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1 Introduction

A quantitative understanding of the induced radioactivity in the parts of
a high energy particle accelerator and particle detectors is one of the topic
of interest for a quite long time. Especially certain components like targets,
beam dumps, scrapers and kickers could be highly radioactive because of the
direct interactions of the beam. Many short and long lived radioactive nuclei
may be formed. A theory of induced radioactivity by a continuous beam of
high energy particles on a thick target has been developed (Ref. 1). But, the
particle beams from a synchrotron are pulsed with pulse separation of the
order of several seconds. For example the proton beam used to produce pbars
in the Fermilab collider facility is pulsed with total of 1.6x sec in length and
with a separation of about 2.0 sec. So it will be interesting to re-examine the
theory of induced radioactivity of a thick target arising from a pulsed beam.
In this report an attempt has been made to make a realistic estimate
of residual gamma ray activity of the pbar target which is directly exposed
to pulsed 120 GeV proton beams. An expression to be used in any such
calculations is given. Derivation of the expression is given in the Appendix
A. Finally we make some comments.

2 Calculation of Gamma-ray Activation
When a high energy particle interacts with a nucleus it may be elastically

scattered, knockout some nuclei or create soine new high energy particles.
The energetic secondary particles also induce nuclear reactions. This gives
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tise to particle showers and electromagnetic showers. Each such nuclear reac-
tion center is called a star. If the resulting nuclei are highly unstable and/or
created in their excited states (which is generally true) they will de-excite by
boiling off neutrons, gamma rays, beta rays or by emitting internal conver-
sion electrons. Each such process of decay will be characterized by its decay
constant. The cross section for formations of any radioactive nucleus could be
very small (of the order of mb) at high energies. But in a target of thickness
comparable to the interaction length of the incident particle the possibility of
forming a radioactive nucleus will be quit large. Previously an energy depen-
dence of the formation cross section for various radioactive nuclei in a copper
target has been studied by Hudis et al (Ref. 2) in the energy range of 3 GeV
to 30 GeV protons. About 19 radioactive products of copper spallation in-
dicate no energy dependence. Based on similar observations on many target
materials the cross-section for formation of any radioactive nucleus produced
in the interaction of high energy particle has been paramaterized (Ref. 1).
However a precise calculation might need experimental data. Table 1 gives
list of different long lived radioactive nuclei (with life-time longer than about
5.0 min) produced by spallation in a copper target. The mass varies from
A = 7 to 65 (some of the nuclei with very small production cross sections
are not listed here). To estimate the total radiation emitted at the decay
of an irradiated sample we have to account for the eflect of every individual
product. -

Total gamma ray radiation dose rate D of a target in (R/hr), which
is bombarded by high energy particle beam is given by (see Appendix A),

dtc

—“k(J)X(-’c»yvz)p ( ,y’z)

1
= NoAZP:’)‘j—_——— Z“’k VER(3) | , dr
PN (X 1 d)
(1)

where ’j’ indicates a particular radioactive nucleus formed, ; is the total time
that target is being irradiated with the primary beam. N, is the number of
primary beam particles per bunch per second. p; is the probability with
which a-nucleus is formed in a nuclear interaction. J; is the radioactive
decay constant of the nucleus ’j’. ¢ is the cooling time. w; is the absolute
intensity for a gamma ray of type ’k’ (because there could be more than one




gamma ray coming from a daughter nucleus). E. (k) is the energy of gamma
ray, px is the attenuation coefficient for the gamma ray ’k’ in the target
waterial. p, is the star density of nuclear interactions. The integration is
taken over the entire target volume. The constant A is given by

A = 1.23E-11 if X and d are in meters

A =6.0E-10if X and d arein ft

o

Because of the spacial dependance of the star density in the target and ge-
ometry of the target, it is difficult to evaluate the integral in Eq. 1. However,
one can incorporate these aspects into a Monte-Carlo code and estimate the
dose rate exactly. '

Here we made calculations for pbar target used in the 1988-89 collider
run. Predictions have been compared with the available data. In all of the
calculations the star density have been generated by Monte-Carlo calcula-
tions using MARS10 (Ref. 3) which uses hadron nucleus interaction models.
Further we assume that the source of radiation is situated at the center of
the target. Thus in our model all gamma-rays undergo attenuation by the
same amount of target material irrespective of the place a star is formed in
the target before it reaches the detector. This assumption is reasonable one
for a cylindrically symmetric target with the beam along the axis and for a
target with its dimension much smaller than the distance between the detec-
tor and the target surface. The gamma-ray attenuation coefficient, p, can
be obtained by a logarithmic fit to the data, which is shown in Fig. 1. Some
of the decay properties of about thirty six nuclei produced by spallation in
copper, the energies and intensities of gamma-rays emitted by the daughter
nuclei are also given in table 1. The probability for formation of any nuclei
p; is obtained by taking the ratio of production cross section for ’j’ and the
total inelastic cross section. Total inelastic cross section for copper is 782mb.

Fig. 2 gives a comparison of the prediction and the measured value.
The target was used for of 392 days with total of 292 days of irradiation.
An average of N, = 1.0E+12 p/pulse-sec is assumed. By a Monte Carlo
with an exact geometry we found the number of stars in the target as 4 per
120GeV proton. There is goad agreement with the data. However, there are
several uncertainties exist in the method of measurements to get these data
points. The radiation detectors used to measure target activities are known
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to have about 20% instrumental uncertainty in their measured values. Other
large source of uncertainty could arise from the estimation of the distances
between target to the detector. Also one have to notice that the beam axis
in these targefs were along a chard of a cylindrical rotating target with axis
of rotation perpendicular to beam axis. Under these circumstances it is
incorrect to assume the source of the gamma radiation is at the center of
the target. Therefore only the data points labeled ” dose rate at contact”
have been used to compare with the predictions. Carefully measured data is
essential to make a better comparison.

Recently target upgrade has been undertaken. Fig. 3 (Ref. 4) shows
a target planned to use during the future collider run at Fermilab. In this
case beam will go along the symmetric axis of the target. Fig. 4 and Fig.
5 represent predictions of the gamma ray activity of the target for different
irradiation time, viz., t; = 1 sec, 10 sec, 60 sec, 1 hr, 1 day, 1 month and 2
months. It is clear that an interaction of a primary proton beam pulse (of
120 GeV with N, = 1.0E+12 protons/pulse) will produce gamma ray dose
rate of about 4E-5R/hr at a distance of 50cm and after target being cooled
for one hour. For higher intensity beam the dose rate linearly increases.

3 Summary

A theory of induced radioactivity has been developed for pulsed primary
high energy beam. The theory is consistent with the formalism for continu-
ous beam by Barbier (see Appendix). Attempt has been made to compare
predictions with the available data from targets used in the previous collider
runs and a reasonable agreement is achieved. Based on these more predic-
tions have been made for new the target design. Also we propose to make
more accurate measurements of the activities of the target.

I would like to thank A. van Ginneken, J. Marriner and M. Gormley
for their interest in the present work and, to A. Leveling, accelerator radiation
safety division for providing data.
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4 Appendix. A: Induced radioactivity by a
pulsed high energy beam

Let N, be the number of incident particle per bunch of the primary beam
per one second interval ( this notion can be extended to any time intervals).
As a result of interaction of the beam with a target many radioactive nuclei
are formed. Let p; be the probability that a any particular radioactive nucleus
is formed due the interaction of the high energy particle. The radioactive
nucleus thus formed may be in its ground state or in any of its excited states.
But they decay to their g.s. very rapidly (with a characteristic life time of
the order of few nsec or psec) resulting in a burst of gamma rays within few
microseconds after the beam interaction. The nuclei in their ground state
or in a meta-stable undergo spontaneous radioactive decay. The number of
radioactive nuclei of the type ’j’ formed in an elemental volume dr = dxdydz
at the end of the interaction of the first beam pulse is given by,

(dN;)h = NodSp; (1)

where dS = p,(z,y,z)dzdydz is the number of stars in the volume dr. By
the end of the second pulse the number of radioactive nuclei ’j left is given
by '

(@N;)2 = NodSp;(1 + e™) (2)

where J; is the radioactive decay constants for ’j’. Similarly extending this
for t number of pulses (i.e. after ’t’ seconds ) the total number of radioactive
nuclei left not decayed are

(dN;): = NodSpi(1+ €7 + e 1 ... + e (1Y)

1— e—A,’t

(de)t = NodSpjm

Let us assume that the irradiation is stopped after time t = ¢; and
target is let to cool for time t.. The the number of radioactive nuclei left are

1— e—A,'t

(dNJ) = NOdSpjT—-—e—_AJ'

g~ Mt (4)
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Total long term radioactivity comprises essentially that arising from
gamma decay alone. To decide this we have to take into account the to-
tal number of gamma decays from the parent nucl-us, and its decay into
an excited state of the daughter nucleus and their subsequent decays, their
branching ratios, absolute intensities and, annihilation of antiparticles into
gamma rays. Finally these newly emitted gamma ray at (x,y,z) will be self
attenuated by the target material. Let X(x,y,z) be the thickness of the target
material through which a gamma ray travels before it is being detected by a
detector at a distance d from the target. Then

1— et —At —ug(j)X(z,y,z)p‘(m,y,Z)
dN; = NdSpJ 5 Zwk] X+ d7 dr  (5)

The instantaneous gamma decay rate of this isotope is obtained by dif-
ferentiating Eq. 5 with respect to t..

dN; 1—eMtr e X (5 4y 2)
— = o -)\-—_ - th L
dt. NodSpsd; 1— e © ;w"(]) (X +d)2

dr (7)

Thus the total gamma-ray activity of the target will be the sum of activ-
ities of all gamma rays coming from different types of radioactive nuclei and
the star densities integrated over entire target volume. Then we will get

~ di,
i

1—e 4 5‘1 _ e~ DX v (2 4 2
=N, ZPJ D ), (X + d)z( o (9

The above equation could be tested for a continuous beam. In Eq. 3 we

find that for a continuous beam N, has to be replaced by N,bt and set the

Limit 6t to zero. Then
(1 —e2it)
dN; = Nypj~——>
Aj

which is identical to one in Ref. 1. This confirms the comsistency of the
formalism for pulsed primary beams.
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