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A review on the most important research activities in reactor and

neutron physics using the first Egyptian Research Reactor (ET-RR-1) is

given. An out look on: neutron cross-sections, neutron flux, neutron

capture gamma-ray spectroscopy, neutron activation analysis, neutron

diffraction and radiation shielding experiments, is presented.

INTRODUCTION

In general, the nuclear research reactor is considered as an intense
source of neutrons. It is prepared for research in the fields of reactor and
neutron physics, in addition to its uses for isotopes production. The beams
of neutrons at the reactor sites and reactor core are used for such purposes.
Nowadays, there are several hundreds of nuclear research reactors of
different types in operation all over the world. In the mean time, a huge
number of publications are appeared every year dealing with the problems
of reactor and neutron physics and their related topics. This was performed
by means of the neutron beam facilities. Also, it could be noticed that the
majority of the experiments apply the most advanced and highly developed
techniques in the last few decades.
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The ET-RR-1 which made critical in (1961), has a maximum
neutron flux of (2 x 1013 n / cm2 .s). and an average thermal neutron flux
of (1013 n / cm2 .s). at the maximum power of (2MW). This reactor is
provided with 9 horizoutal channels, 9 vertical channels, sliding graphite
thermal column and 3 especial channels for biological research. The
maximum intensity of the neutron flux at the outer end of each radial
channel was about (108 n/cm2.s.) The equipmenbused for the outer end
physics experiments were arranged around the horizoutal channels as
shown in fig. (1).

In this lecture a review on some research work carried out on the
(ET-RR-1), in the fields of reactor and neutron physics, is given.

RESEARCH ACTIVITIES OF RESEARCH REACTORS

Research reactors are designed and operated to carry out some
basic and applied research works in the fields of reactor and neutron
physics as mentioned above. This will be carried out in addition to,
production of isotopes, industrial applications, education and training. The
most important topics of these activities could be summarised as follows:-

* Neutron flux mapping.
* Burn - up data.
* Neutron and y - dosimerty.
* Neutron optics including reflection and diffraction.
* Neutron cross - section measurements.
* Neutron capture gamma - ray spectroscopy.
* Neutron activation analysis (development and appliactions).
* Neutron scattering and neutron crystallography.
* Material testing (high flux is needed-over 1 x 101"4 n / cm2 .s.).
* Radiation shielding experiments.
* Radio - isotopes production.
* Education and training.

EXPERIMENTAL RESEARCH ACTIVITIES OF THE ET-RR-1

The experimental arrangements installed at the outer ends of the
horizontal channels of the (ET-RR-1) as well as the thermal column and
the Rabbit pneumatic Transfer System (RPTS) installed at the gamma - ray
spectroscopy laboraties, could be described as follows:-
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1- For radiation shielding materials testing, the first, second and
third channels were prepared using different techniques. A computerized
tomography system is recently used for neutrons and gamma - rays in this
field. The determination of the change in material structure, elemental
compositions, creation of gas bubbles and cavities, is considered as the
main purpose of this system(1).

The experimental and theoretical studies are carried out in the
experimental physies division(2) to examin and evaluate the physical,
mechanical and nuclear parameters of materials of prime importance in
nuclear technology and general industries. These will be achieved through
the following two main projects:

a- Non - destructive testing of materials by Computerized
Tomography (CT) by fast neutrons, thermal neutrons and gamma-
rays are applied for inspecting and testing the physical and
mechanical properties. This will be performed by the methods of
transmission and emission for non - radiactive and radioctive
materials respectively.

b- Material testing by fast neutrons and gamma-ray spectra
measurements.

The nuclear parameters and metal inclusions are studied by
measuring the spectra of fast neutrons and gamma-rays transmitted through
the materials under investigation. Measurements are performed by a
neutron - gamma spectrometer with organic scintillator detector.
Separation between neutron and gamma - events is achieved by a pulse
shape discrimination technique based on the zero crossing method.

" A block diagram of the electronic equipments of the neutron -
gamma spectrometer with a dynode chain ofthephotomultipliertubeis
shown in fig. (2).

In their paper, Pfister et al.(3) review a CT - measurements with fast,
thermal and gamma-rays, just to demonstrate the capability of this
nondestructive mejhod in problems of research and technical applications.
The following images figs. (3,4,5,6 and 7) for different samples have been
selected from this work(3), with some comments on each one.
Aluminum is nearly transparent for thermal neutrons, therefore other
materials located inside an aluminum sample can be displayed with high
contrast in a neutron-CT-image. Especially corrosion products, containing
hydrogen can be detected very good. A fiber reinforced (AISi) compound
test sample was examined with thermal neutrons - CT. This test sample
was prepared with defects (bore - holes filled with pure aluminum). The
CT-image shows clearly a radial boring (1.6 mm diameter). Only the two
largest of the 4 axial boreholes (0.35, 0.5,0.8 and 1.6 mm diameters) could
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be localized inside this sample. A pure aluminum ring at the surface of the
compound material and the notch (upper part) are seen in this image,
Hg.(3).
Fig.(4) shows a cross section through a heat pipe (14 mm diameter)
reconstructed from a thermal neutron-CT-measurement. This image clearly
shows the steel tube (0.925 mm thick) and the capillary structure inside the
heat pipe (4 layers of a net with total thickness of 0.9 mm). The 8 arteries
inside the vapour zone have a net thickness of 0.14 mm and deformations
can be seen. CT-measurements with heat pipes can be used to examine the
geometry of the inner structures as well as the distribution of the heat
carrier; especially if this medium contains hydrogen, thermal neutron-CT
will be predestinated to show this. The heat pipe used in this tomography
measurement was not in operation,therefore no heat carrier can be seen.
The high penetration capability of fast neutrons is especially useful in
testing large metallic objects. Many of these objects in technical
applications are made from austenitic steel or cast iron which, due to its
granular structure, is less suited to ultrasonic test methods. A cast iron part
of the hydraulics of a truck brake was examined with fast neutron CT. The
aim was to show if there are porous parts inside the object. The
reconstructed neutron CT image in Fig.(5) shows a porous part in the right
lower region of the circular hole in the middle of the object. An aluminum
screw with plastic screw inside can be seen in the upper part of the image.
It can be clearly distinguished between the three different materials (iron,
aluminum, plastics). The ring structure in the center of the object is a step
in the hole which was exactly in the middle of the examined slice height.
Neutron-and gamma-CT-images were reconstructed from the transmission
measurements in the fast neutron field. The detected beam had the
dimensions of 1 mm in width and 5 mm in height. The neutrons and
gamma-rays - both present in this radiation field - were discriminated and
detected simultaneously. Fig.(6) shows the neutron-CT-image and Fig.(7)
the y -CT-image of a reflex camera. Both images show fine structures

(rolls, levers,- hinges etc.). It can be seen that two of the four achromatic
lenses are manufactured out of two parts with different densities
(refraction index). The neutron-CT-image shows all parts manufactured
out of plastics (cover of the lenses, fiilm, etc.) with higher contrast
compared to thee y -CT-image. Even the film with a thickness of 0.15 mm
can be seen in the neutron image.
In addition four CT-images have been taken for the ordinary concrete
samples at 200 °C using the low and high threshold neutrons as well as
the low and high threshold gamma-rays at the ET-RR-1 as shown in figs.
(8,9,10 and 11) respectively.
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2- The double crystal difiractometer placed at the hole number 5 of
the ET-RR-1 running at a power of 2MW was used for neutron powder
diffraction measurements. Fig. (12) shows a schematic diagram of the
experimental arrangement of the neutron crystal spectrometer. An effective
system of shielding is important to reduce the back ground of the scattered
neutrons which would be picked up by the counter. Also, to insure that the
general level of radiation in the neighbor-hood is sufficiently low from
health and safety points of view.

The fast neutrons are slowed down by collision of hydrogen atoms
in the borated paraffin shield and they are then subsequently absorbed by
the boron which has a high absorption coefficient for slow neutrons. The
y -rays are absorbed by a lead screen(4).

The powder sample Coo.6 Fei>4 04 contained in thin walled
cylinderical (vanadium sample holder 16 mm in diameter) was used for
obtaining neutron diffraction patterns.

o

Measurements were repeated twice(4) using 1.08 A neutrons
reflected from a (zinc) monochromator cut along (002) plane.
Measurements were made up to 2 9 = 52°, since only in this region well-
resolved peaks were present. A collimator with angular resolution of 20,
was placed in the reactor hole and a second with the same resolution
between the sample and the counter. Counts were taken for 7 minutes at
10' intervals of the scattering angle. Neutorn diffraction patterns at room
temperature and at 650 °K are shown in fig. (13). High temperature
measurements were taken with the sample inserted in a special furnace.
From this neutron diffraction pattern, the crystallographic parameters could
be determined.

3- A simple slow neutron mechanical chopper is aligned at channel
6 of the ET-RR-1. A layout of the spectrometer^ is shown in fig.(14).

The shielding materials used in building this spectrometer had
provided a safe one. The spectrometer is well protected againist the
reactor hall radiation background and there is no significant radiation
hazards comes out of it. 3He detector is used for measuring the slow
neutron spectrum TOF american type detector used for Time of Flight
experiments]. The spectrometer can be used for the neutron wavelength

o o o

range (from 0.5 A up to 6 A) [extended to 10 A], by increasing the
power of the reactor and using a higher vacuum flight path tube(5). The
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measured spectrum represents the thermal and cold neutron regions only
as shown in fig. (15). The spectrometer was calibrated by using the

o

accurate value of Be cut-off, [X= 3.952 A] which correspounds to time
of flight value = 3744 s. (ref. 5)

4- Small angle neutron scattering (SANS) has now become an
important tecnique in the study of metallurgical, polymeric, biological and
nanocrystalline materials. The experimental aspects of neutron SANS has
been given in details by several authors(6). These instruments operated at
high flux reactors equipped with cold neutron sources and use long neutron
guide tubes.

However, under some conditions the measurements of the
broadening of the incident narrow neutron beam after traversing the
sample, due to SANS effect, can provide valuble information about its
structural inhomogeneties of sizes up to several hundred times the size of
individual atoms. The advantage of such measurements is that they can be
carried put at low flux reactor which is equipped with neither cold neutron
source nor guide tube.

A horozontal view of the general arrangement of SANS
spectrometer^ which was previously installed at channel no. 9 and it will
be shifted to channel no. 7 is shown in fig.(16). Neutrons are emitted from
the ET-RR-1 reactor channel (100 mm in diameter) passing through an in -
pile collimator 60 cm long and a beam hole of 1 cm2 (rectangular area)
made from Lead, Paraffin and Boric acid.

The double-rotor consists of a rotating collimator (rotor 1) and
curved slot rotor (rotor 2), each of them is mounted on its mobile platform
inside an evacuated chamber. The rotors are suspended in magnetic fields
and spinning synchronously up to a maximum speed of 16,000 rpm,
producing bursts of polyenergetic neutrons. The curved slot rotor, 32 cm in
diameter has two slots of 1 cm height and 0.7 cm width. The slot has a
radius of curvature of 65.65 cm. The main parameters of the rotating
collimator (diameter, slot shape, material) were selected to match the
curved slot rotor.

The optimum operating condition of the double rotor facility was
deduced using the computer program RCOL(6) for the case when the
distance between the centers of the rotors was 66 cm.

A He-3 gas filled neutron detector was fixed inside a shield with a
variable hole window, facing the neutron beam. The window was selected
to be equal to the area of the of the neutron beam at the detector position.
The neutron beam divergence was 17.0' ± 1.5\ As an application, the
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neutron cross-sections in the wavelenght range from 3.5 to 5.2A were
measured for iron in both bulk and powder form. Fig. (17) displays the
measured dependence of Fe metal total cross-section on neutron
wavelenght. Some values of a t for iron, reported in BNL-325 are also
presented (open circles). One can notice the agreement of the measured
values of a t and reported ones. Such agreement confirms that the SANS
cross-section a SANS from metallic samples within the experimental
accuracy is vanished.

5- Channel no. 8 was previously well prepared for external target
measurements of the prompt gamma-rays emitted due to thermal neutron
capture for many of samples. A single Bi plug was placed inside the hole
of the channel, just to reduce the fission gamma - radiation, epithermal and
fast neutrons to an acceptable level while thermal neutrons pass without
any losses. In order to obtain an intense and narrow collimated neutron
beam at the target position outside of the reactor, internal and external
neutron collimators were placed inside and outside the reactor
respectively. Lead and graphite materials were used as shown in fig (18).
The thermal neutron flux was found to be in the order of 106 n / cm2 .s. at
the target position, which was good enough to do the prompt gamma - ray
experiment(7l8). Blocks of lead and paraffin mixed with Boric acid were
used to make a castle around the house of the gamma-ray detection
system. Single, Pair and Anticompton gamma-ray spectrometers were used
with success for investigation of different elements. The eletronic block
diagram for the Ge (Li) - Na (Tl) pair spectrometer as shown in fig. (19)
was used(7>8). Some rearrangements will be introduced for this experiments
using more advanced computerized detection system. A portion of the
neutron capture gamma-ray spectrum from 39K(n,y)40K is shown in fig.

(20), which was used for the level scheme inrestigation of 40K. [taken from
ref. (7)]. A portion of the high energy part of the single and pair gamma-
ray spectra of35 Cl (n, y) 36C1 taken by the Anticompton spectrometer is
shown in fig. (21). The gamma-ray spectra emitted promptly due to
neutron capture were very useful for nuclear structure studies and the
applied nuclear science such as the elemental constituents investigations of
different materials.

6- As mentioned above the neutron time of flight (TOF) method has
proved to be one of the effcient tools for neutron diffraction studies. The
TOF method is based on measuring the neutron time of flight through a
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definite distance; using a neutron chopper which transmits short bursts of
neutrons. Accordingly, neutrons of different energies, primarily present in
the beam, will be sorted out; the fast neutrons will arrive at the end of the
flight distance earlier than the slower ones. Most of the conventional TOF
spectrometers apply the Fermi type disk chopper which makes use only of
(0.1-0.5)% out of the available neutrons.

The Fourir TOF method has been of considerable interest prior to
1980 as a highly effcient alternative, of a Fermi chopper system, since it
offers, regardless of resolution requirements, a high duty cycle combined
with the possibility of exploiting a large beam area. The Fourier metod has
been improved by the reverse time of flight (RTOF) concept which is
based on the triggering of the TOF analyzer by the detected neutrons
ibstead of by the rotor's position. The use of the RTOF difiractometry at
the ET-RR-1 reactor (2MW), was assessed in refs (9,10). Further
developments of the suggested arrangement were represented in refs. (11-
16); along with the main components required for the data aquisition.
Moreover an RTOF diflractometer was recently installed at one of the ET-
RR-1 reactor horizental channels(9), the Cairo Fourier Diflractometer
Facility (CFDF). Such facility consists of a curved neutron guide tube
(NGT) designed to deliver thermal neutrons; free from y-ray and fast
neutrons background, to a Fourier chopper which is followed by another
straight NGT for collimation of the neutron beam before incidence on the
sample. The optimized curved NGT has a radius of curvature p =
3388.5m, length L = 22m. and a rectangular cross sectional area S =

o

13.5x90 mm2 to give a characteristic wavelength of A,* = 1.377A. The
straight NGT is 3 m long and with the same cross-sectional area of the
curved one. 58Ni isotope is used as a coating layer for the mirror channel
walls in both NGT. A schematic diagram for the NGT and the shielding
around it is shown in fig. (22). (taken from references 9 and 10).

The neutron spectrum was measured after transmission through a
Fermi disk type chopper. The chopper has been made of two aluminium
disks attached to each other; with 0.5mm thick Cd foil pressed between
them. The disk rotor has two radial slits, 2.9x80mm2 at the main radius of
200mm. The chopper was rotating at a constant speed 2840 rpm. At this
speed the chopper produces approximately triangular pulses with the
FWHM equals to 48.8 us. The pick up pulse is taken optically through two
holes at the periphery. The width and timing of the pickup pulse with
respect to the neutron pulse can be adjusted so that the logical "chopper
open" pulse can be fully synchronized to the neutron pulse. Thus the
neutron spectrum was measured with a 6Li-glass scintillator detector which
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was set at a distance 3.45m from the Fermi chopper, being at the sample
position, according to the arrangement schematically given in Fig. (23).

The neutron spectrum transmitted through 12cm thick beryllium
filter was also measured for calibration of time of flight scale. The
measured Be filtered spectrum is displayed in Fig. (24) where one can
notice the well known Be cut-off at 3.952A.

For the determination of the maximum resolution of the
diffractometer, measurements of diffraction spectra in the RTOF-mode
were performed. The samples of polycrystalline iron and diamond powder
were used. The sample diameter and height were 5mm and 85mm,
respectively. The measured diffraction patterns(9>l0) are shown in figs. (25,
26 & 27). The width and position of the peaks for these spectra were
defined with the help of the corresponding fit-software. The relative width
of the peaks is shown in fig. (28). The minimum of the resolution curve
determines the best experimental resolution of the diffractometer. This
resoolution is 0.55%. The true maximum resolution of a device is a little
higher since the experiments measure the convolution of the instrumental
resolution with the natural width of thesample diffraction line.

The iron sample was chosen from reasons of the possible scientific
program of research of stress in materials with the composition close to
various condtructional steels. The difference between the diamond and
iron data might be explained by the effects of strain in the iron sample. It
shows that the iron sample should not be used for correct evaluation of the
resolution(9>10).
The iron diffraction pattern measured by the facility (see the layout at
fig.(29) and treated with the proper software is displayed in fig. (30), along
with that one which was measured for 120 minutes with the Fourier Stress
Spectrometer (FSS) diffractometer installed at the FRG1 (5MW) Reactor
(GKSS-Germany). The FSS faciality is also a Fourier RTOF one, with a
different arrangement and is also optimized for 20 = 90° . Despite the fact
that the present iron diffraction pattern was obtained, with the CFDF,
within 15 minutes measuring time, it is superior (concerning statistics) to
that one measured by the FSS facility. This offers a chance for more
accurate diffraction measurements with the CFDF and within less
measuring time. It is concluded that the CFDF could be used efficiently for

o o

neutron diffraction measurements at D values between 0.7 A - 2.9 A.

7- In addition to the above experiments, the Rabbit Pneumatic
Trausfer System (RPTS) installed at the gamma-ray spectroscopy
laboratories [of Inchass] was used for a series of irradiations of different

93



samples in a thermal neutron flux position of (« 2 x 10u n/cm2 .s.).
Investigations of many important geological and biological samples using
the (RPTS) facility as well as the core of the reactor are achieved on the
basis of the non-desturctive activation analysis project. Fig. (31) shows a
sketch of the (RPTS) of ET-RR-1 and Fig. (32) shows -*partial gamma-ray
spectra of silver brazing alloy (CP2)? The gamma-ray spectra were
collected by a HPGe detection system after irradion time of 48h. at the
core of the reactor and 30 s. irradiation time using the 078^

8- Also, The thermal column of the ET-RR-1 is under preparation
for neutron radiography measurements using thermal neutrons, through an
IAEA technical project.
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Fig. (12)

Schematic Diagram of the experimental arrangement of
neutron crystal spectrometer [Chs. 4 and 5] (Double crystal
Diffractometer).
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(Co MiusFeu O4) at Room Temperature and 650 °K.
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Fig. (15) Reactor slo w neutron spectrum, A ngular velocity
IS62 r.p.m.
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Fig. (25; r//e general arrangement of the (TOF) - (SANS)
spectrometer (Channel. 7).
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Fig. (17) Total Neutron Cross-Section ofFe-Metal
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view of the experimental set up, A horizontal neutron txom
extracted from the core of the ET-RR-l Egyptian-Reactor passes
through a 20 cm long of poly crystalline Bismuth plug reduce
mainly the reactor gamma back-proajuL, In front of the target Is
placed a Bmm graphite sheet In order to Increase the thermal to
fast neutron ratio. The Ce (U) detector contained In a heavy lead
shield is placed perpendicular to the beam at a distance of 23
crn.

Fig. (18) Neutron Capture Gamma-Ray Arrangements, (Channel 8).
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r

F /^. (75>; Electronic Block Diagram for the Ge (Li) Nal (Tl) pair
spectrometer.
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(20) A portion of the neutron capture Gamma-Ray spectrum of
39K(n,y)40K.
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/4 portion of the high energy part of the single and pair
gamma-ray spectra of 35Cl (n,y) J6CL
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I)Biological shielding of reactor, 2),5),7)<fc lOJShielding (heavy cocrete),
3)Inpile collimator, 4)Curved NGT,
6)WalI of reactor hall, 8)Corridor,
9)Fourier chopper, i |)Straight mirror collimator

F ig. (22) A schematic Diagram of the NGT and shielding around it
(Channel 9).

L •= 3.45 m

Fermi chopper

A / Neutron pulse

Start pulse

Fig. (23)

I) 'Li-glass detector 2) Preamplifier 3) High volugc power supply
4) Main amplifier 5) Discriminator 6) Multictuonet analyzer

A schematic of the arrangement used for neutron spectrum
measurements.

BOO

4 . . . •

Noutron Wavolongth, A

Fig. (24) Neutron spectrum transmitted througt the Be Filter.
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Fig. (28)

Fe Sample Diffraction pattern -1.
Fe Sample Diffraction pattern - 2.
Diamond sample Diffraction pattern.
Resolution of Diffractometer EGY1.
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collinntor

curved ncuLroDjuidc

Fig. (29) Layout ofRTOF (CFDF) Spectrometer.

2000Q0

150000 -

O>

100000 -

50000 -

500 1000 1500

Channel Number

2000

150C0

I.

CHANNEL NUMBER

Iron diffraction patterns:

A- Measured with the CFDF facility B- Measured with the FSS facility

Fig. (30) Iron Diffraction Patterns Measured by CFDF & FSS.
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