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A Unique Optical System Design and Implementation of X- Ray
system to Non-destructive Tests Solid Fuel missiles

Abstract. One of the most important military applications in missile science is the careful X-ray examination (XRE) of solid rocket fuel samples. So
that it becomes clear whether the missile fuel is made efficiently and achieves its goal or not, which is a regular combustion rate from the moment of
launch to the end of its flight. The main dependency of this is to provide expenses for the real launch of missiles to ensure the work of the solid fuel
that has been manufactured. In this paper, we review a visual diagnostic system with X-rays for solid fuel samples (SFS) before starting the field
tests to detect manufacturing defects. An optimal design of the X-ray device was made in terms of transmission and the radiation collection system
to focus it on the sample to be tested and to choose the most appropriate X-ray detector for this purpose. The metal casing of the X-ray tube (XRT),
the collimator, and the mechanical equipment of the entire system were also designed and implemented, with the assembly of parts and components
of the X-ray camera. The system was tested on two real samples. The first is made efficiently and does not have any manufacturing defects, while
the other has air bubbles. The proposed system succeeded in giving accurate images for both samples. This made evaluating fuel performance
possible without costly field experiments.

Streszczenie. Jednym z najwazniejszych zastosowan wojskowych w nauce o rakietach jest doktadne badanie rentgenowskie (XRE) probek statego
paliwa rakietowego. Zeby byto jasne, czy paliwo rakietowe jest produkowane wydajnie i osigga swéj cel, czyli rownomierne spalanie od chwili
wystrzelenia do konca lotu. Gtéwng zaleznoscig jest zapewnienie wydatkébw na rzeczywiste wystrzelenie rakiet, aby zapewni¢ prace
wyprodukowanego paliwa statego. W tym artykule dokonujemy przegladu wizualnego systemu diagnostyki za pomocg promieni rentgenowskich
probek paliwa statego (SFS) przed rozpoczeciem testéw terenowych w celu wykrycia wad produkcyjnych. Wykonano optymalng konstrukcje
urzadzenia rentgenowskiego pod wzgledem transmisji oraz uktadu odbioru promieniowania, aby skupi¢ je na badanej prébce i wybra¢ najwtasciwszy
do tego celu detektor promieniowania rentgenowskiego. Zaprojektowano i wdrozono takze metalowg obudowe lampy rentgenowskiej (XRT),
kolimator oraz wyposazenie mechaniczne catego uktadu, wraz z montazem cze$ci i podzespotéw kamery rentgenowskiej. System zostat
przetestowany na dwéch rzeczywistych probkach. Pierwsza jest wykonana sprawnie i nie posiada wad produkcyjnych, natomiast druga posiada
pecherzyki powietrza. Zaproponowany system pozwolit uzyska¢ doktadne obrazy obu prébek. Umozliwito to ocene wydajnosci paliwa bez
kosztownych eksperymentéw w terenie. (Projekt unikalnego systemu optycznego i wdrozenie systemu rentgenowskiego do badan
nieniszczacych rakiet na paliwo stafe)

Keywords: X-ray examination (XRE); solid fuel samples (SFS); and X-ray tube (XRT).
Stowa kluczowe: Badanie rentgenowskie (XRE); probki paliwa statego (SFS); i lampa rentgenowska (XRT).

Introduction

Rontgen discovered X-rays in 1895, and the first von
Laue-proposed diffraction experiments carried out in 1913
proved that they are waves [1]. Later investigations
demonstrated that X-rays are electromagnetic waves and
transverse waves. The minimum wavelength for gamma
rays is 0.1A, whereas the highest wavelength for X-rays is
A 100. (Which is the maximum for ultraviolet waves). This
range corresponds to the 0.1 to 100 Key energy range [2].
An electron accelerated in an electric field collides with the
anode, a target built of metallic material, to produce X-rays.
The radiant energy is only a part of the energy of the
accelerating electron. Thus, it worked to establish a quantity
known as the X-ray generation efficiency n [3].in equation 1
show the relation between the energy of photon and
electron.

(1)
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Where Z is Atomic number and V is the electric potential
used to accelerate the electrons in (see Fig.1) the general
configuration of x-ray tube. The x-ray tube consists of some
main components, cathode, anode and the body of tube
and high voltage power supply.

Due to the high transmittance of X-rays, they are used in
diagnostic applications for both medical and industrial
applications [4]. One of the most important industrial uses of
X-rays is the non-destructive testing of products. To detect
manufacturing defects, this function is very important in the
quality department, but it provides a lot of necessary
information about manufacturing quality and detecting
unwanted defects [5].Solid fuel research has been a focus
area of the Propulsion Research Centre (PRC) at the
University of Alabama in Huntsville (UAH) for more than 20
years [6]. Previous projects have looked at a variety of
research topics related to solid fuels.
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Fig.1. General Form of x-ray tube.
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Including the combustion rate measurement of current
or projected solid fuel technologies [7], Optimization of
measurement methods as well as research on composition
and inert mixing. In previous studies, combustion rate
estimation techniques have used timing wires, implanted
thermocouples [8].

Real-time x-ray radiography system and transducers. X-
ray source, detector, computer and software off-the-shelf
products (COTS) used in post-processing [9]. Real-time X-
ray radio fluoroscopy for solid-state combustion evaluation
in two dimensions Motivate content by time. Although solid
fuels can be measured in several ways Most of these
combustion rate explanatory methods are based on
measurements that take ambient air away from the surface
of the burning solid fuel [10]. Estimates and derived curves
for the combustion rate although the procedures are often
very accurate, they do not provide a direct way to see or
measure the total surface area of a smouldering pulse. For
solids, the X-ray measurement technique is very useful.
Since the combustion surface of the fuel can be imagined,
sometimes complex or unusual fuel engineering is used
[11]. Conventional solid fuel consists of a mixture of an
oxidant in the solid state. The solid body of the solid fuel is
the grains of aluminium with some other components of the
solid fuel. The rate of burning is known as the grain gradient
rate and is usually represented in cm/sec, mm/sec or
inch/sec. Solid fuel granules are calculated by the
combustion surface [12].

Basically, perpendicular to the surface in this direction.
To ensure accurate measurements are made constant
distance is created between adjacent surface lines while
drawing successive charred surfaces [13]. The composition
of the propellant affects the typical solid fuel combustion
rate [14]. This paper is organized as follows. Section 2
techniques of the modern x-ray systems, section 3 types of
x-ray detection sensors, section 4 optical proposed system
design and section 5 results and section 6 conclusions.

Techniques of the Modern X-Ray Systems

In X-ray detection techniques, there are two systems for
detection. The first is the conical projection system, and this
system gives a two-dimensional image, among its most
prominent defects is the difficulty of analysing the image
clearly, especially in industrial applications, like detecting
internal defects of the crystal formation in solid fuel columns
of missiles engine [14]. (See Fig. 2) principle the conical
projection system.

rotator Y axis
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CAMERA
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X-RAY source

solid fuel of missile engine

Fig. 2. Principle the conical projection system.

In this Figure, X-rays are sent from the valve in the
direction of the sample to be examined, from columns of
solid rocket fuel, and then the X-rays pass through the
column of solid fuel and give a two-dimensional image of
the solid fuel. Then to the opposite direction, as the work of
the sample is prepared on the axis of rotation to photograph
the entire sample, to perform the accurate analysis of that
sample. This technique is difficult to use with large volume
samples of solid rocket fuel plumes. This requires, if used
for analysis, large-sized mechanical equipment with a
number of x-ray producing valves and a number of cameras

to take a picture of those rays after they pass through the
sample. The second technique is the 3D computed
tomography technique, this technique relies on an X-ray
transmitter and a set of detection cameras for receiving
transient rays from the sample, the transmitter and receiver
are placed on a rotating axis that wraps around the entire
sample to enable it to take an accurate analytical image of
the sample to be examined [15]. (See Fig. 3) the working
theory of X-ray computed tomography.
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Fig. 3. The working theory of X-ray computed tomography.

This technology is considered one of the most important
technologies currently used in medical and industrial
applications, especially the application of detecting
manufacturing defects for solid missile fuel systems. But at
the same time, it is complex. And it requires a very accurate
synchronization in the working system between the
cameras that detect the X-rays passing through the sample
to be photographed. Also, the entire system operates on a
rotating axis and the sample is fixed, which makes the work
method more complex than the previous technology and
costlier.

Types of X-Ray Detection Sensors

The interaction of the X-ray photons with the molecules
of the sample to be imaged is detected by the sensitive site
detector. This detector has undergone extensive
development over the past few decades. Radiation
detection applications are widely used today such as
medical and industrial applications. By wusing pixel
detectors, which is an array of a large number of detectors,
which work to form an image with precise specifications, the
image formed is as a result of the diffraction of X-rays in the
crystals and particles of the sample to be imaged, when the
rays hit the sensor matrix, a two- or three-dimensional
image can be formed, depending on the technological
application and its purpose [16]. The following are the most
important modern detection systems in the field of X-ray
imaging to find out the specifications of the detector to be
designed for the proposed system.

Monolithic Active Pixel Sensor (MAPS)

Silicon diodes and a readout circuit are coupled to
create monolithic active pixel sensors (MAPS). It has been
shown to be a promising technique for high-resolution X-ray
detectors since it can be manufactured using conventional
CMOS technology and in the same pixel units. In addition it
produces very precise individual pixel readouts while
running at high speeds with low power consumption, from a
single, low voltage source, and is inexpensively
constructed, even in huge matrix sizes, and compact to
demands. Close contact with the sensor results in reduced
ground noise and successful operation with a sense of the
smallest X-ray signals with a high S/N ratio without the need
for extra electrical amplifiers. The effectiveness and speed
of all freed charge carriers in the reactions inside the MAPS
type detector, enabling the sensor to give an accurate
picture of the sample to be visualized analysis. Mixed pixel
detectors have a sensor interface that is adjustable in size
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in terms of the number of detectors. While the thickness of
the active element in MAPS depends on the substrate used
in the CMOS technology Sensor size can be changed
depending on the application [17]. (See Fig. 4) 3D designs
of maps image detector array internal cage limiters made
from metal lead system.

& \ ‘ limiter cage layers
\ At from (lead element )

‘ MAPS DETCTORS
ARRAY

Fig. 4. 3D design of MAPS image detector array internal cage
limiters made from Metal lead system.

In that Fig, the installation of a maps imaging detector,
used in industrial applications for detection of manufacturing
defects and non-destructive testing of products, is shown.
This sensor consists of a cylindrical shape made of layers
of lead that are impermeable to X-rays and in a crystal form
that reflects the rays when they enter the supernova so that
a concentration of X-rays occurs on the inner wall of the
sensor, which contains a number of maps arrays, which
helps in not losing radiation falling on the sensor by a large
percentage. Important note: This sensor has a response
speed of microseconds, it gives a good quality image, but it
is not used in high-energy physics applications, such as
elementary particle colliders.

Hybrid pixel detector

Hybrid pixel detector construction and electronic chip
inside the detector are made to reduce the loss effect of
converting from x-ray photons to electrons. This detector is
used in applications that require accurate positioning and
short response time. As in the case of the CERN
accelerator, the speed of sensor response to collision
radiation is one of the most important requirements in
elementary particle collision applications. Since its response
time is only a few nanoseconds, this type of detector is
more complex than maps. In addition, this detector can be
created in different sizes and synchronize the entire group,
to take the temporal and spatial information very accurately
in a time that does not exceed a few nanoseconds [18].
(See Fig. 4) 3D design Hybrid pixel detector sensor.

electronic chips

sample
hyprid detectors array

x-ray beam
Fig. 5. 3D design Hybrid pixel detector.

In this Fig at general the hypird x-ray detectors system
consist of An array of sensors in a circular shape, followed
by electronic amplifiers, which amplify the electrical signal
resulting from the process of converting the X-rays falling
on the sensor into electrical signals, containing information
about the interaction of the X-rays with the sample to be
tested. There are several types of this sensor, the most
important of which is in Table. 1. Where it also explains the
most important technical specifications of these different
types [19].

Table. 1. Several types of Hybrid pixel detectors

I PILATUS | PILATUS PILATUS
Specification 100 K 300k M XPAD
Aren e 83.8 x 169x | 75120
3 106.5 mm? | 179 mm® mm?
mm
Number of 487 x 981 x 560 x
pixels 195 | 487x619 | Yo43 960
Number of
modules 1 3(1x3) 10(2x5) | 8(1x8)
Intermodule None none
None ga one 5.5% 8.4% tiltin
9ap module 9
Frame rate 300 Hz 200 Hz 30 Hz 240 Hz
Weight ~4 kg ~10kg ~25kg ~15kg

The XPAD3 X-Ray Camera

This type of X-ray detector camera is the most accurate. It
was developed in the last two decades, and it is noted that
it provides a high-resolution image, given that the number
of pixels has 9600. The IBM 0.25um deep sub-micron
technology was used in the design of the XPAD3 chip. The
sole difference between the two versions of the chip
(XPAD3-S and XPAD3-C) is in the pixel layout. Table 2 lists
the main characteristics of the XPAD3-S and XPAD3-C
[20]. (See Fig. 6) 3D design of the XPAD3 x-ray camera.

Table. 2. The main characteristics of the XPAD3-S and XPAD3-C

Specification XPAD3-S XPAD3-C
Number of 9600 9600
pixels
Pixel size 130 x 130 pm?> 130 x 130 pm?

. <10° <10¢
Counting rate photons/pixel/second | photons/pixel/second
Chip readout <1ms <1ms

Counter 12 bits + overflow 12 bits + overflow
depth
Power <70 u W/pixel <70 u Wi/pixel
Input polarity Holes collection Electrons collection
Selection Single threshold Double threshold
mode
Nonlinearity <10% over 35 keV <10% over 60 keV
Electronic <130 e- <130 e-
noise (rms)
T_hreshgld ~50e- ~50e-
dispersion

detector board

connection board

Fig .6. General configuration 3D design of the XPAD3 X-ray
camera.

In this Figure, the general installation of the XPAD3 X-
ray camera detection system is shown. The system consists
of three main parts. First, the array of detectors, which are
semi-conductor chips that convert the X-rays falling on them
from the sample into electrons in the case of XPAD3-C, or
holes as in the case of XPAD3-S. Secondly, the part of the
connection board and data transmission, which is a board
connected to the part of the signal amplification board after
the conversion from X-rays to electrons. Thirdly, it is the
main supply source for the previous two parts, and it is
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necessary that the supply system gives very smoothing
continuous voltage values, due to the sensitivity of the
detectors, which also, the system as a whole is equipped
with an internal cooling system that reduces the impact,
noise resulting from the air temperature, and working
together. So as not to affect the sensitivity of the detection
system as a whole.

Optical Proposed System Design

In this section, we will explain the design of the
proposed X-ray optical system. As the important thing in the
application of detecting defects in solid rocket fuel is the
quality of the captured image, with the lowest sensitivity of
the detection system, which facilitates the image processing
process. And take less time in the process of analysing the
image to take the results.

The proposed system consists of three main sections.
First, the X-ray generation system, which is a valve
consisting of a cathode for the production of electrons and
an anode, the target material that produces X-rays, and a
ceramic valve that contains the components of the X-ray
generation device. As for the external components, it is a
feeding source for the cathode and it produces a low
voltage. With a high current value at a negative value in
order to produce electrons on the surface of the filament.
Since the ceramic valve is empty of air, this makes the
generated electrons free to move and leave the surface of
the filament.

The main external component on which the generation
of X-rays depends is the high voltage power supply.
According to the value that it produces, the spectrum
generated for X-rays is determined by hard or soft [21].

Secondly, the X-ray optical system, which is a system
that focuses the X-rays, so that all the rays produced from a
valve are directed completely at the sample to be
examined, which gives a higher image quality. Optical
systems in X-rays depend on the theory of reflection of
coated surfaces. With the element gold and iridium,
because of their good reflective properties when X-rays fall
on them and below we will provide a detailed explanation of
them in terms of design and manufacturing [22].

Y
power supply voltage

2y SRl

sample holder °
X-RAY collimator W
mounting
base

X-RAY tube

A\

solid fuel column

Fig.7. The general block diagram of a proposed optical X-RAY
system.

Third, the proposed detection system is an X-ray
camera and the optical system assigned to it. In the above,
the types of modern X-ray detectors were mentioned, which
were developed in the last two decades from 2000 to
2022.0ne of the most important factors for choosing an x-
ray camera is the coefficient of accuracy and clarity of the
image, that is, at the pixel level in terms of its area, the
speed of the camera’s response, and the intensity of its
sensitivity. Below, a careful analysis of the selected camera
specifications will be made, along with the optical system
assigned to it in detail [23]. (see Fig.7) The general block
diagram of a proposed optical X-RAY system.

X-RAY Tube Design AND Analysis
In this section, will deal with the detailed design of the x-
ray in terms of the external design, using the CAD

programs. (See Fig. 8) shows the 3D design of x-ray tube
from outside and inside with dimensions. The Figure
presents a three-dimensional design of the x-ray tube,
where 6 longitudinal and cross-sections are shown in
dimensions, and the names of the main parts of the x-ray
tube are identified on them.

Smm thi

| BOD mm
i 130mm |

48mm - Window

Cathode side - |
frame S
o =~ Back plate

frame Electron collvcter

Fig.8. 3D design of x-ray tube from outside and inside with
dimensions.

The X-ray tube consists of a metal tube, with a window
made of beryllium, an electron collector of copper, a frame
made of stainless steel 304L, a back plate and a cathode
side frame made of the same metal. Therefore, we had to
make an analytical study in the science of materials used in
manufacturing the tube x ray. Because it allows the creation
of innovative materials and serves as a foundation of
knowledge in materials engineering, materials analysis is
essential for the development of materials science for
manufacturing. Engineers must be aware of the optimal
analytical method for these materials and the effect of
stress, pressure and temperature. With this knowledge,
they are able to identify the limitations of existing materials
and how they change with use, develop new materials with
desirable properties, and use existing materials in a variety
of applications. They can also choose the best materials for
a particular application based on performance and cost.

Therefore, a careful analysis was carried out in the
ANSYS program to determine the quality of those materials
used to manufacture the X-ray tube. (see Fig. 9) the results
thermal analysis. Analysis summary shows that in a
conceptual design, the window temperature rises, in which
the collector temperature follows a direct relationship, at the
same time that the anode attracts a dispersed electron that
strikes the back plate and frame. This system may reach
the point of thermal breakdown, resulting in anode corrosion
and window damage, which forces us to consider the
operating time and voltage required for the safe operation of
the system. These analyses were performed assuming that
the time is 50 sec and the applied voltage is 150 kV.

(see Fig.10) the external chassis, with the inlet and
outlet of the cooling system from different sides by solid
works program, necessary for operation, as the temperature
resulting from the collision of electrons with the target
material is high, which affects the physical properties of the
tube wall, and also affects the rest of the components
negatively with the number of operating hours.

In this Figure, a simulation was made by using the
ANSYS program to find out the extent of the effect of
temperature and pressure on the wall of t a proposed tube
producing x-rays, and the simulation was divided into three
stages as shown in the Figure, the starting stage, the efforts
required to work between the cathode and the anode are
shed, which are 150 kilovolts. The single cathode operating
voltage is -15 volts, 20 amps. It is noted that the
temperature rises from 60 to 240 K, when the cooling
system is working. As for the second stage, which is the
stage of sustaining work at a time of 50 seconds, it is noted
that the temperature rises from 212 to 280 K. With the
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generation of spots with a higher thermal nature than the
others, the thermal balance of the tube body remains
homogeneous. The third and final stage in thermal analysis
is the specific stage for critical temperature points. They are
the points that can, with the continuity of the work, induce a
harmful effect on the body of the pipe, which is limited to the
operating time. From this study, we can determine the flow
rate of the refrigeration cycle and its effect on the pipe body
to mitigate the effects resulting from the work heat.

start After 50 Soc CRITICAL THERMAL POINT start

- s &

stress P by Mpa

After 50 Sec

Temperature

60.54 Min 240.76 Max 212.85 Min__ 280.9 Max 240.76 Min 280.9 Max |-38.788MiIn  39.675Max .166.654 Min  46.098 Max

Temperature stress P by Mpa

9 KN EB

50.654 Min _ 245.876 Max _ 190.546 Min 284.987 Max 200,123 Min 284.987 Max | 1.987 Min 604.453 Max -332.765 Min _ 222.987Hax
n mms | 5 mmn | ]

Normal temperature start and operation P = misies stress P Normal stress

Fig.9. The results thermal and stress analysis by ANSYS.

The second part of the Fig is dedicated to the effect of
pressure on the pipe wall in operating conditions. At the
start of operation, the system is affected by a pressure of -
38 to 40 Mpa. This is a normal and homogeneous effect of
pressure. Because the tube is deflated at 0.001 pa. When
operating, the temperature of the tube body rises, which
induces expansion in the tube body, thus changing its
dimensions and pressure. And when 50 seconds pass,
there are some points that have pressure higher than the
other, and this is a result of the expansion associated with
the temperature of those points.

EXTERNAL
CHASSIS

X-RAY OUTPUT
NDOW

INPUT COOLING OUTPUT COOLING
SYSTEM YSTEM

Fig.10. Shows the external chassis, with the inlet and outlet of the
cooling system from different sides.

(See Figure 11) the outer final shape of the X-ray tube,
showing the shape of the window, from which the X-rays
exited, and the entrance and exit of the cooling. This
chassis was made of antimony. Covered from the inside
with a frame of lead. To enhance protection from X-ray
scattering in all directions. And until the x-rays come out of
the window only.

Fig .11. The outer final shape of the X-ray tube.

X-RAY Collimator Design and Analysis

In this part, the proposed design of the X-ray system will
be discussed. In order to focus on the sample to be
photographed from the inside of the solid rocket fuel. It is

typical to utilize a combination of a few different materials to
shield or collimate x-ray rays. The secondary x-rays that are
created as a result of the interaction between the main x-
rays and the collimator material can be reduced or
absorbed by the use of various materials. For this reason, a
primary collimator was constructed using a combination of
four different substances: lead, tin, copper, and aluminium,
in that order. The primary collimator was constructed
primarily out of lead (Pb). One of the least expensive high Z
materials, lead is frequently utilized for collimating or
shielding various ionizing radiations. Lead has greater x-ray
attenuation coefficients (photon absorption cross-sections)
compared to other solid materials including copper, iron,
and copper. Lead has a higher mass attenuation coefficient
than lower Z materials, increasing the likelihood of incident
x-rays interacting with lead atoms. Given that x-rays may
penetrate any substance, whether its primary or the solid
aperture edge of the collimator should emit secondary x-
rays, which, as depicted (see Fig. 12), can pollute the
collimated beam. In the outskirts the x-rays can be | some
of the primary photons of the collimated beam that do not
undergoing any interaction as they pass through the
collimator's solid perimeter. Aperture, distinguishing X-rays
that match Lead's absorption lines, the photons produced
by the photoelectric effect. To define Material depth
required, according to equation 2, to reduce the X-ray

intensity, the dispersant, which passes through the
collimator [24].

in(te
(2) X = n(,) _ In100

T oplem™) T pem™Y)

Where IO the intensity of x-ray before pathing through
collimator, | the intensity of x-ray after pathing through
collimator, y and total mass attenuation coefficients. When

M= 0.4757cm‘1 note this value is a minimum value of
mass attenuation, X = 9.68 cm nearly 10 cm. below is the
substitution with the equation.
m(p) __w(P)
(3) X = u(em=1) = 0.4757¢cm=1

The primary collimator was made of 10 cm thick lead. A
coating of tin was placed next to the lead to absorb the
characteristic x-rays and photons of 511 KeV, which
resulted from the photoelectric phenomenon as a result of
the interaction of the x-rays with lead atoms.

The mass attenuation coefficients on tin for the 511 keV
photons and the distinctive x-rays from lead, as reported in
Table. 3., were used to determine the thickness of tin that
was necessary. The mass attenuation coefficient for the
511 keV photon mentioned in Table 3 has a minimum value
of 0.09 CMZ/gm, or 0.67CM~1. Tin's thickness next to
lead was determined to be the 100th value layer for 511KeV

[25]. From Equation 2, the depth of the tin can be
calculated.

@ xo ) )

- ulem=1) T 0.67cmt

= 9.68cm

= 6.84cm Nearly 7cm

lead collimator

.
P

primary photons W

collimated beam

source

\

primary photons do
not undergo
interaction in lead

lead collimator

Fig.12. Divergence of x- ray by using a lead collimator.
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Table. 3. Lists the total |L for photons whose energy falls within the
lead-on-tin absorption range.

Lead Absorption Energy by Lead On tin, the overall
Lines KeV absorption coefficient y
M5 248 980.20
M4 2.59 880.90
M3 3.07 579.30
M2 3.55 401.80
M1 3.85 327.70
L3 13.04 67.81
L2 15.20 45.00
L1 15.86 40.10
K 88.00 2.35

There will be some tin-specific x-rays produced as a
result of including the 7 cm tin layer. Copper was applied as
a coating to absorb the distinctive x-rays of tin.
Consideration was given to the energy of the primary
characteristic x-rays from tin described in Table. 4. When
determining the needed thickness of the copper layer [26].

Table. 4. Characteristic photons from tin on copper and their .

Absorption Lines Energy keV Total absorption
of Tin coefficient on Copperu
L3 3.93 364.40
L2 4.16 313.10
L1 4.46 257.90
K 29.20 11.77

Table. 4 show that the K line on tin has a minimum
value of 11.77 cm®® or 105.46 cm? on copper. This number
was used to find the depth of the copper layer as follows.
m(?) _ w5

ulem=1) ~ 105.46cm1

(5)X =

To effectively absorb the x-rays that the tin emits, a 1.5
mm layer of copper was placed beneath the tin. Finally, a
layer of aluminium was placed below copper to absorb the
distinctive x-rays emitted by copper.

A coating of aluminium that is the necessary thickness

Designed with consideration for the activities of copper
and its unique X-ray energy, Table. 5. Displays the
absorption coefficients for aluminium [27]. Calculate the
thickness of those aluminium.

w(s) _ m()

ulem=1) ~ 96.99cm-1

= 0.043cm Nearly 0.5mm

6)X = = 0.047 cm Nearly 0.5mm

Table. 5. Shows the mass attenuation coefficients for the
characteristic copper photons on aluminium.

Absorption Lines Total absorption
Energy keV coefficient on
of Copper S
Aluminium
L1 1.10 927.90
K 8.98 35.94

e Do
LEAD / \

TIN

COPPER

0 o
5 0
5 50

Fig.13. Dimensions and angles of a proposed collimator.

In the upper part of that part, the thickness of the
elements used in the manufacture of the collimator was
calculated. The geometric shape of the collimator remains.
It was manufactured in a semi-conical shape in order to

ensure gathering the x-ray photons, and fall on the sample
directly to ensure penetration and good interaction with the
sample, to form an image accurate as shown (see Fig. 13)
.Four layers of metals were used in this collimator, which
are lead, tin, copper and aluminium, as shown in the Figure.
(See Fig .14) 3D design of a proposed collimator after ray
tracing and external bearing chassis.

X-RAY TRACING

DETECTOR POSITION

EXTERNAL CHASIS MULTLLAYERS AL CYLINDERS

External bearing COLLIMATOR

chassis of X-RAY
collimator

Fig.14. 3D design of x-ray collimator and x-ray tracing internally.

(see Fig. 15) the real picture of the collimator, after
manufacturing, but it is noted that the different layers of
materials used in manufacturing were divided, in order to
notice the presence of distinct X-rays that the X-ray detector
senses inside the test chamber, and therefore it was divided
into 25 slices with the same design dimensions, but with
slices farther from Some are 3 mm. This is to ensure that
the rays are completely collected within the proposed
system. And then make a high concentration of rays to
provide a high-resolution image. The blue light in the picture
is a light source to show the difference between the layers
from which the collimator was made.

In Part No. 3, the most important modern X-ray
detectors are listed, especially XPAD-3-C, which is one of
the latest cameras used in monitoring X-rays as their
specifications were listed, so they were selected as the
proposed detection system for solid rocket fuel samples. In
the following, everything related to the design of the
detector for the proposed system will be discussed step by
step. Hybrid pixel area detectors, sometimes known as
"pixel detectors", are a new generation of X-ray detectors
that rely on single photon counting and direct detection.
High and wide linear range an unparalleled level of noise is
achieved through dynamic and extremely low noise. Fast
readout time and good signal-to-noise ratio (high frame
rates) one of its inherent qualities that contribute to its
appeal is the electronic shutter. These reagents are initially
being used on synchrotron beam lines and are showing
promise in the lab. A full XPAD frame is obtained after
reading four ASCII files, one for each unit.

Fig.15. Real image inside x-ray collimator.

X-Ray Camera of Proposed System Design

The parallel electrical engineering and processing of this
detector results in an acquisition time of 2 ms per image
(500 Hz frame rate). No matter the detector size, the frame
rate exceeds 700 Hz with the latest XPAD detectors. The
limitations of a pixel detector are the same as those of a
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single pixel point detector because a pixel detector is an
array of hundreds of thousands of independent point
detectors running in parallel. Dynamic range is 28 bits (12
bits for high frame rate mode, 32 bits for more modern
XPAD detectors). The dead time related to the maximum
count rate is 250 000 photons per second. (See Fig.16)
shows the 3d design of proposed camera.

The x-ray camera from inside consist of patch panel,
patch panel transceiver, patch panel flex cable, safety inter
lock board, input and output board, vacuum line and module
of inter connection board. In camera chassis outside , It is
noticed that there is a cylindrical part from the back, which
is the nitrogen cooling system, where the cooling degree
reaches 42 below zero, and this is to ensure that the
camera works with high quality.(see Fig .17) the real image
of X-ray camera [28].

Vacuum

epcos mzerncies (L

X-PAD-3-C COMPONENTS FROM INSIDE & CAMERA CHASSIS FROM OUTSIDE

Fig.16. The 3d design of proposed camera.

Fig .17. The real image of X-ray camera.

The mechanical equipment in which the camera is
installed, in addition to the solid rocket fuel sample, as
shown in the three-dimensional (see Fig. 18) it consists of
12 aluminium columns, which are the main component of
the mechanical equipment, and a number of flanges. Two of
them are to install the solid rocket fuel sample, and the
other to install the X-ray receiving camera after the sample
is penetrated. (See Fig. 19) the real image of mechanical
equipment after implementation. Dimensions of this
mechanical equipment, the total length are 1.5 meters, the
diameter of the flange is 30 cm, and that is for the first and
the last. As for the medium flange, it has a diameter of 35
cm.

X

Fig. 18. 3D design of mechanical equipment of proposed system.

X-Ray Camera Hardware Design

The processing system of the X-ray sensor camera is
divided into four signal processors, one is master and three
are slaves, so that the main signal processor can collect
their parameters and process them in parallel to produce
the image with a delay time of 2 ms.

The external components of each signal processor are,

XFEL signal, power supply, ETHERNET, JTAG
programmer, WAMING LEDS, LP2468 microcontroller
piggy in Figure 20 shows the slave signal processing board.
The complete signal processing board (SIB) configuration of
the mega pixel camera is shown in (see Fig. 20), along with
a comprehensive description of the device. The only
difference between the master and the SIB server is that
the SIB master has the additional ability to monitor signals
from external interfaces.

PP/Extender

LP2468 Microcontroller Piggy Connector

SIB Extender Board

XFEL Power

signals Supply JTAG

Programmer

Ethemet

Fig. 20. Signal processing board slave external comments.

Through the Q-Loop, the four SIBs can communicate
with each other. Each SIB collects data from four MAX6672
temperature sensors on the IOB, four EPCOS-B57619
thermometers on the MIB, four Honeywell SCMNNN1
pressure sensors on the PPFC, and four Pt100 temperature
sensors placed on the PPFC. On the cold trap a different
Pt100 temperature sensor is placed (not shown). The
lowest reagent room temperature was found in this cold trap
instrument [29].

The main signal processing board is, FPGA StartixIl GX.
It supports the x1, x4, and x8 PCI Express protocol setups.
Eight gigabits of sending and receiving bandwidth are
provided by the high-speed connector that connects the
optical transceivers to the board. 2.5 GHz). The XpressLite2
PCl Express endpoint with DMA25 is included with the
XpressGXIl development board. Two optical fibers connect
the board, which is hooked into the PC, to the detector
acquisition system. On a daughter mezzanine board that is
connected to the high speed interface, the optical
transceivers are mounted. (See Fig. 21) shows the master
signal processing board with the optical interface [30].
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Fig. 21. The master signal processing board with the optical
interface.

RESULTS

In the experiments that we have done, on solid rocket
fuel columns186mm and x-ray voltage 170 KV. The first
tests were conducted on two samples of the initial missile
fuel, a healthy sample that did not have any manufacturing
defects, and the second when pouring the fuel column, air
bubbles were intentionally present to ensure that the
proposed system detected these air bubbles and
determined their exact location. (see Fig. 22) shows the
defect-free sample (A), and the sample with air bubbles (B).

A B

Fig. 22. The defect-free sample (A), and the sample with air
bubbles (B).

Pictures of the two samples were taken using the
proposed system, with an illustrative histogram for them to
show the accuracy in taking pictures taken for the samples.
In (see Fig. 23), it shows the image of the sample without
defects after imaging, with careful processing of the image
with the XPAD-3-C camera program.

—-
oU\
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Fig. 23. The image of the sample without defects.

In this Figure, it is clear that the rocket fuel column has
no air bubbles, i.e. it was well made and completely
deflated from air. And the histogram image shows a
continuous, uninterrupted density, which indicates that the
image does not have an inconsistent density distribution,
which proves that the sample to be tested was made as
desired. (see Fig. 24), the image of the rocket fuel sample is

shown after careful processing using the X-ray camera
program to clarify the smallest details whether there are
bubbles or not and whether these bubbles contain
impurities from manufacturing or not, because this directly
affects the process of stabilizing the combustion rate, which
affects | have to balance the missile in the air. It is noticed
that there is a slight air bubble in the right part of the image,
which does not affect the stability of the combustion rate.
Because it is in the aperture of the missile fuel column, not
from the inside.

Fig. 24. The image of the rocket fuel sample is shown after careful
processing by x-ray camera program.

(See Fig. 25) shows the solid missile column No. B. This
column has serious manufacturing defects, as there are
several air bubbles on the inside, and the histogram
distribution of the image is not homogeneous by nature, as
a result of the presence of these air bubbles. Perspective
pointing with the arrow was made on the location of one of
the bubbles, as shown in this Figure.

5
10

e e
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E — L

20000 30000 40000
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=
=

0 10000

bubbles
Fig. 25. The image of the sample with defects.

(See Fig. 26) it shows the image of the sample after
processing an accurate indication of it to indicate whether
the air bubbles contain impurities from the compounds
manufactured for the missile fuel column or not. And you
notice the presence of some impurities in those bubbles
shown in green in that Figure. It is clear to us that the
proposed system does not only determine the locations of
the air bubbles, but it can also determine whether there are
impurities from the manufacturing compounds inside these
bubbles or not.

Fig. 26. The image of the sample after processing by x-ray camera
program.
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Conclusion

The proposed system was designed and implemented
according to the latest techniques of visual diagnostic x-ray
in the field of non-destructive testing. The proposed system
succeeded remarkably in providing accurate images of solid
rocket fuel samples that were tested. It is worth noting that
the proposed collimator system, which was implemented,
succeeded well in collecting X-rays and focusing them on
the sample. Which significantly helped in forming a very
good image on a camera for receiving x-rays. The X-PAD-
3-C camera was chosen to work in that proposed system. It
is worth mentioning that it is one of the latest x-ray detection
techniques, as it provides an image at a rate of 2 mm per
second. It is also characterized by a powerful and very
sensitive image processor, which gives accuracy in the
details of the image taken for the sample of solid rocket
fuel. The proposed system was tested on two real rocket
fuel samples to ensure the quality of the image captured
through it. The system has proven to be effective in
evaluating the performance of solid rocket fuel
manufacturing without the need for costly and dangerous
field tests at the same time.
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