120 | 102 | 17.6 | 15.0




BCr 0.1 0.7 0.5

Mn—> >'Cr| 257 | 24.0 | 179 | 156 | 189 | 183

2Re — 2Mn| 27.5 | 25.0 | 11.6 8.9 19.7 | 16.8

*Mn| 1.2 1.2 14.6 15.4 17.4 17.5

Ocr »°°Mn| 0.4 0.7 1.6 3.3 4.6 6.8

YFe| 1.0 2.1 0.8 2.3 0.9 1.9

PCo| 0.8 0.6 1.52 0.7 3.6 1.9

*Ni — °Co| 40.6 | 69.3 11.7 7.9 12.9 8.1

'Ni—>°'Co| 385 | 47.6 | 174 | 13.1 | 12.8 | 11.7

¥Co| 10.5 15.8 20.5 18.1 20.4 17.2

Ni| 2.7 2.7 0.7 0.14 12.8 1.6

®lcu| 32.5 14.8 0.06 5.8 15.9 5.0

Table 9.
Calculated values of cross section of spallation of %Cu and ®Cu
under protons energy 130 MeV
Nuclide HETC CEM95 INUCL
03 Cu 65 Cu 03 Cu 63 Cll 63 Cu 65 CU

*°Cr — >*Mn ‘ 1.5 2.2 8.9 6.7
>"Ni »°'Co 715 |76.4 [49.8 [23.3 [488 [27.2
>Co 77.1 1.5 62.1 41.9 88.7 76.3
°’Cu 79.2 | 66.3 472 253 |45.7 33.2

Table 10.

Calculated values of cross section of spallation of 2B, 208Pb, 297pp and *%Pb

under protons energy 1.5 GeV of &AMS code
CEMIS

Nuclide CEMO9S
28 T %6 1 7P | 2°pp

94.5% “°Po - *®Bi | 19.3] 1.0 | 0.6 | 4.1

99.5% “®Po —>*"Bi |16.8] 1.0 | 0.7 | 0.6

99.4% Po—®Bi |146| 12 | 12 | 09

99.9% %P0 ->*®Bi | 99 | 14 | 1.0 | 0.9

““pb | 11.3] 154 [ 18.3 ] 25.6




0.008% “Po —» “®Pb |21.6 | 155 | 17.9] 19.7
99.9% 2%po —» 2Bi — *®pp

5.5%%Po > %pPp | 19.1] 12.6 | 13.5] 15.2
98%2Po — 2%Bi —» 22pp

5.5%°%P0 > 9.5%Pb—>"T1 | 49 | 104 | 9.8 | 11.1
98%22Po — 2%Bi — 9.5% 2%*Pb — 2271

98.4%° ' Po — ®Bi »>2'Pb | 17.5] 10.5 | 11.6 | 13.7
0.5%%%pPo — 2°'Bi - 2!pp

86%%po —»°Bi —» pp [ 157 81 | 99 | 112

86%-°Po — 2 Bi = “®pb — P11 | 5.8 | 94 | 88 | 9.0

88%Po > Bi > ™Pb |[15.0] 7.6 | 8.0 | 10.9

88%%°Po —» Bi > Pb—> °T1 | 6.0 | 91 | 88 | 8.8

30%Po —» °Bi —» ®pb | 12.9] 62 | 7.5 | 8.1

™au | 06 | 2.1 | 1.5 | 1.1

“Pau > ®Hg | 0.8 33 | 30| 26

P 5™0s - "™Re | 50| 58 | 52 | 4.8

IRe —> W - 9Ta 51°HF 5 1y [ 23.1] 28.2 | 30.1 ] 28.9
17311'—) 169Lu

Table 11.
Calculated values of cross section of spallation of 209g;, 20%py, 297pp, and 2%Pb

under protons energy 1.5 GeV of HETC code.

Nuclide HETC
258i T 2%pb 1 ©7Pb | %P

94.5% ®Po —Bj [25.8 | 5.6 |39 | 0.9

99.5% ““Po — **Bi [22.4 | 3.8 |52 | 4.3

99.4% %P0 > °%Bi |19.8 | 3.2 |46 | 4.9

99.9% “®Po —» “®Bi [14.6 | 17.1 [25.5] 30.8

“pp 149 | 39 |45 | 5.0

0.008% ©’Po - “®Pb [35.9 | 19.8 [24.6 | 28.8
99.9% 2%po — 2Bi — pp

5.5%°%Po — 22pp [32.4 | 21.4 [21.5] 23.9
98%2%po — 2%Bj —» 2%pp




5.5%2%P0 - 9.5%%Pb > 2T1 | 6.8 | 17.7 [13.8 | 133
98%2%2pPo —» 292Bj — 9.5% 2%Pb — 20211

98.4%°TPo —» 'Bi>'Pb [36.5 | 16.6 |18.4 | 19.7
0.5%*%Po — *'Bi - ?pb

86%°Po —Bi — “®pb [34.1 | 17.0 [17.7] 174

86% %P0 —PBi — ®Pb —» ‘11 | 6.6 | 17.5 [159] 16.4

88% %P0 —» Bi —» Pb |40.3 | 143 [156] 17.7

88% %P0 —» Bi > Pb » 11 | 9.1 | 21.3 [19.9] 192

30%°Po — °Bi — %P |40.1 | 14.4 |14.9 | 16.7

Dau |02 | 0.8 |1.0 | 1.1

au —> PHg | 0.6 | 4.4 |42 | 3.0

L 5 P05 - PRe 0.1

1Re — 1w 97 51°0f 5 1y 136.9 | 34.6 [34.6 | 34.5
17311_ - 169Lu

1Nb — 0Mo —» PTe — 103Ru

(1 A 57
Ni—> 'Cu

Table 12.
Calculated values of cross section of spallation of 2°9Bi, 2°8Pb, 2%"pb and 2°°Pb
under protons energy 1.5 GeV of INUCL code

Nuclide INUCL
T®g; ZUBPb Tpp, | 2pp

94.5% “®°Po — *®Bi |14.5 |0.7 0.2

99.5% “Po — *®Bi |10.1 [0.7 0.7 |02

99.4% “*po — “*Bi |6.0 0.8 08 |04

99.9% *®Po — “®Bi |9.7 10.9 |15.3 [33.5

“¥pp 3.5 0.5 0.9 [0.8

0.008% *’Po — *Pb | .6 7.6 10.0 [12.3
99.9% 2%po — 29B; — 2%pp

55%%po > pp 152 [5.9 80 [11.4
98%22po —» 202B; —» 202py

5.5%*®Po > 9.5%°%Pb — | 2.5 5.3 71 [7.9

2021

98%22po — 2"Bi — 9.5% *Pb —
202Tl

98.4%*'Po — “'Bi »>®'pb |7.8 2.4 47 [17.9




0.5%*"Po — 'Bi - 'pp

86%-"Po — “’Bi — ““Pb |3.7 1.6 3.5 |68

86%° %P0 —Bi — ®pp —» P11 [3.8 [3.7 |53 |57

88%Po - Bi > Pb [1.6 [0.8 [2.0 [3.7

88% P - Bi > Pb —» TI |47 |3.4 (52 |77

30%°Po — "°Bi — °°Pb (0.7 0.2 |0.8 (2.0

Pau |22 [3.9 |21 |08

Dau > PHg (06 [2.8 25 |1.5

Pr 510s —» ™Re [5.0 5.9 52 [6.2

1¥Re —» W o T2 51 5 %1y (117 {143 [13.2 [13.4
17311‘—) 169Lu

ONb — PMo > PTe > PRy (49 [4.3 50 [4.5

*Ni - %cu [6.2 5.4 46 |52

Table 13.

Calculated values of cross section of spallation of 209, 208Pb,
27pp and °°Pb under protons energy 130 MeV of HETC, INUCL,

CEMO95 codes
HETC
Nuclide Bi | pp | Dpp | opy,
0.008% *°Po — *“Pb | 108. 90. | 90. 91.
99.9% 2%po — 2%Bi — 2%pp
98.4%'Po —» “'Bi >Pb | 124. | 112. |105 94,
0.5%*%Po — 2'Bj — Xpp .
86%°Po —°®Bi —» *®pp | 134. | 117. [117 | 100.
INUCL
Nuclide “®Bi | ®pb | ®Pp | ®°pp
0.008% **’Po — *pp 32. 98. | 104 |107
99.9% 2%po — 2Bi — Bpp : .
98.4%° " Po —» *'Bi>?pp | 30. 9.1 | 33. | 77.
0.5%*%Po — 2°'Bj — 'pp
86%°Po —“®Bi —» ®pp | 39. 23 | 11.7 | 47.
CEMO95
Nuclide Bi Pb | “'Pb | “*Pb




0.008% “'Po — *®Pb | 170. | 149. 136 [117
99.9% 2%py — 20%B; — 3pp

98.4%'Po — 'Bi—>'pb | 131. | 142. |148 |134
0.5%2%po — 2°'Bi — 'pp

86%°°Po — “®Bi — “®pp | 89. 133 [134 [139

Comparison between experimental and calculated data will be published in
the following paper.
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