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INTRODUCTION 

The present work is indeed a continuation of our previous 
publication 111

, where the abilities of the computer program 
complex "CASCADE" in the field of simulation of y-activity, 
induced in irradiated material by high energy protons, have 
been considered and the results of comparison of calculated 
and experimental data for alluminium, titanium and iron struc­
tural materials are illustrated. The main interest is fixed 
on characteristics of y-activity of heavy structural mate­
rials, such as tungsten and lead widely used in radiation 
shielding,· different collimators, masks and coding appertures 
manufacturing. · 

Our objective is to further illustrate the abilities of the 
program complex on the example of simulation of induced y-ac­
tivity in materials with large atomic mass A ~nd atomic char­
ge Z under the irradiation by protons with energies 1.0-
1.1 GeV. To examine the adequacy of the model to experiment 
and to evaluate its accuracy, calculated results are compared 
with spectrometric data and yields of products of nuclear 
interactions, obatined on the proton accelerator (Institute 
of Theoretical and Experimental Physics, Moscow). 

The data on activation of collimating materials by high 
energy protons are.of great practical importance. In part 
such data can be found in current_piblications - see, e.g! 2 -~~ 
where yields of a set of nuclides in massive lead targets 
under irradiation by protons at energies of 0.5-0.1 GeV were 
investigated. Unfortunately, these data are evidently insuf­
ficient to solve diverse probl~ms arising in everyday practi­
ce. To receive additional data on the yields of products of 
nuclear reactions in lead and tungsten under proton irradia­
tion at energy 1.1 GeV is an extra aim of the present work. 

MEASUREMENT METHOD AND RESULTS 

Tungsten and lead targets formed as a parallelepiped 
6x6 em in its base and 1.2 and 3 em correspondingly in height 
were· irradiated by a proton beam at energy of 1.1 GeV on the 
ITEP accelerator. The targets are composed of separate plates 
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·Table 1 Table 1 (continue) 

Yields of radionuclides (in units of 10- 5 (g./ cm 2 )- 1 per 
1 2• 3 4 one incident proton). Statistical errors of-calculated 

data are presented 
203Pb 10.23~1. 72 Target Nuclide Experiment Calculations Pb ·13.24~1.25 

1 2 3 4 I 
20281 2.96~0.69 2.65to.33 

15Drb ·+ 2. 91.!o. 9 
202n1Pb 6.36~1.22 7.7~1.0 

w 2.06-0.48. j, 201Pb + . 
7.22~.92 

: 

151Tb 3.04!0.67 
'+ . 

I 
5.59-0.67 

3.78-1.04 20081 3.6o"t1.39 2.89~. 73 152oy 3.89!1.35 5.82.!1.30 200Tl 5.28~0.57 5.06~.86 
15:Z,.b. 2.64!0.39 1. 74..!0.64 ·.~ 

199~ 5.96~1.85 4.21~.70 I 1550 2.72!0.24 3.86.!1.03 199Tl '5.31~1.25 6.26~1.22 ' y '+ 1570 1~24!o.12 198Tl 2.79~0.32 .· + . y 1.16-0.37 
3.98~.69 

158Er 3.12!1.27 5.53.!1~21 198•n + . 
3•9~0.69 2.41-0.60 

1~0 1.42!0.58 2.32.!0.82 

I 
196-fl 4. 55'to. 47 4.09'to. 71 

159Er 4.27.:!:1.73 6.40..!1.36 195Tl '+ 
4.21'to. 70 7.10-2.1 

16De:r 3.56.:!:1.47 4.94.!1.19 i 194•n 2.52~1.14 3.7~.68 
161Er · 2.22!0.14· 2.04.!0.77 193Tl 3.75!1.19 4.33~.80 
161Tm 3.73!1.52 

•' + 193Hg 1.33~0. 71 +' 
2.92-0.92 2.41~.54 

163rm 1.91!0.61 1. 45.!0. 59 
192n 2.61'to.s1 3.85t0.68 

I 192Au 0.96~0.30 ' 
16~m o.4o.!o.21 o.58.!o.36 1~94'to.69 

I 
191 . 

o. n'ta.11 ' + ' 
166yb 2.24.:!:0.70 3.78..!0.95 Au 1.0~.33 

l91pt 2.03~.67 ' + . 
16"Tmo ''+ 1.16.!0.38 1 •. ~.430 0.76-0.24 I 190Au o.9ot-o.28 01. 44'to. 44 169Hf +' ' + l 

5.84-2.34 7.27-1.48 i 186Ir 
' + 

o.4Q!:o.~3 169Lu 6.o8!1.41 5.23.!1.23 
i 0.22-0.Q9 

I 185Ir + ' +' \ 
17~f 6.59.:!:1.98 9.31..!1.6:4 

1.21-0.44 0.97~.38 

1f:I4Ir 0.54~.17 
0 
0;.82~.25 

0 7.85..!1.51 
I 

111Hf 5.86.:!:1.72 

I 

l82•Ra 
+ 0 . 

0.;4o!o.15 o.:u-0.12 · 
17:Z,.a + 5.82.!1.29 1810s o+ 

t.oa!o.39 6.59-2.03 o.84.;..o.2o 
173Hf + ' 

4.65.!1.16' 181Ra 0~99~.19 1.44'to.32 4.87-0.85 
174Ta. 5.09!1.03 

'+ 
177w 2.13~.67 1.46'to~49 6.11-1.33 

175y,. 12.62 !3.34 
. + 

11.04-1.79 176y,. 0.87~.16 o.72'to.23 
176ya 7.61.±0.52 6.4oZ1.32 174Ta 1.21~0.30 1. 4:s'!:o. 53 
177w. 1s.34.±3.88 14~93..!2.01 171Hf +' .· + 0 

~-~1.35 4.09.;,.o.97 
17By4 4.65.±0.89 ' 5. 82..!1. ::so 170Hf 2.:s0to.90 :s.14'to.8:s 
181Re ::s.o8.±1.31 4.07.±1.09 169Lu . 0.31~0.06 

+ ' . ., 0.~.19 
184Ta 1. 76.:!:0.62 2.04..!0. 77 

I 
166Yb 1. 9:s"to. s:s 2.19!:o.91 

t87w 8.54.±3.04 9.,89..!1.69 166y. 0.16~.04 ·+ 
'0.1~.09 

206Bi . + + '0 

161Er o._7a!o: 1'9 0.93'to.:s7 Pb 4.59-1.55 5.3tr-1. 11 
.I 

20481 4.51~0.88 3.61~.86 

I 
160Er 2.16~.52 

. + 
-1.8~.83 

204Pb 17.60't1.04 20.95"t2.24 

I 
3 I 
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Fig •. 1. ·y -radiation spectrum from tungsten target. Proton energy-1.1 GeV. 
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Fig. 2. y ~radiation spectrum from lead target. Proton energy-1.1 GeV. Expo­
sure time~7.0 hr.The upper" drawing -cooling time is 1.85 hr, counting time 
~ 30 min; the lower drawing - cooling time is 12.43 hr, counting time -
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1 to 5 mm thick. The intensity of the beam of bombarding 
particles was about 10 6 protons/pulse, their integral flux 
over the exposure time reached up to 2x10 10 • 

Monitoring of the beam and direction of induced y-activity 
have been carried out in the same way as in 111 • 

The yields of radionucleides in tungsten and lead targets 
22.73 g/cm2 and 34.02 g/cm2 thick measured ~t energy of b~m­
barding protons of 1.1 GeV are presented in table 1. The 
yields of activation products in a lead target are in good 
agreement with the data from 13 ' 41 for inset target, placed 
on the axis of massive lead targets at a depth of 50-60 mm 
from its front plates, bombarded"'by 1.0 and 1.1 GeV protons. 

It is necessary to mention that out of 30 y-emitters iden­
tified in tungsten target, 8 have a half decay time which is 
less than one hour, the most short living one ( 169Hf) has 
a half decay time T112 =.3.25 min. 

Apparatus spectra of y-radiation from activated targets 
are presented on figs.1, 2. The most intensive identified 
emitters are marked with arrows. 

DISCUSSION 

The procedure of calculation of activation y-activity 
characteristics is covered in 111 , where further references 
can be found. 

The average data for theoretically and experimentally de­
fined yields of radionuclides in lead and tungsten are pre­
sented in Table 1. It is clear that these values are in good 
agreement. The same could be said about the data from 
Table 2, where the data . on experimentally determined yields 
of nuclear reactions products for a massive lead target from 
ref. 131 and the results of our calculations for energy of 
bombarding protons are presented.· 

While testing the internuclear cascade model in the matter, 
main interest is the distribution of products of nuclear 
reactions along the depth of massive.targets, dimensions of 
which are comparable to ionization path of bombarding par­
ticles. Distributions of measured yields of several nuclides 
from 131 along the depth of the cylindrical lead target cal­
culated by means of interpolation of the data over the target 
radius are shown in fig. 3. The results of our calculations 
using the "CASCADE" complex are also presented there with 
dashed lines. For the most part these distributions possess 
a stressed maximum on a depth of 5-12 em, which corresponds 
to the utmost intensity of cascade particles shower, and 
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Fig_ 3. Nuclide yields distribution along the lead target depth. Incident 
protons with energies 1.0 GeV. Solid lines - results of the•measurements 
from 131

, dashed lines- our calculations. 1- 201 Pb, 2- : 202111pb, 
3 _ 193~g, 4 ·- 199Tl, 5 _ 192Hg_ 

a subsequent smooth decrease along the increasing depth. Ta­
king account of experimental errors and statistical errors of 
calculations (20-40%) both theoretical and experimental data 
present good consent. · 

As follows from the analysis of the data presented in 
Table 1 the average values of experimental and calculated 
yields differ no more than by 25-35%, that is by the value, 
comparable to statistical errors of measured and calculated 
data. The agreement can be even somewhat improved by the in­
crease in statistics of Monte-Carlo calculations up to 10 6 -10 7 

events, more careful consideration of time-dependent fluctua­
tions of incident proton beam, employment of more precise 
nuclear constants, making use of other specifics of the ex­
periment. 
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Table 2 
Yields of radionuclides (in units of 10- 2 reactions/pro­
ton) from a lead target 200 mm in diameter and 600 mm in 
length. Experimental data from 131 with errors 20-40% 
and our calculation resuits are presented. Incident pro­
ton energy 1.0 GeV 

Nuclide 

206at 
204Bi 

20~i 
202~tpb 

201Pb 
199Tl 

19Bn 

19~ 

193A\-tg 

19~ 

196Au 

. 194Au · 

191Pt 
189Pt 

1B61r 
1850& 

183as 
17S..f 

17~ 

171Lu 

Half-deca.., 
period 

6.24 days 

11.22 hr 

11.76 hr 
3.53 hr 

9.33 hr 

7.42 hr 

5.3 hr 

41.6 hr 

11.8 hr 

4.9hr 

6.18 days_ 

39.5 hr 

2.90 days 

10.89 hr . 

15.8 hr 

93.6. days. 

13.o hr 

70.0 days 
23.9 days 

8.22 days 

Yield from 
/:S/ 

..... 
0.64 

0.69 

0 .. 79 
4.0 

7.66 

5.88 

5.9 

0.46 
0.67 

1. 71 

0.16 

0.32 

2.4 
3~58 

0.52 

1.45 

0.74 

0.77 

0.74 

0.53 

Our results 

1.04..!0.16 
. + 

0.89-0.14 

o. 71.!0.13 
5.6..!0.4 

9.32..!0.65 

4.22..!0.32 

4.92..!0.35 

o.4o..!o.1o 
o.84..!o.14 
. +· 
1.94-0.21 

·o.19..!o.o6 

o.35..!o.o9 

3.59..!0.29 
+ . 

2.95-0.26 

1.14..!0.17 
. + 

1.93-0.22 
0.96..!0.15 
. + 
0.84"':"0.14 

> + 
1.06-0.16 
o. n..!o.13 __________ ,;_.__ -----

Photopeaks of the calculated spectrum of y-radiation from 
activated samples are shown 1n figs.l and 2 with the segments 
of straight lines with a height equal to the area of the cor­
responding calculated photopeak, and their position on the 
energy scale corresponds to the y-quanta energies. More de­
tailed data together with half decay periods of radioemitters 
and energies of emitted y-quanta used for nuclide identifi­
cation are listed in Table 3. In cases when the energy resol­
vation of the spectrometer appeared to be unsufficient to se­
parate closely positioned peaks of two different nuclides 
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Table 3 
Number of counts in the peaks of full absorption of ap- · 
paratus and model spectra of y-radiation from activated 
target.. Statistical errors of calculated data are shown 

Target Nuclide 

1 2 

150Tb 
W f151 Tb 

(187w 

. 152o.., 

152rb 
155ny 

1~70.., 

f15£Er 
tts8Ho 

159Er 

16f\:r 

{
16'\:r 

169Lu 

161Er 

161T• 

16~~ 
16~ .. 

f ~6. ;. .. 
173Hf 

[
166yb' 

166T• 
169Hf 

Half-decay 
period 

3 

3.55 hr 

17.6 hr 

23.9 hr 

2.38 hr 

17.5 hr 

10.0 hr. 
8.1 hr 

2.25 hr. 

11.3 min 

36 111in 

28.6 llr 
. 28.6 hr 

~4.06h~ 

:3.24 hr 

~ 38 •in 

1.81 hr 

30.06hr 

30.06hr 

23 •. 9 hr 

2·.36 davs 

7.71 hr 

.3.25 •in 

169Lu 34.06 hr 

{

168Hf 25.9 •in 
16S.Lu- 6.7·•in 
162T• 21.7 •in 
171:\..K . 16.0 hr 

171Hf 12.1 hr 

172ra 36.8 •in 
. 17"ra 62.6 •in 
175ya: 10.5 hr 
176ra· 8.08 hr 

y -quanta Yield of : · Cotmts 
energy, keV y-quanta,% · exper. calc 

4 5 6 .7 

638.0 

479.0 
72.3 571~132 811~251 
16• 0 '691~152 983~252 

,479.5 25.3 

256.9· 
344;.3 

226.9 

326.2 

218.2 

649.3 

879.1 

961.9 

97.5 

57.0 
68.8 
93,2. 

43.0 
43.0 

25.0 
23.0 

21.0 
960.6 20.3 

826.5 

1648.1 

-1434.3 

242.9 
297.4 

297.0 

1273.4 

492.9 

1449.7 

896.0 

899.9 

572.9 
662.0 

214.1 
206.5 

1793.1 

1159.3 

:g 

61.5 

19.:5 

7.6 

3:5.5 

13.8 

33.8 

20.1 

17.4 

88.9 

9.4 
21.0 
16.0 
5.6 

18.5 

14.8 
:u.s 
57.0 
. 4.4 
23.8 

371~129 
1524..!220 

+ .. 
1064-244· 
2548..!246 

376~1:54 

·179..!72 

179..!74 

639..!149 

976..!367 

l572..!421 
. 2380..!524 

67~158 

290..!59 

254..!62 

763~110 . 12~397-

1843..!114 

72~31 
t06..!34 

296~160 

169o..!6:sa 
51.!17 

7:5.!30 

454.!214 

17o5t264 2062!:516 

163~:51. 

143~71 

29¢74 

17a.!36 

177'!:41 .- . 152'!:36 

182'!:68 

527..!1:58 
496..!146 
.3.108. 

1147!'231 
14~41 

1427!'83 

1~32 

761..!155 
~131 
~59 
1443-~ 

124.!20 

11~~ 



1 

w 

2 

177w 

l178llr. 
177w 

181Re 

184Ta 
t87w 

Table 3 (continue) 

3 

2.25 hr 

2.45 hr 

2.25 hr 
20.0 hr 

8.55 hr 

23.9 hr 

4 

1036.4 

426.4 
427.0 

365.5 

414.0 

685.8' 

5 

10.2 
96~9 

13.1 
56.4 

73~9 

31.6 

6 7 

372Z94 357.!50 

943'!:162 u59"t2o9 

421Z193 

483Z112 
535Z14o 

582.!155 

577.!162 

703.!120 

aa•--•=aa=•••••••a•m•••••••c•a••••••••••••••••••••••••--•••ac••• 

Pb {1~Er 28. 6 hr 728.1 36•0 · 495Z117 409Z123 
160111 Ha 5.02 hr 30.0 · 

{
161.- . . 

-vb 2.36 days 1273.4 20.1 208'!:57 
166 re 7. 7 hr 17.4 

236!75 

Lu 34.06 hr 960.6 20•3 997-t135 11oa"t149 
[

169. 

20211 Pb 3.53 hr 960.7 91.4 
17'\.tf 16.0 hr 620.7 22.9 187Z7J ~.!67 
171Hf ·12.1 hr 1071.4 11.9 202Z79 236.!56 
174Ta 62.6 ein 206.5 57.0 1112Z272 1~3.!532 

. 17Dra 8.08 hr 1159.3 23.8 :s61Z1o1 468.!149 
177w 2.25 hr 1036.4 10.2 279.!97 191.!64 

[
16L · 

cr 3.24 hr 826.5 61.5 944!140 1119!310 
181 os 1.75 hr 827.0 20.8 . 

f181Re 

·l200 n 
18~. 

1B4Ir 

1~~,:. 

186Ir 
190Au 
191Au 

191Pt. 
192Au. 

J192n 

l20:z.tPb 

19~ 

19;.1 
1948y1 

1~1 

20. 0 hr 365.5 

26.1 hr 367.9 

12.7 hr 1121.4 

3.02 hr 264.0 

14.0 hr 1828.8 

15.8 hr 434.8 

42.8 ein 295.8 

3.18 hr 586.4 

2.90 days 538.9_ 

. 5.03 hr 316~5 

9.4 ein 422.8 

3.53 hr 422.i 

3.80 hr 861.1 

21.6 ein 1044.7 
32.8 ein 749.0 

1.16 hr 1363.9 

10 

56.4 

87.2 

31.9 

67.5 

9.8 

33.8 

72~5 
16.0 

13.7 

78 •. 3 
81.0 
85.5 
13.0. 

:28.0 
77.0 
9.07 

2239!254 3054Z549 

466!104 

1129Z291 

183!66 

543Z212 

5l3Z161 

7SJZ1oa 
·349Z115 

1054Z4as 

541!.131 

166Z9i 

149Z70 
1:s1z62 

.172Z51 

372.!142 

1697.!527 
152.!60 

999.!340 

817.!248 

1107.!332 
:zoo.!74 

3344.!1180 

so1!.1o1 

301.!67 
172.!29 

201.!37 

102.!17 

Table 3 (continue) 
----------- ----

1 2 3 4 5 6 7 

--
196n 1.84 hr 425.7 83.7 2072Z2o5 1863.!318 

'. 

19Bn 5.3 hr 411.8 81~8 2291.!252 3270.!568 
{ 198-r-1 1.87 hr . 587.2 51.0 902'!:162 1206!256 191' Au 3.18 hr 586.4 16.0 

199Pb 90.min 1135.0 11.5 204Za2 186.!31 
19911 7.42 hr 455.5 12.3 561z132 661.!129 
20Clai 36.4 miJl 1026.5 100.0 199z72 151.!'39 
20Dy1 26.1 hr 1205.7 29.9 624.!65 598.!'102 
201Pb 9.33 hr 331;,2 78.7 1844.!220 2393.!3os 
202~ 869±146 

• 
3.53 hr 787.0 49.7 1050.!131 

l201s· 1. 72 hr 657.5 60.6 846!146 774!.97 202m~b 3.53 hr 657.5 32.3 
203pb 2.16 days 279.2 80.1 1494.!219 1931.!183 
204Bi 11.22 hr 984.0 58.0 619z117 494.!118 

204mPb 67.2 11in 899.2 99.2 3454!.151 4102!.439 
20681 6.24 days 803.1 98.9 248!.84 287!60 

or when y-quanta are emitted by nuclides with similar energy 
(as a rule, they related to the same isobaric chain of radio­
active transformations 171 ), the data for unresoled (summariz­
ed) peaks are shown in the Table. The corresponding nuclei­
des in the Table are marked with figure brackets. 

As with the data from Tables 1 and 2 and fig.3 discussed 
above the discrepancy between theoretical and experimental 
data as a rule does not exceed 25-35%. However, in about 10% 
of all cases ~t reaches 60-80%. Possessing such an accuracy, 
the model, based on the cascade-evaporation mechanism of nu­
clear interactions, could be used to evaluate and to forcast 
y-radiation from materials a~tivated by hadrons with energies 
up to 10-20 GeV. Substantial increase in accuracy requires 
more detailed simulation of inelastic hadron-nucleus interac­
tions. The adopted internuclear cascade model with the evapo-

-ration from residual nucleus, which reproduces accurately 
the behaviour of average values, is already insufficient to 
achieve this goal. In the energy range exceeding 10 GeV, cas­
cade models with quark-gluon strings 11. 1 should be used to 
describe nuclear interactions. 
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BapameHKOB B.C~ H gp. 
HccnegoBaHHe aKTHBaQHH KOHCTPY~Ho 
MaTepHanOB H3 BOnb~paMa H CBHH~a n 
c 3HeprHeH 1,0-1,1 rsB 

BosMO)KHOCTH paspa6oTaHHoro B · JJ:Y' 
nneKca "KACKA.Il" Hnn!OCTPHPYIOTCR Ha l 

Y-HsnyqeHHR HaBegeHHOH aKTHBHOCTH, 
H3 BOn~paMa H CBHIU~a nag geHCTBI 
KHX npoTOHOB. PaccqeTHbie gaHHble co 
TaMH H3MepeHHH npH 3HeprHRX 1,0-1, 
pRga pagHOHYKnHgOB,. 06C~aeTCR rn 
pagHOHYKnHgOB B MaCCHBHOH CBHH~OB 
pacqeTHbiX H 3KCnepHMeHTanbHbiX BenH 
BbimaJOT 20-35%. PaccMoTpeHbi BOSMO)KH 
CTBOBaHHR MOgenH. 

Pa6oTa BbmonHeHa B Jia6opaT'?PHH 
H aBTOMaTH3aQHH~0KHff 

llpenpHHT 06oe,I1Haeaaoro HHcmTyTa 11,11;epHhr. 

Barashenkov V.S. et al. 
Investigati'on of Tungsten·and Lead 
Structural Materials Activation 
by 1.0-1.1 GeV Protons 

Abilities of computer program c 
loped in Dubna are illus.trated on 
tion of induced y -activity, produce 
targets under high energy protons j 

data are compared to the results o1 
gies of 1.0-1.1 GeV. Yield of a set 
been determined. Depth distributior 
massive lead target is discussed. I 
measured and'calculated values doe5 
the average. Abilities and directic 
ment of the model are discussed. 

Th~ investigation has been perf 
ry of Co~puting Techniques and Autc 
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