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YIELDS OF RADIOACTIVE NUCLIDES FORMED BY BOMBARDMENT OF
A THICK TARGET WITH 22-MeV DEUTERONS

P.P. Dmitriev, N.N. Krasnov and G.A. Molin

Experimental results on the radionuclide yields from the bombard-
ment of thick targets with 22-MeV deuterons are presented.
Altogether, 208 yield values were measured for 151 radionuclides.
The radionuclide formation reactions are given. This work was
carried out in the cyclotron of the Institute of Physics and Power

Engineering.

Reference [1] quotes the values of 188 yields measured for 140 radio-
nuclides formed by the bombardment with 22-MeV protons of thick targets con-
sisting of various chemical elements. The authors of this paper give 208 experi-
mental values for 151 radionuclides created by bombarding a thick target with
22-MeV deuterons. The work was carried out on the cyclotron of the Institute of

Physics and Power Engineering, Obninsk.

As noted in Ref. [1], the radionuclide yields from the bombardment of thick
targets with charged particles are nuclear constants widely used for various
applied problems and research efforts. The national nuclear data centres of
several countries collect data on radionuclide yields for thick targets. Many
of these data are recorded in the international exchange format EXFOR. A
bibliography published in the United States of America [2] contains integral
charged-particle nuclear data and many references to papers giving radio-
nuclide yield values for thick targets. This bibliography identifies those

papers where the results are recorded in the EXFOR format.

The radionuclide yields are given in Table 1. Column 3 indicates the
particles emitted in the nuclear reactions which produce the radionuclides:
n = neutron, p = proton, t = triton, T = 3He, a = 4He (alpha particle); as a
weakly bound system the deuteron has a low emission probability, so it is not
indicated. Column 3 also gives the reactions which have energy thresholds

below 22 MeV. 1If the emitted particle is known, the radionuclide formation

) i : . . 7
reaction can readily be identified. For instance, in obtaining Be from
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lithium, the emission of the particles n and 2n indicates the reactions (d,n)
7 ”

and (d,2n) for 6Li and Li : bLi(d,n)7Be, 7Li(d,2n)7Be. In obtaining 7Be

from boron, the emission of oan and a2n indicates the reactions (d,an) and

11

(d,a2n) for the boron isotopes: 1OB(d,cm)7Be, B(d,aZn)7Be. The emission of

2p, 1, an when obtaining 67Cu from zinc indicates the reactions 67Zn(d,2p)67Cu,
68Zn(d,1)67Cu, 70Zn(d,om)67Cu. A + sign in column 3 means that the cumulative

yield of the radionuclide was measured: in some of the component reactions, a

more short-lived isobaric nucleus is formed which subsequently decays into the

radionuclide being obtained. For example, in obtaining 18F from fluorine, the

emission of t+3n indicates the reactions 19F(d,t)lSF and 19F(d,3n)18Ne

(TL =1.67 s) ~» 18F. Similarly, when obtaining 49V from chromium, the emission
ofzthe particle t1+t+3n, an, a2n indicates the following formation pathways for

49V: 5OCr(d,T)AQV; SOCr(d,t)agCr(T; = 41.4 min) -+ 49V; 5OCr(d,3n)49Mn

(T;2 = 0.38 s) ~» 49Cr -> 49V; 52Cr(d,:n)agv; 53Cr(d,aZn)Agv.

The notation used in column 3 is very much more concise than a full nota-
tion of the reactions would be. 1In the range of heavier nuclei the radio-
nuclide yield from reactions involving emission of p2n and 2pn may exceed the
yield from reactions emitting t and 1. In these cases it would have been
necessary to indicate the simultaneous emission of t, p2n, 1 and 2pn, but for
the sake of brevity only the emission of t and 1 has been recorded. Column 3
does not give the deuteron capture reaction (d,Y)i in view of its relatively
small cross-section. For the reactions given in this column, clearly, the
various radionuclides' contribution to the yield may differ greatly because of
the large differences between the effective reaction cross-sections averaged

over the mean free paths and the considerable variation in the natural abundance

of the stable isotopes of the element that is bombarded.

Column 4 gives the yield value for the radionuclide and, in brackets, the
error. The third number, with a + or - sign, indicates the power of 10 by
which the yield and error values must be multiplied. For instance, 34(4)+3
means 34 000 X 4000; 14.6 (1.9)-4 means 0.00146 ¥ 0.00019; and so on. In this

column the first two digits represent tens and units, respectively.

*/ Emission of y-quanta only.



The deuteron energy during bombardment was not always exactly equal to
22 MeV, but the deviations did not normally exceed Y 0.3 Mev. 1In these cases
the radionuclide yield was determined by extrapolation of the yield to
Ed = 22 MeV, using the known relative position of the yield-versus-deuteron
energy curves for the particular type of reaction in the nuclear mass region

in question. The extrapolation scarcely increases the error in the yield

value at all because the deuteron energy deviations are only slight.

All yields were measured for the natural isotopic composition; when
chemical compounds were bombarded the yield was recalculated for the pure
element. Most of the yield values in Table 1 are given there for the first
time, but some have been taken from published work where the radionuclide
yield was measured as a function of the deuteron energy; the most recent such
work is given in Ref. [3]. The method used to measure the activity of the
radionuclides and the integrated radiation flux is described in Ref. [4].
The half-life, energy and y-—quantum yield used in measuring the nuclide
activity are given in Ref. [1]. For 24 nuclides missing in Ref. [1] these
data are given in Table 2 (for 103Pd the more accurate y-quantum yield of
357.6 keV was used). The data in this table are taken from Refs [5,6], the

latest issues of Nuclear Data Sheets and other publications. Plans exist to

publish radionuclide yields for a thick target and 44-MeV alpha particles.



Yield of radioactive nuclides formed by bombardment of a thick Table
target with 22-MeV deuterons
Radio- [rargeq Emit_ted Réd;gnuclide Radio- |Target EmiFted R:fxdiomlcliae
nuclide particles f Y€1 nuclidg particles | yield
MBg/pA-h MBq/uA-h

7Be 14 | 2 52(?)-1 Ser | v n,2n 18,5(2,1)

Be tn 24(3)-3 cr p+n, t+3n 70(8)-2

B «n, a2n 13,5(1,8)-1 Mn «2r 10,2(1,4)-3
e B n,2n %(7,5)+2 oy cr 2n,3n 13,3(1,5)

c t,tn 85(3,5)+1 Pe o, a2 10(1,5)-2

3 oD, oc2n 58(6)+2 Sy, cr n,2n 78(9)-3
1y c n,2n 17,4(2)48 s t 10,4(1,2)-¢

¥ t,tn 34(3,5)+z Pe 2p,a, ok 10,7(1,5)-2

0 |oxm,x2m 23(2,3)+1 “oyur, Pe 2p, T, 48(7)
1€y 0 n,2n 92(10)-1 Co P AL 20(3)

? t+3n 74(7,5)+1 2ope w 2n BO(5)-2
22ga e | t+3n B83(4)-3 Fe p+n, t+30 58(8)-8

Mg | a,an 17(2,4)-2 Ki a«p 82(14)-4
285, Fe P 11(1,6)+2 >%pe Co 2p 12(1,6)-2

¥ | 2, T, 61(8) >5co Fe n,3n 22(11)-1

e P 44(6,5) K4 «n 14,6(2)
26,1 ¥¢ | n,2n 10(1,5)-8 Bge b 2n, 3 17(2 ,4)-1
A2g Ce | 2py T, % (11)-2 Fi o, 2B 17(2,5)-2

sc | op 16(2,6) 57co e n,2n,3n 37(5)-2
43¢ Ca | 2p,T 41(6)-3 Fi Tetedn, on|  15,5(2)-2
47c, Ca | Bt 70(10)-4 >8¢o Pe n,2n 23(B)-3
Ry Ce | n,2 78(12)-2 Co t 41(5)-2

Sc |t 52(6)~1 ) 21 2v,a, on|  16,6(2,2)-1

T |a, an,a2n 13(2)-1 6Cco Co P 85(13)-3
46gc 8¢ P 17(2,3)-1 ¥4 20,7, & 26(4)~4

o 2p,T,a, an 8I1(5)-2 Cu P 17(2,5)-4
475c Cs 3n 70(10)-3 Sp | wm t+3n 18(2,3)-1

1\1 «, ok 36(5)-1 640y Cu Pt 18(2,5)+1
485, Cs 2n 52(8)-2 Zn 2p,a, xn 41(6)

v P 19(3-2) 7cu Zn 2p,T, xn 95(14)-3
Mgy Be n 68(8)-5 %2 | ¢ 3 BI(4)~2
85g4 Be 2n 13,8(2)+2 8521 Cu 2n 68(8)=2
48y 4 n,2n,3n 15,7(1,7) 2n p+n, t+ 30 85(11)=2

cr w, a2n | 74(9)-3 R | G 2py o 17(2,5)-1
A9y o n,2n,30 BI(5)-2 666, 2n 2n,3 17(2)+1

cr | T+tedn,am,e2m  59(1I)-3 676 z n,2n,3n 22(2,6)




Yield of radiocactive nuclides formed by bombardment of a thick
target with 22-MeV deuterons

Table 1

(continued)

Radio- frargeqd Emitted Radionuclidefly 47 - Target] Emitted Radionuclide
nuclide particles Yle¥d: huclid particles | Yield
MBq/uaA-h MBa/uA-h
676a Ge «n SI(4,4)-1 Pre | Mo n,2n,30 23()
684e Ga 3 67(9)-3 972p. | Mo n,2n,3n 16(2)=2
696e . Ga 2n 11,5(1,5)+1 g | m 2p 4B(7)~4
7 Go 1,3 11,5(1,6) 1028 | gy n,2n 41(6)-3
72,4 . Ge 2n,3n 18(2)+1 Eh t 52(8)-4
734e Ge n,2n,38 | 17(2,2)-1 102g, | pu n,2n 36(5,4)-2
7% 4e Ge n,2n 85(11)-1 Eh t P(11)-2
As % 96(13)-2 03pa | ®mn 2n 26(3,2)
Se 2p,a,on,a2n| 60(9)-2 106m,0 | ag t 26(3,6)~2
7648 Ge 2n 35(5) 108201 ag Pyt 52(8)-6
755e As 2n 27(8)-1 10| ag P 22(3)-3
| se | mmiteze | 16(2,6)-8 a | 2p, Ty | 20,4(3)-4
7pr " | se 2n,3n 180(5) Mg | ca |2p,Tyet, apeam | 27(4)-1
778y Se n,2n,3n 18(2,3) 10%a | ag 2n 60(9)+1
82y Se 2n 22,6(3) 0%a | ag 2n 26(3,4)-2
Br P 43(6) ca p+n, t+3n 11(1,6)-3
B4m, " t 28(4)-2 15ca | ca Pt 11,5(1,7)
86py, ) Pt 38(5,7)-1 M1 | ca n,2n,3n 32(4)
85sr B 2n 47(6)-1 14mp | ca n,2n 1I(1,3)-1
86y Sr 20,3 10,2(1,5)+1 In Pyt 10(1,3)-2
E7my sr n,2n,3n 32(4) Mg | m 2n 10(1,2)-2
87y sr n,2n,3n 18,7(1,8) M7sn| 8o Pyt 41(6)-2
zr on,a2n 11(1,5)-1 120msy! 80 n,2n 37(5)-1
88y Sr n,2n 35(4,5)-1 122g, | gn 2n,4n 19(3)-1
Y t 57(7,5)-3 1285, | an 2n 32(5)-2
7r o, an,x2n | 6I(8,5)-3 sb P 11(1,6)~1
882 3 BI(4,3)~2 s W 2n,4n 78(11)-2
892r 2n I1C,2(1,4)+1 12176 | 8D 2n,4n 94(13)-1
zr t+3n 35(5) 12380 sB 2n 72(10)-2
zr r Py t+T 26(4)-2 1231 | re n,2n,3n,4n  I4,4(1,8)
E 1) zr 1,20 80(4)-1 1241 | e n,2n,3n,4n  46(5,8)-1
mn t 96(13)~2 1254 Te n,2n,3m | 32(5,4)-2
9xv zr n,3n 41(6)-2 1261 | me n,2c,4n | 33(4,I)-1
By » 2n 17(2,5)+1 1304 Te 2n 12,2(1,5)-1
Dyo m» n 19(2,9)-5 B3 | re pen 37(4,6)-1
e Mo n,2n,3n 94 (4)-h 1271¢ | 1 2n 54(8)-1




Yield of radioactive nuclides formed by bombardment of a thick iigiﬁllluded)
target with 22-MeV deuterons
Radic- drarged Emit.ted I;‘zngmCli?(e Radio- |Tarpet Emit_ted R?Signucliﬂ—e
nuclide particles MBq/uA’\—h nuclid particles :IBq/uA—h
Tiys 2 > 18(2,70-: 1T55¢ | a¢ | pen,tedn,in-fo] 16,5(2,5)-2
BRab ls ) 5022 1Ble i P ‘ i 56{8,-2
3B, ls 36(13) 1767 4f 2n,3n,4n 13,7(2)+1

| Ba Pty 33(5)-1 178ng | e n,2n,00,4n | 24(3,5)
2 VR on 78(12)-3 182+ Ta o 38(5,3)-¢
a0 ora o 24(3,5)+1 1814 a 2n 49(7)=2

! Ce 2py b1(6)-2 1813 £ n,Ja,4n 29(4)
*23¢e la on I5,6(2)-1 teem;, 7 2n,3n, 40 10,5(1,4)

Ce pen, b+ 30 3I(4,4)-1 182g4 n 2n,3n,4n 50(6,5)

e | ce D,% 1(2)-1 1834 % a,20,3n | 10,4(I,4)-I
143ce ce P 58(8)-1 184m;, ¥ n,2n,4n 22(3)-3
1420 Pr ? 17(2,4)-1 1845, ¥ n,2n,4n 93(12)-2
140x4 Pr 3n 29(4) 18554 Re 2n,4n 48(7)-2
"4 3pp Nd 2,2n, 30,40 18,5(2,5)=2 || 1934 3% n,3n,4n | 64(9)
R Na n,2n,n,an 21(3)-2 134, Pt 2n,3n,4n | 46(7)
48n | ma 2n,un 10,4(1,5)-1 || 199y Pt n,2n,3n 21,5(3,2)-2
148y sm n,2n,3n,4n | 4I(6)-2 1964y Pt n,2n,3n 63(9)~1I
50mzy | sm n,2n,sn 12,2(1,8)-4 || Au % 19(2,8)-2
Y | s 2n,4n 59(9)-4 198 | Bt 2n 22,3(3,3)-1
154y Sm 2n 70(I1)-4 Au ) 23(3,4)
15154 Eu 2n,4n 32(5)-2 1994 Pt p+n 13,9(2)-1
15364 | Bu 2n 19(3)-2 197y, u 2a 24(3,6)
550, | ca n,2n,3n0,4n | I5(2,I) g | g p, T+t 21(3,1)-2
1560y Gd n,2n,3n,4n| 11,6(1,6) T 2p, 14,8(2,2)-3
166y, Ho P 34,5 200y Hg n,2n,3n,4n | 39(5,8)
1651y Er n,2n,4n 28(3,2) 201y Hg n,2n,3n 20(3)
1660, | gr 2n,3n,4n 27(3,1)+1 2021 | yg n,2n,4n 20(3)-1
1670y | & n,2n,3n 10,7(1,2) 202m51 m1 3n 52(7,8)
168q, Er n,2m,40 48(5,6)-2 203py, 1 2n,4n 18(2,2)
1700y, Er 2n 17(3,2)-2 205g4 Pb n,3n,4n 21,5(3,2)-1
17314 ¥b n,2n,3n 13(1,8)-2 2065, Pb 2n,3n,4n 13(2)
1Thy b n,2n,4a 18(2,7)-3 207py Pb n,2n,Jn I1,5(1,7)-3




Table 2

Characteristics of radionuclides used to measure activity

Nuclide | Half-life 2::::“ ;;:‘1‘:";:: Nuclide] Walf-life | 22:::“ Yi ;l:?:";::
energy d151;tegr. energy disi;tegr.
465, 1,85 cyr | I3I2 100 134, 2,06 zex | 7058 | &5
gy 8,09 v si1t 172 e, . 40,2: u 1596 | 9%
Sy, 2,58 % 1811 27 Wi, 32,5 cyr | 145,4 4
595, 45,1 cyr | 1292 ) 43, 33 g 293,8 41,5
69w, 16,0 % 439,] 95,7 42p, 19,1 © 1576 .| 2,7
B6py, 18,66 cyr| 1078 8,8 166y, 27 4 1370 L,92
8m, 13,29 | 380, 7.2 | ¥ur | 2,5 cyr| 123 42
103;, 39,5 cyr | 497,1 90 Vg, 1 245w 325,6 o2
103;, 17 cyr | 857,6 0,4 | '%%a 115 cyr 1221 27,2
We 7,45 cyr | 82 8 193, 17,6 § 266,2 z,8¢
131 8,04 cyr | 864,5 82 198, 2,695 cys  41l1,8 °5,5
P1e 5,24 cyr | 90 36,8 2% 3,1% cyr | I58,4 27,2
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