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Abstract 

A model for calculating induced radioactivity by a 
pulsed primary high energy beam has been developed. 
This model is consistent with the formalism for con- 
tinuous beam by Barbier[l]. The method predicts the 
radioactivity of one of the earlier Fermilab antiproton 
production targets quite well. 

I. INTRODUCTION 

A quantitative understanding of the induced radioac- 
tivity in the parts of a high energy particle accelerator 
and particle detectors has been a topic of interest for a 
long time. A theory of induced radioactivity by a con- 
tinuous beam of high energy particles on a thick target 
haa been developed [l]. But the particle beams from 
a high energy synchrotron are pulsed, sometimes with 
pulse repetition rate of several seconds, For example, 
the proton beam used to produce pbars at Fermilab 
has pulse length of 1.6~ set and a pulse separation 
of about 2.0 sec. In this report a model of residual 
gamma ray activity of a target which is exposed to 
pulsed beams is developed. An expression to be used 
in any such calculations is derived and applied to pre- 
dict the activity of the Fermilab pbar source. 

II. CALCULATION OF GAMMA-RAY 
ACTIVATION 

When a high energy particle interacts with a nucleus 
it may be elastically scattered, knock out some nuclei 
or create some new high energy particles. The ener- 
getic secondary particles also induce nuclear reactions. 
This gives rise to nuclear and electromagnetic showers. 
Each nuclear reaction center is called a star. If the re- 
sulting nuclei are unstable, they will de-excite by boil- 
ing off neutrons, gamma rays, beta rays or by emitting 
internal conversion electrons. Each decay process will 
be characterieed by its individual decay constant. A 
previous study[2] in the energy range from 3GeV to 
30GeV on the formation cross sections for various ra- 
dioactive nuclei in a copper target indicated no energy 
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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 parameterised [I]. However a 
more precise calculation might need additional exper- 
imental data on decay constants and formation cross 
sections in order to take into account the effect of every 
individual product. 

Total gamma ray radiation dose rate D of a target 
in (R/hr), h h b w ic is ombarded by high energy particle 
beam is, 

D = -Abet& 
j ’ k 

1 - .-XjtI 
= NoAxcjAj 1 -e-xjt,e-X't'C"(Ekj)Ek(j) 
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where A is a constant to express results in terms of 
(R/hr). x,2 is th e activity of the source (a deriva- 
tion of an expression for the pulsed primary beam is 
given in Appendix A ). 1,, E7 (k), Qj and Xj are re- 
spectively the cooling time (set), energy of gamma ray 
(MeV), the formation cross section of j (in mb/sr), ra- 
dioactive decay constant for j (in set- 1 ) N, is the 
number of primary beam particles per pulse. t, is the 
p&e repetition time (set). /.b(Ejk) is the attenuation 
coefficient of the gamma ray in the target material( 
C?d). p, is the star density of nuclear interactions 
(cc-l ). tr is the total time (set) that target has been 
irradiated with the primary beam. The constant A [3] 
is given by, 

A = 1.297E-ll/gm if X and d are in meters 

A = G.OE-lO/gm if X and d are in ft 

if the activity, Cjs is given in units of Curies. Be- 
cause of the spatial dependence of the star density in 
the target and geometry of the target, it is difficult to 
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evaluate the integral in Eq. 1. However, one can in- 
corporate these aspects into a Monte-Carlo code and 
estimate the dose rate exactly. 

We have made calculations for pbar target used in 
the 1988-89 collider run. Predictions have been com- 
pared with the available data. In all of the calculations 
the star densities have been generated by Monte-Carlo 
calculations using MARS10 [4] which uses a hadron 
nucleus interaction model. 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 ir- 
respective of the star location. This assumption is rea- 
sonable one for a cylindrically symmetric target with 
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Figure 1. Gamma ray attenuation Coefficient in 
Copper. The curve represents a logarithmic fit to the 
data. 
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Figure 2. A comparison between predicted and mea- 
sured radioactivity dose rate as a function of cooling 
time for one of the Fermilab pbar target 

the beam along the axis and for a target with its di- 
mension much smaller than the distance between the 
detector and the target surface. The gamma-ray atten- 
uation coefficient, p, can be obtained by a logarithmic 
fit to the data[l], which is shown in Fig. 1. About 
forty radioactive nuclei (with life time T 2 5 min ) 
have been taken into account in our calculations. Fig. 
2 gives a comparison of the prediction and the mea- 
sured value. The target was used for of 392 days with 
total of 292 days of irradiation and with an average 
N. = l.OE+12 p/pulse-sec. We calcuiated the num- 
ber of stars in the target at about 4 per 120GeV pro- 
ton. The calculated residual radioactivity is in good 
agreement with the data. However, several uncertain- 
ties exist in the method of measurement to get these 
data points. The radiation detectors used to measure 
target activities are known to have about 200/o instru- 
mental uncertainty in their measured values. Other 
large source of uncertainty could arise from the esti- 
mation of the distances between target to the detector. 
Also one has to notice that the beam axis in these tar- 
gets were along a chord of a cylindrical rotating target 
with axis of rotation perpendicular to beam axis. Un- 
der 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 n dose 
rate at contact” have been used to compare with the 
predictions. Better data are essential to make better 
comparisons. 

III. SUMMARY 

A theory of induced radioactivity has been devel- 
oped for pulsed primary high energy beam. The theory 
is consistent with the formalism for continuous beam 
by Barbier. Attempt has been made to compare pre- 
dictions with the available data from targets used in 
the previous collider runs at Fermilab and a reasonable 
agreement is achieved. 
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Appendix A 

INDUCED RADIOACTIVITY BY A PULSED 
HIGH ENERGY BEAM 

Let N, be the number of incident particles per 
pulse and let the time intervals between two succes- 
sive pulses be t,. As a result of interaction between 
the beam and the target many radioactive nuclei are 
formed. Let cj be the cross section for formation of the 
radioactive nucleus ‘j’. The radioactive nuclei may be 
formed in their ground state or in any of their excited 
states. But the excited nuclei decay to their ground 
state very rapidly (with a characteristic life time of 
the order of few nsec or psec) resulting in a burst of 
gamma rays within a few microseconds of the beam 
interactions. The unstable nuclei in their ground state 
or in a meta-stable state undergo spontaneous radioac- 
tive decay. The number of radioactive nuclei of the 
type ‘j’ formed in an elemental volume dV = dxdyde 
at the end of the interaction of the first beam pulse is 
given by, 

(dNj)l = NodScj 

these newly emitted gamma rays at (x,y,z) in the tar- 
get will be self attenuated by the target material. Let 
p(Ejk) be the attenuation coefficient of the gamma 
rays. Let X(x,y,z) be the thickness of the target ma- 
terial through which a gamma ray travels before it is 
being detected by a detector at a distance d from the 
target. Then 

dNj = Nogj : 1 zI:::‘e-xj’= 
P 

CwtEG) 
e-C(EjbJX(s,y,*)p,(Z, y, z) dV 

47r(X + d)’ (5) 
h 

The instantaneous gamma decay rate of this isotope 
is obtained by differentiating Eq. 5 with respect to t,. 

dNj _ N Q A,l-e-xjtr 
-- - -Ajt* 

dt, 

o i 11 _ e-Xjtpe 

CwtEhj) 
e-P(Ej*)X(a,Ytl)p, (2, y, 2) 

4r(X + d)’ 
dV (7) 

k 
where dS = ~,(x,y,e)dV is the number of stars in the 
volume dV. By the end of the second pulse the number 
of radioactive nuclei ‘j’ left is, 

(dNj)a = NodScj(l + e-‘j’p) (2) 

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

where Xj is the radioactive decay constants. Similarly 
extending this for n pulses the total number ofradioac- 
tive nuclei left not decayed are 

(dNj)n = N,dSuj(l+e-xj’r+e-axj’r+.......+e-(”-’)~j’?) 

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

(dNj) = NodSuj i I :I:::: eexjte (4 

The long term radioactivity comprises essentially 
that arising from gamma decays alone. To calculate 
the residual radioactivity we have to take into account 
the total number of gamma rays ( including annihila- 
tion of antiparticles into gamma rays) from each nu- 
cleus, w (Ehj), with gamma ray energy Ek. Finally 

CwtEhj) J, 
e-p(Ejb)X(s,y,r)p,(2, y, z) 

4n(X + d)’ dV (8) 
h 

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,,& and set the limit 62 to 
zero. Then 

dNj = Nouj 
(1 - eexjt) 

4 

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