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PREFACE

In March 1964, the first international panel meeting of the reactor
shielding was held in Vienna sponsored by IAEA, and valuable informations
were presented from many countries of the world. The "Status Report of
Shielding Investigation in Japan" (JAERI—4029(1964)), which was presented
at this meeting, describes the results of researches obtained in the

field of shielding till the beginning of 1964, as well as the brief out-

line of the JRR-4, the swimming pool type reactor installed in JAERI
especially for the shielding studies.
Two years have passed since the meeting and some new results of

shielding researches were obtained. JRR-4 was begun to be used for the

experimental works. It may be significant at this time to collect these

results in the past two years and to publish in the form of a report.

This report is,therefore, a continuation of our previous report JAERI-4029,
In the 1966 Annual Meeting of the Atomic Energy Society of Japan,

a special lecture was given by Y. Tanaka on the progress and future

course of our investigation. Prior to this lecture, earnest discussions

were done by several members of the shielding researchers group. They

were Yoshihisa Tanaka of Kawasaki Dockyards, Mitsuyuki Kitazume of

Hitachi Ltd., Takayoshi Fuse of the Ship Research Institute, Iwao Umeda

of Nippon Kokan Ltd., Akira Tsuruo and Mitsuo Shindo of JAERI. This report

is written on the discussions by above listed members.

M. Shindo
Shielding Laboratory
JAERT
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I. INTRODUCTION

A summary of the shielding investigation in Japan till 1964 is
reported in JAERT-4029, and considerable differences are found in many
respects when the state of researches described in the report is compared
with that of two years after 1964. The main features are (1) more
precise and exhaustive studies of gamma-ray problems were done than
before, (2) researches on the neutron transmission problems began, (3)
duct streaming studies were promoted theoretically and experimentanj,
and (4) mockup tests for the nuclear ship of Japan started.

Before 1964, in the field of experiment, the neutron sources for
shielding study were rather difficult to obtain, and great efforts were
concentrated on the gamma-ray problems, because the radioisotopes as
samma~ray source were readily available. Since reactors became possible
as radiation source for shielding studies, the neutron transmission
through shield barriers came to be the matter of concern for many
researchers. In the field of theoretical studies, the development of
computer code continued, and the comparison of calculated results with
the experimental data obtained in Japan began. Irregularities in the
shields cause a trouble in any type of reactor plant, and no reliable
method of calculation nor sufficient data for practical design are at
hand. A systematic study for rather fundamental geometry is continued
in this field. Since the JRR;ﬁ came in operation, the large scale
samples of shield materials became possible to be tested, and, in
conjunction with the development of nuclear ship of Japan, mockup tests
started.

The following sections contain the main results of researches in

each field of shielding since 1964.
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IT. GAMMA-RAY PROBLEMS

The important problems in the behavior of gamma-rays are the
transmission through multilayers and the albedo, and our main effort
is concentrated on these. two problems. For the multilayer transmissién,
approximate calculation, accurate solution and empirical formula for
buildup factors were studied, and the comparison with experiment confirmed
that religble method of calculation had been developed. In the albedo
problem, differential albedo was studied both theoretically and experi-

mentally and fruitful results were obtained.

2.1 Theoretical Studies
2.1.1 Monte Carlo Method (BREVI(1))

Broder et al.(z) obtained a semi-empirical formula for the dose
buildup factors of gamma~rays in the case of point isotropic source.
This formula, however, dose not agree with our understandings, and some
theoretical and experimental tests are considered necessary. The BREVI
code was developed to treat the gamma-ray transmission problems through
double layers including the geometry of Broder's experiments. The
source conditions of this code are point source and plane source, in
each of which isotropic, monc-directional and cosine distributions are
possible to set. To get the results of calculation for thick shield
barriers rapidly, the systematib sampling technique for the first col-
lision of gamma~ray is applicable as well as the usual sampling technique
(for cosine distributed source, this choise is not allowed). As mentioned
in 2.2.1, the calculated results for lead-graphite and graphite~lead
layers agree with the experimental results(S) up to 7 - 9 mean free paths.

The results for single layer also agree with the experiment.(4) In the
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case of plane isotropic source, the comparison with EOS method(S),
mentioned below, is also possible.
2.1.2 Response Matrix Method(G)

Originally, this method is introduced as an improvement on the
Monte Carlo method to overcome»the inefficiency of the latter. To evaluate
the gamma-ray transmission through multilayers, an operator is prepared
for an elementary part of shielding barrier by the Monte Carlo method.
This operator should include all information to synthesize the result
for the whole shield. In the case of slab geometry, the energy and angular
direction of a photon are needed to present the photon condition, and, in
general, the operator has a form of matrix. The response matrix method
is, accordingly, a combination of operator method and Monte Carlo method.
The computation time to perform a synthesis calculation for a layer of
shield slab is short, and the response matrix method is powerful for the
practical design_of gemma~ray shielding. The response matrices for water,
aluminum, iron and lead have been prepared by the technique employed by
Berger(7), and not only the total energy flux or current but also energy
angular and/or angular spectrum can be obtained by this method. The
penetration of gamma-rays through five layers of lead, iron and water
was treated by this method. Some results of calculation are shown in
Figs. 1 and 2. In Fig. 2 the calculated results by the response matrix
method are compared with the experimental(s). This code is prepared for
the NEAC-2206 computer.
5.1.3 Legendre Polynomial Method (E05-1%) ana sernmne(?))

To solve the Boltzmann transport equation as exactly as possible
in the case of slab geometry, the computational method retaining the

(10)

advantage of NIOBE was developed. The angular flux is expanded

in a series of Legendre polynomials and the iteration process is utilized



4 JAERI 4038

for the spatial integration of the equation, as in NIOBE. For the case
of gamma-ray transmission problem, the calculated results by this method
of evaluating slab shield, EOS-1, were compared with those by the moments

(11) and Monte Carlo method(lz). A good agreement was found both

method
in differential.energy spectrum and in energyAbuildup factor as shown
in Figs. 3 and 4. Figure 5 shows the angular distribution and energy
spectrum compared with the experiments(ls).

Although an accurate solution is obtained by the EOS method in the

case of problems which have no sharp peak in the angular flux, some
troubles are found in the treatmert of problems which have sharp peaks
in the flux as in the case of mono-energetic, mono-directional source.
To avoid this difficulty, SELENE code was developed. In this code, the
Sn method is applied in the numerical integration of Boltzmann equation.
Calculated and experimental results are compared in Fig. 6.

E0S-1 and SELENE codes are prepared for the NEAC-2206 computer.
2.1.4 Invariant Imbedding Method

The invariant imbedding principle, originally introduced in the
field of astrophysics, is applied to study the transmission and reflec-
tion of gamma-rays through homogeneous slab shields of finite thickness(l4).
Numerical solutions are obtained for the albedo, and good agreement with

(15)

is found as shown in Figs. 7 and 8. A fair
(16)

Monte Carlo solutions
agreement is also obtained with the experimental results for the
energy spectra of reflected gamma-rays. For the angular distribution

of reflected gammas from light elements, however, the agreement is rather
poor. See Figs. 9 and 10. Deep penetration is also being studied(l7).
In this method, the fundamental equation is non-linear type in general,

and some mathematical techniques are needed to get a solution. Multilayer

problem is not yet treated by this method.
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2.1.5 Miscellaneous Studies

A simple calculation method is applied to the gamma-ray transmission
through shield barrier(ls), in which the photons normally incident on '
a shield slab are assumed to suffer singie scatterings in the shield
and emerge from the rear face of the slab. The total number and energy
flux transmitted are obtained by integrating over the emergent angle.
Energy buildup factors for lead, iron, concrete and water were calculated
from 1 to 4 mean free paths, and calculations were also made for double
layers of lead-water shields. The calculated results were compared with
those of Monte Carlo method and moments method, and good agreerent was
found, considering the simplicity of the method, especially for lead.

As the multiple scattering effect is ignored, the buildup factors in this
method are smaller than that of Monte Carlo methbd.

For the case of point isotropic source, the number and energy build-
up factors and energy current spectra of gamma-rays transmitted through
spherical and cylindrical shields, and angular distribution through
spherical shields were calculated by Monte Carlo method(lg). A spectrum
of absorbed radiation, emitted from a 6000 point isotropic source placed
at the center of a cylindrical plastic scintillator was measured by a
scintillation spectrometer for comparison with the results obtained by
this method, and good agreement was found as shcwn in Pig. 11.

The buildup factor for the gamma-rays penetrating the multilayers
is very important in the practical design. Semi-empirical formula of
Broder et al.(z) do not show good agreement with the experimental results(B’zo),
egspecially in the case of the double layers of heavy materiasl after light

(21) (22)’ and

material. A modification of Kales's foruula was introduced
fair agreemeat wilh the experimental buildup factors were obtained in the

gamma-ray cnergy range from 1 to 8 MeV for double layers.
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The Rockwell's method for calculating the unscattered radiation

flux from sources of spherical or cylindrical shape has the disadvéntages
of onerous procedure, inaccuracies of approximation and limitations on

the available range. An approximate method based on the modyfication

of .the source geometry to a form convenient for calculation is propose‘izB);
The sphere is spproximated by a conical fragment of sphericalAshell, and
the cylinder by a columnar fragment of cylindrical shell, Graphs and
accuracies of the functions for approximate calculation were obtained,

The effect of shell-shaped shield surrounding a stherical or cylindriéal

(24)

source is also obtained The exact equations and their approximate
calculation formulas were derived. The graphs of the correction function
and the accuracies of this method were obtained and the comparison with

experimental results were shown.

2.2 Experimental Studies
2.2.1 Multiple Layers
Using the same method as Kirn et al., the buildup factors of multi-

60

layers of water, iron and lead for ~ Co monodirectional source were

measured(zo).

An empirical formula was proposed, and it was found that
by this formula the buildup factors could be obtained for multilayers
composed of a combination of materials by using known buildup factors
of the monolayers of compusing materials. Also by Kirn's method, for
6000 monodirectional source the buildup factors for double and triple

(8)

layers of lead, iron, aluminum and concrete were measured and Kalos's
formula was found to be applicable in the cases of double layers of lead
and lighter materials, especially when lead was backed by the lighter

material. These experiments covers the gamma-ray mean free paths as far

as six.
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Energy spectrum of gamma-rays transmitted through multilayers of
iron and polyethylene were measured by 5" x 5" Nal scintillator for the

plane monodirectional source of 6000(25)

. Pulse height was converted to
energy spectra by 19 x 19 inverse matrix. The experimental results.
agreed well with the Raso's calculated ones.

As pointed out in 2.1.1, Broder's semi—empirical formﬁla fbr the
dose buildup factors of gamma~rays from the point isotropic source is
considered to have some problems to be tested, so measurements were

(26)

done using the pulse dosimeter for just the same geometrical condi-
tion as Broder et al's. The Monte Carlo calculation was performed using
the above mentioned BREVI code. As shown in Fig. 12, Broder's formula
seems to do not coincide with the experimental results.

Using an uranium converter plate installed in TRIGA reactor of
St. Paul's University as source, the gamma-ray attenuation by water-
iron doutle layer shields was measured by ion chamber(27). The source
intensity was not so strong that no experiments of the deep penetration
could be made.
2.2.2 Backscatterings

The scattering phenomenon of gamma-ray at the boundary of shield
barrier is another important problem as the multilayer buildup factors.
A series of measurements of backscatterings were performed and the data
of number and energy albedo obtained. Data of differential albedo were
also obtained.

(17)

As mentioned in the previous section, experimental results of

the energy albedo for the 6000 and 13705 point source were compared with
the calculation by invariant imbedding method and good agreement was found.

The correlation of the thickness of scatterer and albedo, using the slab

(28

of polyethylene and aluminum as the scattering shield slab, was measured

)

’
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and by the4dafav0f backscattered gamma-rays in the lead slab, it was
confirmed that these gamma-rays were composed ﬁainly of singly scattered
ones(zg). To find the regions where the gamma~rays were backscattered
the most, the distribution of gamma-rays Backscattered noimally from the
slab of7polyethylene, iron, aluminum and lead were measured and the
analyéié ofithe data is now in prOgress(BO). The backscatterings in the
NaI(Ti):scintillator crystal were also‘investigated(Bl).
2.2.3 Miscéllaneous Studies

In the experimental studies of buildup factors, point isotropic
sources are often utilized and Kirn's method is also used for plane
monodirectional source geometry. For line isotropic source geometry,
an alternative arrangement of a point isotropic source and long cylindrical
ionization chamber was employed(32). The dose buildup factors for trans-
mitted gamma-rays from infinite line isstropic source through an infinitely
extensive slab shield placed in parallel with the source were obtained.

For the purpose of obtaining the dose buildup factors from the volume

6000 pellets (about 504c) contained in 3 cm diameter

gsource, 1 mm x 1 mm
polyester balls, were packed in a plastic cylinder(33). Linear absorption
coefficient of the source material was found to be 0.076 cm. Cylindrical
shell of iron and water was used as the shield barrier and dose buildup

(26)

factors measured by pulse dosimeter are shown in Fig. 13.

Structural components of ship have shielding effects for nuclear
radiations. In the calculation of these effects, the buildup factors
of gamma-rays computed for each component member are superposed so as
to get the total buildup factors of the structural components. In order
to compare these computed results with the actually measured data, the
gamma-ray dose measurements were done using the 60Co sources and gamma-

ray surveymeters(34). Shintoku-maru, a training ship of about 3,000 gross
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tons, was selected for this pﬁrpose. For about 200 points of measurement,
the difference between the computed and measured values became larger with

the increase distance between source and the measuring point.
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~ITI. NEUTRON PROBLEMS

In the desigﬁ of‘ré#cﬁornéhieids, the ﬁeutron ffansmissién through
multilayers is the.most fundamental probiem; The neutron.transpori
phenomenon is far more complicated than gamma-ray transport, and it
is very difficult to treat it accurately for neutron energies up to
thermal Values. Though it is not so long since the investigation of
neutron problems was started in Japan, reactor sources and medium and
large scale computers became available and some studies have been done

in both theoretical and experimental fields.

3.1 Theoretical Studies
3.1.1 Removal-diffusion Method (RAC)

RAC code was originally prepared for IBM-7090, and then translated
to 7044. RAC can handle the cylindrical source geometry with cylindrical
shell shields. 7044 RAC are composed of the following sub-codes:
REMOVAL computes energy-dependent removal group neutron distributions
up to 18 energy groups. DIFFUSION calculates up to 6 energy groups.
PRY.GAMMA can evaluate the primary gamma-ray distribution in energy
groups up to 10 including the buildup factor of each group, and in
SEC.GAMMA the source distribution is determined by the thermal neutron
flux of DIFFUSION. REMOVAL, DIFFUSION and SEC. GAMMA can be used in
one run as well as separately. The RAC code is used extensively and
the results of comparison with experimental data are described in the
following section.

3.1.2 Legendre Polynomial Method (EOS~2(35))
EOS-2 was prepared for neutron transmission problems and computa-

tional method and restrictions are same as EO0S-1l. Fig. 14 shows the



JAERT 4038 11

neutron differential number flux for fission source calculated by E0S-2
method and moments method, and differential angular number spectrum
together with the experimental results of BSR-1.

3.1.3% Photoneutror'Analysis(36)

In a water-shielded reactor, photoneutrons are distributed'in the
water layer in additi&n to the neutrons produced iﬁ the core, and the
observed neutron flux distribution has a bend caused by the contribution_
of photoneutrons. Simple analysis using two group diffusion theory is
developed, and it is shown that this method can reproduce the photonéutron
distribution reasonably well in ; region where the neutron flux originating
from the reactor core is negligibly small, and that the distribution of

photoneutron flux together with that of the core neutron flux explain the

observed bend of BSR-1.

3.2 Experimental Studies
3.2.1 Fission Plate Experiment

Fission plate in the 1id tank of TRIGA reactor of St. Paul's Univ.
was used as a neutron source and the penetration of fast neutron through
iron—-watoer multilayers was measured by In, S and A1(37). The fact that
the removal cross section should be considered as a function of neutron
energy was assertained. Thermal neutrons were detected before and behind
the iron barrier by BF3 counter and goid foils. The source strength is
so small that the deep penetration problem cannot be studied.
3.2.2 HTR Experiments

In the pool of HTR (Hitachi Training Reactor), a series of neutron
penetration experiments were done(38’39’40’41’42’43’44). For various .
geometries of iron-water multilayers, neutrons were measured by BF3 counter

and activation method (Al, Fe, S, P, Au, In, Cu). The attenuation of

neutron flux in the iron barrier was also measured. These experimentsal
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results were compared with the calculation using the previously‘ieﬁtioned
RAC code(40’4l), Sée Fig. 15. ‘Good agreement was found as far as 1.5 nm 7
of penetration distance, but some disagreements appeared in the deep
penetration. The reasoa of diécfepancy is now searched. The removal
cross section of iron was also measured, but in this case, the core
radiétion was used as a neutron source instead of the usual fission plate,

(39)

the correction was introduced The removal cross sections of ordinary

and heavy concretes were measured, too(45).
3.2.3 Accelerator Experiment
| Fast neutrons from d-D (2.5 Mev) and 4-T (14vMev) reactions were
introduced into a water tank containing the shield slab of iron, aluminum
and concrete, and the attenuation of thermal neutron was measured by
foils and BF3 counters(41’46), The removal cross section of the shield
was found to be energy dependent.
3.2.4 JRR-4 Experiment

In the design of marine reactor systeam, the weights and spatial
arrangements of the shields are very important as well as the economy
and the radiation damage of materials used, and often the weight of
shields play a decisive role. The Ship Research Institute group is
now carrying a series of neutron penetration experiments in the No.l
pool of JRR-4., 1.5 m x 1,5 m iron slabs of thickness 3, 5, 10 and 15 cm
constitute an iron-water multilayer, and neutrons were detected by the
threshold detectors (Mg, Al, Fe, Zn, P, zud In) and resonance detectors

(AL, V, W, Mn, Cu, Au and In). Optimization study is planned. Photo. 1

shows the experimental iron slabs in the No. 1 pool of JRR-4.
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IV. DICT STREAMING PROBLEMS

4.1 Theoretical Studies
Systematic studies of the gamma-ray leakage'through cylindriéal
(47,48)

duct were made Infinite plane source on the side of shield
barrier is sepafated in two parts, a disk source at the entrance of -
the duét and.ananﬁﬁlar~source‘surroundiﬁg the entrance of the duct.
The unscattered and singly sdéttered flux from the former is obtained
by integration, and the multiple scattering flux is calculated by the
Monte Carlo method utilizing partly the results of the integration.
The ray-analysis method including the buildup factor is used to get
the flux from the latter. The main conclusions from these studies are
as follows:

1. Most of the gamma-rays which started the disk source, reflected
at the inner surface of duct and reached the exit, are singly scattered
radiation from the shallow part of the duct wall near its surface, and
its dontribution to the total dose at the duct exit is about 40% at
most, and becomes smaller as the duct length becomes larger.

2. The contribution of the annular source is not negligible, when
the source region extends widely around the duct entrance, and is pre-
dominant when the duct length is small. The effective radius of the
source region contribufing to the exit dose is calculated.

For isotropic and cosine angular source, graphs available in the
practical design were obtained for some typical shield materials. The
details of the calculated results will be published shortly.

Ray analysis method in the gamma-ray problems is considered to be
useful also in the fast neutron problems, and the calculation of neutron

(49,50)

streaming problem is now under study But some techniques should
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be introduced to get the solution for the thermal and epithermal neutrons

streaming through the duct.

4.2 Experiméntal,Studies

>In the 1id tank of TRIGA reactor of St. Paul's University; the
streaming of neutrons and gamma-rays through pipes of polyethylene,
vinyifchloride, iron and lead was measured(sl’sg). These ducts were
riaced normally and/or parallel to the source plate, and in some cases,
1id of lead was set at the duct entrance and exit. It was found that
the behaviors of fast, epi-thermal and thermal neutrons are different
and separate treatments are necessary in the calculations. The fact
that the wall material disturb the intensity and distribution of epi-
thermal and thermal neutrons, and that the streaming along the duct
wall occurs, was also found. A remakablg side streaming is seen when
the duct is set parallel to the source plate.

Threshold detectors for fast neutrons, and BF3 counter, In foil and
Mn wire for thermal neutrons were used to measure the streaming through

(53). The results are shown in Fig. 16.

acrylate pipe in the HTR pool
In order to test the validity of the previously mentioned

theoretical results, a series of experiments of gamma-ray streaming

is now carried out in JAERI, The shield materials are lead, iron, and

(26)

concrete and pulse dosimeter is used as a detector. The preliminary

results show good agreement of the theory and the experiment.
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V.  MOCKUP TESTS - -

Shielding mockup tests for the first nuclear shiﬁ of Japan is
now going at JRR-4. JAERI, the Ship Research Institute and the Japan
Nuclear Ship Development Agency are in corporation for this tests.

The purpose of tésts is not to obtain fundamental knowledges of reactor
shielding in general, but to obtain the data useful for the design of
the ship.

The tests consist of two parts; the primary shield mockup tests
and the secondary shield mockup tests. The former is carried mainly
in the No. 2 pool and the latter in the dry test facility of JRR-4.

As for the primary shield mockup tests, the measurements of neutrons
and gammas in the core radial direction for the layers of thermal shield,
reactor pressure vessel and iron-water multilayef shields are planned.
The expefimental results will be compared with computer code calculations.
The shielding effect of nozzle of main steam pipe through reactor vessel
and the shielding effect of control rod drive mechanism will be tested
and some qualitative conclusions are expected.

The secondary shield mockup tests include the measurements of
radiation streamings through slit and duct. Lead duct of 35 cm inner
diameter was set in the dry test facility and the gamma-~ray from exneri-
mental beam hole was introduced in this duct. Photo. 2 shows the
experimental‘arrangement of this mockup. The dose and spectrum of gamma-
rays were measured at the exit of the duct. The angle between incident
beam and duct axis is variable. Preliminary analysis of the experimental
results is now in progress. Lead, concrete and polyethylene and their
combinstions will be used in the slit experiments. The gap of the slit

and beam incident angle are variable.
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The tests will be continued for about a year, and the results

will be presented in future.
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Photo 1 Tron multilayers in the No. 1 pool of JRR-4

Photo 2 Arrangement of lead duct mockup in the dry shielding test facility of JRR-4
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