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RADIONUCLIDE YIELDS FOR THICK TARGETS AT 22 MeV PROTON ENERGY

P.P. Dmitriev and G.A. Molin

Radionuclide yields during charged-particle bombardment of thick targets
are nuclear constants, which are widely employed in various applied and research
problems - production of radionuclides in accelerators, activation analysis
using charged particles, study of mechanical wear by surface activation, use of
nuclear physical methods in solid state physics, accelerator design, shielding
physics and so on. The national centres for the recently established inter-
national charged-particle nuclear data compilation network collect data on
radionuclide yields for thick targets in charged-particle reactions. Many of
these data are written on the international exchange format EXFOR. The bibli-
ography of integral charged particle nuclear data published recently by the
Brookhaven National Laboratory (USA) [1] contains many references to studies

which give radionuclide yields for thick targets.

The physical yield of a radionuclide in a given reaction is determined by
the excitation function of the reaction, i.e. by the dependence of the effective
reaction cross-section on the bombarding particle energy, by the particle path
and by the content of the initial stable isotope in the target material. The
relationship between the average effective reaction cross-section over the path
length 5, mb, and the radionuclide yield for a thick target B, MBq/uA+h, can be

written in the form

- BT, 62
6=4,26—‘/R’—“% )

where T',5 is the half-life of the radionuclide in days, 2, the relative charge of
the bombarding particle, R the path of the bombarding particle in mg/cmz, A the

atomic weight of the element and P the content of the target isotope in %.

For a low target thickness (small particle path), when the change in the

reaction cross-section through the target thickness can be neglected, this
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formula gives the relationship between the reaction cross-section and the radio-
nuclide yield for a thin target. A similar method of determination of the
reaction cross—-section is widely used in measurements of the excitation functions

of nuclear reactions by the "foil stacking' method.

The present study gives the measurements of radionuclide yields during
22-MeV-proton bombardment of thick targets made of different chemical elements.
The work was carried out on the cyclotron of the Institute of Physics and Power
Engineering (Obninsk). Altogether 188 yield values of 140 radionuclides were
measured. The data obtained are shown in Table 1, where the following notations
have been used: n - neutron, p - proton, t - triton, T ~ helium-3, a - helium-4
(@ particle). Deuteron, as a weakly bound system, has a low emission proba-

bility and is not shown in column 3.

Column 3 gives the reactions which have an energy threshold lower than
22 MeV. The comma separates the reactions which occur with the stable isotopes
of the element indicated in column 2. Knowing the emitted particles, one can
of course easily indicate the reactions of formation of the radionuclide. For
example, during the production of 7Be from Li, emission of particle n means the
reaction (pn) with 7Li: 7Li(pn)7Be. During the production of 7Be from boron,
emission of particles a and an means the formation of 7Be in reactions (pa)
and (pan) with boron isotopes: 10B(pa)7Be and 11B(pan). Emission of particles
2p, T, @, an during the production of 46Sc from titanium means the reactions:

47Ti(p2p)46Sc, 48Ti(pT)46Sc, 49Ti(pa)46Sc, 50Ti(pan)46Sc.

The sign + in column 3 indicates that in some sums of reactions a shorter-
lived isobaric nucleus is formed, which decays to the radioisotope obtained.
For example, in the production of 18F from fluorine, emission of particles
pn +2n means the reactions 19F(ppn)18F and 19F(p2n)18Ne(T}é = 1,67 s) ~ 18F

Similarly, during the production of 57Co from Ni, emission of particles 2p + pn +

2n,a,an indicates the following channels of formation of 57Co: 58Ni(p2p)57Co,
58Ni(ppn)57Ni(T; = 36,16 years) = 57Co, 58Ni(p2n)57Cu(T; = 0.18 s) ~ 57Ni -

2 2
57 60

Co, Ni(pa)57Co, 61Ni(pcm)57Co. The form of writing used in column 3 is

obviously very compact in comparison with writing out the reactions in full.

It should be borne in mind that in a number of cases, for example in the
region of heavier nuclei, the thresholds of reactions with emissions of

particles p2n and 2pn can be noticeably lower than 22 MeV, and these reactions,
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together with reactions (pt) and (pt), will make a contribution to the radio-
nuclide yield which may exceed that due to reactions with emission of t and w.
Column 3 contains no reaction of radiative proton capture (pY) (emission of

Y-rays only) because of the relatively low cross-section of these reactions.

Column 4 gives the yield and, in brackets, the error of this value. The
third figure with a + or - sign means the power of 10: the yield value and the
error have to be multiplied by 10 raised to this power. For example, 28(3) +3

means 28 000 + 3000; 16.5(2.2)-4 corresponds to 0.00165 + 0.00022 and so on.

In all cases, the yields were measured for elements of natural isotopic
composition. During irradiation of a chemical compound the yield is converted
in terms of the pure element. Most of the yield values given in Table 1 are
being published for the first time, while some are taken from studies published
earlier, where the radionuclide yields were measured as a function of the
bombarding particle energy (the latest of these are Refs [2, 3]). The method
of yield measurement is described in Ref. [3]; the error in the yield value in
most cases is 11-15% and results mainly from the systematic errors during
the measurement of the isotope activity and the integral sample-irradiation
current. In some cases (radiochemical extraction, unfavourable conditions

of activity measurement), the error in the yield value exceeds 15%.

Table 2 gives the half-lives and the energy and quantum yield of gamma rays
used in the nuclide activity measurement. The data in Table 2 are taken from

Refs [4, 5] and partly from the latest issues of the Nuclear Data Sheets.

The data presented on radionuclide yields during proton bombardment of
thick targets are most complete. The yield values published by other authors [6]
refer to a small number of nuclides and, in most cases, are "technological"
yields. These values are usually lower than the physical yields, and this
may be due to the following reasons: (a) loss of the radionuclide during bombard-
ment (evaporation of the nuclide and the target material); (b) part of the
recorded beam irradiates the structural parts of the target; (c) losses during

radiochemical extraction of isotopes.

Publication of data on radionuclide yields for thick targets will continue.
It is intended to publish the radionuclide yields for 22 MeV deuterons and

44 MeV a-particles.
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Table 1. Radionuclide yields for a thick target
at 22 MeV proton energy

Radio- Emitted Yield, Radio-

Target Emitted Yii}d
. 1.1 Target| | icl AAh  |lhuclide particles MBqiiAsh
1 rticles
nqilde 5 42%7 , M%% = -1 - — i
Tpe | 14 n 10,7(1,4) 465 1 | 2p, % o,n | 36(6)-3
Be | ¢ e |l e | oo 2n 4s(7)=2
B | an B(2.5)- | 2p, T, | 29(4)-2
w, |, n 28(3)+3 : v <, p 16(2)~1
c pa,. t g’gg;z 44y So 2n 15(2)~4
¥ en 48y 4 a2 | I902)
3y | ¢ n 48(5)+1 N
. pu, 17(2)48 - % 31 n, 20 | I2(2)-2
0 o, on 96(10)+2 v pn + 2n, t | B7(6)-4
Bpe | o n 15,5(1,6) Sy | v n 20,5(2,2)
F pu + 2n 33(8,5)+2 cr po + 2n, t | 59(7)-1
225, | ga |pn+42n 23(3)-2 Mn on 59(7)~2
Mg T, on |16,5(2,2)-3 ‘szln Cr n, 2n 2I(2,4)
245, | wg 2p, | 3B(5,5)-1 Y a 17(2)-3 ~
26 | e r . 48(7)-9 m po 80(10)-2
55 '
86(5,5)-8 ¥e Mn n B4(6)-2
. A - > Yo | pn+2m, t| 83(6)-2
ce |2p, T, xn | 78(12)-4
43 2 5%co | Pe 2n 24(8)-1
5 | ca 2p,a | 18(2,6)-3 - o 16,6(2,1)
*oa | ca 2p +yu | 2B(4)-3 %o | v ]| a, 2 28(4)-1
Hsem | e n 65(10)-2 .9 | T+ %, «n| I17,4(2,8)-8
Se mo 1366l 5T [ ye | m,2m 21(8)-8
M3o | ca n | 82(5) Co % 92(16)-4
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Radio- [Tar- Emitted Yield Radio- ITarget Emitted Yield
nuclide pet | particles | MBaiA-h  [[nuclide [ 5| particles | MBqhiA+h
g L] T 4 g T
M |2p+pn+2n, o, LII(I.‘&)—I 2r| T, &, an | 96(14)-4
86 | co m 41(5)-1 887 Y 2n 19(2,7)-1 "
M| 7, & an 37(5)-3 89, Y a 83(5,5)
0% | ma| 2p,7,an [13(2)-5 ‘| oa 20,4(8)-1
56y ¢ t 85(5)-8 952: r 2p + pm 44(6,5)-8
5Ty n pn + 20 |32(4) 2ypym zr| =, 3n 89(I2)-2
64cy | cu 18(1,8)+1 ) m 22(8)-1
61 pa t - By z¢| 2o 25(8,5)-2
Cu | Z] 2p, 44(8)-5 93 m
62 ' ‘ ' Mo ¥ n 80(4,5).
Zn Cu 2n 10,4(1,4)+1 93
65 Mo n n I4,4(2,2)-5
In Cu n 59(7)-2 9. m
7 pu + 2n, t |39(5)-2 Tc Mo | n, 2n, 3n 54(6,5)-2
Ga| on B9( 1I)-3 %ge Mo | n, 2n, 3n | I9,4(2,8)
e | zm| n, on 26(3)+1 IMgcm No n, 20 | 39(5)-2
Toa | | w22 |82(3,8) W%® | mu|  m, 20 | 3I1(4,6)
Ge| o, a2n  [23(8,2)-1 Eh t+3m | 70(II)-2
68e | ce 2n 67(9)-2 02, Bh m 24(8,6)-8
65“ Ga n, 3n 98(11) 102g), Rh po 27(4)-2
H4s | ge| 1n,3n 32(5) _ 105
712 Ag ca | 2p, o, an | 74(11)-8
A8 Ge n, 2n 18,5(2)+1 106
3 A" Ag pn 10,4(1,5)-1
As Ge n. 2n 19(2'5)-1 108
74 ond‘ Ag po 13,7(2)~6
As | Ge| m, 3n 70(9)-1 110, gn ca | 2p, T, a,an| 52(8)-5
As m 85(4,5)-1 107
Se | T,dcn 56(8)-3 10904 n, 3n 85(5)+1
75 ca | pni2n, t43n| 27(4)-8
Se As n 20(8)-1 115 "
Se » + 2n, t [28(3,5)-2 111ca ca o 74(11)-2
T6p. s 2n 08(12) In cda | n, 20, 3n | 54(6,5)
° n,
T Napm cd n, 3n .| 4I(5)-2
Br Se n, 2n 84(4,5) In po 42(5,5)-2
82 — Sn In n, 3n 10,8(1,8)-2
79" Se n 10,7(1,4) sn | pne2m,te3n | 11(1,5)-8
o Br| m,2n 67(10) 1205,m Sn n, 30 | 78(1I)-2
Rb Bb »a 52(8)-2 1228b Sk n, 3n 33(5)_1
8 52(8)-2
o xr T, &, an ZGE )I) . 12‘sb sn n 92(14)-8
Sx Rb B, 3n 3, - 1221 =
sr| o+ 2m, t |21(2,5)-2 Te b | omedm | 2L4(3)-2
86y Br n, 2n 61(9) 12;1. s n, 3n° 30(4)-1
123, m | -
88y 8r n 83(4,8)-1 1 e | =1, 2n, 3n | 4I(5)
Y o, 42(5,5)-2 || 12 ve| =, 2n, 3n | 96(12)-1




Radio- Emitted Yield . : :
nx:lglide Ti;get partiéles MEq;/HA-h rlthl(}j;; Tarfet pfﬂiii‘fﬁ,s M&%g-h
125, Te n, 20 |11,4(1,9)-1 || 168, Er :53,1 24 -
1261 Te n, 30 |[36(4,5)-1 170, Er .n 16(2’8)-2
130 1 pn 1(2,2)-1 |l 173 . o 29 16(3,1)-3
1 | e n 39(5) 174 ' B0(4,4)-2.
127, 1 n 19(3)-1 1751'“ R B, 3n 28(4)-8
| | [ | e e
L]
Sl B O b R EER
13552 Ba po, t 85(10)-2 181Re wa on n3 12(1,8)-2
. : on 85(10)-I i , 3n 10,8(1,4)+1
n, 2n, 3n)21,5(3) n, 2n, 30 |87(II)-I
139¢4 la 'n 44(5,3)~2 182118 v n, 2n, 3n | 68(9)
ce | pn+2n |13(1,8)-1 || '®Re w | =, 2 12,2(1,6)-I
19 | ce ' |92(18)+1 1Bige® | w | n, 3 80(4)-8
14053 | pr 2n 92(18) 1845e ¥ 2, 3n 12,6(1,6)-1
Wo | sa | =, 20, 3n|59(8)-2 ) 18504 Re | =, 3n 12.2(1:7)-1
el I Riete o bl Bl el
Wign | sm | =, ;n- 3n 2#(3'5) 1 ‘954\: : . e
e _ ,5)-1 " n, 3n 26(3,7)~1
1somn s om 2a, 3n)56(8)-2 197 pn 182,71
Bu Sm w, 3n | 10,7(1,6)-4 20;’8 Au n 92(14)-1_
_ ES: pn3 ;:(.:(;sz-u- 20033 Hg 2p+pn 16,6(2,5)-3
Eu e 44(5,5)-4 201:1 | :: n':n;:n :i:i':;
Pl | I N | LS I N P
4 | Eu a, 3 [68(108 T1 pn 96( 14)-3
1534 | g a 41(6)-3 .-i .'aozm?' T1 3n 28(%,2)
50 | ca| =, 2n, 3n|55(8) m" | '™ 20 63(9,5)
156mp | ca | m, 2n, 3n | 14,3(2) 20pm | m | -3 [82(3,9)
:::Tb od n, 30 |59(9)-5 :‘Zm P | 2o, 3n 72(11)-1
Y IS S | 73(8,5) 2073? Po | n, 2n, 30 |11,3(1,7)
™| B w3 | 503,81 B Fb m, 2 115(2,2)-8
™ Er n, 2n {93(1I)-1 Bi t +3n |[I3(1,9)-4




Table 2: Characteristics of the radionuclides used in activity measurement
Gamma ray | Quantum Gamma ray| Quantum
Nuclide|] Half-life energy, | yield per{iNuclide Half-life energy, | yield per
keV decay, % keV decay, %
1 A ) L ; 1 p R X3
;’? 58,5 d 47,6 (10,3 %sc | 83,9 d 1120 100
c 20,5 min |SII} 200 4T5¢ | 3,4 4 1594 70
13y 9,97 min |5ILt 200 Mp | 47,3 a 1157 103
8  1109,7 min |5l 193 48y Ie d 1311 | 98
LN 2,66 4 |127% 100 49 330 d KX4,55 | 19,3
24ga (15,0 h 1368 100 Ner | 27,7 d 820,0 9,8
260 | 7,38.10° a ]1809 99,7 w0 | 5,67 d 4,0 |85
42y 12,6 h 15,25 |18 S4p | 312 d 835,0 | 100
43 22,6 h 593,0 8,9 5%e | 2,6 a KX5,93 | 25,7
4Tcq | 4,55 d 1297 75 55¢0 | 17,5 h 932,0 | 75
Mgm | 2 us 4 270,9 |87 56co | 78,5 d 1288 67,6
43¢ | 3,92 h 1157 108 Teo | 271 4 122,1 | 85,2




Gamma ray] Quantum Gamma ray | Quantua
Nuclide Half-life energy, | yield per|| Nuclide Half-life energy, |[yield per
keV decay, % keV decay, %
5%co | 70,8 d 810,8 |99,4 Mpc® | 87 ¢ KXI8,66 | 49
80co | 5,27 a 13,32 | 100 0™ | 4,34 4 6,8 | 84,3
56gs | 6,1 d 750,6 | 48 19200 1 2,89 2 67,0 | 46
5Tus | 36,2 h 1378 82,3 %2, | 207 4 5II+ 2
640y | 12,7 h 1347 0,55 03pe | 17,04- 357,6 | 0,029
6Tcu | 61,9 h 184,6 47 105, | 41,3d 6 ,6 11,8
62,0 | 9,26 h 596,6 | 22,7 106,08 | 8,14 1045 25,7
652n | 244 d 1115 50,6 08,2 | 127 a 6l4,4 | 92,5
666: 9,4 h 1039 35,5 11ow. 250 d 937,5 32,4
:Ga 78,3 h 84,6 |22,7 1070 | 5.09m 93,1 8,7
Ge | 283 d 1078 3,2 10%q | 453 ¢ 88,0 3,79
%% | 39,0 h 1106 a1 "5a | s3.5h 527,9 | 26,4
7 | 64,81 7,9 [87,5 Mm 284 25,4 | 94
2, | 2.,0h 34,0 |77, M | 49,54 BI,6 |17
T, | 80,3 d 53.3 0.6 M l1sd BI,7 | 64,2
e | 17,8 d 595.7 |60 1205w | 5,754 97,3 |88
e | 23,6h 559,5 |43 ep | 2,714 564,071
Pse | 118 d 264,6  {59,5 450 | 60,24 91 | 49
Tar | 6,2h 559,2 | 73,4 2lag® | 154.d 212,2 | 8l
Mee | 57 h 238,9 |26, Pl |17 4 507,5 | 19,3
82y | 35.3n 698,3 |28.,6 2pem | 120 d 59,0 | 8s
% | 35 h 28,0 19,5 123; 13,3 h 19,0 | 82,9
84pp | 32,84 81,5 |75,3 124y 4,18 d 602,7 | 62,8
Bsr | 4,74 54,0 |99,3 125; 59,9 d 28,03 | 139
86y 4,7h 627,7 | 33,3 126, 12,9 d 666,4 | 33
87, 80,3 h agh,8 | 92,1 130, 2,4 h 1157 (1,4
88y 07 d 1836 9.6 2T5e | 36,4 d 35,0 | 20
x| 83,44 94,0 |97 1324 | s,u84d 667,5 | 98
89, | 78.4h 909,1 99,9 133pg® | 389 h 275,6 17,5
B2r | c4 d 724,2 43,7 334 | 10,58 356,0 61,6
92m® | 101,1 d 934,0 |99,I 5" | 28,71 268,2 | 14,9
EEIS s d 765,8 998 135 19,5 1 480,5 1,87
Pye® | 6,55h 684,6 |92 3%, | 138 d 165,8 30,I
Pyo | 3000a KX16,86 | 48 Ppr | 4,42h 511+ I5,8
Pre® | 61 d 204,1 66,2 40y, | 3,37d KX36,75 | 67
%me | 4,284 1127 15,2 4p, | 265 d L9 | 47




Gamma ray Quantunm Ganma ray, Quantum

Nuclide | Half-life energy, | yield per Nuclide Half-life energy, ; yield per

' keV decay, % keV decay, %
T < T T T Z T ]
Mhpy 363 d 696,5 10C 8y J121 d KX58,8 | 64,8
e (5,37 d 1465 24 B |z h 365,5 | 56,4
Mg, (24,2 d 197,5 | 823 8 g4 h 1121 24,5
Wy |54 d 415,  |5,7 8, |1z,7 h lizi 31,5
150pmizc ¢ a 439,0 &6 185ge |7¢ d eo1,7? 3,3
Y2y |18, a 964,C | 14,2 TR (165 9 28,5 1 8.3
154 Ve I3 d 792,1 3

Bu |B,5. a. 123,1 4C,5 185

151 A . ‘08 [94 d 646,1 | 81
120 d 242,6 ! 194

. au (2,5 h 328,5 61

>36a 2wz d 97,42 | 22,6 195

155 Au |19z d 95,66 I2

‘v |5,x: d 105,5 15,2 196
156 ” A 6,18 d 355,7 90

™ |5,34 d 584,8 | 6¢ 1975 |64, b 91,5 | 0,%

158 .. .,
GIb IsC a 962,¢ 2C,1 20358 45,6 d 79,2 81,4
1 5?\1 29,6 h e42,G 36 2°°T1 26,2 h 36¢,C 89,3
166!11 7,7 h 1275 14,6 2014y 73,5 h 1674 £,8
1679y 9,24 d 207,86 |41 2023 l1z,2d 439,46 | 92
68y, 93,1 d 96,2 | 5¢ 207, 9,4 h 331,2 | 81
0py {129 d B4,26 2,1 202, % 3.5z h 787,0 50
173, |- o , :

L 1,37 a 272,61 17,6 203n, |s5z,ih 279,z | 81
74, (3,81 a 1241 6 205, lis,3d 1764 21
e |20 d 343,4 8E 2065, le,e d 1719 32
17694 |3,06 h 1159 24, 207p; 136 a 1064 7%
1Tlpe 56,6 h 1130 6

o 49 55
Remarks: 1. KX-rays were used to measure the activities of v, Fe,

93Mo

some nuclides, for example

from the gamma-rays of the daughter. 3.

97Tcm, 1251’ 140N

and

AQTi’

means annihilation radiation.

181w

)

113

In column 3:

2. The activities of

68Ge, Sn were measured

511t



