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Characteristic of spallation neutrons driven by GeV protons from a mercury target with a lead-

reflector and light-water-moderator was studied experimentally using the Alternating Gradient Synchrotron

(AGS) facility of Brookhaven National Laboratory in a framework of the ASTE (AGS Spallation Target

| Experiment) collaboration. Several reaction rates along with the mercury target were measured with the
activation method at incident proton energies of 1.94, 12 and 24 GeV. Indium, niobium, aluminum, cobalt,

nickel and bismuth were used as activation detectors to cover the threshold energy of between 0.33 and

40.9 MeV. This report summarizes the experimental procedure with all the measured data.
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1. Introduction

Intense neutron sources driven by GeV protons with power of MW are planning to be constructed
for expanding fundamental researches in life science, material science, and so on. Neutrons are produced
in a spallation process by bombarding a heavy-metal target with energetic protons from a high power
accelerator. Mercury has been selected as a material of spallation neutron targets. 12 Due to lack of the
experimental data, however, the feasibility of the mercury target as the intense-neutron source has not been
thoroughly examined yet. The experimental study of the fundamental characterization of mercury target
is still strongly required to reach a precise design of the system. As a reflector and a moderator play
important role in a spallation target assembly, optimization of those configurations is necessary to confirm
the highest neutron performance for extraction of neutrons with respect to brightness and sharp time
structure. A calculation code system for simulating nuclear interaction and particle transportation P is
extensively being used for the optimization. To verify the code system, the mockup test of the target
assembly has been required.

To satisfy those demands, an experiment using a mercury target has been proposed and carried
out using Alternating Gradient Synchrotron (AGS) at Brookhaven National Laboratory in the framework of
an international collaboration, whose name in ASTE (AGS Spallation Target Experiment). The ASTE
collaboration was aimed at studying neutronics characteristic of the mercury target and mechanical
properties of the target and its container in terms of pressure wave and induced stress associated with
intense proton incident pulsed. The first and second experiments were carried out using a mercury target
without any assembly around it on May 1997 and November 1998, respectively. The results of the
experiments were reported in Refs. 4-10.

As the second step, the neutronics experiment for the mercury target with a lead-reflector and a
light-water moderator was done on March 1999. In the experiment, reaction rate distributions, a thermal
neutron spectrum, and heat deposition in the light-water moderator were measured using 1.94-, 12- and 24-
GeV protons. This report deals with the measurement of the reaction rate. The experimental procedure
is described in Section 2, and measured data are presented in Section 3. A discussion is also given by

comparing the present reaction rate data to the previous data for the bare target.
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2. Experiment
2.1 Mercury Target and Reflector Setup

A schematic plain view of the accelerator complex of Brookhaven National Laboratory is shown
in Fig. 1. The mercury target was set in the U-line tunnel branched at the point between AGS and
Relativistic Heavy Ion Collider (RHIC).

Mercury was contained in a cylindrical target container made of stainless steel with 2.5 mm in
thickness. The dimension of the target container was 200 mm in inner diameter and 1300 mm in inner
length. The upper and side views of the mercury target are shown in Fig. 2. The target container had a
hemisphere beam incident surface on its top end, and had several flanges to install some instruments. The
target container was put in the secondary container made from stainless steel with 3.5 mm in thickness.
More detailed description of the target dimension is described in Ref. 4.

The secondary container was fixed on a movable platform and installed in a lead-reflector.
Plain, front and cross sectional views of the target, reflector and moderator were shown in Fig. 3. There is
an opening in a side of the lead reflector to extract neutrons for the TOF-measurement. The moderator
which contained light-water was put in the lead-reflector. Through the opening the moderator can be seen.
A plain and cross sectional view of the moderator box is shown in Fig.4. The relative position at the
mercury target with the reflector and the moderator can be changed by moving the platform. The distance
between the top of the mercury target and the center of the moderator was fixed on 200 mm for irradiation
of the activation measurement. 7

The cross sectional view of the setup in U-line block house is shown in Fig. 5. The nominal
height of the beam axis was 1250 mm from the ground. The center of the mercury target was placed at the
beam axis. The moderated neutron beams were extracted from the opening in the lead reflector at the
height of 1150 mm. For the TOF-measurement, a neutron collimator made of iron block was placed in

front of a penetration, whose axis is corresponding to the opening.
2.2 Activation Detector Arrangement

The following high purity metal foils were employed as activation detectors: indium, aluminum,
cobalt, nickel and bismuth. The size and purity of each foil is listed in Table 1. The decay properties of
radionuclide which are the products of the reactions used for activation detectors are listed in Table 2.
The threshold energies of the detectors range from 0.34 ('“In(n,n’)'*"In) to 45 MeV (**Bi(n,7n)**Bi).

The ""*In(n,n’)!"*™In reaction with the threshold energy of 0.3 MeV was mainly used for measurement of the
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spatial distribution of the neutron flux.

Arrangement of an activation-detector-holder made of aluminum is shown in the left part of
Fig. 6. Four holders were set on the side surface of the mercury target cylinder as shown in the left of
Fig. 6. The activation detectors were mounted on the acrylic bars whose size was 22 mm in width, 9 mm
in thickness and 1200 mm in length, and each bars was inserted into the holder fixed on the target container.
Configuration of the holder, the acrylic bar and an activation-detector are shown in the right of Fig. 6.
The four bars were indexed as "Main", "Sub-1", "Sub-2" and "Sub-3", respectively, as shown in the left of
Fig. 6. The detectors on the Sub-1 and Sub-2 and Sub-3 bars were served to monitor the effect of the
deviation of the beam incident point from the central axis of the mercury target.

The details of foil positions are shown in Fig. 7. Full set of the foils was set on the Main bar.
On the Sub bars, the indium and niobium foils were set. Aluminum, cobalt, nickel and bismuth were
assembled to one foil stack. The total thickness of the foil-stack was about 6 mm including the tape used
for stacking the foils. The stacks were so thick that the effect of the position difference and neutron

absorption was not negligible. Thus, indium foils were attached on each side of the stack to check the

effects.

2.3 Irradiation

Experiments used proton beams with the different incident energies of 24, 12 and 1.94 GeV.
The number of proton (N,) was measured with an integrating current transformer (ICT), a separated-
electron-chamber (SEC) and the activation method using the Cu(p,x)**Na reaction. The cross section of
the Cu(p,x)**Na reaction has been studied relatively well for a wide proton energy range as shown in Fig 8,
although there is some data scattered in the energy range from 1 GeV to 6 GeV. The N, values of ICT
were consistent with the activation method within 3%. This agreement was good enough considering the
uncertainty of * 8~10% associated with the activation method; the uncertainty was mainly due to the cross
section uncertainty of the Cu{n,x)**Na reaction. The N, values measured with SEC are also consistent
with the values of ICT in 7%. In this work, the values of ICT were adopted to deduce reaction rates per
incident proton. Determined N, values were 7.0x10", 4.5x10" and 2.0x10" for the incident proton
energies of 1.94, 12 and 24 GeV, respectively. The conditions of proton incidents of each irradiation were
summarized in Table 3.

Proton beam profiles were measured with a strip ionization multi-wire chamber and an imaging-
plate (IP). 'V The IP-images for 24 and 12 GeV proton bombardment are shown in Fig. 9. It was
observed that the center of the beam profile was shifted in a few millimeters for each irradiation. For

1.94 GeV proton bombardment, the center of beam profile, however, was not observed clearly in the IP
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image. The proton beam of 1.94 GeV was not focused well because AGS has not been optimized for

acceleration of such low-energy protons.
24 Gamma-ray measurement of the activation detectors

After irradiation, the four acrylic bars supporting activation detectors were removed from the
target and they were carried to a shed, and then the foils were dismounted. After foils were sorted and
sealed in plastic bags one by one, they were transported to a counting room in the chemistry department
building of Brookhaven National Laboratory. Gamma-rays from activated foils were measured with four
germanium-detectors.

A series of measurements for short-lived radioactive products with half-lives less than 1 day was
done in 12 hours after each irradiation. Second measurement for long-lived radionuclide (1~10d) was
done for a few days after the irradiation. Further measurement for long-lived radioactive products (>10 d)

was carried out at Oak Ridge National Laboratory after transmitting the foils there.
2.5 Reaction Rate Deduction

The reaction rate of a produced nuclide is obtained using the following relation,

Y= A-C 2.1

NA._AWZ.NP.a.g.b.(l_e-m)_e—m -(l—e‘“m)

where Y is reaction rate (/s), N, is Avogadoro's number (/mol), w is weight of foil (g), M is atomic mass of
target element (g/mol), N, is number of incident protons (/s), A is decay constant (/s), C is gamma-ray peak
counts, £ is detection efficiency, a is natural abundance of target nucleus, b is branching ratio, 7, is
irradiation time (s), T, is cooling time (s) and 7, is measuring time (s).

The natural abundance of *Nb, 7Al, *Co and *Bi is 100%, and that of 'In is 97.5%. Since
nickel contains five isotopes, the radionuclei of *Co and *’Co can be produced via many different pathways
from five isotopes. Thus, the a value for nickel is supposed to be 100% to deduce the reaction rate per
target nucleus for all isotopes. The decay constants and the gamma-ray branching ratios were taken from
Ref. 12; those data are listed in Table 2. The detection efficiency for each gamma-ray peaks was deduced
by considering the size of the activation detectors, gamma-ray attenuation in the activation detectors and

the cascade coincidence summing effect.

2.6 Error Estimation
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The sources of experimental error were mainly attributed to the following items:

1) Statistical error of a gamma-ray peak count,

2) Error of a foil weight,

3) Error of the number of incident protons,

4) Error of the gamma ray detector efficiency

5) Error of a half-life and a gamma-ray emission rate.

The error of each item was listed in Table 4. The detector efficiency error was estimated to be + 3~4% by
considering the errors of activities of the standard sources for the calibration. The error of the number of
protons measured by ICT was estimated to be £ 3% by considering the deviations among the three kinds of
methods: ICT, SEC and the activation method.

The errors of the gamma-ray detector efficiency, the number of incident protons, the half-life and
gamma-ray emission rate are intrinsic to the gamma-ray measurement. They are regarded as the
systematic error, and denoted as d,,. The errors of foil weight are also regarded as systematic error. On
the other hand, the error of the gamma-ray peak count is dependent upon individual measurement of foil.
It is regarded as the statistical component of the error denoted as 8.,. The total error 3, was deduced as

8o =[O + 0" -

In the next section, results of reaction rates are tabulated in tables with the statistical and total errors.
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3. Result and Discussion

Measured reaction rates are given in tables. The format of the table is explained in Table 5.
The reaction rates are plotted in Figs. 10 as a function of the distance from the top of the spherical surface
of the mercury target to the foil position. The reaction rates of '*In(n,n’)!"*™In are plotted in Fig. 10.1.1,
10.1.2 and 10.1.3 for 1.94, 12 and 24 GeV, respectively. As mentioned in Sec.2, the indium foils were set
on all the bars: "Main", "Sub-1", "Sub-2" and "Sub-3". To see the difference of the reaction rates among
the four bars clearly, the reaction rates were plotted in a linear-scale. For other reactions, the vertical axes
of the figures are in a log-scale. To make the distribution clear, the reaction rate data were fitted with
following equation:

Y = g, exp(—a,x) + a, exp(—a,x) + a; exp(—azx), 3.1)
where Y is the reaction rate, x is the distance between the top of the mercury target and the detector position,
and q; (i=1, 2, ..., 6) are the fitting parameters. The fitting curves are shown in the figures, and the fitting
parameters are tabulated in the Table 6.

As mentioned in the previous section, indium and niobium foils were set on all the bars to
observe possible deviations of the reaction rates among the four bars. For the 24 GeV proton
bombardment, the "In(n,n’)!**"In reaction rates of Sub-2 and Sub-3 bars are larger than those of Main and
Sub-1 bars by 30-40% as seen Fig. 10.1.3. The similar deviations can be seen for the **Nb(n,2n)**"Nb and
*Nb(n,4n)*°Nb reaction rates for 24 GeV in Figs. 10.2.3 and 10.3.3. These results imply that center of the
proton beam distribution was shifted upward. However, the averaged proton beam profile slightly shifted
to the down according to the beam profile measurement with IP as shown in Fig. 9. The deviation of the
reaction rate is not consistent with the shift of the proton beam profile. The alignment of the beam profile
monitor with the target assembly might not be accurate. According to the preliminary analysis using the
NMTC/JAM-NCNP code ?), it is possible that the center of the beam profile monitor shifted upward by 2
cm. The deviations of the reaction rates on 12 GeV can also be explained well by the shift of the profile
monitor.

The distribution of the reaction rate of the '“In(n,n’)""*™In reaction is effective to analyze the
distribution of the total neutron flux from the mercury target since the threshold energy of the
"3In(n,n')""*n reaction is low enough of 0.3 MeV. In Fig. 11.1, the averaged reaction rates of four bars
are plotted as a function of the distance. The averaged reaction rates of the *’Nb(n,2n)**"Nb with the
threshold energy of 9.06 MeV were also plotted for comparison in Fig. 11.2. In general, the peak position
of the reaction rates moves to deeper position with increasing the incident proton energy for both reactions.
The peak position of the reaction rate distribution for the *Nb(n,2n)**”Nb reaction is nearer to the spherical

surface than that for the '“In(n,n)'"*™In reaction. This means that the high-energy neutrons were
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produced at the forward position of the mercury target. The distances of the peak positions for the
BIn(n,n')'*™In and **Nb(n,2n)**"Nb reaction are plotted as the incident proton energy in Fig. 12.1 and 12.2,
respectively. The data for the bare target experiment are also plotted for comparison. The data of peak
positions are fitted with the equation of x, = a, +a, log,, E,, where x,, is the peak position in cm, E, is the
incident neutron energy in GeV, and q; (i=1, 2) is the fitting parameters. The fitting curve and parameters
are shown in the figures. The fitting curves show the trend of the reaction rate distribution as a function of
the incident proton energy. For the "In(n,n’)!"*™In reactions, as increasing the incident proton energy, the
peak of the reaction rate distribution for the present target assembly moves to deeper position more rapidly
than that for the bare. On the other hand, for the **Nb(n,2n)**"Nb reaction, the variation trend of the curve
for the present target assembly are almost same as that for the bare target.

In order to examine the effectiveness of the lead-reflector for neutron flux, the reaction rates of
the **In(n,n’)!"*™In reaction for the present target assembly are compared with the data for the bare target *.
The reaction rate ratios of the present target assembly to the bare target are plotted as a function of the
distance from the top of the target in Fig. 13.1. The ratios for the **Nb(n,2n)**"Nb reaction are also
plotted in Fig. 13.2 for comparison. The excitation function of the "“In(n,n")""*™In and **Nb(n,2n)*"Nb
reaction covers the neutron energy region of 0.3~10 MeV and 10~20 MeV, respectively. The ratios for the
"5Tn(n,n')!5"In reaction were about 1.5 on 12 GeV and 24 GeV and 1.2~3.5 on 1.94 GeV. This shows that
the lead-reflector is effective to increase the neutron flux in the energy range of 0.3~10 MeV. The ratios
for the *Nb(n,2n)’*"Nb reactions were 1.1~1.2 on 12 GeV and 24 GeV and 1.0~1.1 on 1.94 GeV. The

lead-reflector is also effective to slightly increase the neutron flux in the energy range of 10~20 MeV.
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4. Summary

The spallation neutron characteristcs of the target assembly composed of mercury and the lead-
reflector were studied. The incident proton energy was 1.94, 12 and 24 GeV. The activation method was
applied to the measurement. Indium, niobium, aluminum, cobalt, nickel and bismuth were used as
activation detectors which cover the threshold energy between 0.33 and 40.9 MeV. The measured reaction
rates of 17 kinds of the threshold reactions were compiled in this report. It is shown that the lead-reflector
is effective for increasing the neutron flux around the cylindrical surface of the mercury target. It is
expected that the reaction rate data will be used to validate the calculation code which is being used to

optimize a spallation target system.
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Table 1 List of the characters of activation detector foils

Material ~ Purity Weight Size Thickness Impurity
(%) 9] (mm) (mm)
In 99.99 0.25 20x20 0.1
Nb 99.95 34 20%x20 1 Fe (20), W (<100), Si (20)

Mo (<50), Zr (<100), Ta (900)
C(50), O(<100), N(40), H(10) ®

Al 99.99 1.1 20x20 1 Cu (29), Fe (13), Mg (8)
Si (<50) @
Co 99.9 3.8 20%x20 1 C (0.001), Si (<0.001)

Fe (0.005), Cu (0.005)
Zr (<100), Ta (900) »
Ni(0.06), P (0.002)

S (0.001)®
Ni 99.9 35 20x20 1
Bi 99.9 25 15¢ 1.5 Cu (0.004), Ag(0.001) ®
Fe, Pb(<0.001), others (0.008) ¥
? in ppm
® in wt%

Table 2  List of the reactions and associated decay data

Reaction Q-value Eth ® Half-life Energy Intensity ©
(MeV) (MeV) (keV) (%)

Al (n,0) **Na -3.13 3.25 14.959 h 1368.6 100

¥Co (ny) ®Co 507 0.0 52714y 1173.2 99.9736(7)
(n,p) *Fe -0.78 0.80 44.503 d 1099.3 56.5(15)
(n,0) >Mn 033 0.0 25785h 845.8 98.9(3)
(n,2n) %%Co -10.45 10.63 70.82d 810.8 99.4
(n,3n) ’Co -19.03 19.36 271.79d 122.1 85.6(2)
(n,4n) %Co -30.40 30.95 7727d 846.8 99.940(25)
(n,5n) *Co -40.94 41.22 17.53 h 931.3 - 154)

"“Ni  (n,x) *Co 0409 0.0% 70.82d 810.8 99.4
(n,x) *'Co -8.17°9 8.319 271.79d 122.1 85.6(2)

"In (o) """n -0.34 0.34 4486 h 336.2 45.9(23)

®Nb (n,2n) **Nb -8.97 9.06 10.15d 934.5 99.07(4)
(n,4n) *Nb -28.76 29.08 14.60 h 1129.0 92.7(5)

Bi (n,4n) *®Bi -22.45 22.56 6.243 d 803.1 98.9(1)
(n,5n) 2Bi -29.48 29.63 15.31d 703.4 31.1(1)
(n,6n) **Bi -37.90 38.08 1122 h 984.0 58.8(4)
(n,7n) 2®Bi -45.12 45.34 11.76 h 820.3 29.6(15)

2 Decay data were taken from Table of Isotopes, 8th Edition.

® Threshold Energy

© For the gamma-ray emission rate, the uncertainty of the last numerical values is given in the parentheses.
9 for the **Ni(n,p)**Co reaction.

® for the ®Ni(n,np)*’Co reaction.
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Table 3 Parameters of the proton bombardment

Eproton(GeV) Y Npmlon » Nplusc K Time (S) 9
1.94 7.0E+13 56 222
12 4.5E+13 44 394
24 2.1E+13 18 120
% Proton Energy

% The number of protons
©) The number of pulses

9 Time between the first and the last pulse bombardment

Table 4 Major sources of errors in the reaction rates

Source Error (%) Correlation ?

Gamma ray counting statistics 1~20

Sample weight 0.1 sys

Number of protons 3 sys

Detector efficiency 3~4 sys

Decay Data sys
Half-life 0~6 sys
Gamma-ray Intensity 0~5 sys

% Systematic errors are indicated as “sys”.



JAERI-Data/Code  2000-042

Table 5 Numerical values for the measured reaction rates

<<Table format for the '"*In(n,n")!"*™In reaction on the Main bar>>

Distance ® Reaction rate (attached)®

Reaction rate (upward) ®

(cm) (/target nucleus/proton) 8, 8, ® (/target nucleus/proton) 3, St @
0 1.76E-27° 4.0% 7.7%
1 1.81E-27 4.1% 7.8% 2.04E-27 3.6% 71.5%
8,,=10% 7
<<Table Format for others>>
Distance ¥ Reaction Rate 8 ® 8t ?
(cm) (/target nucleus/proton)
9 2.78E-28 © 3.4% 5.4%
Beye=10% D

3 Distance from the front-end of the mercury target.

® The positions of the indium samples for the acrylic-bar were indicated as *attached” or “upward” for the

surface of the bar.
) Statistical errors

9 Total errors including statistical and systematic errors

®) Reads as 1.76 X107,
b Systematic error



JAERI-Data/Code 2000-042

Table 5.1.1 Reaction rates of the '"In(n,n’)'™In reaction on the Main bar for 1.94 GeV proton

bombardment.
Distance ® Reaction rate (attached) Reaction rate (upward)
(cm) (/target nucleus/proton) d, 8.  (/target nucleus/proton) J, St
-1 1.76E-27 4.0% 7.7%
1 1.81E-27 4.1% 7.8% 2.04E-27 3.6% 7.5%
5 2.01E-27 3.9% 7.7% 2.21E-27 3.6% 7.5%
9 2.19E-27 3.6% 7.5% 2.56E-27 3.1% 7.3%
13 2.39E-27 3.4% 7.4%
17 2.14E-27 3.6% 7.5% 2.36E-27 3.3% 7.4%
21 1.95E-27 3.7% 7.6%
25 1.74E-27 4.1% 7.8%
27 1.53E-27 4.7% 8.1% 1.78E-27 3.0% 7.2%
33 1.27E-27 4.0% 7.7%
37 1.02E-27 4.6% 8.1%
41 9.08E-28 4.2% 7.8%
45 7.26E-28 4.8% 8.2%
50 5.53E-28 3.1% 7.3%
55 3.30E-28 4.5% 8.0% 4.35E-28 3.4% 7.4%
65 2.10E-28 - 4.3% 7.9%
75 1.12E-28 5.4% 8.5%
80 8.12E-29 5.0% 8.3% 8.57E-29 4.4% 7.9%
85 7.39E-29 4.9% 8.2%
95 4.15E-29 5.0% 8.3%
100 3.44E-29 5.0% 8.3% 3.64E-29 5.0% 8.3%

8,,s=6.6%

Table 5.1.2 Reaction rates of the '“In(n,n')'**™In reaction on the Sub-1 bar for 1.94 GeV proton

bombardment.
Distance Reaction Rate Oa Byt
(cm) (/target nucleus/proton)
-1 1.65E-27 4.3% 7.9%
5 1.91E-27 4.0% 7.7%
9 2.05E-27 3.6% 7.5%
17 2.04E-27 3.6% 7.5%
21 1.94E-27 3.8% 7.6%
27 1.40E-27 2.4% 7.0%
33 1.20E-27 4.0% 7.7%
45 6.92E-28 4.9% 8.2%
50 5.37E-28 3.9% 7.7%
55 4.01E-28 3.4% 7.4%
75 1.17E-28 5.0% 8.3%
80 9.11E-29 4.9% 8.2%
85 6.50E-29 4.9% 8.2%

0,,=6.6%

sys
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Table 5.1.3 Reaction rates of the '“In(n,n')!"™In reaction on the Sub-2 bar for 1.94 GeV proton

bombardment.
Distance Reaction Rate O Oyt
(cm) (/target nucleus/proton)
-1 1.77E-27 4.2% 7.8%
5 2.38E-27 3.4% 7.4%
9 2.67E-27 32% 7.3%
17 2.48E-27 33% 7.4%
21 2.33E-27 3.5% 7.5%
27 ' 1.67E-27 3.5% 7.5%
33 1.35E-27 3.9% 7.7%
45
50 5.44E-28 3.1% 7.3%
55 4.17E-28 3.7% 7.6%
75 1.08E-28 4.4% 7.9%
80 8.73E-29 5.0% 8.3%
85 6.59E-29 4.9% 8.2%

8,3,=6.6%

Table 5.1.4 Reaction rates of the 'In(n,n’)'"*™In reaction on the Sub-3 bar for 1.94 GeV proton

bombardment.
Distance Reaction Rate O 8,0
(cm) (/target nucleus/proton)
-1 2.05E-27 3.6% 7.5%
5 245E-27 33% 7.4%
9 2.66E-27 3.1% 7.3%
17 2.33E-27 3.6% 7.5%
21 2.22E-27 3.6% 71.5%
27 1.82E-27 3.4% 7.4%
33 1.27E-27 4.2% 7.8%
45 ' 6.19E-28 5.7% 8.7%
50 5.24E-28 33% 7.4%
55 3.43E-28 4.3% 7.9%
75 1.18E-28 4.9% 8.2%
80 8.44E-29 5.0% 8.3%
85 6.25E-29 5.0% 8.3%
95 4.11E-29 4.9% 8.2%
100 3.76E-29 5.0% 8.3%

0,,:=6.6%

sys
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Table 5.1.5 Reaction rates of the '“In(n,n’)!"*™In reaction on the Main bar for 12 GeV proton

bombardment.
Distance ® Reaction rate (attached) Reaction rate (upward)
(cm) (/target nucleus/proton) §, Sot  (/target nucleus/proton) g, Ot
-1 6.38E-27 3.1% 7.3%
1 7.47E-27 2.8% 7.2% 7.75E-27 2.6% 7.1%
5 7.88E-27 2.7% 7.1% 8.79E-27 2.5% 7.1%
9 9.19E-27 2.5% 7.1% 1.05E-26 2.2% 7.0%
13 1.05E-26 2.4% 7.0%
17 1.05E-26 2.3% 7.0% 1.17E-26 22% 7.0%
21 1.07E-26 2.3% 7.0%
25 1.06E-26 23% 7.0%
27 1.00E-26 2.4% 7.0% 1.08E-26 2.3% 7.0%
33 8.84E-27 2.6% 7.1%
37 8.22E-27 2.6% 7.1%
41 7.17E-27 2.8% 7.2%
45 5.97E-27 32% 7.3%
50 4.84E-27 1.4% 6.7%
55 3.70E-27 2.5% 7.0% 4.25E-27 2.7% . 7.1%
65 247E-27 3.0% 7.2%
75 1.36E-27 3.0% 7.2%
80 9.69E-28 3.0% 7.2% 1.25E-27 2.9% 7.2%
85 7.99E-28 3.0% 7.2%
95 5.06E-28 3.0% 72%
100 3.73E-28 2.9% 72% 4.17E-28 0.1% 6.6%

8,,=6.6%

Table 5.1.6 Reaction rates of the In(n,n’)'"™In reaction on the Sub-1 bar for 12 GeV proton

bombardment.
Distance Reaction Rate O Ot
(cm) (/target nucleus/proton)
-1 6.28E-27 3.2% 7.3%
5 7.21E-27 3.0% 7.2%
9 8.54E-27 2.8% 7.2%
17 9.77E-27 2.6% 7.1%
21 9.66E-27 2.5% 7.1%
27 9.04E-27 2.6% T71%
33 8.13E-27 2.7% 71%
45 5.68E-27 3.2% 7.4%
50 4.83E-27 2.7% 7.1%
55 3.89E-27 2.8% 7.2%
75 1.41E-27 2.8% 7.2%
80 1.03E-27 2.7% 7.1%
85 8.07E-28 2.9% 7.2%

Bys =6.6%
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Table 5.1.7 Reaction rates of the 'In(n,n’)'"™In reaction on the Sub-2 bar for 12 GeV proton

bombardment.
Distance Reaction Rate O Siot
(cm) (/target nucleus/proton)
-1 7.69E-27 2.8% 7.2%
5 1.02E-26 2.4% 7.0%
9 1.18E-26 ' : 2.3% 7.0%
17 1.33E-26 2.2% 7.0%
21 1.26E-26 2.2% 7.0%
27 1.11E-26 2.4% 7.0%
33 9.51E-27 2.6% 7.1%
45 6.23E-27 3.3% 7.4%
50 541E-27 2.9% 7.2%
55 4.19E-27 2.9% 7.2%
75 1.43E-27 2.8% 7.2%
80 1.14E-27 3.0% 7.2%
85 8.05E-28 2.9% 7.2%

Byys =6.6%

Table 5.1.8 Reaction rates of the PIn(n,n’)'" In reaction on the Sub-3 bar for 12 GeV proton

bombardment.
Distance Reaction Rate O Ot
(cm) (/target nucleus/proton)
-1 8.38E-27 2.7% 7.1%
5 1.11E-26 2.4% 7.0%
9 1.22E-26 2.3% 7.0%
17 1.40E-26 2.2% 6.9%
21 1.34E-26 2.2% 7.0%
27 1.22E-26 2.3% 7.0%
33 1.02E-26 2.5% 7.1%
45 7.07E-27 3.0% 7.3%
50 5.12E-27 2.9% 7.2%
55 4.46E-27 3.0% 7.2%
75 141E-27 2.9% 7.2%
80 1.09E-27 3.0% 7.2%
85 7.79E-28 2.8% 7.2%
95 4.57E-28 3.0% 7.2%
100 3.94E-28 2.7% 7.1%

&,ys =6.6%

sys
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Table 5.1.9 Reaction rates of the '"In(n,n')""™In reaction on the Main bar for 24 GeV proton

bombardment.
Distance ¥ Reaction rate (attached) Reaction rate (upward)
(cm) (/target nucleus/proton) 8, 8o  (/target nucleus/proton) &, St
-1 9.38E-27 2.1% 6.9%
1 9.73E-27 2.3% 7.0% 1.19E-26 2.0% 6.9%
5 1.24E-26 2.7% 7.1% 1.39E-26 2.5% 7.0%
9 1.39E-26 2.5% 7.1% 1.61E-26 2.3% 7.0%
13 1.72E-26 2.3% 7.0%
17 1.67E-26 2.3% 7.0% 1.97E-26 2.1% 6.9%
21 1.84E-26 2.2% 6.9%
25 1.77E-26 2.2% 7.0%
27 1.60E-26 2.4% 7.0% 1.87E-26 2.2% 6.9%
33 1.55E-26 2.4% 7.0%
37 1.38E-26 2.5% 7.1%
41 1.31E-26 2.6% 7.1%
45 1.10E-26 3.0% 7.2%
50 9.42E-27 2.5% 7.1%
55 7.56E-27 2.9% 7.2% 8.62E-27 2.5% 7.1%
65 5.23E-27 3.0% 7.2%
75 3.10E-27 ° 2.5% 7.0%
80 2.27E-27 2.9% 7.2% 2.54E-27 2.6% 7.1%
85 1.99E-27 2.5% 7.1% v
95 1.15E-27 3.0% 7.2%
100 9.01E-28 3.5% 7.5% 1.10E-27 3.0% 7.2%

B0ys=0.6%

Table 5.1.10 Reaction rates of the '“In(n,n’)'*™In reaction on the Sub-1 bar for 24 GeV proton

bombardment.
Distance Reaction Rate Oy Oy
(cm) (/target nucleus/proton)
-1 9.08E-27 3.4% 7.4%
5 1.15E-26 3.0% 7.2%
9 1.38E-26 2.7% 7.1%
17 1.57E-26 2.5% 7.1%
21 1.64E-26 2.5% 7.1%
27 1.55E-26 2.6% 7.1%
33 1.41E-26 2.7% 71%
45 1.12E-26 2.7% 7.1%
50 9.09E-27 2.9% 7.2%
55 7.56E-27 3.0% 7.2%
75 3.12E-27 3.0% 7.2%
80 2.37E-27 2.7% 7.1%
85 - 1.83E-27 3.0% 7.2%

Byys =6.6%
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Table 5.1.11 Reaction rates of the '“In(n,n’)"*™In reaction on the Sub-2 bar for 24 GeV proton

bombardment.
Distance Reaction Rate O ot
(cm) (/target nucleus/proton)
-1 1.11E-26 3.1% 7.3%
5 1.50E-26 2.6% 7.1%
9 1.83E-26 2.4% 7.0%
17 2.26E-26 2.1% 6.9%
21 2.22E-26 1.4% 6.7%
27 2.06E-26 2.2% 7.0%
33 1.85E-26 2.4% 7.0%
45 1.25E-26 2.9% 7.2%
50 1.03E-26 3.0% 7.2%
55 8.70E-27 2.5% 7.1%
75 3.43E-27 2.8% 7.2%
80 2.53E-27 2.8% 7.2%
85 2.07E-27 2.9% 7.2%

8eys =6.6%

Table 5.1.12 Reaction rates of the '“In(n,n)'"™In reaction on the Sub-3 bar for 24 GeV proton

bombardment.
Distance Reaction Rate O Oyt
(cm) (/target nucleus/proton)

-1 1.13E-26 3.1% 7.3%
5 1.52E-26 2.7% 7.1%
9 1.83E-26 2.4% 7.0%
17 2.26E-26 1.4% 6.7%
21 2.26E-26 2.2% 6.9%
27 2.21E-26 1.5% 6.8%
33 1.96E-26 _ 2.4% 7.0%
45 1.36E-26 3.0% 7.2%
50 1.10E-26 3.0% 7.2%
55 9.39E-27 3.0% 7.2%
75 3.60E-27 ' 3.0% 7.2%
80 2.57TE-27 3.0% 7.2%
85 2.10E-27 2.9% 7.2%
95 1.24E-27 3.2% 7.4%
100 1.03E-27 3.6% 7.5%

&,y =6.6%

sys
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Table 5.2.1 Reaction rates of the **Nb(n,2n)°’"Nb reaction on the Main bar for 1.94 GeV proton

bombardment.
Distance Reaction Rate O Ot
(cm) (/target nucleus/proton)

1 2.12E-28 2.9% 5.1%
5 2.40E-28 2.6% 5.0%
9 2.64E-28 2.5% 4.9%
17 2.53E-28 3.1% 5.3%
27 1.57E-28 3.0% 5.2%
55 4.09E-29 5.0% 6.5%
80 9.66E-30 4.8% 6.4%
100 3.96E-30 2.9% 5.1%

8,y =4.2%

Table 5.2.2 Reaction rates of the °>Nb(n,2n)*"Nb reaction on the Sub-1 bar for 1.94 GeV proton

bombardment.
Distance Reaction Rate Ot -
(cm) (/target nucleus/proton)
9 2.78E-28 3.4% 5.4%
17 2.48E-28 32% 5.3%
27 1.78E-28 3.0% 52%
55 4.27E-29 4.9% 6.5%

Bye =4.2%

Table 5.2.3 Reaction rates of the *Nb(n,2n)°’"Nb reaction on the Sub-2 bar for 1.94 GeV proton

bombardment.
Distance Reaction Rate Oia Oyt
(cm) (/target nucleus/proton) .
9 347E-28 3.0% 5.2%
17 3.20E-28 3.0% 5.2%
27 2.04E-28 3.0% 5.2%
55 4.63E-29 4.9% 6.5%

Bys =4.2%

Table 5.2.4 Reaction rates of the ®*Nb(n,2n)°’"Nb reaction on the Sub-3 bar for 1.94 GeV proton

bombardment.
Distance Reaction Rate O Orot
(cm) (/target nucleus/proton)

9 3.11E-28 2.7% 5.1%
17 3.11E-28 2.8% 5.1%
27 1.90E-28 2.9% 5.1%
55 4.27E-29 3.5% 5.5%

Bys =4.2%
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Table 5.2.5 Reaction rates of the “Nb(n,2n)’**Nb reaction on the Main bar for 12 GeV proton

bombardment.
Distance Reaction Rate O St
(cm) (/target nucleus/proton)
1 7.67E-28 2.9% 5.2%
5 9.33E-28 3.0% 5.2%
9 1.07E-27 3.0% 5.2%
17 1.19E-27 2.9% 5.1%
27 1.03E-27 3.0% 5.2%
55 4.12E-28 3.1% 5.2%
80 1.21E-28 3.0% 5.2%
100 4.12E-29 4.9% 6.4%
Oyys =4.2%

Table 5.2.6 Reaction rates

of the °’Nb(n,2n)**"Nb reaction on the Sub-1 bar

for 12 GeV proton

bombardment.
Distance Reaction Rate O St
(cm) (/target nucleus/proton)
9 9.51E-28 1.9% 4.7%
17 1.09E-27 2.7% 5.0%
27 9.84E-28 3.0% 5.2%
55 3.82E-28 3.2% 5.3%
Beys =4.2%

Table 5.2.7 Reaction rates

of the **Nb(n,2n)**"Nb reaction on the Sub-2 bar

for 12 GeV proton

bombardment.
Distance Reaction Rate Oy Oyt
(cm) (/target nucleus/proton)
9 1.53E-27 2.9% 5.2%
17 1.67E-27 2.9% 51%
27 1.41E-27 2.9% 51%
55 4,99E-28 2.9% 5.2%
dyys =4.2%

Table 5.2.8 Reaction rates

of the *Nb(n,2n)’**Nb reaction on the Sub-3 bar

for 12 GeV proton

bombardment.
Distance Reaction Rate O Byt
(cm) (/target nucleus/proton)
9 1.60E-27 3.0% 52%
17 1.71E-27 2.7% 5.1%
27 1.50E-27 2.9% 5.1%
55 547E-28 3.0% 5.2%
O, =4.2%

sys
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Table 529 Reaction rates of the °*Nb(n,2n)**"Nb reaction on the Main bar for 24 GeV proton

bombardment.
Distance Reaction Rate O Oyt
(cm) (/target nucleus/proton)
1 1.10E-27 3.0% 5.2%
5 1.25E-27 2.8% 51%
9 1.46E-27 2.7% 5.0%
17 1.98E-27 2.6% 5.0%
27 1.67E-27 3.0% 5.2%
55 8.59E-28 3.0% 52%
80 2.67E-28 4.4% 6.1%
100 9.85E-29 3.9% 5.8%
Byys =4.2%

Table 5.2.10 Reaction rates

of the %*Nb(n,2n)**"Nb reaction on the Sub-1 bar

for 24 GeV proton

bombardment.
Distance Reaction Rate O Ot
(cm) (/target nucleus/proton) :
9 1.35E-27 2.9% 5.1%
17 1.75E-27 3.0% 5.2%
27 1.61E-27 2.1% 4.8%
55 7.42E-28 32% 5.3%
dyys =4.2%

Table 5.2.11 Reaction rates

of the **Nb(n,2n)°*"Nb reaction on the Sub-2 bar

for 24 GeV proton

bombardment.
Distance Reaction Rate O St
(cm) (/target nucleus/proton)
9 2.22E-27 2.4% 4.9%
17 2.55E-27 2.9% 5.1%
27 2.79E-27 2.8% 5.1%
55 9.45E-28 2.8% 51%
Oy =4.2%

Table 5.2.12 Reaction rates

of the ®Nb(n,2n)°*"Nb reaction on the Sub-3 bar

for 24 GeV proton

bombardment.
Distance Reaction Rate O Seot
(cm) (/target nucleus/proton)
9 2.04E-27 2.7% 5.0%
17 2.63E-27 2.7% 5.0%
27 2.50E-27 2.9% 5.1%
55 1.02E-27 3.0% 5.2%
Oy =4.2%

sys
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Table 5.3.1 Reaction rates of the **Nb(n,4n)°*"Nb reaction on the Main bar for 1.94 GeV proton

bombardment.
Distance Reaction Rate O St
(cm) (/target nucleus/proton)
1 7.54E-29 4.7% 6.3%
5 9.15E-29 4.5% 6.2%
9 1.15E-28 4.0% 5.8%
17 1.08E-28 4.8% 6.4%
27 8.21E-29 4.2% 6.0%
55 2.04E-29 6.8% 8.0%
80 591E-30 9.3% 10.2%
100 2.65E-30 4.0% 5.8%
O, =4.2%

Table 5.3.2 Reaction rates

of the ®Nb(n,4n)’*Nb reaction on the Sub-1 bar for 1.94 GeV proton

sys

bombardment.
Distance Reaction Rate Osta Oo
(cm) (/target nucleus/proton)
9 1.08E-28 5.6% 7.0%
17 1.09E-28 5.0% 6.6%
27 8.23E-29 4.8% 6.4%
55 2.56E-29 5.9% 7.3%
Oy =4.2%

Table 5.3.3 Reaction rates of the **Nb(n,4n)**"Nb reaction on the Sub-2 bar for 1.94 GeV proton

bombardment.
Distance Reaction Rate O S0
(cm) {/target nucleus/proton)
9 1.48E-28 4.4% 6.1%
17 1.47E-28 4.6% 6.3%
27 1.02E-28 4.3% 6.0%
55 2.50E-29 6.0% 7.3%
Osys =4.2%

Table 5.3.4 Reaction rates of the “Nb(n,4n)°*Nb reaction on the Sub-3 bar for 1.94 GeV proton

bombardment.
Distance Reaction Rate & Ot
(cm) (/target nucleus/proton)
9 1.35E-28 6.2% 7.5%
17 1.28E-28 6.6% 7.8%
27 9.03E-29 6.6% 7.8%
55 2.25E-29 7.0% 8.2%
Oyys =4.2%
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Table 5.3.5 Reaction rates of the °’Nb(n,4n)°*"Nb reaction on the Main bar for 12 GeV proton

bombardment.
Distance Reaction Rate O Ot
(cm) (/target nucleus/proton)
1 2.67E-28 5.0% 6.6%
5 3.04E-28 5.1% 6.6%
9 3.81E-28 4.6% 6.3%
17 5.31E-28 4.0% 5.8%
27 444E-28 3.9% 5.8%
55 1.87E-28 4.5% 6.2%
80 6.15E-29 5.1% 6.6%
100 2.27E-29 8.4% 9.4%
O, =4.2%

Table 5.3.6 Reaction rates

sys

of the *Nb(n,4n)’*"Nb reaction on the Sub-1 bar

for 12 GeV proton

bombardment.
Distance Reaction Rate S Oyt
(cm) (/target nucleus/proton)
9 5.28E-28 5.1% 6.6%
17 6.76E-28 4.4% 6.1%
27 6.25E-28 4.4% 6.1%
55 2.22E-28 3.9% 5.8%
Oyys =4.2%

Table 5.3.7 Reaction rates

of the *Nb(n,4n)’*”Nb reaction on the Sub-2 bar

for 12 GeV proton

bombardment.
Distance Reaction Rate Oy Oy
(cm) (/target nucleus/proton) _
9 3.63E-28 3.3% 5.4%
17 4 42E-28 4.2% 6.0%
27 3.98E-28 4.6% 6.3%
55 1.71E-28 4.8% 6.4%
By =4.2%

Table 5.3.8 Reaction rates

of the **Nb(n,4n)*"Nb reaction on the Sub-2 bar

for 12 GeV proton

bombardment.
Distance Reaction Rate O St
(cm) (/target nucleus/proton)
9 6.11E-28 4.8% 6.4%
17 7.04E-28 4.1% 5.9%
27 6.07E-28 4.6% 6.3%
55 2.28E-28 4.5% 6.2%
Byys =4.2%
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Table 5.3.9 Reaction rates of the °*Nb(n,4n)**"Nb reaction on the Main bar for 24 GeV proton

bombardment.
Distance Reaction Rate Oy Bt
(cm) (/target nucleus/proton)

1 4.27E-28 5.4% 6.9%
5 4.98E-28 4.7% 6.3%
9 6.12E-28 4.8% 6.4%
17 9.10E-28 4.3% 6.0%
27 8.15E-28 4.9% 6.5%
55 4.14E-28 5.5% 6.9%
80 1.30E-28 7.1% 83%
100 5.53E-29 7.3% 8.4%

8y =4.2%

Table 5.3.10 Reaction rates of the °*Nb(n,4n)°*"Nb reaction on the Sub-1 bar for 24 GeV proton

bombardment.
Distance Reaction Rate Ogia Oyt
(cm) (/target nucleus/proton)
9 6.00E-28 4.9% 6.5%
17 7.48E-28 5.2% 6.7%
27 6.72E-28 4.1% 5.9%
55 3.78E-28 6.3% 7.6%

Byys =4.2%

Table 53.11 Reaction rates of the °**Nb(n,4n)°*"Nb reaction on the Sub-2 bar for 24 GeV proton

bombardment.
Distance Reaction Rate O Oyt
(cm) (/target nucleus/proton)
9 9.10E-28 4.4% 6.1%
17 1.12E-27 5.8% 7.2%
27 1.14E-27 51% 6.6%
55 4.79E-28 53% 6.8%

By =4.2%

Table 5.3.12 Reaction rates of the “’Nb(n,4n)’*"Nb reaction on the Sub-3 bar for 24 GeV proton

bombardment.
Distance Reaction Rate Ot L.
(cm) (/target nucleus/proton)

9 941E-28 4.9% 6.5%
17 1.21E-27 5.0% 6.6%
27 1.12E-27 5.5% 6.9%
55 5.02E-28 5.7% 7.1%

By =4.2%
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Table 5.4.1 Reaction rates of the 2Al(n,0)**Na reaction on the main bar for 1.94 GeV  proton

bombardment.
Distance Reaction Rate O St
(cm) (/target nucleus/proton)
1 8.50E-29 0.6% 5.0%
5 9.25E-29 0.6% 5.0%
9 1.04E-28 0.6% 5.0%
17 9.74E-29 0.6% 5.0%
27 6.60E-29 0.7% 5.0%
55 1.52E-29 1.4% 5.2%
80 3.61E-30 3.0% 5.8%
100 1.50E-30 4.8% 6.9%
8,y =5.0%

sys

Table 5.4.2 Reaction rates of the *’Al(n,0)**Na reaction on the main bar

for 12 GeV proton

bombardment.
Distance Reaction Rate O Oor
(cm) (/target nucleus/proton) :
1 2.45E-28 0.5% 5.0%
5 2.87E-28 0.4% 5.0%
9 3.38E-28 0.4% 5.0%
17 3.85E-28 0.4% 5.0%
27 3.55E-28 0.4% 5.0%
55 1.32E-28 0.6% 5.0%
80 3.87E-29 1.1% 5.1%
100 1.40E-29 1.9% 5.3%
dyys =5.0%

Table 5.4.3 Reaction rates of the ZAl(n,a)*’Na reaction on the main bar for 1.94 GeV proton

bombardment.
Distance Reaction Rate O St
(cm) (/target nucleus/proton)
1 3.48E-28 0.7% 5.0%
5 4.40E-28 0.6% 5.0%
9 5.13E-28 0.5% 5.0%
17 6.73E-28 0.5% 5.0%
27 6.21E-28 0.5% 5.0%
55 2.94E-28 0.7% 5.0%
80 9.42E-29 1.0% 5.1%
100 3.66E-29 1.6% 5.2%
3y =5.0%



JAERI-Data/Code  2000-042

Table 5.5.1 Reaction rates of the *°Co(n,y)*®Co reaction on the main bar for 1.94 GeV proton

bombardment.
Distance Reaction Rate O Ot
(cm) (/target nucleus/proton)
1 1.92E-26 0.2% 5.0%
5 1.96E-26 0.2% 5.0%
9 1.94E-26 0.2% 5.0%
17 1.75E-26 0.2% 5.0%
27 1.34E-26 0.3% 5.0%
55 5.80E-27 0.4% 5.0%
80 2.68E-27 0.6% 5.0%
100 2.15E-27 0.7% 5.0%
dyys =5.0%

Table 5.5.2  Reaction rates of the **Co(n,})**Co reaction on the main bar for 12 GeV proton bombardment.

Distance Reaction Rate ' O St
(cm) (/target nucleus/proton)
1 8.50E-26 0.1% 5.0%
5 8.83E-26 0.1% 5.0%
9 9.69E-26 0.1% 5.0%
17 1.02E-25 0.1% 5.0%
27 8.00E-26 0.1% 5.0%
55 3.45E-26 0.2% 5.0%
80 1.09E-26 0.3% 5.0%
100 6.90E-27 0.5% 5.0%
8y =5.0%

Table 5.5.3 Reaction rates of the **Co(n,y)**Co reaction on the main bar for 24 GeV proton bombardment.

Distance Reaction Rate O¢a Srot
(cm) (/target nucleus/proton)
1 1.64E-25 0.1% 5.0%
5 1.64E-25 0.1% 5.0%
9 1.69E-25 0.1% 5.0%
17 1.95E-25 0.1% 5.0%
27 1.67E-25 0.1% 5.0%
55 6.96E-26 0.2% 5.0%
80 2.74E-26 0.3% 5.0%
100 1.74E-26 0.4% 5.0%
Bys =5.0%
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Table 5.6.1 Reaction rates of the *°Co(n,0)**Mn reaction on the main bar for 1.94 GeV proton
bombardment.
Distance Reaction Rate Oa Ot
(cm) (/target nucleus/proton)
1 2.47E-29 0.5% 5.0%
5 2.85E-29 0.5% 5.0%
9 3.24E-29 0.4% 5.0%
17 3.11E-29 0.4% 5.0%
27 2.20E-29 0.5% 5.0%
55 4.93E-30 1.0% 51%
80 1.23E-30 1.9% 5.4%
100 5.88E-31 2.7% 5.7%
8, =5.0%

Table 5.6.2 Reaction rates of the *°Co(n,0)*Mn reaction on

sys

the main bar

for 12 GeV proton

bombardment.
Distance Reaction Rate . Ot
(cm) (/target nucleus/proton)
1 7.46E-29 0.4% 5.0%
5 8.92E-29 0.4% 5.0%
9 1.07E-28 0.3% 5.0%
17 1.26E-28 0.3% 5.0%
27 1.16E-28 0.3% 5.0%
55 4.52E-29 0.5% 5.0%
80 1.33E-29 0.8% 51%
100 5.06E-30 1.3% 5.2%
Bys =5.0%
Table 5.6.3 Reaction rates of the *Co(n,0)’*Mn reaction on the main bar for 24 GV proton
bombardment.
Distance Reaction Rate O St
(cm) (/target nucleus/proton)
1 1.12E-28 0.7% 51%
5 1.39E-28 0.6% 5.0%
9 1.65E-28 0.5% 5.0%
17 2.11E-28 0.4% 5.0%
27 2.10E-28 0.4% 5.0%
55 9.91E-29 0.5% 5.0%
80 3.48E-29 0.9% 5.1%
100 1.29E-29 1.4% 5.2%
8y =5.0%
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Table 5.7.1 Reaction rates of the *Co(n,2n)*®Co reaction on the main bar for 1.94 GeV proton

bombardment.

Distance Reaction Rate O Oyt

(cm) (/target nucleus/proton)
1 3.91E-28 0.5% 5.0%
5 4.55E-28 0.4% 5.0%
9 5.00E-28 0.4% 5.0%
17 4.73E-28 0.4% 5.0%
27 3.27E-28 0.5% 5.0%
55 7.33E-29 13% 5.2%
80 1.76E-29 3.4% 6.1%
100 8.93E-30 4.1% 6.5%

By =5.0%

Table 5.7.2 Reaction rates of the °Co(n,2n)**Co reaction on

the main bar

for 12 GeV proton

bombardment.
Distance Reaction Rate O Oyt
(cm) (/target nucleus/proton)
1 1.21E-27 0.4% 5.0%
5 1.43E-27 0.3% 5.0%
9 1.69E-27 0.3% 5.0%
17 1.96E-27 0.3% 5.0%
27 1.75E-27 0.3% 5.0%
55 6.73E-28 0.5% 5.0%
80 2.01E-28 0.9% 5.1%
100 7.34E-29 1.5% 5.2%
Oyys =5.0%

Table 5.7.3 Reaction rates of the *Co(n,2n)*®Co reaction on

the main bar

for 24 GeV proton

bombardment.
Distance Reaction Rate O Ot
(cm) (/target nucleus/proton)
1 1.86E-27 0.5% 5.0%
5 2.28E-27 0.4% 5.0%
9 2.69E-27 0.4% 5.0%
17 3.29E-27 0.3% 5.0%
27 3.21E-27 0.3% 5.0%
55 1.45E-27 0.4% 5.0%
80 4.93E-28 0.8% 5.1%
100 1.94E-28 1.4% 5.2%
Oyys =5.0%
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Table 5.8.1 Reaction rates of the *°Co(n,3n)’*Co reaction on the main bar for 1.94 GeV proton

bombardment.
Distance Reaction Rate O St
(cm) (/target nucleus/proton)
1 8.99E-29 1.3% 5.2%
5 1.06E-28 1.2% 5.1%
9 1.19E-28 1.1% 5.1%
17 1.22E-28 1.0% 51%
27 8.52E-29 13% 5.2%
55 2.23E-29 3.1% 5.9%
80 6.33E-30 6.9% 8.5%
100 3.70E-30 13.5% 14.4%
8y =5.0%

Table 5.8.2 Reaction rates of the *°Co(n,3n)°Co reaction on the main bar

for 12 GeV proton

bombardment.
Distance Reaction Rate Oy Byt
(cm) (/target nucleus/proton)
1 2.86E-28 0.9% 5.1%
5 3.52E-28 0.8% 5.1%
9 4.07E-28 0.7% 5.1%
17 4.96E-28 0.5% 5.0%
27 4.52E-28 0.7% 5.0%
55 1.76E-28 1.1% 5.1%
80 5.47E-29 2.1% 5.4%
100 2.24E-29 3.7% 6.2%
8y =5.0%
Table 5.8.3 Reaction rates of the *°Co(n,3n)®Co reaction on the main bar for 24 GeV proton
bombardment.
Distance Reaction Rate Sy Oyt
(cm) (/target nucleus/proton)
1 4.35E-28 1.2% 5.2%
5
9 6.64E-28 0.9% 51%
17 8.28E-28 0.7% 5.0%
27 8.17E-28 0.8% 5.1%
55 4.00E-28 1.1% 5.1%
80 1.35E-28 2.0% 5.4%
100 4.81E-29 4.4% 6.7%
Oy =5.0%

sys
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Table 5.9.1 Reaction rates of the >°Co(n,4n)*Co reaction on the main bar for 1.94 GeV proton
bombardment.
Distance Reaction Rate Oga St
(cm) (/target nucleus/proton)
1 1.26E-29 5.9% 7.7%
5 1.57E-29 4.4% 6.7%
9 1.84E-29 4.4% 6.7%
17 1.85E-29 4.2% 6.5%
27 1.24E-29 4.8% 6.9%
55 3.75E-30 10.5% 11.7%
80 1.87E-30 18.4% 19.0%
100
Oy =5.0%
Table 5.9.2 Reaction rates of the *Co(n,4n)*Co reaction on the main bar for 12 GeV proton
bombardment.
Distance Reaction Rate O Oyt
(cm) (/target nucleus/proton)
1 3.64E-29 4.7% 6.9%
5 4.90E-29 3.6% 6.2%
9 5.01E-29 35% 6.1%
17 6.85E-29 2.9% 5.8%
27 7.12E-29 2.5% 5.6%
55 2.75E-29 3.6% 6.2%
80 9.05E-30 8.4% 9.8%
100 3.10E-30 19.6% 20.2%
Oy =5.0%
Table 5.9.3 Reaction rates of the *°Co(n,4n)**Co reaction on the main bar for 24 GeV proton
bombardment.
Distance Reaction Rate Oy Ot
(cm) (/target nucleus/proton)
1 5.25E-29 7.1% 8.7%
5 8.32E-29 4.4% 6.7%
9 9.35E-29 4.0% 6.4%
17 1.13E-28 3.4% 6.1%
27 1.22E-28 3.0% 5.8%
55 6.40E-29 4.2% 6.5%
80 1.36E-29 12.1% 13.1%
100 1.21E-29 11.2% 12.3%
dyys =5.0%
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Table 5.10.1 Reaction rates of the °Co(n,5n)*Co reaction on the main bar for 1.94 GeV proton

bombardment.
Distance Reaction Rate O St
(cm) (/target nucleus/proton)
1 9.60E-31 11.9% 13.9%
5 1.32E-30 8.4% 11.1%
9 1.75E-30 6.9% 10.0%
17 1.36E-30 7.9% 10.8%
27 1.40E-30 8.9% 11.5%
55 3.10E-31 19.9% 21.2%
80
100
8y =7.3%

Table 5.10.2 Reaction rates of the *°Co(n,5n)’Co reaction on the main bar for 12 GeV proton

bombardment.
Distance Reaction Rate O St
(cm) (/target nucleus/proton)
1 2.61E-30 7.8% 10.7%
5 2.42E-30 10.4% 12.7%
9 4.38E-30 6.6% 9.9%
17 5.89E-30 52% 8.9%
27 5.11E-30 5.2% 9.0%
55 2.25E-30 8.5% 11.2%
80 7.56E-31 14.1% 15.9%
100 5.20E-31 18.3% 19.7%
dys =7.3%

Table 5.10.3 Reaction rates of the *°Co(n,5n)*Co reaction on the main bar for 24 GeV proton

bombardment.
Distance Reaction Rate Oz Oy
(cm) (/target nucleus/proton)
1 3.38E-30 14.1% 15.9%
5 4.16E-30 11.2% 13.4%
9 6.11E-30 8.1% 10.9%
17 1.13E-29 6.3% 9.7%
27 9.25E-30 6.4% 9.7%
55 4.98E-30 8.5% 11.2%
80 1.73E-30 14.3% 16.0%
100
s =1.3%
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Table 5.11.1 Reaction rates of the ™Ni(n,x)*®Co reaction on the main bar for 1.94 GeV proton

bombardment.
Distance Reaction Rate O Orot
(cm) (/target nucleus/proton)
1 8.86E-28 0.3% 5.0%
5 9.72E-28 0.3% 5.0%
9 1.06E-27 0.2% 5.0%
17 9.61E-28 0.3% 5.0%
27 6.59E-28 0.3% 5.0%
55 1.46E-28 0.7% 5.0%
80 2.95E-29 1.7% 5.3%
100 1.13E-29 3.4% 6.0%
3y =7.3%

Table 5.11.2 Reaction rates of the "*Ni(n,x)’*Co reaction on

the main bar

for 12 GeV proton

bombardment.
Distance Reaction Rate Osa Oyt
(cm) (/target nucleus/proton)
1 2.60E-27 0.2% 5.0%
5 3.00E-27 0.2% 5.0%
9 3.46E-27 0.2% 5.0%
17 3.98E-27 02% 5.0%
27 3.53E-27 0.2% 5.0%
55 1.35E-27 0.3% 5.0%
80 3.75E-28 0.5% 5.0%
100 1.35E-28 0.9% 5.1%
S, =7.3%

Table 5.11.3 Reaction rates of the "®Ni(n,x)®Co reaction on

sys

the main bar

for 24 GeV proton

bombardment.
Distance Reaction Rate 8 Oyt
(cm) {/target nucleus/proton)
1 4.04E-27 0.2% 5.0%
5 4.80E-27 0.2% 5.0%
9 5.65E-27 0.2% 5.0%
17 6.79E-27 0.2% 5.0%
27 6.50E-27 0.2% 5.0%
55 2.81E-27 0.3% 5.0%
80 9.42E-28 0.5% 5.0%
100 3.62E-28 0.8% 51%
O =71.3%

sys
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Table 5.12.1 Reaction rates of the "*Ni(n,x)’Co reaction on the main bar for 1.94 GeV proton

bombardment.
Distance Reaction Rate O St
(cm) (/target nucleus/proton)
1 2.87E-28 0.5% 5.0%
5 3.38E-28 0.5% 5.0%
9 3.84E-28 0.4% 5.0%
17 3.64E-28 0.5% 5.0%
27 2.54E-28 0.6% 5.0%
55 5.78E-29 1.3% 5.2%
80 1.51E-29 3.0% 5.8%
100 6.97E-30 5.9% 7.7%
Byys =5.0%

Table 5.12.2 Reaction rates of the ™*Ni(n,x)’’Co reaction on

the main bar

for 12 GeV proton

bombardment.
Distance Reaction Rate O Oyt
(cm) (/target nucleus/proton)
1 8.96E-28 0.3% 5.0%
5 1.08E-27 0.3% 5.0%
9 1.25E-27 0.2% 5.0%
17 1.50E-27 0.3% 5.0%
27 1.35E-27 0.3% 5.0%
55 5.17E-28 0.5% 5.0%
80 1.59E-28 0.9% 5.1%
100 5.58E-29 1.6% 53%
s =5.0%

Table 5.12.3 Reaction rates of the ™*Ni(n,x)’’Co reaction on

the main bar

for 24 GeV proton

bombardment.
Distance Reaction Rate O Oyt
(cm) (/target nucleus/proton)
1 1.35E-27 0.4% 5.0%
5 1.70E-27 0.4% 5.0%
9 2.04E-27 0.3% 5.0%
17 2.51E-27 0.3% 5.0%
27 2.45E-27 0.3% 5.0%
55 1.08E-27 0.5% 5.0%
80 3.85E-28 0.9% 5.1%
100 1.50E-28 1.5% 5.2%
Ogys =5.0%
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Table 5.13.1 Reaction rates of the *®Bi(n,4n)*®Bi reaction on the main bar for 1.94 GeV proton

bombardment.
Distance Reaction Rate O Oy
(cm) (/target nucleus/proton)
1 2.78E-28 1.0% 5.1%
5 3.33E-28 0.9% 5.1%
9 3.65E-28 0.6% 5.0%
17 3.63E-28 0.6% 5.0%
27 2.50E-28 0.7% 5.0%
55 5.87E-29 1.7% 5.3%
80 1.51E-29 12.8% 13.8%
100 7.41E-30 26.2% 26.7%

8,ys =5.0%

Table 5.13.2 Reaction rates of the 2®Bi(n,4n)*®Bi reaction on the main bar

for 12 GeV proton

bombardment.
Distance Reaction Rate O Ot
(cm) (/target nucleus/proton)
1 8.64E-28 0.8% 5.1%
5 1.05E-27 0.6% 5.0%
9 1.23E-27 0.2% 5.0%
17 1.49E-27 0.4% 5.0%
27 1.35E-27 0.4% 5.0%
55 5.21E-28 0.6% 5.0%
80 1.57E-28 1.9% 5.4%
100 5.74E-29 52% 7.2%
dyys =5.0%

Table 5.13.3 Reaction rates of the 2®Bi(n,4n)*®Bi reaction on the main bar

for 24 GeV proton

bombardment.
Distance Reaction Rate O Oyt
(cm) (/target nucleus/proton)
1 1.33E-27 1.1% 5.1%
5 1.63E-27 0.8% 5.1%
9 1.99E-27 0.7% 5.0%
17 2.33E-27 0.5% 5.0%
27 2.42E-27 0.4% 5.0%
55 1.10E-27 0.6% 5.0%
80 3.90E-28 0.9% 5.1%
100 1.65E-28 4.0% 6.4%
Byys =5.0%
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Table 5.14.1 Reaction rates of the 2®Bi(n,5n)*®Bi reaction on the main bar for 1.94 GeV proton

bombardment.
Distance Reaction Rate O St
(cm) (/target nucleus/proton)
1 1.98E-28 1.8% 5.3%
5 2.39E-28 1.5% 52%
9 2.69E-28 1.4% 5.2%
17 2.74E-28 1.3% 52%
27 1.90E-28 1.5% 52%
55 4.85E-29 4.1% 6.5%
80 1.85E-29 5.8% 7.7%
100 7.06E-30 12.4% 13.4%
6,,s =5.0%

sys

Table 5.14.2 Reaction rates of the 2”Bi(n,5n)’®Bi reaction on the main bar

for 12 GeV proton

bombardment.
Distance Reaction Rate Ot Ot
(cm) (/target nucleus/proton)
1 6.14E-28 1.2% 5.1%
5 7.46E-28 1.0% 5.1%
9 9.34E-28 0.7% 51%
17 1.13E-27 0.7% 51%
27 1.03E-27 0.8% 5.1%
55 3.98E-28 12% 52%
80 1.25E-28 2.5% 5.6%
100 4.63E-29 52% 7.2%
845 =5.0%

Table 5.14.3 Reaction rates of the 2®Bi(n,5n)**Bi reaction on the main bar

for 24 GeV proton

bombardment.
Distance Reaction Rate Ota Ot
(cm) (/target nucleus/proton)
1 9.71E-28 1.6% 5.3%
5 1.17E-27 1.3% 5.2%
9 1.51E-27 1.0% 51%
17 1.78E-27 0.9% 5.1%
27 1.89E-27 0.9% 5.1%
55 8.43E-28 1.2% 5.2%
80 3.28E-28 2.1% 5.4%
100 1.24E-28 3.5% 6.1%
dyys =5.0%
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Table 5.15.1 Reaction rates of the 2®Bi(n,6n)**Bi reaction on the main bar for 1.94 GeV proton

bombardment.
Distance Reaction Rate O¢a Oyt
(cm) (/target nucleus/proton)
1 1.11E-28 0.5% 51%
5 1.49E-28 0.4% 5.1%
9 1.78E-28 0.4% 5.1%
17 1.85E-28 04% 51%
27 1.34E-28 0.5% 51%
55 3.24E-29 0.9% 51%
80 9.02E-30 1.8% 5.3%
100 4.32E-30 2.8% 5.8%
Oy =5.0%

Table 5.15.2 Reaction rates of the 2®Bi(n,6n)**Bi reaction on the main bar

for 12 GeV proton

bombardment.
Distance Reaction Rate O Ot
(cm) (/target nucleus/proton)
1 3.61E-28 0.3% 51%
5 4.63E-28 0.3% 5.1%
9 5.64E-28 0.3% 5.1%
17 7.03E-28 0.2% 5.1%
27 6.48E-28 0.2% 5.1%
55 2.64E-28 0.4% 5.1%
80 8.26E-29 0.7% 5.1%
100 3.01E-29 1.2% 5.2%
;s =5.0%

Table 5.15.3 Reaction rates of the 2®Bi(n,6n)°*Bi reaction on the main bar

for 24 GeV proton

bombardment.
Distance Reaction Rate Oga S0t
(cm) (/target nucleus/proton)
| 5.15E-28 0.4% 5.1%
5 6.71E-28 0.4% 5.1%
9 8.59E-28 0.3% 5.1%
17 1.04E-27 0.3% 5.1%
27 1.14E-27 0.3% 5.1%
55 5.04E-28 0.4% 5.1%
80 1.88E-28 0.7% 5.1%
100 7.23E-29 1.1% 5.2%
Byys =5.0%
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Table 5.16.1 Reaction rates of the **Bi(n,7n)*”Bi reaction on the main bar for 1.94 GeV proton

bombardment.
Distance Reaction Rate O¢a Ot
(cm) (/target nucleus/proton)
1 8.00E-29 2.1% 7.4%
5 1.05E-28 1.8% 7.3%
9 1.36E-28 2.0% 7.4%
17 1.29E-28 1.6% 7.3%
27 1.05E-28 1.8% 7.3%
55 2.69E-29 3.6% 8.0%
80 6.38E-30 9.4% 11.8%
100 5.73E-30 7.4% 10.3%
8y =7.1%

Table 5.16.2 Reaction rates of the 2”Bi(n,7n)**Bi reaction on the main bar

for 12 GeV proton

bombardment.
Distance Reaction Rate Ogia Ot

(cm) (/target nucleus/proton)
1 2.30E-28 1.5% 53%
5 2.99E-28 1.2% 7.2%
9 3.70E-28 1.1% 7.2%
17 5.04E-28 1.0% 7.2%
27 432E-28 12% 7.2%
55 1.77E-28 1.8% 7.3%
80 6.26E-29 3.4% 7.9%
100 2.68E-29 4.4% 8.4%

S, =7.1%

sys

Table 5.16.3 Reaction rates of the 2®Bi(n,7n)**Bi reaction on the main bar

for 24 GeV proton

bombardment.
Distance Reaction Rate O Ot
(cm) (/target nucleus/proton)
1 3.42E-28 1.7% 7.3%
5 4.60E-28 1.4% 7.2%
9 6.12E-28 1.2% 7.2%
17 7.75E-28 1.1% 72%
27 7.72E-28 1.2% 7.2%
55 3.81E-28 1.6% 73%
80 1.38E-28 2.8% 7.7%
100 6.11E-29 4.3% 8.3%
Oy =7.1%
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Table 6 List of the fitting parameters for the reaction rate data with the equation ¥

Reaction E (GeV) Position Region” g, a, a, a, as ag

In(n,2n)""*"In 194 Main -1~-100 2.56E-25 6.94E-02 -1.92E-25 7.10E-02 -6.31E-26  6.95E-02
Sub-1 -1~85 3.50E-24  5.26E-02 -1.84E-24 5.36E-02 -1.67E-24 S.15E-02

Sub-2 -1~85 4.01E-24 6.29E-02 -2.13E-24  6.40E-02 -1.88E-24 6.18E-02

Sub-3 -1~100 2.58E-25 7.03E-02 -1.85E-25 7.20E-02 -7.11E-26  7.03E-02

12 Main -1~100 2.40E-23 429E-02 -1.25E-23 4.38E-02 -1.15E-23 421E-02

Sub-1 -1~85 4.09E-24 3.12E-02 -2.20E-24 3.31E-02 -1.88E-24 2.92E-02

Sub-2 -1~85 2.01E-23 3.70E-02 -1.05E-23 3.81E-02 -9.65E-24 3.60E-02

Sub-3 -1-100 3.34E-23 4.77E-02 -1.74E-23 4.85E-02 -1.60E-23 4.68E-02

24 Main -1~-100 3.66E-23 3.63E-02 -190E-23 3.72E-02 -1.75E-23 3.54E-02

Sub-1 -1~85 1.37E-23 2.68E-02 -7.18E-24 2.82E-02 -6.46E-24 2.55E-02

Sub-2 -1-85 3.67E-23 3.35E-02 -1.91E-23 3.45E-02 -1.76E-23 3.25E-02

Sub-3 -1-100 5.15E-23 391E-02 -2.68E-23 4.00E-02 -2.47E-23 3.83E-02

Nb(n2n)?"Nb® 194 Main 1~100 248E-25 6.81E-02 -2.06E-25 6.81E-02 -420E-26  6.88E-02
12 Main 1~100 3.38E-25 4.36E-02 -1.96E-25 4.59E-02 -1.41E-25 4.12E-02

24 Main  1~100 3.04E-25 3.53E-02 -1.89E-25 3.81E-02 -1.14E-25 3.21E-02

SNb(ndn)®Nb® 194 Main 1~100 2.43E-25 6.40E-02 -2.14E25 640E-02 -291E-26  6.45E-02
12 Main 1~100 2.62E-25 4.01E-02 -1.99E-25 4.12E-02 -6.31E-26 3.73E-02

24 Main 1~100 2.59E-25 349E-02 -2.02E-25 3.62E-02 -5.75E-26  3.13E-02

Y Al(n,00)*Na 194 Main 1~100 2.47E-25 7.05E-02 -2.09E-25 7.05E-02 -3.79E-26 7.05E-02
12 Main 1-100 2.60E-25 4.49E-02 -2.00E-25 4.58E-02 -5.89E-26 4.23E-02

24 Main 1~100 2.79E-25 3.76E-02 -1.89E-25 391E-02 -8.96E-26 3.52E-02

¥Co(n,0)**Mn 1.94 Main 1~100 2.42E-25 6.89E-02 -2.13E-25 6.90E-02 -2.93E-26 6.89E-02
12 Main 1~100 2.39E-25 443E-02 -2.20E-25 446E-02 -1.94E-26  4.15E-02

24 Main 1~100 2.45E-25 3.50E-02 -2.14E-25 3.54E-02 -3.12E-26 3.22E-02

¥Co(n,2n)*Co 194 Main 1-100 2.55E-25 6.99E-02 -2.00E-25 7.02E-02 -537E-26  6.99E-02
12 Main 1~100 6.28E-25 440E-02 -3.50E-25 4.63E-02 -2.76E-25 4.19E-02

24 Main 1-100 1.02E-24 3.71E-02 -5.67E-25 3.93E-02 -4.54E-25 3.50E-02

*¥Co(n,3n)*’Co 194 Main 1-~100 2.40E-25 6.67E-02  -2.19E-25 6.68E-02 -2.17E-26  6.67E-02
12 Main 1~100 2.63E-25 445E-02 -1.99E-25 456E-02 -6.36E-26 4.19E-02

24 Main 1~-100 3.02E-25 348E-02 -1.85E-25 3.67E-02 -1.17E-25 3.25E-02

¥Co(n,4n)*Co 1.94 Main 1~100 2.35E-25 6.39E-02 -2.25E-25 6.39E-02 -1.01E-26  6.38E-02
12 Main 1~100 2.35E-25 3.69E-02 -2.25E-25 3.70E-02 -9.60E-27 3.37E-02

24 Main 1~100 2.37E-25 4.06E-02 -2.23E-25 4.09E-02 -147E-26 3.76E-02

¥Co(n,5n)*Co 1.94 Main 1~100 2.30E-25 4.10E-02  -2.30E-25 4.10E-02 -6.69E-29 3.31E-02
12 Main  1-100 2.30E-25 4.08E-02 -2.30E-25 4.09E-02 -2.50E-28 3.61E-02

24 Main 1~100 2.30E-25 249E-02 -2.30E-25 249E-02 -9.11E-28  2.09E-02

MNi(n,x)*Co 194 Main 1~100 2.50E-25 6.94E-02 -2.06E-25 697E-02 -4.33E-26 6.95E-02
12 Main  1~100 3.63E-25 4.30E-02 -2.09E-25 4.56E-02 -1.54E-25 4.05E-02

24 Main  1~100 4.14E-25 3.73E-02 -2.39E-25 4.04E-02 -1.74E-25 3.44E-02

"Nj(n,x)*’Co 194 Main 1~100 2.50E-25 6.95E-02 -2.06E-25 6.97E-02 -4.33E-26 6.95E-02
12 Main 1-100 3.63E-25 430E-02 -2.09E-25 4.56E-02 -1.54E-25 4.05E-02

24 Main 1~100 4.14E-25 3.73E-02 -2.39E-25 4.04E-02 -1.74E-25 3.44E-02

Y Y=a,exp(-ax)*+a,exp(-ax)+asexp(-asx), where Y is the reaction rate (per target nucleus and per incident proton), x is the
distance between the top of the mercury target and the detector position in cm. and g, (i=1~6) are the fitting parameters.

" The region x where the experimental data exist.

©  The fitting is not done for the experimental data of the sub-bars, because the data are not so many to fit them with the 6-
fitting-parameter-equation.
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Table 6 (continued)

Reaction E (GeV) Position Region® a, a, a, a, as ag
2Bi(n,4n)**Bi 194 Main 1~100 245E-25  7.15E-02 -2.14E-25  7.18E-02 -3.05E-26  7.14E-02
12 Main  1~100 3.60E-25 427E-02 -207E-25 453E-02 -1.52E-25 4.02E-02
24 Main 1~100 6.98E-25 3.65E-02 -3.88E-25 3.88E-02 -3.08E-25  3.44E-02
2Bi(n,5n)*"Bi 1.94 Main 1~100 2.42E-25 643E-02 -2.17E-25 6.45E-02 -2.53E-26  6.43E-02
12 Main 1~100  3.30E-25 4.25E-02 -1.94E-25 4.48E-02 -1.36E-25 4.01E-02
24 Main  1~100 3.72E-25 341E-02 -2.13E-25 3.68E-02 -1.58E-25 3.15E-02
®Bi(n,6n)**Bi 1.94 Main 1~100 244E-25  6.67E-02 -2.13E-25 6.68E-02 -3.06E-26  6.67E-02
12 Main 1~100 2.82E-25 4.16E-02 -1.88E-25 4.32E-02 -9.30E-26 3.91E-02
24 Main 1~100 2.63E-25 3.55E-02 -1.99E-25 3.72E-02 -6.34E-26  3.17E-02
2Bi(n,7ny*"Bi 194 Main 1~100 2.40E-25 6.54E-02 -2.20E-25 6.55E-02 -2.00E-26 6.56E-02
12 Main 1~100  2.55E-25 431E-02 -2.06E-25 441E-02 -4.85E-26 4.02E-02
24 Main 1~100  2.75E-25 3.56E-02 -1.92E-25 3.71E-02 -8.29E-26  3.29E-02

Y RR=a,exp(-ax)+aexp(-a,x)+asexp(-a¢x), where RR is the reaction rate (per target nucleus and per incident proton), x is
the distance between the top of the mercury target and the detector position in cm. and q, (i=1~6) are the fitting

parameters.
®  The region x where the experimental data exist.
©  The fitting is not done for the experimental data of the sub-bars, because the data are not so many to fit them with the 6-

fitting-parameter-equation.
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Fig.1 A plain view of the accelerator complex of Brookhaven National Laboratory. The
mercury target was set in the U-line tunnel between AGS and Relativistic Heavy Ion
Collider (RHIC).
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Fig.2  Upper and side view of the mercury target. The unit of the values in the figure is in mm.
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(b) Cross sectional view on the AA' plane

T
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(c) Cross sectional view on the BB' plane
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Fig. 3 Reflector and moderator: (a) front view, (b) cross sectional on BB' and (c) cross sectional
view on AA’. The relative position of the mercury target for the reflector and the
moderator could be changed by moving the mercury target. In the irradiation of
activation detectors, the distance between the top of the mercury target and the center of

the moderator was fixed on 200 mm.
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(a) upper view

AR — _—A = A
N
N 50 54
3
3
\
R
. N v
o TR, N

iy
A
Acrylic—.__ minum
: N
§
N
N
RN
RN
. §
1N
- B
‘N 100 105
N
N
N
3
N
N
3
3
N
\
)
N
N
BN
N  /
b AR 2 DA O OO AN R 21
|
| 4
- 100— e
i 104 >

Fig.4  Front and cross sectional view of the moderator. The box was made of aluminum with
2 mm in thickness. The inner size of the box was 100 mm x 100 mm x 50 mm. Five
thermistors were set in the water to measure temperature rise of water by nuclear heating.
The thermistors were fixed by the acrylic supporter.
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1150

V//////////////'///////////%W//////////////////////////};'
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Fig. 5 Cross sectional view of the U-line block house in the AGS facility. The nominal proton
beam height is 1250 mm. The center of the mercury target was placed at the beam axis.
An iron with a slit was equipped besides the reflector for the TOF measurement. The unit
of the value in the figure is in mm.
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Aluminum Holder
Acrylic Bar

Detectors

Surface of Mercury Target

Fig. 6 Arrangement of activation-detector-holders (left) and configuration of the holder, an
acrylic bar and a bundle of activation-detectors (right). The incident protons penetrate
from the front to back surface. Four aluminum holders were set on surface of the
mercury target. The activation detectors were put on the acrylic bars, and each bar were
installed into the aluminum holders.

Main
Sub-1
Sub-2
Sub-3
Distance(cm) O 20 40 60 80 100
Top of the target
“ Mercury Target?
- In //////f///////////g//////////z
= Nb In(upward) —=—smma—7 Bi
] Al, Co, Ni, Bi Nb Y Co
In(attached)
—Acrylic Bar—
Fig. 7 Activation foils arrangement on the acrylic bar. Nickel, cobalt, aluminum and niobium

foils were assembled in one foil stack. The stack was sandwiched with indium foils.
The position of the indium foils were indicated as "upper” or "attached” as shown in the

figure.
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Fig. 8 Experimental cross section data for Cu(p,x)**Na reaction. The cross section values used

to deduce the number of incident protons are 3.0, 3.5 and 3.5 mb for 1.94, 12 and 24 GeV,
respectively. These cross section values were taken from the eye-guide line drawn in the

figure.

Fig. 9 Two-dimensional distribution of the incident protons for 24 and 12 GeV by imaging plate
technique. The incident protons penetrate from the front to back surface. For 1.94 GeV
proton bombardment, no obvious peak was observed in the image.
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Fig. 10.1.1 Reaction rate distribution of the 'In(n,n")'"*"In reaction for 1.94 GeV protons. The
lines show the fitting results with the function of eq.(3.1).
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Fig. 10.1.2 Reaction rate distribution of the '"’In(n,n')!"*"In reaction for 12 GeV protons. The lines
show the fitting results with the function of eq. (3.1).
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Fig. 10.1.3 Reaction rate distribution of the "*In(n,n’)!"*"In reaction for 24 GeV protons. The lines

Fig. 10.2.1 Reaction rate distribution of the *Nb(n,2n")**"Nb reaction for 1.94 GeV protons.
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show the fitting results with the function of eq. (3.1).
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lines show the fitting results with the function of eq. (3.1).
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Fig. 10.2.2 Reaction rate distribution of the *Nb(n,2n")**"Nb reaction for 12 GeV protons. The
lines show the fitting results with the function of eq. (3.1).
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Fig. 10.2.3 Reaction rate distribution of the %Nb(n,2n")***Nb reaction for 24 GeV protons. The
lines show the fitting results with the function of eq. (3.1).
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Fig. 10.3.1 Reaction rate distribution of the **Nb(n,4n")**™Nb reaction for 1.94 GeV protons. The
lines show the fitting results with the function of eq. (3.1).
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Fig. 10.3.2 Reaction rate distribution of the *’Nb(n,4n')**"Nb reaction for 12 GeV protons. The
lines show the fitting results with the function of eq. (3.1).
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Fig. 10.3.3 Reaction rate distribution of the **Nb(n,4n')**"Nb reaction for 24 GeV protons. The
lines show the fitting results with the function of eq. (3.1).
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Fig. 10.4  Reaction rate distribution of the 21 Al(n,0r)**Na reaction for 1.94, 12 and 24 GeV protons.
The lines show the fitting results with the function of eq. (3.1).
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Fig. 10.5 Reaction rate distribution of the **Co(n,y)*’Co reaction for 1.94, 12 and 24 GeV protons.
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Fig. 10.6 Reaction rate distribution of the °Co(n,0)**Mn reaction for 1.94, 12 and 24 GeV protons.
The lines show the results with the function of eq. (3.1).
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Fig. 10.7 Reaction rate distribution of the **Co(n,2n)**Co reaction for 1.94, 12 and 24 GeV protons.
The lines show the results with the function of eq. (3.1).
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Fig. 10.8 Reaction rate distribution of the **Co(n,3n)*’Co reaction for 1.94, 12 and 24 GeV protons.
The lines show the results with the function of eq. (3.1).
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Fig. 10.9  Reaction rate distribution of the °Co(n,4n)**Co reaction for 1.94, 12 and 24 GeV
protons. The lines show the results with the function of eq. (3.1).
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Fig. 10.10 Reaction rate distribution of the **Co(n,5n)**Co reaction for 1.94, 12 and 24 GeV protons.
The lines show the results with the function of eq. (3.1).
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Fig. 10.11 Reaction rate distribution of the "Ni(n,x)**Co reaction for 1.94, 12 and 24 GeV protons.
The lines show the results with the function of eq. (3.1).
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Fig. 10.12 Reaction rate distribution of the "Ni(n,x)*’Co reaction for 1.94, 12 and 24 GeV protons.
The lines show the results with the function of eq. (3.1).
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Fig. 10.13 Reaction rate distribution of the **Bi(n,4n)*®Bi reaction for 1.94, 12 and 24 GeV protons.
The lines show the results with the function of eq. (3.1).
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Fig. 10.14 Reaction rate distribution of the **Bi(n,5n)**Bi reaction for 1.94, 12 and 24 GeV protons.
The lines show the results with the function of eq. (3.1).
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Fig. 10.14 Reaction rate distribution of the **Bi(n,6n)**Bi reaction for 1.94, 12 and 24 GeV protons.
The lines show the results with the function of eq. (3.1).

10%
< | ]
o] o ]
(o} - .
2 . ]
=

28

s 0k E
c . m
D X ]
o) i ]
s i ]
OJ ~

g 1071 N E
g F | —e— 24 GeV I\\ I ]
G | — = -12GeV . ]
ko | | —- -1.94 GeV ]

o Lt e ) L

0 20 40 60 80 100 120
Distance (cm)

Fig. 10.15 Reaction rate distribution of the **Bi(n,7n)**Bi reaction for 1.94, 12 and 24 GeV protons.
The lines show the results with the function of eq. (3.1).
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Fig. 13.1 Ratio of the reaction rates of the mercury target surrounded by the reflector to those of the
bare target for the '"“In(n,n’)'"*"In reaction. The averaged reaction rates are used to
deduce the ratios.
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Measurement of Activation Reaction Rate Distribution on a Mercury Target with a Lead-reflector and Light-water-moderator for High Energy Proton Bombardment using AGS Accelerator




