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1. INTRODUCTION

The soil in the vicinity of high-energy accelerators, particularly
around target areas, is continually bombarded with high-energy particles
and becomes radiocactive as a result of this bombardment. Since it is
often necessary to remove this soil for either the construction of new
facilities or the maintenance of existing facilities, it is desirable to
have estimates of this activity. In this paper, calculated results are
presented of the induced sctivity as a function of time in the conecrete
and surrounding soil of a beam target tunnel when 3~GeV protons are in-
cident on a thick lead target in the tunnel.*

In Sec. 2 the calculational details are given. In Sec. 3 the results

are presented and discussed.

¥The calculations were carried out to aid in the design of the accelerator
being constructed at the National Accelerator Laboratory.
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2. CALCULATIONAL DETAILS

Shown in Fig. 1 is the geometry of the beam target tunnel. Cylindrical
coordinates defined by p,z were used in all of the calculations. The Pb
target 1s located at 2 = 0 and p = 0. The tunnel has a radius of 121.92 cm
(4 £t) and is infinite in the positive and negative z directions. The con-
srete collar forming the tunnel has a thickness of 30.48 em (1 ft). Out-
side the concrete is the soll which extends to infinity in the z and p di-~
rections. The concrete and soil composition used is shown in Table Il).

The density of the concrete and soil was taken to be 2.36 g/emd and 1.80 g/cm?,
respectively.

A1l the calculations presented here were carried out using the nucleon-
meson transport code NMTC written by Coleman?), which allows for the trans-
port of neutrons, protons, charged pions and muons, and takes into account
2lastic and ncnelastic nuclear collisions, the continuous slowing down of
charged particles, and the decay of pions and muons in flight. A detailed
description of the code and its operation is given inz), and comparisons
of results obtained with the code with experimental data are given in?™%).
Calculations similar to those presented here have previously been carried
out at somewhat lower energies by Gabriel®). The actual method of calcu-
lation used here is the same as that described in®). In the calculations
the enerpgy and angular distribution of the particles produced by 3-GeV
provon-Pb nucleus collisions was taken from the intranuclear-cascade cal-
culations of Bertini®»>7). It was assumed that the Pb target was suffi-~
ciently thin that the attenuation of the particles in the target after they

were produced could be neglected.
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Fig. 1. Geometry and Variables of the Accelerator Target Tunnel.



TABLE T

Composition of Concrete and Soil

Concrete Soil
Element (% by weight) (% by weight)

H 0.789 1.23
C T.32 3.32
0 51.54 55.03
Na 0.063 0.396
Mg 6.5k 2.09
Al 0.L456 5.51
Si 10.19 22.85
S 0.158 0
K 0.071 0.517
Ca 21.09 6.08
Fe 1.61 2.91
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If the neutron, proton, and pion fluxes are known, the induced activity

in the soil and in the concrebe may be calculated from the expression
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where
A(p,z,ti,ts,l) = the total activity at p,z for an irradiation
time of ti and a time after shutdown of ts
when there are I 3-GeV proton-Pb mucleus
collisions/sec,

A p,z,ti,tﬁ,I) = the partial activity of the kth~type of radio-

N
active nucleus;

P (p,z) = the production rate of the kth-type radiocactive
nucleus for one proton-Pb nucleus collision in
the target;

A = the decay rate of the kth~type nucleus;
E = the threshold energy for producing the kih-type

nuclei from a nucleus of type j by & particle of

type 1;
n, # the number of density nuclel of type Jj;
Gijk(Ei) = the microscopic cross section for the production
of a nucleus of type k when a particle of type 1
collides with a target nucleus of type j;
@i(p,z,Ei) = the omnidirectional Tlux per unit energy of

particles of type i due to one proton~-Pbh nucleus

collision in the target.



The activity in the soil and concrete was calculated from Eq. 1 using only
proton and neutron fluxes. The pion fluxes were calculsted, and it was
determined that they were sufficiently small compared to the nucleon fluxes
that the activity induced by pions could be neglected. The cross-section
data used in calculating the activity are taken from® 17), All radicactive
nuclei which can be produced from the elements in the concrete and soll and
which have half-lives greater than one day were considered. A list of these
nuclei, along with their half-lives, is given in Table II. It should be
noted that several nuclei (see Table I1) which have half-lives less than

one day can decay into long-lived nuclei (1, > 1 day). The production of

1
2

N

these nuclel was also considered. It was assumed that these shorter lived
nuclei when produced decayed instantly into the longer lived nuclei. Some
of the long-~lived nuclei decay into nonstable elements. In calculating the
induced activity produced by these nuclei, the subsequent secondary decays
have not been included. Some of the listed nuclei, indicated by *, have
two decay rates. Because of the method in which some of the production
cross sections for these elements were calculated®s»?), it_was not possible
to distinguish between the isomeric states formed. It was therefore assumed
that the cross sections obtained represented the isomeric state which has
the greater half-life.
3. RESULTS AND DISCUSSTION

The results of the calculations are presented in Figs. 2 and 3 and in
Table IIT. All of the results are given assuming 1013 3-Gev proton-Pb
nucleus collisions/sec. 1In Fig. 2 the total induced activity as a function
of spatial position for an irradiation time of 25 years and a time after

shutdown of 1 month 1s shown. The top curve represents the activity in the



TABLE IX
Radioactive Nuclei (z < 28) with Halif-Lives > 1 Day

Helf-Life
Blement {years)
’x 1.23 x 101
7Re 1.47 x 107!
10pq 2.70 x 108
T4 5.77 * 103
*2Ng, 2.58 x 100
x 2647 T.40 x 105 (2651 S-EC, 26p9 4+ gty
32g3 7.00 x 102
. ) T
33p 6.85 x 1072
353 2.37 x 107}
35m 3.00 x 10°
37pp 9.39 x 1072 (37 1:2.8€C, 375, , g%)
39r 2.60 x 107 (3901 22:2-WiD, 39, 4 ™)
“2pr 3.30 x 101 42Apr wmes 42k 4 37 2.5 0, wag, 28"
#0x 1.30 x 10°
blgg 1.10 x 105 (41g L8Lsec, uvic, o g%
450 b.52 x 1071 (45x 2R, uscy 4 g7)
*70a 1.29 x 1072
* bhge 6.57 x 1073
. 465, 2.30 x 1g-1 47cq ~—sr %750 + g7
“T5e 9.31 x 1073
485, 5.00 x 10-3/ TL + e~ Hhsc
g 4,70 x 101
48y b1 x 1072 (48cr + o 231, uay)
43y 9.04 x 1071 (49%Cr b2z min, woy g5y
Slop 7.61 x 1072 (Shun 22.2i0, sicp gy
* Sy 1.53 x 1072 (52pe &1, sz 4 g%
53 2.00 x 106  (S3pe 2B, 53y, 4, g¥)
San T.97 x 10-'1
55pe 2.70 x 109 (5500 2B, s5p. 4 g%
5%Fe 1.23 x 107!
560¢ 2,19 = 107!
57¢ce 7.31 x 1071
# 580 1.97 x 107!

¥*Indicates elements that have twe decay rates.
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TABLE IIT

Activity Dus to Individual ¥aclldes Avereaed Over the Toterwal z = 1 m to z = 2 m and
Over the Indiceted Radlal Intervals

¥ugber of 3-GeV Proton-Pb Nuclews Collisions/sec = 10%3/sec
Timwe of Irrsdietlon = 25 years
Time After Shutdowm = 1 month
- Activisy
{Ci/om?)
o =122 o = 152 p = 183 o = 2k p = 335

Elersent o 152 un o 183 cm o 2hh em to 335 em o LST em

y 1.56 x 1076 2.61 x 1677  8.41 x 2078 1.67 x 107% 1.70 « 10"%

"Be 2.51 % 1077 3,13 % 197% 4,35 « 107 1.80 x 20" 1,68 x 10710
105 1.93 x W 2,96 1071 1,06 x 10713 2,18 X 1074 2,67 x 10715
tue 4,13 x 3072 1,27 x 1072 b.h4 « 20710 9.6k x 30711 1,16 x 10711
223, 1.hg % 2076 3.56 x 1077 1,30 x 3077 2077 x 1078 3,32 % 3079
2641 L.os x 20710 3,16 x 20701 1,31 x 10721 2U35 w 19712 577 x 10713
3251 L.6T » 10710 2,46 x 10712 8,56 < 10713 1.93 x 10713 2.0k x 2071%
32 7.88 x 107%  5.59 x 10°% 2,92 x-107% k.13 x 10710 4,84 x 1071
p 2.05 % 107%  1.78 x 167%  6.48 x 10719 1,41 x 10710 1.58 = 15711
35 1,34 % 2077 1.21 x 1078 L.67 x 107  B.90 x 107!% 9,95 x 107!}
¥ 7.15 x 1071} 6.90 x 10712 2.47 x 10772 5.35 x 10713 6,19 « 10714
¥ac £33 % 107% 3,30 x 1077 1.06 x 1077 2.6k x 107%  2.90 x 1072
ar 2.58 2 1079 3,70 % 107% 1.21 x 307 2.72 x 10710 2,83 x 107!
42y 2.13 x 3078 1.68 x 107%  6.07 x 10710 1.32 x 10710 1.90 x 10711
4o 1.0k x 20712 3,13 x 207'% §.9% x 10715 1.8y x 10715 2.22 x 30716
“loa 3.20 % 107% 373 x 10710 1,03 « 10710 1.98 x 10711 2,54 x 10712
“Sca 1,21 %« 1078 1.4k x 1077 3,97 = 107 7,60 = 107? 9,78 x 10710
“Tea 197 « 10710 1,75 x 10710 5.8 x 20732 1,10 x 107Y2 1,23 x 10713
“bge 1.25 « 10712 4,36 » 1071 1,09 % 30713 3.2 x 10714 3,50 x 10~15
“eoe 511 % 2072 1,38 % 107% S.BT x 10710 1,26 x 10710 3.ho x 10711
4Tse 5.69 x 10712 2,24 » 10712 7.68 x 10712 1.93 ¥ 10713 1.99 x 19714
“hgc 1.15 » 1071 3,02 « 10715 9,30 x 10716 2,09 « 29716 1,85 x 19717
RA st 1.32 x 10712 3,78 x 10711 1.22 x 10700 2,22 x 10712 2,32 « 10713
vy 497 x 107% 2.1k x 31677 7.87 x 10710 2,03 x 10710 1,99 x 107!
a9y 341 x 1078 146 x 1078 5,18 x 207° 1.2 x 1079 1.27 x 10710
Sler 3,53 % 107¢  1.76 % 1078 6.0k x 1079 1.34 % 1079 1,43 x 10710
520 1.40 % 107% 6.2 % 10710 2,45 x 107M0 s.29 x 107} 6.0 . 30712
534a 1.9 % 10712 9.20 x 10713 3,31 x 107}3 7.0z x W0T1¢ g2k x pa7lS
EA P 1,59 x W77 7,76 « 1078 2,77 x 1078 6.00 x 2073 7.4k x 10710
55Fe 1.12 < 107% 7.8k x 1077 2.26 x J07  4.28 x 1078 5.26 x 1079
“re 1.25 % 1078 9,36 x 1079 2,58 x 1¢07% k.91 x 10710 6,33 x 10-1!
S6co 5.60 x 107%  1.27 x 107%  3.69 x 10710 1 .30 x 10710 2.60 x 107}%
Sigo 1.52 % 10710 3,43 x 1071} 9,98 x 20712 3.5 x 10712 8,06 x 10716
S8y 1.79 < 0711 406 x 10712 1,18 x 10712 4 16 = 10713 g 33 x 10717
TOTAL 1.05 % 1075 2.05 x 1676 6.47 x 1077 1.3k x 1077 1.57 x 107®
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concrete and the remaining four curves represent the activity in the soil.
The radial intervals over which the activity has been averaged are specified
in the figure. The statistical errors associated with the histograms in
¥ig. 2 are estimated to be < 10% when the activity is > 5 x 1078 ¢i/cm® and
to inerease by 10-15% with each order of magnitude decrease in the activity.

In Table III the contributions to the activity of each of the 34 nu-
clides averaged over the interval z = 1 m to 2 = 2 m and over several radial
intervals are given. The statistical errors assoclated with the entries in
Table ITI are < 10% for the first column, < 15% for the second column, < 20%
for the third column, < 30% for the fourth column, and < 45% for the fifth
column., If it is assumed that the relative contribution of each nuclide to
the total activity is independent of position, then curves analogous to those
in Pig. 2 for each nuclide may be obtained by renormalizing the curves 1n
Fig. 2 in accordance with the values for each nuclide given in Table III.
The curves obtained in this manner are, of course, only approximate, but for
nuclides that have relatively low threshold~production values (% 50 MeV),
the approximation is fair -~ of the order of 30% at the extremes of the z
dependence (z = -10 m and z = 50 m), shown in Fig. 2. The approximation is
less valid for the nuclides which have higher threshold production values,
and the error for these nuclides can approach 500% for z of the order of
~10 m and 200% for z of the order of 50 m.

In Fig. 3 the total induced activity averaged over the intervals z = 1 m
to z = 2 mand p = 152 em to 183 em and the activity due to several nuclides
averaged over the same spatial region are shown as a function of time after
shutdown. The individual nuclides shown in the figure are those that con-

tribute the most to the total activity. The relative importance of the



1k

various nuclides in Fig. 3 is approximately the same as that found in the

lower energy case considered ins).
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