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Abstract 

Format ion cross sect ions of product nuc 1 ides in the nuclear reac
t ions of mediu11 mass targets by 10 GeV deuterons were measured with a 
gamma-ray spectroscopy. The measured data were compared with the cross 
sections of 12 GeV protons. 

I. INTRODUCTION 

At high energy accelerator facilities, various kinds of accelera
tor components are exposed to high energy primary and secondary parti
cles during 11achine operation. As a result, they become radioactive. 
Especially the accelerator beam-line components such as target,slit, 
monitor,dump,etc.are highly activated. A spallation reaction is one of 
principal nuclear reactions leading to the formation of radionuclides 
in these accelerator hardwares. 

Nuclear spallation reactions with high energy protons have 
been investigated both experimentally and theoretically. Some of 
the present authors have measured the formation cross sections of 
various spallation nuclides of mediu1111ass with 12 GeV protons using 
r -rayspectrometry[ 1]. The charge dispersion and target dependence 
of formation cross section were fairly explained by the two-step 
mode 1, i.e., the cascade-evaporation process originally reported by 
R.Serber[2]. 

These spallation date are very useful in understnding the 
problem associated with the residual radioactivities in v-arious 
accelerator components. Recently, an experiment using 6 GeV deu
tron beams has started at the National laboratiry for High Energy 
Physics(KEK). Although the deutron spallation data are indis
pensable to an quantitative estmation of residual radioativities, 
there are however only scattered data available. Kozma and Kliman[3] 
measured the cross sections for the reactions of 7.3 GeV deuterons and 
8 GeV protons with a Hi target, and the ratio of cross sections for 
deuterons to protons was found to be 1. 73. Their proton results were 
however inconsistent with our data[1] and also their recent data[4]. 
As they stated, it is very interesting to compare the proton data with 
those due to other high energy particles such as deuteron, heavy ions 
etc., in order to elucidate the mechanism of high energy spallation 
react ions. 

. 14N • 'th A relative yield pattern for the react10n of 3.9 GeV 10ns Wl 
Cu was similar to that for high energy protons, elCcept for the find
ings that the yields for light elements (3H, 7Be,22Na) are enhanced in 
the reaction of 14N ions[5). Similar results have been obtaine~0 in 
the radiochemical studies of 25 GeV 12c ions[6) and 80 GeV Ar 
ions[1] incident on cu. These results indicate that the formation 
cross sections in nuclear reactions by high energy incident particles 
are nearly independent of the total energy above 3GeV. Factorization 
asserts that yield of target fragments may depend on the projectile 
only in a total cross section term [7). 

In the present paper, we report the results of activation measure
ments of Fe,Co,Ni ,and Cu targets with 10 GeV deuteron. The measured 
data were compared with the cross sections of 12 GeV protons to con
form the above two-step mode 1. 

II. EXPERIMENTAL 

A. Targets and Irradiation 

The metal targets used in this experiment were Fe, Co, Ni and 
cu. Each sample was sandwiched with same foils to minimize scat
tering-in and scattering-out effects. The total thickness of the 
target stacks was about 0.5 g/cm2. Therefore, the effects due to 
secondaries was negligible at 10 GeV. Each target was bundled 
together and placed in order of target atomic weight. Thus a target 
with lighter mass was placed on the upstream side to proton beam. The 
target stack thus bundled was bombarded by 10 GeV deuterons in the 
external primary beam line of the KEK 12 GeV proton synchrotron. The 
beam intensity was continuously monitored by a SEC (secondary emission 
chamber), which was calibrated by the activation method using ·the 
27Al(d,3p2n)24Na reaction. Its average intensity and irradiation time 
were 8.6 x1o10 protons/sec and 31 min. respectively. The beam size 
was found to be about 2cm in diameter by a radiation sensitive film, 
which changes color from green to red as a result of the irradiation. 
The Al foil was placed at the front of the bundled target in order to 
monitor the total proton number irradiated on the targets. 

After the bombardment, the irradiated part of each middle 
foil was punched out in a beam size and was sealed in an acrylic 
disc container. 
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8. radioactivity measurements 

An Ge detector and a 4k-channe1 plllse-height analyzer system were 
used for the 'Y -rayspectroscopy. About 12 spectra were measured for 
each sample during 6 aonths. The aeasuring time was 15 min at the 
beginning of the 111easurements and severa 1 hours a few 11onths later. 

The tota 1 number of deuterons bombarded on the targets was ca lcu
lated to be 1.56 x 1014 fr0111 the 24Na yield in the Al target by 
using the cross section of 15!1.5 mb, which is the extrapolated value 
from 14.7± 1.2mbfor 7.3 GeV[3\ and 15.25± 1.5mb for 2.33 GeV 
deuteron[8] for the 27Al(d,3p2n) 4Na reaction. 

The cross sections were deteriRined by the following sequences. 
First, a candidate nuclide was searched out by the photopeaks associ
ated with its characteristics r rays. Second, the obtained photopeak 
yields of several spectra were fitted with its decay time. When there 
are the nuclides, e11itteing r rays of an equal or nearly equal 
energy to that of the nuclide of interest, the fit was generally 
poor. In such a case, the least-squares fit for two or three nuclides 
with different decay ti~~es was performed to obtain a yield component 
for the nuclide of interest. For the nuclides e1itting more than one 
'Y ray, the cross sect ion data for the individua 1 r rays showed a 
good agree~~ent with each other in aost cases. In general, the accu
rate values for detection efficiencies and photopeak yields are 
deterained for higher energy 'Y rays. Thus, the cross section of the 
nuclide was determined by taking into account these counting condi
tions. 

III. RESULTS AND DISCUSSION 

Table 1 is the measured formation cross sections of individual 
n~clides fro• Fe to Cu irradiated by 10 GeV deuterons. The type of 
y1eld of each product nuclide is identified as being either independ
ent (1), or cumulative(C-: /3 -decay, or C+: /3 +decay or electron 
c~pture) when at least one of the precursors is known, being deter
anned fro11 the decay scheme of Table of Isotopes (7th ed.)[9). The 
quoted error includes the uncertainties of detection efficiencies of 
the 'Y rays (about 5%) and statistical errors for photopeak yields. 
Effects due to secondary interactions in the target stacks are esti
mated to be negligible. 

The results for the 10 GeV deuteron react ion with Fe, Co, Ni and 
Cu ~ere compared wi.th ~hose obtained for the reactions at roughly 
equwa lent tota 1 kmet 1c-energy protons( 12 GeV protons) with same 
targets.(figs. 1-2) The dashed line indicates the ratios for total 
reaction cross sections. A systematic uncertainty for the absolute 
values of the ratios in Figs.1-2 is about 15 % due to the uncertain
ties in bea11 aonitoring. 

If the factorization hypothesis(1] were applied to these ratios, 
it would predict they should be constant and equal to the ratios 
for total cross sections. The total reaction cross sections for 
proton-nucleus and deuteron-nucleus were ca leu lated by using the 
equations proposed by R.Si lberberg and C.H. Tsao[ 10] and J .Jaros et 
a1.[11], respectively. The estimated ratios, 6 {d)/6 (p)for Fe, Co, 
Ni and Cu were calculated to be about 1.5. 

Table 1 Cross sections (in mb} for Fe, Co, Ni and cu targets in the 
~uc~ear sp~llation reactions with 10 GeV deuteron. The type of yield 
1nd1eatcs lndependent(I) or cumulative (C-: /3 -decay, or C+: 
/3 +or electron capture). 

Nuc 1 id e Type of Fe Co Ni cu 
yield 

7Be I 21±1 18±1 33± 2 21±1 
22Na C+ 3.8± 0.3 3.7± 0.3 14±1 3.3± 0.2 
24Na c- 5.0± 0.3 5.4± 0.3 4.7±0.3 6.2± 0.3 
28Hg c- 0.50± 0.04 0.70± 0.04 0.37± 0.02 o.76± 0.04 
41Ar c- 0.58± 0.03 0.82± 0.05 0.20± 0.02 0.69± 0.04 
42K I 3.5± 0.2 4.0± 0.2 2.0± 0.1 3.2± 0.18 
43K c- 1.3± 0.1 1.6± 0.1 0.64± 0.03 1.6± 0.09 
43sc C+ 2.4± 0.15 1.7±0.13 2.1±0.18 2.0± 0.11 
44msc I 5.8± 0.3 5.3± 0.3 5.7±0.3 5.2± 0.26 
44sc I 4.5±0.2 3.6± 0.1 3.0± 0.3 2.9± 0.15 
46sc I 8.8± 0.4 7.4± 0.4 5.0± 0.3 7.3±0.37 
47sc c- 3.8± 0.6 4.0± 0.6 - 3.6± 0.54 
48sc I 0.55± 0.03 0.82± 0.05 0.14± 0.01 0.65± 0.04 
48y C+ 15± 0.8 10.0± 1.5 15± 0.8 9.4± 0.48 
4Bcr I 0.60± 0.03 0.25± 0.02 1.1 ± 0.07 0.27 ± 0.02 
51cr C+ 45± 2 25± 1.3 38± 2 23± 1.2 
52Hn I 8.4± 0.4 5.5± 0.3 10.5±0.5 5.8± 0.3 
52 Fe I 0.35± 0.06 0.15± 0.02 1.0±0.15 0.14± 0.02 
54Hn I 49± 2.5 26± 1.3 19± 1.0 15± 0.7 
55 co I 1.0± 0.13 0. 75± 0.06 10± 0.6 0.98± 0.05 
56Mn c- 2.3± 0.14 5.7±0.3 0.50± 0.03 2.6± 0.14 
56 co C+ 1.1± 0.13 5.8± 0.3 33± 2 6.5± 0.35 
56Ni C+ - - 2.5± 0.13 -
57 co C+ 1.2± 0.2 34± 5 100± 15 26± 4 
57Ni C+ - - 25± 1.2 0.81 ± 0.07 
5Bco I - 70± 3 35± 1.7 33± 1.7 
59 Fe I - 1.9± 0.2 0.45± 0.02 2 .44± 0.13 
60co I - - - 22± 0.06 

The genera 1 picture emerging fro111 the present studies of target 
fragmentation induced by deuterons shows a striking similarity to 
the reactions by 12 GeV protonst One of large differences from proton 
induced reactions appears for Be which may be formed from central 
collisions of the ion with the target nucleus. 
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Fig.1 Ratios of cross sections for production of individual 
nuclides by 10 GeV deuteron to 12 GeV protons. The dased line 
indicates the ratios for total reaction cross sections. 

I I I I I I 

41- -

b 

i o~------------------1 
., ., 
= 

31- cu y -

b 2 "---~-- ____ Jl~---------~~~1&-----: 
1~ I ~~ -

I I I I I I 

0 10 20 30 40 50 60 70 

A 

Fig.2 Ratios of cross sections for production of individual nu
clides by 10 GeV deuteron to 12 GeV protons. The dased line 
indicates the ratios for total reaction cross sections • 
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