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ARTICLE INFO ABSTRACT

Keywords: Ball grid arrays are increasingly being applied in the electronics industry and may require X-ray
Cadmium telluride inspection to ensure the integrity and correct placement of solder pins. However, as the archi-
X-ray system tecture of integrated circuits continues to narrow while simultaneously growing more complex,
Non-destructive testing the risk of electronic failure due to radiation damage increases. While medical X-ray devices
Monte Carlo modeling have been held to high standards and are repeatedly shown to be well characterized, devices

used for electronic inspection are often lacking detailed characterization. This study presents
unique methods to solve for important properties in X-ray inspection devices such as source
to object distance and energy spectrum. This information can then be applied to Monte Carlo
models to achieve better overall dose estimates to electronics, which will lead to superior man-
ufactured products. Since X-ray devices can vary greatly in source characteristics, this work
investigates spectral measurement and Monte Carlo representation of three X-ray devices. For
a Philips SRO 33 100 medical diagnostic device, the spectral output followed expected trends
given by the prediction software SpekCalc and Spektr. For the Dage XD7500NT, direct mea-
surement showed a spectral artifact that through the use of Gafchromic films, was shown to be a
contributing effect in the dose output. For the Rad Source RS1800, a high powered irradiation
device, direct spectral measurement was not achieved. However, a Monte Carlo model using an
assumed spectra was found to match ion chamber measurements to a high degree.

1. Introduction

X-ray machines have long been used for medical imaging, but have recently been employed more regularly in non-
destructive testing of electronic equipment. While these devices are unique in their application, they typically have
similar X-ray production properties such as the anode material, cooling, or tube potential. However, these devices can
differ in other important aspects such as filtration, inherent shielding, anode angle, or beam collimation. While there
exist tools such as SPEKTR [1] and SpekCalc [2] to predict output X-ray spectra using input parameters, there are often
unique experimental factors critical for determining the true X-ray output and dose rates associated with that output.
Examples of these are anode degradation, which may affect the X-ray output due to prolonged use of a device, true
source to object distance, and the existence of characteristic X-rays arising from device shielding or collimation. The
purpose of this study is to develop techniques to estimate unknown properties of an X-ray machine using measurement

and simulation to determine the spectral output of the device.

*This work was funded by the Department of Energy’s Kansas City National Security Campus, operated by Honeywell Federal Manufacturing
& Technologies, LLC under contract number DE-NA0002839.
This study explores spectral measurements of three different X-ray systems for evaluation of beam quality and for use with Monte Carlo
simulation.
*Bahadori @ksu.edu
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Three different X-ray systems are addressed in this work. The first machine tested was the Philips SRO 33 100 [3],
a diagnostic imaging device that was used for preliminary testing, as all X-ray tube properties are well known. The
second system was the Dage XD7500NT [4], a fluoroscopic device specifically designed to enable inspection of circuit
board components. The source is fully contained by the device shielding and operates at low tube current during
inspection. This system has an adjustable magnification and viewing angle, achieved by using a moving a sample tray
and rotating X-ray imager. The main challenges with this device are associated with obtaining a spectral measurement
for an enclosed system while simultaneously estimating the source to object distance for the default magnification level.
Both parameters are crucial for accurately estimating dose this system will impart to sensitive electronics. The final
X-ray system considered was the Rad Source RS1800 [5]. This device is advertised as a cell research and sterilization
system, and it has high X-ray output fully shielded in a compact design. This device serves as a calibration system for
radiation detection equipment such as thermoluminescent dosimeters and X-ray films as it is able to quickly deliver
high dose uniformly within its chamber. The unique challenges for this system are that a direct spectral measurement
is difficult using commercially available detectors due to high intensities in the chamber and that the source location

relative to the sample tray is unknown.

2. Materials and Methods

2.1. X-ray Spectroscopy

Spectroscopy enables the measurement of energy-dependent X-ray spectra. Spectroscopy is specifically important
for estimating absorbed dose within the sample, which is highly dependent on particle energy. In an X-ray machine,
the anode material will impact the majority of the measured spectrum, but surrounding materials such as shielding
and collimation can generate characteristic X-rays leading to a measurable difference in dose rate to a target. When
possible, it is important that the X-ray output of a device be measured directly to achieve accurate dose estimates.
Popular devices used for photon measurement include scintillators, high purity germanium detectors, silicon devices,
cadmium zinc telluride detectors, and cadmium telluride detectors. In general, scintillators and germanium detectors
require an array of supporting equipment and are too large for X-ray use. Silicon devices are appropriate for low energy
X-ray detection but exhibit reduced detection efficiency for photons with energies around 20 to 40keV [6].

The X-ray measurement device used in this work was the Amptek X-123 cadmium telluride (CdTe) detector [7].
This device was selected because it contains the detector, preamplifier, digital pulse processor, multi channel analyzer,
and power supply in one compact package. This detector operates at room temperature, has energy resolution of less
than 1.5 keV full width at half maximum (FWHM) at 122 keV, and exhibits high detection efficiency in the 5 to 150 keV
photon energy range, making it ideal for most X-ray applications. This specific detector has a 25 mm? detector area and

is advertised as being able to process up to a count rate of 2x10° cps. The CdTe detector communicates with a computer
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via universal serial bus (USB) using the Amptek DppMCA software [8]. Detector measurements are processed by the
XRS-FP software to correct for CdTe escape peaks, the 100 um beryllium window, and detector efficiency [9]. This
device also has options for a collimator kit to reduce the photon intensity using tungsten disks with pin hole diameters

ranging from 0.25 pm to 2000 um [10]. A image of the CdTe detector and collimator kit is shown in Figure 1.

O‘“‘ “ @

Figure 1: CdTe detector on tripod with retaining ring, collimator disk housing, brass spacer, and collimator cap (left to
right).

2.2. Medical Imaging X-ray System

Initial detector measurements were performed on the Philips SRO 33 100 diagnostic X-ray device. This device
is used by the College of Veterinary Medicine at Kansas State University for diagnostic imaging. It operates at tube
voltages between 40 and 150kV and tube currents between 1 and 12.5 mA. The Philips SRO 33 100 X-ray tube has
an anode angle of 13 and an equivalent filtration of 0.66 mm Al. The tube housing contains an additional estimated
2.5mm Al of equivalent filtration. For this system, the anode target material is rhenium-alloyed tungsten covering a
molybdenum alloy core. This anode composition is common for diagnostic systems, as it provides resistance to surface
layer degradation resulting from high energy thermal cycling [11]. The X-ray system is suspended from the ceiling
by a motorized rail system, giving it a large range of movement in the room it occupies. An image of the Philips
SRO 33 100 X-ray system is given in Figure 2.

The operational settings for the X-ray tube were selected to be 135keV and 1 mA, as this voltage setting was
achievable for all X-ray devices considered. The CdTe detector was placed on a small tripod and calibrated using the
14.4 and 122keV gamma rays from a 3’Co check source. To minimize detector dead time, base line restoration was
disabled and the shaping time was decreased from 3.2 s to 0.8 ps. A background radiation measurement taken in the
room resulted in a count rate of 1 cps, which was determined to be negligible for this work. The exposure time was
set to 2.5 seconds to check the alignment and dead time of the detector. A 400 ym diameter tungsten collimator disk
was placed at the back of the collimator housing, as close to the detector window as possible. Using a laser alignment

tool built into the Philips SRO 33 100 X-ray assembly, the X-ray beam was aligned with the opening of the CdTe
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Figure 2: Experimental setup for CdTe measurement of Phillips SRO 33 100 X-ray tube

collimator. Using a tape measure also built into the Philips SRO 33 100 assembly, the distance from the anode to the
detector collimator was measured. Spectral measurements were taken with source to detector distances ranging from
224 cm to 411 cm. When the dead-time of the detector was found to be acceptable, the acquisition time was increased

to 7.5 seconds to provide improved counting statistics.

2.3. X-ray Inspection Machine

The X-ray inspection device studied is the Dage XD7500NT, an electronics inspection system used by Honeywell
Federal Manufacturing Technologies located in Kansas City, Missouri. This system operates at tube voltages between
30 to 160kV and at power settings from 0.1 to 10 W (0.625 pA to 333 pA. This machine uses a moving sample tray
along with a hemispherically moving X-ray imager to enable oblique views of the electronics for inspection. As a result
of this motion, the source to object distance may change during the inspection. While this machine will output the
“magnification” during inspection, it does state the source to sample distance for default magnification, meaning that the
initial source to object distance must be estimated. No information is given in the manufacturer provided documentation
on the X-ray tube properties such as the anode angle, beam spread, inherent filtration, or anode material. This system
is completely enclosed during operation which presents a challenge of mounting the radiation detector without altering
the device shielding. An image of the Dage XD7500NT is shown in Figure 3, along with a diagram explaining relevant

geometry.

2.3.1. Development of CdTe Mounting Device

To characterize this X-ray machine, a robotic pan-tilt system was developed to aim the CdTe detector at the X-ray
source while not damaging the enclosure. This pan-tilt system was mounted into the inside of the machine using two
ThorLab switchable heavy duty magnetic mounts [12]. Each mount has a quoted holding force of 175 lbs; two were

implemented to ensure stability as the detector weight is supported by a cantilever structure. These magnets support
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(a) Photograph of the Dage XD7500 NT fluoroscopy device. (b) Example of Dage XD7500NT movement and magnification.

Figure 3: Photo of Dage XD7500NT and explanation of magnification and movement.

an aluminum plate (cantilever) that measured 20 cm by 18.4 cm which is designed to hold the CdTe radiation detector,
a pan-tilt robot, and all associated electronics. The Phantom X pan-tilt kit designed by Trossen Robotics [13] was
used to properly support the detector and collimator using two AX-18A servo motors. These motors have a rotation
resolution of 0.29 and can hold up to 15 kg cm of stall torque. To connect the pan-tilt system to the CdTe detector,
a 3D-printed custom enclosure was created. This enclosure tightly holds the CdTe detector and collimator, and has
sliding rails to allow for adjustment so the detector center of mass rests directly above the rotation axis. Two line lasers
were also fitted into the 3D print to allow for accurate aiming of the device. An image of the pan-tilt system developed

is shown in Figure 4

Figure 4: Pan tilt detector system created for measurement of Dage XD7500NT X-ray machine
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To control the pan-tilt system, three electronic modules were used:an Arduino logic level shifter, an Arduino Uno,
and a Arbotix-M Robocontroller [14]. The logic level shifter converts the 3.3 V I>C signal from a wired video game
controller to a 5V I2C signal to allow for communication with the Arduino Uno. The Arduino Uno allows for the
controller signal to send its commands to the Arbotix-M Robocontroller through serial communication. The Arbotix-M
Robocontroller then moves the servos of the pan-tilt system accordingly. An enclosure was designed for the electronics
to keep the system compact and to protect the cables from the moving parts within the Dage XD7500NT. This 3D

printed enclosure was also designed with safe guards to prevent electronics from being connected improperly.

2.3.2. Spectral Measurement and Radiography

To measure the X-ray spectrum of the Dage XD7500NT, the optimal place to mount the device was determined
to be directly above the doors of the system underneath the light bar. When the aluminum sample tray is removed
from the machine, this location provides a direct view of the unshielded source while also avoiding the swinging
imager arm. Using an available cable feed through, a power strip was placed inside the X-ray chamber to power the
pan-tilt electronics. A USB extension cable was used to allow the detector to communicate with a computer outside
the machine during measurement. The detector was aligned with the X-ray source and a 400 um collimator disk was
inserted into the housing. The distance from the center of the X-ray source to the front of the collimator was measured
to be 75.25 cm. The X-ray settings for the measurement were 130kV and 1 W with an irradiation time of 3 min.

Each time the machine is powered on, the sample tray moves to its default position. This position is shown as a
magnification of 1.0 on the operator’s screen; however, the distance from the source is unknown. Since the aluminum
sample tray may move relative to the source, there is a need to find the source to tray distance at the default magnification
so that the source to sample distance may be calculated for any magnification level. To find this value, a calibrated
set of Ashland EBT3 X-ray films were used to check measured and simulated values for the dose profile of the X-ray
source [15]. The films were calibrated for dose in tissue, as this specific film was designed for medical applications.
A set of 3D printed corner joints were used along with X-ray film holders to ensure the film remained flat during the
measurement. The film holder was placed on the aluminum tray, a 0.25 mm zinc filter was added, and a film exposure
without any sample object was performed for 10 min at 130kV and 10 W. The maximum power settings were used to
give the most contrast in the film for improved image quality. Using a new film, a second exposure was performed with
a non-functioning circuit board placed between the sample tray and film. This served as a check to ensure accuracy in

source location, as component dimensions and the distance between the board and film were characterized.

2.4. Cell Irradiator
The Rad Source RS1800 was designed to be a compact, self containing cell irradiation research system and has

operating voltages between 40 and 160kV and tube potentials between 1 and 12 mA. This device uses a Comet MCR-
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225/26 X-ray tube which has a pure tungsten target material with a anode angle of 30 . The large anode angle for
this X-ray tube reduces the heel effect [16], providing a more uniform dose distribution. The system contains four
irradiation shelves that are evenly spaced 2.5 in (6.35cm) apart to allow for a wider range of dose options. The
irradiation chamber is 12" X 14.5" X 12" but contains screw holes to allow installation of custom X-ray filters. A
photograph of the Rad Source RS1800 and an example of magnification and angle adjustment is shown in Figure 5.
This model employs a cable feed through to allow for measurements of the device during operation.

+ Source
6.35 cm Shelf Spacing

Shelf 4
. Shelf 3

Shelf 2

Shelf 1

Aluminum Tray

l'— 35.56 cm —’l

Figure 5: Photograph of RAD Source RS1800 cell irradiator (left), model of RAD Source RS1800 chamber (right)

2.4.1. Source Term through lon Chamber Simulation

Since this device is completely enclosed, the source location within the housing is unknown. Due to the small X-
ray chamber and high X-ray output, spectral measurement with the CdTe detector was not possible. Instead, the X-ray
source term was approximated by combining ion chamber dose measurements and Monte Carlo simulation data. The
ion chamber used was the 10X6-0.6 Therapy QA Chamber by Radcal [17]. This ion chamber was designed to measure
photons from 40keV to 1.33 MeV and can measure dose rates from 200nGy s~! to 1.17 Gy s~'. This ion chamber
connects to an Accu-Dose+ digitizer module, which communicates ion chamber measurements through the software
Accu-Gold. For low energy measurements such as in this work, the polyacetal build-up cap must be removed [17].
For the X-ray measurement, a 0.254 mm filter and a 1.27 mm aluminum filter were use to remove low energy photons.
The irradiation settings were set to 1 mA and 130kV to best represent the electronics inspection device. A 3 min
measurement was taken at the center of each shelf and the average dose rate in air was recorded. The maximum
doses measured from the bottom of Shelf-1 to the top Shelf-4 were 1.035, 1.492, 2.427, and 4.716 mGy respectively.
Measurements were taken across the sample tray for each shelf location to produce a measured dose distribution for a

comparison with a Monte Carlo model.
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The Monte Carlo N-Particle code (MCNP 6.2) was used to perform radiation transport simulations [18]. This
code is developed and maintained at Los Alamos National Laboratory and has been highly validated for simulations
of neutron and photon transport. The MCNP input geometry consisted of zinc and aluminum filters, the aluminum
sample tray, and the surrounding air. Four versions of the simulation input were created to properly represent the
change in height for each shelf location. To determine the dose distribution across the tray, a FMESH4:P tally was
used with an air response function to simulate the dose in air measured by the ion chamber. This FMESH card used a
300%300 grid along the plane of the sample tray with a depth from 0 15-1.05 cm, corresponding to the active region
of the ion chamber. The input source spectrum simulated was a 2 mm beryllium-filtered output from SpekCalc. The
source geometry was taken to be a point source with a height ranging from 25 cm to 440 cm above the center of Shelf-1
using 1 mm increments in order to estimate the source location. A representation of the MCNP geometry is given in

Figure 6.

Source Region

Filters

Shelf-2

FMESH4:P Shelf-1

Figure 6: Visual Editor image of the MCNP geometry, air in blue, aluminum in green, zinc in red, possible source location
in white.

3. Results

3.1. Medical Imaging X-ray System
Initial measurements close to the Philips SRO 33 100 system resulted in high dead time which greatly altered the
measured spectra. The spectra were expected to contain characteristic X-rays for tungsten at 57, 59, and 67 keV and

for rhenium at 61 and 69 keV. However, if the detector experiences excessive dead time, the characteristic peaks will
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drift into a lower energy region, resulting in an incorrect spectrum. By increasing the distance between the source and
detector to 413 cm, a dead time of 0.32% was achieved, greatly improving spectral qualities. For this measurement,
the integral count rate was approximately 2500 cps. Measurement results showing peak drifting observed due to high
dead time are given in Figure 7. Due to the energy resolution of the detector, the FWHM of the tungsten peaks envelop

the less-prominent rhenium peaks.

T T
400 =—— Dead Time: 18.38%, 253 cm, no collimator
== Dead Time: 4.52%, 253 cm, 1 mm collimator
350 1 Dead Time: 4.43%, 225 cm, 400 pm collimator 1
Dead Time: 4.00%, 225 cm, 400 um collimator 2
Dead Time: 3.98%, 225 cm, 400 pm collimator 3
300 Dead Time: 1.01%, 352 cm, 400 ym collimator |
\ Dead Time: 0.32%, 413 cm, 400 um collimator
T 250
0 \
n
2 200 i
5 \
Q !
O 150 i
iy
100+
T/
50 M 1
u}g\-‘-
e R e e o O
0 \

T T
20 40 60 80 100 120 140

Energy (keV)

Figure 7: Peak drifting observed with changes in detector dead time

With the spectral features resolved, the X-ray source strength can be calculated using a correction factor based on
the source to detector distance, irradiation time, and the dead time. The formula for this correction factor, S, is.
Cr 4
S =T

scale t_ Q° e

meas

where Cr Is the total counts observed, 7, is the measurement time, and Q is the fractional solid angle of the collimator
pinhole relative to the source. Since the source was directly in line with the detector’s cylindrical axis, the solid
angle may be approximated as A/d? where Ais the collimator pinhole area and d is the distance from the source to
the detector crystal. The measured source spectra was compared to output predicted by SpekCalc. The comparison

between measured and estimated spectra is shown in Figure 8.

3.2. X-ray Inspection Machines

The Dage XD7500NT X-ray output was characterized and compared to output from the SpekCalc software. Since
the exact anode angle was unknown for the Dage XD7500NT machine, spectra corresponding to a range of anode
angles from SpekCalc were compared with measurement results to estimate the anode angle of the Dage XD7500NT
to be approximately 22 . The characteristic X-rays from the Dage XD7500NT measurement confirm that the anode

material is tungsten; however, there is a discrepancy between the predicted and measured spectra above approximately
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Figure 8: Measured X-ray spectra from Phillips SRO 33 100

70keV as shown in Figure 9. While the exact cause of this discrepancy is unknown, it is hypothesized that the lead
shielding of the source and lead shielding surrounding the detector are contributing significantly in this region due to the
74keV and 84 keV characteristic X-rays of lead. It should be noted that the 15 keV to 40 keV region shows significant

differences as well; however, the addition of the filtration will drastically reduce the count rate in this region.
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Figure 9: Comparison of measured Dage XD7500NT spectrum with SpekCalc predicted spectrum.

Since the measured and predicted spectra showed substantial discrepancies, further investigation was performed
to determine which of these spectra should be used for Monte Carlo simulation. Here, the source location was first
determined by comparing the measured films containing the reference circuit board with an MCNP simulation. This
MCNP model included the reference circuit board, the aluminum and zinc filters, and a point source. The film was
represented in MCNP using an FMESH4:P tally with a tissue response function. The initial source location was
estimated to be 12.03 cm below the base of the aluminum sample tray by using relations to the true object size, the image

size, and the object to film distance. The simulated values showed this distance was slightly incorrect based on pixel
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locations and distances between board components. Simulation estimated the source location at default magnification
to be 12.15 cm below the aluminum tray. A comparison of the measured and simulated films using the reference circuit

board is shown in Figure 10, demonstrating good qualitative agreement.

Measured Simulated

Figure 10: Comparison of simulated film vs. film measurement for the Dage XD7500NT X-ray system

With the source location known, both the measured and SpekCalc-predicted spectra were tested using film dosime-
try. Bare film measurements and simulated film dose distributions were used to determine the appropriate spectrum for
simulation. These simulations employed the 12.15 cm source to tray distance found from the reference circuit board.
The circuit board geometry was removed from the model, and the measured source spectrum and the SpekCalc pre-
dicted spectrum were transported and dose profiles compared to measurement using the bare film. The dose profiles
are shown in Figure 11. It can be seen that the dose profile for the measured spectrum more accurately represents
the dose profile measured with the film. This implies that the spectral discrepancies observed between the measured
and SpekCalc data are real and will affect estimated doses. Therefore, in this case, directly measured spectral data is

prefered to increase the accuracy of estimated dose rates.

3.3. Cell Irradiator

The results from Monte Carlo simulations of the cell irradiator were compared with ion chamber data. For each
output, the simulated ion chamber dose rate was averaged for a 1 cm? region at the center of the tray. Since no spectral
measurement was performed, the tally scaling factors relating Monte Carlo data to measured dose rate were estimated
by scaling the batch of simulations associated with a source position by the ratio of measured to simulated data for
Shelf-1. This means that for any given source position, Shelf-1 will by definition have zero error. Plotting all simulated

source positions across Shelves 2-4 exhibits how the dose rates are related to the anode position within the X-ray device.
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