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Benchmark problems were prepared for evaluating the calculation codes and the nuclear
data for accelerator shielding design by the Accelerator Shielding Working Group of the
Research Committee on Reactor Physics in JAERI. Four benchmark problems: transmission of
quasi-monoenergetic neutrons generated by 43 MeV and 68 MeV protons through iron and
concrete shields at TIARA of JAERI, neutron fluxes in and around an iron beam stop
irradiated by 500 MeV protons-at KEK, reaction rate distributions inside a thick
concrete shield irradiated by 6.2 GeV protons at LBL, and neutron and hadron fluxes
inside an iron beam stop irradiated by 24 GeV protons at CERN are compiled in this

document. Calculational configurations and neutron reaction cross section data up to

500 MeV are provided.
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Preface

From the view point of shielding calculations for low, intermediate and high energy accelerators,
experimental benchmark data are useful to evaluate calculation codes and the nuclear data used in the
codes. Annotated references on neutron and photon productions from thick targets, shielding experi-
ments and calculations of high energy particle transport have hitherto been collected'”?. From these
experiments, fifteen experiments for electron accelerators and ten experiments for proton accelerators
have been selected and compiled” for accelerator shielding benchmark calculations. The Accelerator
Shielding Working Group of the Research Committee on Reactor Physics in JAERI have selected””
six kinds of benchmark problems on thick target neutron yields by protons, alphas and electrons, and
shielding data of neutrons and photons generated by low and intermediate energy protons. Analyses
of the benchmark experiments carried out® by the Accelerator Shielding Working Group were
presented and discussed at the Second Specialists’ Meeting on Shielding Aspects of Acéelerators,
Targets and Irradiation Facilities, SATIF-2. In this meeting, it was decided that newly selected neutron
transmission benchmark problems should be compiled for intercomparison of calculation codes for
accelerator shielding. Four benchmark problems: transmission of quasi-monoenergetic neutrons
generated by 43 MeV and 68 MeV protons through iron and concrete shields at TIARA of JAERI,
neutron fluxes in and around an iron beam stop irradiated by 500 MeV protons at KEK, reaction rate
distributions inside a thick concrete shield irradiated by 6.2 GeV protons at LBL, and neutron and
hadron fluxes inside an iron beam stop irradiated by 24 GeV protons at CERN have therefore been
prepared by the Working Group. In the present report, information including calculational

configurations and reaction cross sections up to 500 MeV is compiled for benchmark analysis.
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1. Nakamura T. et al. : "Annotated References on Neutron and Photon Production from Thick Targets
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Energy Particles", KEK report 90-18 (1990).

3. Hirayama H. et al. : "Accelerator Shielding Benchmark Problems", KEK report 92-17 (1993)

4. Hayashi H. et al. : "Accelerator Shielding Benchmark Analysis and future Items to be Solved”,
Proceedings of "First Specialists’ Meeting on Shielding Aspects of Accelerators, Targets and
Irradiation Facilities", OECD DOCUMENTS, OECD/NEA (1995).

5. Nakashima H. et al. : "Benchmark problems for intermediate and high energy accelerator
shielding", JAERI-Data/Code 94-012 (1994).

6. Nakashima H. et al. : "Accelerator Shielding Benchmark Experiment Analyses”, to be published
as Proceedings of "Second Specialists’ Meeting on Shielding Aspects of Accelerators, Targets and
Irradiation Facilities", OECD DOCUMENTS, OECD/NEA in 1996.
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1. Transmission of Quasi-Monoenergetic Neutrons Generated by 43 MeV and 68 MeV Protons

Through Iron and Concrete Shields

(Summary)

1) Accelerator (Organization) : TIARA AVF Cyclotron (JAERL/Takasaki)

2) Projectile (Energy) : Proton (43 and 68 MeV)

3) Target (Thickness) : 99.9 % Enriched Li (3.6/5.2 mm for 43/63 MeV)

4} Shielding Material : Iron and Concrete

5) Geometry : Rectangular Slabs

6) Instruments : BC501A Liquid Scintillation Detector, Bonner Sphere
Spectrometer, 2*U and “*Th Fission Counters

7) Measured Quantities : Neutron Energy Spectra, Reaction Rates of Bonner Sphere

Spectrometer, 2*U and *Th Fission Rates

1.1 Experimental Arrangement
Figure 1.1 shows a cross sectional view of the TIARA facility with the experimental arrangement.

Quasi-monoenergetic source neutrons were generated by 43- and 68-MeV protons bombarding 3.6 mm
thick and 5.2 mm thick 7Li targets, respectively. The protons penetrating the target with a 2-MeV
energy loss were bent down toward the beam dump by a clearing magnet. The neutrons produced in
the forward angle reached the experimental room through a 10.9 cm diameter and 225 cm long iron
collimator embedded in the concrete wall. The intensity of source neutrons was monitored with a
proton beam Faraday cup and two fission counters placed near the "Li-target and the collimator. An
iron test shield of 10 to 130 ¢m thickness was assembled” ? with 10 cm thick iron slabs of 120 cm x
120 cm rectangular surface on a movable stand. A concrete test shield of 25 to 200 cm thickness was
also assembled® with 120 x 120 x 25 cm slabs on the movable stand. An additional iron collimator
shown in Fig. 1.2 was used for measurements of thinner test shields in order to depress the neutron
leakage through the collimator wall and rotary shutter shown in Fig. 1.1. The additional collimator
of 40 to 80 cm thickness was assembled with 120 x 120 x 10 ¢m slabs with a 10.9 cm diameter
cylindrical hole on the movable stand. Thicknesses of the test shields and the additional collimator,
peak flux of source neutrons per proton beam charge (uC) are given in Table 1.1. Atom densities of

the iron and concrete test shields and the additional collimator are given in Table 1.2.

- 1.2 Methods of Measurement and Instrument
To measure the neutron energy spectra, a 12.7 cm diameter x 12.7 cm long BC501A liquid

scintillation detector was placed behind the test shields. The pulse height distributions of the detector

were converted to neutron energy spectra by the FERDOU unfolding code” and a measured response

matrix®.



JAERI-Data/Code  96-029

A Bonner sphere spectrometer with four polyethylene moderators, shown in Fig. 1.3, was placed
behind the test shields for measurements of energy dependent neutrons. The central part is a 5.08 cm
diameter spherical proportional counter filled with 10 atm (at 22 'C) *He gas. Reaction rates above
¥-discrimination level were measured for five different moderator thicknesses. These five reaction rates
were unfolded with the SAND-2 code® and the response functions given by Uwamino et al”. The
response functions are shown in Fig. 1.4, and their values are given in Table 1.3.

To measure fission rates, **U and ’Th fission counters (Centronic FC480/1000) with a 10.1 cm
long x 3.81 cm diameter (active) were also placed behind the test shields. Absolute efficiencies of 2*U
and 2Th fission counters were (1.05 + 0.04) x 10° and (9.86 + 0.34) x 10° barn/cm’/counts,

respectively, which were measured with a *Cf neutron source.

1.3 Neutron Sources

Absolute fluxes of source neutrons in the monoenergetic peak, shown in Table 1.1, have been
calibrated for proton beam charge (uC) with a proton-recoil-counter-telescope(PRT) set at the position
of 5.54 m from the Li target. The spectra of quasi-monoenergetic source neutrons were measured by
the time of flight (TOF) method with the BC501A liquid scintillation detector. The detector was

placed about 14 m away from the target. Measured source neutron energy spectra are shown in Fig.

1.5 and their normalized ones given in Tables 1.4 and 1.5.

1.4 Measured Results
Transmitted neutron energy spectra behind the iron test shields measured with the BC501A

scintillation detector are shown in Figs. 1.6-1.14 and their values are given in Tables 1.6-1.14. Figures
1.6 and 1.11 show the spectra on the beam axis behind the iron test shields. Figures 1.7-1.10 and Figs.
1.12-1.14 show the spectra at the off beam positions. The error bars in the figures consist of errors
of spectrum unfolding and counting statistics. Other errors in the source neutron flux are estimated
to be less than 6.6%. Transmitted neutron energy spectta behind the concrete test shields measured
with the BC501A scintillation detector are shown in Figs. 1.15-1.20, and their values are given in

Tables 1.15-1.20.,

The reaction rates of the Bonner sphere spectrometer behind the iron and concrete test shields are
shown in Fig. 1.21 and Fig. 1.22, and their values are given in Tables 1.21-1.22 and Tables 1.23-1.24,
respectively. Neutron spectra behind the iron and concrete test shields obtained from the reaction rates
using the SAND-2 unfolding code and the response functions are shown in Figs. 1.23-1.24 and Figs.
1.25-1.26, and their values are given in Tables 1.25-1.26 and Tables 1.27-1.28, respectively. The
experimental errors of the Bonner sphere spectrometer could not be estimated by the SAND-2
unfolding code.

The fission rates measured behind the iron and concrete test shields using fission counters are

shown in Figs. 1.27-1.28 and 1.29-1.30, and their values are given in Tables 1.29-1.30 and Tables 1.31

- 3 —
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-1.32, respectively, The uncertainties of the'measured data shown in the figures include the counting

statistics of the fission counters and neutron fluence monitors.

1.5 Model for Calculation
a. Source Condition
We propose to use the measured source neutron energy spectra by 43- and 68-MeV p-Li
reactions given in Tables 1.4 and 1.5. The 43- and 68-MeV p-Li neutron beams impinge on the

shielding assembly at its center. A neutron beam spreading is 5.94 x 10 sr as shown in Fig.

1.31.

b. Calculation Geometry
We propose to use a three-dimensional(X,Y,Z) calculation model for the experimental

arrangement shown in Fig. 1.31. However, it can be expressed with a two-dimensional(R-Z)

model.

¢. Material Descriptions
Atom densities of the test shields and the additional collimator are given in Table 1.2.

1.6 Fission cross sections

To calculate the fission rate, We propose to use fission cross sections of 2*U and **Th in JENDL-
3 in the neutron energy up to 20 MeV, and those measured by Lisowski et al.” in the energy region

between 20 and 400 MeV. The cross sections are shown in Fig. 1.32 and the group cross section data

are given in Table 1.33.

1.7 Normalization Between Calculation and Measurement
Calculated values of the transmitted spectra and count rates are requested to be normalized by
proton beam charge (uC). Total source neutrons per proton beam charge can be calculated with the

peak flux given in Table 1.1 and the energy spectrum given in Tables 1.4 and 1.5.
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Table 1.20 Neutron sEectra behind S0cm thick concrete measured by the
BC501A detector for 68—-MeV p-Li neutrons
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2. Neutron Fluxes in and around Iron Beam Stop Irradiated by 300 MeV Protons

(Summary)

1) Accelerator {Organization) : Proton Synchrotron (KEK)

2) Projectile (Energy) : Proton (500 MeV)

3) Target : Iron

4) Shielding material : Iron and Concrete

5) Geometry : Beam Stop of Rectangular Parallelepiped,
Forward and Lateral Shields

6) Instrument : Activation Detectors (Fe, Al, Cu, Au, C)

7) Measured Quantities : Saturated Activity

2.1 Experimental Arrangement

Cross-sectional plane view of a beam stop for the experiment” is shown in Fig, 2.1. The beam
stop consisted of an iron beam catcher of rectangular parallelepiped and an iron shielding box of
rectangular parallelepiped. Activation detectors were packed in iron pipes of 55.0 cm long and 2.0 cm
inner diameter and put into the hole bored in the beam stop.

Plan view of a beam dump room for the experiment” is shown in Fig. 2.2. In the figure, a
concrete wall thickness in the beam direction is 2 m and a lateral wall thickness is 1.5 m. Activation
detectors were set inside and outside the concrete shielding wall at 0, 65, 80, 90 and 100 degree around
the beam stop. The origin for the directions was set at 5 cm from the entrance point of proton beam

toward the beam direction.

2.2 Methods of Measurement and Instrument

Saturated activity distributions were measured with a 40 cm’ Ge(Li) gamma-ray detector.
Activation detectors of Fe, Al, Cu and Au were used in the beam stop. Physical properties of
activation detectors used for the experiment are listed in Table 2.1.

Activation detectors of C and Al were used in the beam dump room. Physical properties of the

activation detectors are listed in Table 2.2

2.3 Beam Conditions

The 5.00 MeV proton beam impinged on the beam stop perpendicularly at its center. For the
measurements in the beam stop, the beam profile was about 6.0 cm (FWHM) in the horizontal and 3.0
cm (FWHM) in the vertical direction. For the measurements in the beam dump room, the beam profile
was about 3.0 cm (FWHM) in the horizontal and 1.5 cm (FWHM) in the vertical direction. The

accuracy of absolute beam intensity was within 4%.
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2.4 Measured Results

Measured distributions of saturated activities in the beam stop are shown in Figs. 2.3 through 2.5
and Tables 2.3 and 2.4. Measured distributions of saturated activities in the beam dump room are
given in Table 2.5. All measured data in the beam stop and in the beam dump room are normalized

by a condition of one proton incidence.

2.5 Modet for Calculation
a. Source Condition
The 500 MeV proton beam of mono-direction along the Z-axis impinges on the origin in Figs.

2.6 and 2.7.

b. Calculation Geometry
The beam stop is expressed with a two-dimensional (R-Z) model shown in Fig. 2.6. The beam
dump room is expressed with a three-dimensional (X,Y,Z) model shown in Fig. 2.7, however,

it can be expressed with a two-dimensional (R-Z) model.

¢. Material Descriptions

Densities of iron and concrete, and atomic composition of concrete are given in Table 2.6.

2.6 Proposed Neutron Cross Sections
Neutron reaction cross sections except the '2C(n,2n) reaction have been calculated” up to 500MeV.
The resultant cross sections are shown in Figs 2.8 - 2.11 and are given in Tables 2.7 and 2.8. For the

12C(n,2n) reaction, we propose a simple cross section” shown in Fig. 2.12.

2.7 Normalization between Calculation and Measurement
The calculated distributions in the beam stop and in the beam dump room are requested to be

normalized by a condition of one proton incidence.

2.8 Notice

In the beam catcher, the detectors are activated by not only neutrons but protons. For example,
Fe = *Co is mainly due to proton reaction. Therefore, direct contributions of protons to activation
should be considered in the calculation. There are two ways to consider the contributions. One way
is to use some proton spallation cross section data and the other is to calculate residual nuclei directly
using a high energy particle transport code, such as, HETC and NMTC/JAERI The proton reaction

is negligible outside the beam catcher.



JAERI-Data/Code  96-029

References
1. Arakita Y., Hirayama H., Inagaki T. and Miyajima M. : "Study of an Iron Beam Stop for 500 MeV

Protons", Nucl. Instrum. Methods, 164, 255-265 (1979).
2. Ban S., Hirayama H. and Katoh K. : "Measurement of Secondary Neutron Fluxes around Beam

Stop for 500 MeV protons”, ibid., 184, 409-412 (1981).
3. Nakashima H., et al. : "Benchmark Problems for Intermediate and High Energy Accelerator

Shielding", JAERI-Data/Code 94-012 (1994).
4. Patterson H. W. and Thomas R. H. : "Accelerator Health Physics", Academic Press (1973).



JAERI-Data/Code  96-029

(§x @1 8pisu])

BN, (P U1V, “dg,(CledS ‘U)Y, S'9X 96 I9pul &) mO[{OH 1y
01, (UZ 0)D,, PXPL Japul [4) 0
(wo)
uo119e9y SUOISuswWI( adeys 1012919( 1012313(

wooJ dunp weaq 9y} Ul SHISWHINSEOW J0J $I010919p UOIIBATIOR JO soiltadoad eorsfyd Z°Z °[qel

Ny, (A u)ny,, _ GOOXTIXT T Ie[n3ue1oay ny
00y + 10 50X $0°7 19puT [£) n
o ey, GOX b 19pu1{£) Iy
Dgs < 9 ‘W, < O Uk, « 91 ‘A, « o 01X 6072 30pul [£) a4
(wa)
uo1108ay ucISuamI (] adeys 1010918( 1010919(

do}s wesq 9yl Ul SIUBWAINSEAW JOJ SI01D919D UOTIBAIIOR JO saijsadoid [BO1SAyd |[°Z 919eL




JAERI-Data/Code 96-029

Table 2.3 Saturated activity distributions of 48V, 52Mn, “Mn and *Co
in beam stop

R Z(em)
(cm) -2.5 12.5 27.5 40 52.5 67.5 82.5
Fe — %y
0.0 5.22E-29 2.48E-30 1.06E-30 2.30E-31 5.94E-32 2.07E-32
7.0 6,92E-30" 2.12E-30 1,06E-30 2.28E-31 6.23E-32 2. 02E-32
14,0 | 6.87E-32 9.95E-31 6.17E-31 6.11E-31 1.58E-31 5.23E-32 2.30E-32
28.0 6.51E-32 8,68E-32 7.38E-32 3.68E-32 1.49E-32
440 5.41E-33 1.79E-32 1, 72E-32 2.27E-32
Fe — 5An
0.0 4 23E-29 3.19E-30 6.11E-31 2.85E-31 7.87E-32 2.68E-32
7.0 4. 88E-30 1.88E-29 2.76E-30 5.74E-31 2,73E-31 7.68E-32 2, 28E-32
14.0 | 2.16E-31 1.65E-30 9.30E-31 3.58E-31 2.16E-31 7.15E-32 2.38E-32
28.0 | 8.68E-33 1.50E-31 2,02E-31 6.07E-32 1.15E-31 3.67E-32 1.51E-32
44.0 2.18E-32 2.81E-32 2,33E-32 1,12E-32 7.14E-33
Fe — *Mn
0.0 h.88E-28 6.73E-29 1,26E-29 6,21E-30 1,70E-30 6. 84E-31
7.0 | 8.18E-29 2.80E-28 5,75E-29 1.24E-29 5.88E-30 2.07E-30 6.28E-31
14.0 1.77E-29 4. 19E-29 1.79E-29 8,86E-30 5,17E-30 1,44E-30 6, 93E-31
28.0 | 9.25E-30 1. 20E-29 7.45E-30 2.09E-30 3.05E-30 1.02E-30
44,0 | 4.93E-30 7.57E-30 2.08E-30 1.30E-30 8.24E-31
56.0 6.03E-30 1.49E-30 1.11E-30 6.02E-31 4.41E-31
Fe — %Co (Relative to *Mn)
0.0 5.88E-28
1.5 2. 36E-28
2.0 2. 45E-28
3.0 1. 60E~-28 1, 71E-28
4,0 6. 19E-29  7.08E-29
5.0 3.03E-29 4.09E-29
6.0 | 8.32E-30 2.21E-29
7.0 1.34E-29

* Read as 6.92 x 107 (a/proton).
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Table 2.4 Saturated activity distributions of ®Na, *Co and *Au
in beam stop

Z (cm)
-2.5 12.5 27.5 40 52.5 67.5 82.5 97.5

coooPe

o Do —
N N N

2TA1(n, x)**Na

1.82E-28 7.43E-30 1.46E-30 6,24E-31 4.07E-31 8.16E-32 2.49E-32
1. 08E-29 * 2. 53E-29 5.52E-30 1.78E-30 5.58E-31 2.78E-31 8.51E-32 1,77E-32
9 03E-30 4.87E-30 3.04E-30 9.32E-31 3.20E-31 2.22E-31 6.07E-32 2.43E-32
3. 96E-31 6.79E-31 6.68F-31 4.22E-31 1.14E-31 8,47E-32 2.87E-32

Cu — *%Co

1.21E-27 2.96E-29 5.49E-30 2. 28E-30 8.58E-31
1. 29E-29 7.50E-29 2.01E-29 4.46E-30 1.98E-30 5.84E-31
1.49E-30 8.058-30 5.73E-30 2.54E-30 1.30E-30 4.67E-31
2 79E-31 9.70E-31 1.25E-30 8, 12E-31 7.71E-31 2, 54E-31

197Au(n, ‘Y)lgsAll

4. 33E-27 3.69E-27 2.23F-27 2.21E-28 1.47E-28 1,20E-28 3.45E-29
3 00E-27 4,15E-27 2.82E~-27 2.46E-27 2. 16E-28 1.58E-28 8.93E-29 3.39E-29

3.68E-27 2. 19E-27 2.74B-27 2.42E-28 1.39E-28 1.15E-28
9 03E-27 2.79E-27 1,34E-27 1.77E-27 1.80E-28 1.05E-28 6.14E-29 2.27E-29
4.69E-28 7.36E-28 6. 04E-28 7.23E-29 2.83E-29 3.19E-29 1.22E-29
9. 18F-28 2.47E-28 2.54F-28 2, 32E-28 1.97E-29 1.84E-29 2. 10E-29

* Read as 1.08 x 1072 (a/proton).
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Table 2.5 Experimental results of saturated activities around beam stop

Position 'C s7! per proton/s '°F s per proton/s **Na s per proton/s

o1 1.96E-33 ¢ 3. 84E-34 2. 99E-33
65° 1 1, 08E-33

80° I 1. 04E-33 1. 73E-34 2. 14E-33
90° 1 1.18E-33 1. 64E-34 2. 13E-33
100° 1 8.71E-34

0 0° 1. 15E-35 1.85E-36 1. 46E-35
85° 0 1. 11E-35

80° 0 9. 86E-36 1. 74E-36 1. 70E-35
90° 0 7. 25E-36 1. 18E-36 1.43E-35
100° 0 4. 40E-36

® Inside the concrete shield. ©° Outside. °© 1.96% 107,

Table 2.6 Densities and atomic composition

Material Density
Iron 7.8 g/em’
Concrete 2.35 g/cm3
H 1.20%
0 54%
Si 31%
Ca 9. 70%
Al 4,10%
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Fig. 2.2 Plan view of beam dump room

Open circles denote measurement points for directions

0, 65, 80, 90 and 100 degree.
Brack circle denotes the origin for each direction.
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3. Reaction Rate Distributions inside Thick Concrete Shield Irradiated by 6.2 GeV Protons

(Summary)

1) Accelerator (Organization) : Bevatron (LBL)

2) Projectile (Energy) : Proton (6.2 GeV)

3) Target : Ordinary Concrete

4) Shielding material : Ordinary Concrete (Target)

5) Geometry : Rectangular Slabs

6) Instrument . Activation Detector (Al, C, Au)
7) Measured Quantities : Relative Reaction Rate

3.1 Experimental Arrangement

Experimental arrangement” is shown in Fig. 3.1. A shielding assembly consisted of seven ordinary
concrete slabs of 4 ft thickness. The concrete slabs were separated by 3-inch-wide gaps to allow
insertion of detectors. All portions of these gaps, except slots actually used for detector placement,
were filled with gypsum wallboard (approximately same density as concrete) to prevent neutron

streaming along the gaps. (1 ft = 30.48 c¢m, 1 inch = 2.54 cm)

3.2 Methods of Measurement

Gold-foils, aluminum-discs and carbon scintillators, in the form of 4 inch diameter by thicknesses
between 1/32 and 1 inch, were used as activation detectors for measurement of radiation fields shown
in Table 3.1. Both aluminum and carbon reactions can be initiated by protons of somewhat higher
energies. The Y-ray activities of *®Au and **Na were measured with a Nal crystal scintillation
spectrometer, while the activities of "’C were measured by observing the positron decay inside the
carbon scintillator. These detectors were placed at every 4-ft depth and every 1-ft from the beam axis
in lateral direction. Aluminum-discs were used for measurements of incident proton energy

dependence of attenuation profiles along the beam axis.

3.3 Beam Conditions

The 6.2 GeV proton beam impinged on the shielding assembly perpendicularly to its front surface.
The beam spot was kept within 2 inch in diameter, which was observed by using a scintillator-
television system. The 4.2 and 2.2 GeV proton beams were used for the measurements of incident

proton energy dependence of attenuation profiles.

3.4 Measured Results
Lateral profiles of the detector count rates taken at each 4-ft depth are shown in Figs. 3.2 - 3.4 and
given in Tables 3.2 - 3.4. Attenuation profiles of the three detectors measured along the beam axis

are shown in Fig 3.5 and given in Table 3.5. The count rates in the figure are normalized at a depth
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of 8 ft. The attenuation lengths in the table were obtained from the profile beyond 12 ft using the
density for ordinary concrete, 2.4 g/cm’. Incident proton energy dependence of attenuation profiles is

shown in Fig 3.6 and given in Table 3.6.

3.5 Model for Calculation
a. Source Condition
A proton beam impinges on the concrete surface perpendicularly at its center. The beam
profile on the surface is circular, 5 cm in diameter. Incident proton energies are 6.2 GeV for
the calculation of attenuation profiles along the beam axis and in lateral direction, and 2.2 and

4.2 GeV for the calculation of incident proton energy dependence of attenuation profiles.

b. Calculation Geometry
We propose to use a simple calculation geometry with a three-dimensional (X,Y,Z) model
shown in Fig. 3.7. If it expresses a geometry with a two-dimensional (R-Z) model, the radius

of a cylinder should be 11.23 ft (342.3 cm).

c. Material Descriptions
We propose to use the composition and the density of the NBS concrete given in Table 3.7 as

those of the shielding assembly.

3.6 Normalization between Calculation and Measurement
Measured data are relative values, therefore, the relative attenuation profile is only requested for
comparison. Calculated data for lateral profiles should be normalized by experimental value on the

beam axis. Calculated attenuation profiles on the beam axis should be normalized by experimental

value at a depth of 8 ft.

3.7 Notice _
In the experiments, aluminum and carbon detectors are activated not only by neutrons but protons.

Therefore, direct contributions of protons to activation should be considered in the calculation. There
are two ways to consider the contributions. One way is to use some proton spallation cross section

data and the other is to calculate residual nucle: directly using a high energy particle transport code,
such as, HETC and NMTC/JAERL

References
1. Smith A. R. : "Some Experimental Shielding Studies at the 6.2-BeV Berkeley Bevatron", Proc. of

the USAEC First Symposium on Accelerator Radiation Dosimetry and Experience, p.365,
CONF-651109 (1965).
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Table 3.1 Measured radiation fields and used reactions

Radiation field

Detector

thermal neutron
neutrons of En>6.7 MeV

Gold foil

Aluminum disc

Carbon scintillator

8
2
2

4 MeV

neutrons of En>20.




Table 3.2
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Lateral-attenuation profiles for gold-foil detector

Dhstance from

Relative response [counts/min]

beam line {fi (m)}| 41it? 81t 12 ft 16 ft 20 ft 24 ft
(1.22m) (244m) (3.66m) {(488m) (610m) (732 m)
0 ( 0.00) 1.9E+06"  1.9E+05 2.7E+04 3.0E+03 24E+02 2.1E+01
1 (030) | 59E+05 9.6E+04  2.0E+04 24E+03 22E+02 1.9E+01
2 ( 061) 1.8E+05 4.5E+04 1.3E+04 1.6E4+03 1.BE+02 1.7E+01
3 (091) S8E+04 2.0E+04  7.5E+03 92E+02 13E+02 1.3E+0l
4 { 1.22 i 2.1E+04 9.0E+03 3.7E+03 51E+02 84E+(01 1.0E+01
5 (1.52) { 8.4E+03 4.1E+03 1.7E+03 2.9E+02 52E+01 74E+00
6 ( 1.83) 3.6E+03 1.BE+03 7.9E+02 1.6E+02 3.2E+01 S5.2E+00
7 ( 2.13) 1.4E+03 74E+02  34E+02 9.0E+01 Z2.0E+01 3.5E+Q0
8 ( 2.44) 5.9F+02  3.2E+02  1.6E+02 55E+01 13E+01 23E+00
9 (274) 25E+02 14E+02  6.7E+01 34E+01 88E+00 1.7E+00
10 ( 3.05) 1.1E+02 - 3.0E+01 2.2E+01 6.6E+00 1.3E+0Q0

* Depth in concrete
® Read as 1.9 x 10°

Relative response [counts/min]

7
10 T T T T T T T T 1
197 Au(n,y)lgs Au
6 N
10
10° —
10° |
10° Depth in concrete
102 4 ft
8 fi
12 ft
101 16 ft
20 fi
1c° I NN T T BN R DR B B Lol
0 5 10

Distance from beam line [ft]

Fig. 3.2 Lateral-attenuation profiles for gold—foil detector
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Table 33 Lateral-attenuation profiles for aluminum detector

Relative response [counts/min]

Distance from
beam line [ft (m)]] 4 ft ® 8 ft 12 fi 16 ft 20t
(1.22 m) (2.44 m) (3.66 m) {(4.88 m) (6.10 m)
0 ( 6.00) 5.8E+06° 7.6E+05 6.5E+04 5.0E+03 2.5E+02
1 ¢ 030) 1.0E+06 2. 7E+05 3.6E+04 3.7E+03 2.1E+02
2 ( 061) 2.5E+05 1.1IE+05 1.8E+04 2.3E+03 1.6E+02
3 ( 09%91) 8.2E+04 5.0E+04 9.3E+03 1.3E+03 1.1E+02
4 ( 1.22) 3.0E+04 23E+04 4.9E+03 7.6E+02 72E+0!
5 (1.52) 1.3E+04 1.1E+04 2.7E+03 4.7E+02 4 4E+01
6 ( 1.83) 5.5E+03 4.8E+03 1.5E+03 2.9E+02 2.5E4+01
7 (213 2.5E+03 2.3E+03 8.0E+02 1.7E+02 14E+01
8 ( 2.44) 1.2E+03 1.0E+03 4. 4E+02 1.1E4+02 ].8E+00
9 (274) 5.5E+02 4.9E+02 2 4E+02 6.6E+01 6.0E+00
10 ( 3.05) 2.5E+02 2.2E+02 1.3E+02 4 .0E+01 4 3E+00
* Depth in concrete
b Read as 5.8 x 1(°
10’ T T 1
2741 —> ®Na

Relative response [counts/min]

Depth in concrete

10
Distance from beam line [ft]

Fig. 3.3 Lateral-attenuation profiles for aluminum detector
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Table 3.4 Lateral-attenuation profiles for carbon detector

Distance from Relative response [counts/min]

beam line [ft (m)}; 4t ? 8 f1 12 ft 16t 20 ft 24 ft

(122m)  (244m)  (3.66m) (488m) (6.10m) (732m)

0 ( 0.00) | 60E+06" 50E+05 29E+04 16E+03 9.2E+01  7.1E+00
1 ( 0.30) ‘ 4.8E+05 1.2E+05 1.2E+04  95E+02  7.2E+01 5.5E+00
2 (061) 1 11E+05 40E+04 54E+03 S5.7E+02 52E+01  43E+00
3 (091) 3.5E+04 1.6E+04 2.6E+03 3.1E+02 3.6E+01 3.2E+00
4 ( 1.22) 1.2E+04  6.9E+03 1.3E+03 1.7E+02  23E+01 2.3E+00
5 ( 1.52) 54E+03  3.3E+03 6.8E+02  9.8E+01 1.4E+01 1.6E+00
6 ( 1.83) 28FE+03 1.7E+03 3.6E+(2 57E+01 8I1E+00 1.1E+00
7 (213) . 15E+03 9.4E+02 1.8E+02 3.5E+01  4.6E+00 -
8 (244) | B4E+02 53E+02 9.9E+01 2.2E+01 2.5E+00 -
G (2.74) - 3.1E+02  S5.6E+01 1.5E+01 1.3E+00 -
10 ( 3.05) - 1.9E+02 3.3E+01  1.0E+01 - -

* Depth in concrete

b Read as 6.0 x 1CP

107 ] I ] ] ]
2 _, e

Relative response [counts/min}

Fig. 3.4

%y

Depth in concrete

4 ft

20 ft

8 ft

12 fi

16 ft

||uuul ||||u,uj B ET

10

Distance from beam line [ft]

Lateral-attenuation profiles for carbon detector
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Table 3.5 Numerical data of plots in Fig.3.5 and attenuation lengths
determined by their slopes beyond 12 ft thickness

Depth in shield Reaction

[ft (m)] O S Al -> *Na ¥ Au(n,y) AU
4 (122) L.1E+06° 6.2E+05 4.9E+05

8 (244) 7.2E+04 7.2E+04 7.2E+04
12 (3.66) 4.4E+03 6.2E+03 9.8E+03
16 ( 4.88) 2.5E+02 4.6E+02 9.3E+02
20 ( 6.10) 1.5E+01 3.2E+01 7.1E+01
24 (7.32) 1.2E+00 2.4E+00 5.8E+00
Attenuation

length 108 g/cm? 114 gicm? 120 g/cm®

? Reaction for estimation of flux

b Read as 1.1 x 1¢f

=
o
lllll'l'l'l'l LB ELRL]

- Relative response

12 16 20 24

Depth in shield [ft]

Fig. 3.5 Attenuation profiles along the beam axis measured with

197 Au (n’Y)IQB AI.I‘,

TAl->*Na and 120 _ 1 reactions

Data are normalized at a depth of 8 ft in concrete.
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Table 3.6 Numerical data of plots in Fig. 3.6 and attenuation lengths
determined by their slopes beyond 12 ft thickness

Depth in shield Proton Energy
ftem] |  22Gev? 42 GeV 6.2 GeV
4 (122)! 9.I1E+05° 6.6E+05 4.9E+05
8 (244)  56E+04 5.6E+04 - 5.6E+04
12 (3.66)|  22E+03 3.5E+03 5.0E+03
16 (488)!  L1E+02 2.2E+02 3.7E+02
20 (6.10)!  65E+00 1.4E+01 2.5E+01
24 ((732)] - 9.9E-01 1.9E+00
Attenuation
length 99 gicm? 108 glem® 114 gicm®

* Incident proton energy
® Read as 9.1 x 10°

7
We—r—T T 7T T 17 T T T T ]
27Al - 24Na
10°
—a— 2.2 GeV protons
—e— 4.2 GeV protons
10° —+— 62 GeV protons
W
wn
g
g, 10
2 F
h =
T
_'E 10 E e
« = 3
é B ]
2
10 ?
10! —3
10°
I S N A NN NN T N
0 4 8 12 16 20 24

Depth in shield [ft]

Fig. 3.6  Attenuation profiles along the beam axis measured
with 2’Al->**Na reaction comparing with those for
incident protons of 2.2 and 4.2 GeV

Data are normalized at a depth of 8 ft in concrete.
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28 ft (8.53m)

Fig. 3.7 Calculation geometry

| proton beam

n

—

S5cm¢

Table 3.7 Elemental composition and density of the NBS concrete

Element Weight fraction

Hydrogen 5.60E-03°
Oxygen 4 98E-01
Sodium 1.71E-02
Magnesium 2.40E-03
Aluminum 4,56E-02
Silicon 3.16E-01
Sulfur 1.20E-03
Potassium 1.92E-02
Calcium 8.26E-02
Iron 1.22E-02
Sum 1.00E+00
density 2.4 glen?®

 Read as 5.60 x 107
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4. Neutron and Hadron Fluxes inside Iron Beam Dump Irradiated by 24 GeV Protons

(Summary)

1) Accelerator (Organization) : Proton Synchrotron (CERN)

2) Projectile (Energy) : Proton (24 GeV)

3) Target : Iron (Beam Dump)

4) Shielding material : none

5) Geometry : Rectangular Slabs

6) Instrument : Activation Detector (In, S, Al),
Radiophotoluminescent(RPL) Dosimeter

7} Measured Quantities : Neutron and Hadron Flux, Absorbed-Dose

4.1 Experimental Arrangement

A sketch of a beam dump"? is given in Fig. 4.1. The beam dump consisted of 20 rectangular iron
absorber slabs of 5 cm thickness, separated by 7 mm slots in which thin aluminum plates supporting
the activation detectors and dosimeters were placed. The density of the iron absorber slabs was 7.86
+ 0.02 g/cm®. The transverse dimensions of the slabs were 30 x 30 cm. Total length of the beam

dump is 113.3 cm.

4.2 Methods of Measurement and Instrument

The characteristics of activation detectors and dosimeters for the experiment are summarized in
Table 4.1. Composition of RPL dosimeter is given in Table 4.2. The activation detectors and RPL
dosimeters were mounted on 0.5-mm-thick and 24 cm x 30 cm cross section aluminum plates with
activation detector holding holes which were accurately punched out for every detector size. A sketch
of the aluminum plate for holding Al activation detectors is exemplified in Fig. 4.2. In the figure, R
and r show, respectively, the exact distance from the center of the aluminum plate and the radius of
the activation detectors and RPL dosimeters. An aluminum plate was also placed in front of the first

absorber slab in order to measure albedo effects (slot Oth).

4.3 Irradiation Conditions

The 24 GeV proton beam impinged on the beam dump perpendicularly at its center. Three
separate irradiations were performed for different durations in order to optimize the production of the
various isotopes of different half-lives. Each irradiation conditions are summarized in Table 4.3.
Beam intensity of irradiations was measured using a monitor and aluminum activation detectors placed
upstream of the beam dump. The values of the beam intensity in this table have an error of 10%. The
beam spot size was about 3 mm in diameter. The arrangement of activation detectors and RPL

dosimeters for each irradiation is given in Table 4.4,

.....68__
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4.4 Measured Results

The measured fluxes in each slot are shown in Figs.4.3 - 4.6 and are given in Tables 4.5 - 4.8.
These fluxes were obtained from measured saturated activity by dividing by n - s ; (n : the number
of atoms in the detector, s : effective cross section (see Table 4.1)). The absorbed doses measured by
RPL dosimeters are shown in Fig. 4.7 and are given in Table 4.9. In Tables 4.5 - 4.9, all measured

data are normalized by a condition of one proton incidence.

4.5 Model for Calculation

a. Source Condition
The 24 GeV proton beam of 3 mm in diameter impinges on the beam dump perpendicularly

at its center.

b. Calculational Geometry
We propose to express the calculation geometry with a three-dimensional (X,Y,Z) model shown

in Fig. 4.8. However, it can be expressed with a two-dimensional (R-Z) model.

c. Material Descriptions
The density of the iron used for the beam dump is 7.86 g/em’.

4.6 Normalization between Calculation and Measurement

All calculated results are requested to be normalized by a condition of one proton incidence for

the comparison with experimental ones.

References
1. Fasso A., Stevenson G. R., Bruzzi M., Furetta C., Rancoita P. G., Giubellino P., Steni R. and Russ

J. S. : "Measurements of low-energy neutrons in an iron calorimeter structure irradiated by 24

GeV/c protons”, CERN/TIS-RP/90-19 (1990).
2. Fasso A., Ferrari A., Ranft I, Sala P. R., Stevenson G. R. and Zazula J. M. : "A comparison of

FLUKA simulations with measurements of fluence and dose in calorimeter structures”, Nucl.

Instrum. Methods Phys. Res., A332(3), 459-468 (1993).
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Table 4.1 Summary of activation and dosimetry techniques

Main contributing Sample size Measurement ~ Effective Nominal
reaction technique  cross section energy range
USIp(nn)!15mn 03 mmx 10mm ¢ GeLi 120mb  0:815MeV
(neutrons)
3-25MeV
32
S(n,py32P 6 mm x 23 mm ¢ GMT 300 mb (neutrons)
27Al(n,0)2*Na 0.5 mm x 10-30 mm ¢ Nal 8smp 2O MeV
{neutrons)
27 1 >35MeV
Al(h,x)18F 0.5mm x 10-30 mm ¢ Nal 8mb (hadrons)

6 mm x I mm ¢

RPL dosimeters
Schott - Jenner DOS2

Table 4.2 Composition of RPL dosimeter

Element Weight fraction
O 53.7 %
P 334 %
Al 4.6 %
Ag 37 %
Li 3.7 %
B 09 %
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Table 43 Irradiation conditions

Irradiation Duration Beam intensity Beam spot size
{min] [protons / sec] {diameter)
Ist 180 10.83 x 109 3 mm
2nd 112 586 x 107 3 mm
3td 22 11.14 x 109 3 mm

Table 4.4 Arrangement of activation detectors and RPL dosimeters for each irradiation

Slot First irradiation Second irradiation Third irradiation
0 Al(24Na), Sulfur Indium Al (18F and 24Na})
1 Al(24Na), RPL Al(24Na) -

2 Al(24Na), Sulfur Indium Al (18F and 24Na}
3 Al(24Na), RPL Al(?4Na) -
4 Al(24Na) Indium Al (18F and 24Na}
5 Al(24Na), Sulfur - -
6 Al(24Na), RPL - -
7 - Al(Z9Na) -
] Al(24Na), Sulfur Indium Al (18F and 29Na)
g i} i} .
10 Al(?4Na), RPL - -
11 Al(23Na), Sulfur - -
12 - - -
13 - Indium -
14 - - .
15 - Al(24Na) -
16 Al(?2#Na), RPL - -
17 Al(24Na) - -
18 - - -
19 - - -
20 Al(29Na), RPL - Al (!8F and 29Na)
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Table 4.5 Neutron fluxes measured by indium activation detectors using
In(n,n")"***In reaction

R T slot[0] ' slot[2] slot{4]
| [mm] [mm} flux error | fux error flux emor
.0 50 | 721E-02 937E-03 | .53E-01 230E-03 232E01 171E-03
25 5.0 | 3.26E-02 246E03| 135E-01 220E-03 | 1.54E-01 3.96E-03
50 50 | 182E-02 877E-04 787E-02 870E-04| 934E-02  542E-03
75 50 | 121E-02 436E-04 524E-02 7.30E-04| 6.00E-02 1.72E-03
100 50 | 7.69E-03 839E-04 ' 323E-02 7.40E-04| 4.10E-02 1.44E-03 |
135 50 | 469E03 4.43E-04 | 1.36E-02 3.30E-04 | 2.28E-02 6.00E-04
! R r slot[8] stot[13]
|_[mm] [mm] flux error flux error
0 50 | 1.51E-01 1.10E-03| 581E-02 8.10E-04
25 50 | 1.08E-01 130E-03| 458E-02 3.17E-03
50 50 | 696E-02 7.60E-04 | 347E-02 6.30E-04
75 50 | 526E02 T740E-04| 2.63E02 1.11E-03
100 5.0 | 3.64E02 6.60E04| 1.91E-02 3.61E-4
135 50 | 237E02 5.50E-04 | 1.11E-02 2.06E-04

R : detector position, r: detector radius

flux, error : [ n/ enr’ / proton ]

Table 4.6 Neutron fluxes measured by sulfur activation detectors using

#S(n,p)*P reaction

R r slot[0] slot[2] siot[S]

[mm]  [mm] flux emor flux ermor flux error
0 11.5 | 877E-03 438E-04 | 407E-02 2.(4E-03 | 3.20E02 1.60E-03
25 11.5 | 3.69E-03 8.51E-05, 1.69E-02 3.72E-04, 1.7BE-02 S8E05
50 11.5 | 1.94E03 4.46E-05| 813E-03 1.59E-04 | 1.0IE-02 535E-05
100 11.5 | 7.78E-04 8.59E-06 | 2.70E-03 4.46E-05| 4.00E-03 285E05
135 115 | 437E04 171E05| 141E03 926E06| 2.11E-03 3.70E-05
R r slot[8] slot[11]

[mm] [mm] flux error flux error

P0 11.5 | 200E-02 1.00E-03 ' 1.09E-02 546E-04 .

.25 11.5 ' 1.21E-02 336E-04 7.54E03 1.26E-04!

L 50 11.5 | 783E-03 1.78E-04 | 5.0iE-03 1.0l1E-04'

100 11,5  3.38E-03 132E-04; 2.44E-03 3.95E-05:

135 115 | 1.95E-03 6.94E-05| 1.42E-03 648E-05| |

R : detector position, r: detector radius

flux, error : [ n/ cm?® / proton ]
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Table 4.7 Neutron fluxes measured by aluminum activation detectors using
7Al(n,0)*Na reaction

R r slot[0] slot{1] T slot[2]
[mm] [mm] flux ermor flux error flux e
0 5.0 1.18E-01 237E-03 1 1.75E-01 1.75E-03 | 1.80E-01 1.80E-03
12 5.0 1.0SE-02 B887E-04 | 3.65E-02 1.62E-03 | 499E-02 1.54E-03
30 7.5 3.65E-03 L1.69E-04 | 1.17E-02 337E-04| 1.7IE-02 3.08E-04
50 7.5 200E-03 635E05| 542E-03 133E-04| BOBE-03 1.61E-04
70 10.0 | 1.18E03 3.06E-05 | 3.07E-03 7.88E05| 466E-03 532E05
100 150 | 6.75E-04 130E-05! 1.53E-03 3.16E-05| 239E-03 2.54E-05
135 15.0 | 402604 1.86E-05; 8.92E-04 820E-05| 1.26E03 83E-06
R r stot[3] slot(4] slot[5]
[mm] [mm] flux emr flux ermor flux erTor
0 5.0 1.41E-01 230E03 | 1.17E01 295E02| 1.01E-01 191E-03
12 50 | 481E-02 2.52E-03| 520E02 623E03| 3.97E-02 4.56E-04
30 7.5 1.88E-02 4.16E-04 | 2.01E-02 7.45E-04| 191E-02 548E-04
50 7.5 977E03 3.23E04| 1.10E02 3.81E4; 1.02E02 946E-05
70 10.0 | 5.65E-03 9.51E-05| 6.54E-03 1.98E-04 | 6.77/E-03 730E05
100 15.0 | 3.05E-03 568E-05| 349E-03 948E-05| 3.66E-03 3.77E-05
135 15.0 | 1.66E03 3.59E-05| 1.88E-03 9.27E05| 1.97E-03 _3.01E-05
. R r slot[6] slot[7] slot[8]
| [mm]  [mm] Flux emor | Flux emor flux emor |
0 5.0 826E-02 107E-03 | 6.96E-02 125E-03 | 4.84E-02 7.19E-04
I ) 50 3.82E02 1.71E03 ‘ 294E-02 9.89E-04 | 2.46E-02 7.92E-043
} 30 7.5 1.78E-02 7.45E-04 ! 1.52E-02 3.20E-04 | 137E-02 72.79E—04i
I 50 7.5 9.67E-03 4.51E-04 ' 892E-03 3.76E-04 | 8.55E-03 182E-04!
LT70 10.0 | 671E-03 1.70E-04 ! 5.81E-03 2.83E-04 | 5.71E-03 9S.21E-05
100 15.0 | 3.57E03 5.81E-05| 348E03 6.69E-05| 3.32E-03 6.53E-05
| 135 150 | 2.04E-03 3.89E-05  1.98E-03 532E-05| 2.00E-03 6.10E-05
R r slotf10] slot[11] slot[16}
[mm] [mm] flix ermor flux error flux €Imor
0 5.0 3.02E-02 6.64E-04 | 228E-02 570E-04 | 7.81E-03 3.36E-04
12 5.0 18IE02 5.11E-04 | 135E-02 3.97E-04 | 519E03 3.08E-04
30 75 973E-03 3.94E-04 | 8.03E-03 247E-04| 3.61E-03 1.28E-(4
50 7.5 6.13E-03 2.04E-04 | 537E-03 1.72E04 | 274E-03 9.54E-05
70 10.0 | 435E-03 5.17E-05| 3.78E-03- 6.96E-05| 2.03E-03 3.20E-05
100 150 | 2.70E-03 3.86E-05| 238E-03 297E-05! 1.28E-03- 538E-05
135 150 | 1.67E-03 3.84E-05| 1.49E-03 3.58E-05| 7.94E-04 2.69E-05
R ro slot[17] slotf20]
[mm] [mm] E flux = eror "~ flux error
0 50 | 472E-03 2.69E-04 1.77E-03 9.91E-05
12 5.0 3.80E-03 2.72E-04 | 1.43E-03 4.38E-05|
30 7.5 247E-03 3.94E-05! 887E-04 2.48E-05!
50 7.5 | 185E-03 5.11E-05] 6.58E-04 1.97E-05.
70 10.0 | 136E-03 3.52E-05| 533E-04 1.44E-05 !
100 150 | 921E-04 1.84E-05| 3.60E-04 9.36E-06
135 150 | 596E-04 2.15E-05  2.67E-04 9.61E-06

R : detector position, r: detector radius

flux, error : [ n/ cm® / proton ]
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Table 4.8 Hadron fluxes measured by aluminum activation detectors using

?Al(h,x)**F reaction
R r slot[0] slot[2] slot{4]
| Jmm] [mm] flux emor | flux erTor flux emor___
0 5.0 500E-01 2.50E-02! 934E-01 4.67E-02| 681E-01 341E-02:
12 5.0 895E-03 1.74E-03 | 138E-01 854E-03| 1.39E-01 5.76E-03 |
30 7.5 232E-03 1.20E-04 | 2.75E-02 5.95E-04 | 3.70E-02 1.06E-G3 |
50 7.5 1.07E-03 1.02E-04 | 9.54E-03 3.86E-04 | 1.59E-02 1.46E-04 !
70 10.0 | 6.06E-04 4.62E-05| 429E-03 7.19E-05 | 7.73E-03 8.36E-05 |
100 15.0 ' 3.18E-04 135E-05| 1.67E-03 3.76E-05 | 3.41E-03 4.78E-05|
135 150 | 1.50E-04 1.55B-06 | 8.15E-04 2.33E-05 | 1.SOE-03 5.18E-06 |
R r slot[8] siot[20]
{fmm]  [mm] flux eImor flux ermor
C 5.0 2.10E-01 1.05E02 | 643E-03 3.22E-04
12 50 6.45E-02 4.60E-03 | 485E-03 3.06E-04
30 7.5 | 2.58E02 1.21E-03 | 2.98E03 593E-04
50 7.5 130E-02 265E-04 | 195E-03 3.92E-04
70 10.0 | 7.31E-03 1.55E-04 | 1.07E03 1.96E-05
100 150 | 3.70E-03 121E-04| 6.53E-04 1.80E-05
135 15.0 ; 1.89E-03 5.18E-05| 4.10E-04 3.88E-05
R : detector position, r: detector radius
flux, error : [ hadron / cm® / proton ]
Table 4.9 Absorbed dose measured by PRL dosimeters
R 3 slot[1] slot{3] slot[6]
[mm] [mm] | dose error dose error dose emor
0 50 429E-10 2.57E-10 | 6.80E-10 627E-11| 3.67E-10 53%9E-11
12 50 198E-10 S595E-11 | 3.07E-10 141E-11| 1.93E-10 1.42E-11/
24 5.0 | 492E-11 A435E-12 | 969E-11 736E-12| 7.56E-11 4.21E-12 |
36 50 285E-11 2.73E-12 | 524E-11 1.85E-12| 458E-11 2.64E-12
48 5.0 250E-12 ©.55E-141 332E-11 1.20E-12 | 2.89E-11 2.08E-12
60 5.0 2.19E-12 1.68E-13 | 230E-11 2.04E-12 | 2.71E-11 1.26E-12
80 50 143E-12 6.25E-14 | 2.93E-12 1.22E-13 | 526E-12 152E-12
100 50 876E-13 4.60E-14 | 1.99E-12 8.05E-14 | 249E-12 1.27E-13
140 5.0 | 268E-13 135E-14 | 780E-13 0.00E+00! 122E-12 4.51E-14]
R T slot[10] slot[16] slot[20]
[mm] [mml] dose error dose ermor dose error
0 5.0 L17E-10 2.06E-11| 542E-11 8.78E-12| 404E-12 4.68E-13
12 50 773E-11 6.79E-12 ! 3.04E-11 246E-12| 3.05E-12 1.77E-13
24 5.0 478E-11 3.63E-12 | 2.29E-11 137E-12| 222E-12 LICE-13
36 50 3.80E-11 3.29E-12 | 3.58E-12 3.32E-13 | 1.56E-12 9.07E-14
48 5.0 3.12E-11 135E-12 | 2.53E-12 185E-13 | 1.19E-12 4.21E-14
60 5.0 286E-12 1.44E-13| 2.45E-12 9.6GE-14| 827E-13 5.17E-14
80 50 257E-12 4.63E-14| 1.58E-12 4.64E-14| 6.10E-13 227E-14
100 50 1.87E-12 S5.83E-14| L.17E-12 3.62E-14| 3.64E-13 23BE-14
140 5.0 9.46E-13  3.16E-14 i 587E-13 2.02E-14 | 249E-13 2.12E-14

R : detector position, r: detector radius
dose, error : [Gy / proton ]
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0.7 cm (slot thickness)
5 ¢m (iron thickness)

~ Fig. 4.1 Sketch of the dump assembly

(D) R
> —— :
()

il -

24 cm

Fig. 4.2 Sketch of a 0.5-mm-thick aluminum plate showing
holes for the aluminum detectors
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Absorbed dose measured by RPL. dosimeters

Fig. 4.7

Hadron fluxes measured by aluminum activation

detectors using 27'Al(h,x)wF reaction

Fig. 4.6
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Fig. 4.8
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Postscript

The benchmark problems will be mainly distributed to the participants in SATIF-2. They are
expected to calculate the problems. The authors will collect and compile the calculation results. A

compiled report will be presented and discussed at SATIF-3 which will be held in Tohoku University
on 12-13 May, 1997.
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