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ABSTRACT

In order to simulate the spallation source target, 3 cﬁ diame-
ter by 1 mm thick disks of natural lead and depleted uranium
were irradiated at 1100 MeV proton energy. The targets were
inbedded between 5 cm thick bricks of the respective material.
Gamma-ray spectrometric methods of gamma-peak and halflife
analysis were developed to deduce mass yield distributions of
the radionuclides produced. Both for lead and uranium fission
products have been observed. The mass yield distributions and
axial distributions of some isotopes are given. For lead the
total production rates of some isotopes within an 100 x 50 x

450 mm target block are given.
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INTRODUCTION

Development of a high flux neutron source utilizing the spal-
lation reaction necessarily involves extensive study of resi-
dual activity produced in the target material. To accomodate
this task, gamma-ray spectrometric methods have been developed
to deduce mass yield distributions for proton-induced spalla-

tion and fission reactions.

Measurements have been performed for thick targets of depleted
uranium and natural lead bombarded by 1100 MeV protons. The
axial distributions of the spallation and fission products ob-
served within an 1.5 cm radial interval around the beam axis ‘
have been measured. Some of these results are given in this
paper. For the uranium target especially the depth dependent
production of Pu 239 by its precurson Np 239, the production

of U 237 and of the fission product Ru 103 are given.

Preliminary mass yield distributions have been evaluated for
1 mm thick target foils exposed to the proton beam at the sur-
face of the thick targets. Both for lead and uranium targets,

fission products have been observed.
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EXPERIMENTAL PROCEDURE

The experimental procedures involved irradiation of relatively
thin, 1.0 mm thick, target foils embedded at equally spaced
intervals in a larger target whose physical dimensions were
similar to those of the proposed "infinitely thick" spallation
target wheel. Two target materials were chosen for investiga-
tion, natural Pb and depleted U. An 1100 MeV proton beam at
Saturne National Laboratory within the Centre d'Etudes
Nucleaires de Saclay with an average intenéity of up to 80 nA
was used for irradiations. Once irradiated the target foils

were removed and counted using high resolution gamma-ray spec-

troscopy. The resulting data were recorded on magnetic tape
for subsequent computer analysis and isotope identification
/1/. Figure 1 shows the configuration of the Pb target in de-
tail. The first target foil shown was an aluminium foil (3.0
cm diameter by 1.0 mm thick) positioned 5.0 cm in front of the
main target assembly. In this position it was utilized to mon-
itor the incoming proton intensity. The next target foil (the
first Pb foil) was positioned directly in front of the main
assembly to receive full beam energy. Immediately behind tﬁe
first Pb foil followed a 1.0 mm thick aluminium plate used to

monitor the beam distribution.

The three target elements described above, Al foil, Pb foil,
and Al plate, constituted a repetitive unit and appeared a to-
tal of 10 times; each unit separated by a 5.0 cm thick Pb
brick. Individual target foils consisted of 3.0 cm diameter

by 1.0 mm thick natural Pb disks. These dimensions were chosen
as a compromise between adequate counting intensity and cor-
rections due to self-absorption and non point-source geometry.

Due to space limitations in the target area the total length,
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45 cm, of the complete Pb target assembly was short of the
"infinite thickness", 65 cm, required to completely absorb
1100 MeV protons. Stopping-power calculations indicated an

energy loss of 700 MeV in 45 cm of Pb.

The uranium target foil assembly was identical except for two
instances. First, the entire target assembly was infinitely
thick at an overall length of only 35 cm and therefore the
number of uranium target foils irradiated was eight in one run
and nine in the next. Secondly, the uranium foils were vacuum
encapsulated in aluminum cases to prevent the escaping of ra-

dioactive gases.

The data collection system included high resolution gamma-ray
3 Gce(Li) de-

tector and an automatic sample changer mounted on rails to

analysis electronics in conjunction with a 80 cm

vary the distance to the detector easily. The detector was in-
closed in lead shielding, 10 cm thick. The background due to
photons with energies less than 100 keV, such as lead x-rays
were excluded from the spectra by a lower level discriminator.
The detector was calibrated against IAEA and PTB standard re-—
ference sources with + 2 % accuracy. The cross sections used
to determine the number of protons striking the target for the
respective proton reactions on aluminium are given in table

1. These have been taken from a review paper of Cummings /2/.

DATA REDUCTION

The gamma-ray spectra are analyzed by the computer code

AGAMEMNON /3/. All spectra are corrected especially for energy
calibration drift. The halflife analysis and nuclide identifi-
cation code YELLOW /4/ is then applied to the peakfit results.
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YELLOW sorts the outputs of AGAMEMNON by energy and time,
plots the calculated activity for each peak-energy group as

a function of time and identifies the reaction products based
on their halflifes and known gamma-ray transitions. Besides
the activity-time plot the system prints a list of all candi-
dates which fit the experimental points best. The resulting
decay curves of the best candidates are drawn in the graph
(Fig. 2). I1f the decay is of parent-daughter nature, this is
taken into considuation. Any number of overlapping nuclides
may be taken into account, experience, however, revealed that
a maximum of three is sufficient (for parent daughter decay,

six).

Finally the program outputs the complete list of candidate nu-
clides ordered by atomic number and mass number (Fig. 3). The
number of nuclei produced as calculated by the halflife analy-
sis is given for each of the isotope's gamma-ray transition
lines. To accept a condidate nuclide the dominant gamma-ray
transition lines have to fit the decay curves at the respec-
tienergy most probably and these results have to agree

within the experimental errors stated for the number of nu-
clei. These errors include besides the statistical errors of
counting the fitting errors of the peakfit and the error of
the halflife analysis. For dominant lines this is typically

no more than 5 %. The list of candidate isotopes is derived
from the compilation of Erdtmann and Soyka /5/, however the
list of perent nuclei had to be enlarged for our purposes. For
letargets the library is scanned from atomic number Z = 4(Be)

up to Z = 84(Po), for uranium up to Z = 94(Pu).

All results given have been corrected for decay during irradi-

ation and for gamma-ray attenuation in the sample.
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EXPERIMENTAL RESULTS

Figures 4 and 5 show the axial distributions of Pt-191, 0s-18§5,
Y-88, Pb-203 and Hg-203 within 1,5 cm radial interval around

beam axis.

The total number of reactions per proton within the target can
be estimated by these data and by the measurements of the beam
profile performed by looking at the Na-24 distribution on the
aluminium plates inserted into the target. Table 2 gives the
mean and FWHM of the vertical Gaussian beam profile, the Na-24
intensity and the fraction of the beam hitting the 3 cm-diame-
ter target. The value of 15 % at a depth of 45 cm is near to

a homogeneous activation of 14.1 % (target area/total area).

The results of these calculations are given in table 3.

Figure 6 shows the number of reactions per proton and per
(g/cmz) for a lead foil at the front target face for various
mass numbers. A distinction has been made between de-excita-
tions from proton rich (B+,e) and neutron rich (8 ) states,
respectively. Starting from the mass of the heaviest lead iso-
tope (208) the production of radiocactive proton rich isobars
increases sharply to a mass number at 200 (stable isotopes may
be produced in addition) and drops off about two ordexs of
magnitude to a mass number of 140. At masses ¢ 110 neutron
rich fission products seem to be produced in competition with

proton rich isobars.

The axial distribution of the fission product Rh-103, the
Pu-239 precursor Np-239 and of the spallation product U-237
for the lead target bombarded at 1100 MeV proton energy are

shown in figure 7. The distribution of Rh-103 is representa-
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tive of the number of fissions and therefore for the energy

deposition.

Figure 8 shows the number of reactions per proton and per
(g/cmz) for a uranium foil at the front target face for vari-
ous mass numbers. Again a distinction has been made between
neutron rich and proton rich isobars. The neutron rich isobars
at masses between 85 and 155 are the normal fission products.
Their distribution has the expected shape. Proton rich isobars
are produced in that region, too, but at a one order of magni-
tude lower rate. In the gap between mass numbers 160 and 190
no nuclides could be identified with certainty. The gap be-
tween mass number 210 and 230 is not accessible to y-spectro-

metry, because the nuclides are short lived a-emitters.*

It can be assumed, that the fissions observed are mainly due
to neutrons. This is shown in figure 9 where the axial distri-
butions of the fission products Ba-140 and Nd-147 and of the
proton rich product Xe-127 are compared to the results for a
foil exposed to the proton beam 20 cm upstream from the tar-
get. While the production rates for the fission products drop
off sharply, the one of Xe-127 remains nearly unchanged. This
result however, should be taken qualitatively only, because
the neutron flux in the upstream position is not known from

exper iment.

*By integration of the distribution for neutron rich fission
products using Simpson's Formula and relating it to 200 %
yield an absolute yield of (5 + 2) % for mass 103 was estima-
ted. Multiplying the numbers for Ru 103 in figure 9 by 20
gives the axial distribution of fission in the uranium target
block in an 1.5 cm radial interval around beam axis.
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CONCLUSION

The experiments described in this study allow to measure the
axial distributions within natural lead and depleted uranium
targets for those spallation and fission products, which show
dominant y-ray lines. Because no chemical separations are done
the gamma-ray spectra contain numerous overlapping peaks. The
presence of a nuclide like Lu 170, having 596 known gamma-ray
lines, in the spectra of the lead targets illustrates this
fact. This is why the analysis of the spectra necessarily

calls for extensive studies of the halflifes identifiable.

For both target materials preliminary mass yield distributions
have been evaluated for 1 mm thick target foils exposed to the
proton beam at the surface of the thick target blocks. Fission

products have been observed in each case.

For uranium the shape of the fission product disterbution for
neutron rich isobars seems to imply the fission by low energy
neutrons in competition to high energy particle processes.
This is more substantiated by the fact, that a target foil ir-
radiated 20 cm apart from the thick target shows a relatively
higher decreas in the formation of neutron rich fission pro-

ducts as compared to proton rich fission products.

It is planned to compare our experimental data with calculated

predictions using the Monte Carlo code HETC.
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Fig. 1: Target configuration showing the small target disk followed by an aluminum disk and an

aluminum plate along with the 5 cm thick Pb brick.
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List of candidate nuclides
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Reaction

27Al(p,x)24Na
27Al(p.x)zzNa
27a1(p,x)

TBe

Cross Section
(mb)

11
12
8

Table 1: Al monitor foil data for 1100 MeV protons

Target | Depth byert FWHM Intensity % on Target
' (cm) (cm) (T cm) (c/sec)

1 0 -1.24 1.3 255 81
2 -1.13 | 1.8 230 80
3 10 -1.06 2.4 172 76
4 15 - .97 3.2 100 67
5 20 - .89 4.3 58 56
6 25 - .80 5.8 33 45
7 30 [-.73| 7.9 19 34
8 35 - .62 10.6 11 28
9 40 - .54 14.4 6.2 19
10 45 - .46 19.4 4.6 15

(“horiz = + .095 cm)

Table 2: Beam Parameters from 24Na Measurements for the




570

Nuclide Halflife Activity
at Saturation*

(MBg/nA)
Hg 203 46.6 d 20
Pb 203 52.1 h 380
Tl 201 73.5 h 220
Pt 191 2.8 d 190
Os 185 94.0 d 110
Re 183 71.0 d 120
Zr 95 64.0 d 20
Y 88 108.0 4 11

*numbers estimated to be correct within a factor of two

Estimated activities at saturation for some dominant

a-emitters

Nuclide | Halflife Activity
at Saturation
(MBg/nA)
Pt 190 | 6.1 101la 180
Os 186 2.0 1013, 140
Hf 174 2.0 101%a 130

Table 3: Activity at saturation per nA proton current of
1100 MeV within a 45 cm long, 10 cm * 5 cm area
lead target



