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Abstract

A non-functional printed circuit board assembly (PCBA) was devel-
oped using ULTIboard and a simple computational transport model
was created for use with the Monte Carlo software MCNP. EBT3 film
radiography was used to compare with Monte Carlo simulation to vali-
date the board representation. The c1computational transport model was
then revised to include connection pins, solder balls, highly attenu-
ating internal structures, and copper trace distribution. Results from
the secondary model were compared to the EBT3 films to observe
improvements to dose profiles. It was found that this method was use-
ful in verifying the placement of components as the dose profiles were
observed to follow the same trends. The experiment was then repeated
using XRQA2 films to achieve the same level of contrast with c21% the
dose of EBT3 films. It was found that high contrast may be achieved
through these films to identify major issues with the model geometry,
at a cost of accuracy to the magnitude of the dose profiles. A second
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validation method was applied to the model using 37 CaF2 thermolu-
minescent dosimeters (TLDs). TLD measurements were compared with
the simplified and complex transport models to observe what features
have the largest impact to simulation accuracy. The TLD calibration
to CaF2 was found to be accurate within 5.6%, while calibration to a
dose in Si was found to be accurate within 4.7%. It was observed that
the largest impact on TLD dose was c3accurate representation of solder
balls, and proper modeling of highly attenuating internal structures.

Keywords: Ball grid array, X-ray system, Radiography, Monte Carlo,
Electronics Inspection

1 Introduction

Ball grid arrays (BGAs) are surface-mount packages that are increasingly
being used to replace pin grid arrays (PGAs) in high-speed electronics due to
superior properties in connection density, heat conduction, and impedance [1].
Unlike PGAs, which use a mechanical socket connection, BGAs are soldered
directly to the printed circuit board (PCB), which reduces the system size
and weight. While these devices offer improved performance, they are perma-
nently connected to the PCB and must be thoroughly inspected via X-ray
imaging to ensure that the BGA is free of connection defects such as incorrect
solder placement, inadequate re-flow, and solder ball voiding [2]. During the
inspection process, board components are exposed to ionizing radiation, which
over time can damage semi-conductor components and result in failure of the
PCB assembly (PCBA). To minimize the risk of radiation effects, dose limits
are typically set for individual components based on their electronic function,
composition, and relative importance to operation. For electronics, these dose
limits are often expressed as dose in silicon (Si) [3][4]. However, many compo-
nents contain high atomic number materials and have high density, which puts
these components at risk of exceeding dose limits [5]. Currently, Monte Carlo
simulation is the most practical method to provide absorbed dose estimates
for PCBA components. However, Monte Carlo models are often simplifiedc1 to
save time and computational resources. The concern is that model accuracy
may suffer due to oversimplification. Therefore, a validation of the model must
be performed using direct measurements.

The purpose of this study was to use film measurement to validate the
source positioning and part placement within c2the computational transport
model and to use TLDs to compare measured dose results with estimated
results to validate attenuation properties. To do this, a non-functional PCBA
was designed and fabricated to provide computational and physical models.

c3MPP: attributed to solder balls representation
c1MPP: in order
c2MPP: Text added.
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The initial computational model c3was designed to be a simplified c4represen-
tation directly converted from the PCBA design software ULTIboard 2019 [6].
EBT3 film radiography measurements were c5then used to determine neces-
sary model improvements [7]. These results c6of EBT3 measurements were
c7then implemented to develop a complex c8transport model to better char-
acterize the PCBA. Dose calibration was then performed on the EBT3 film
to compare attenuating properties between the computational and experimen-
tal models. By comparing the dose profiles of the measured film to the dose
profiles produced through Monte Carlo simulation, model accuracy was charac-
terized. This was repeated using XRQA2 films to determine whether the same
analysis can be completed using dose rates achievable in a fluoroscopic X-ray
system [8]. c9Thermoluminescent dosimeter (TLD) measurement and simula-
tion techniques were then c10applied to obtain dose rate estimates. c11The
TLDs were placed in areas of high importance or areas of questionable repre-
sentation c12to gauge model accuracy. Since PCBA components are typically
given dose limits in terms of absorbed dose in Si, a study was performed on
calibrating CaF2 TLDs to Si dose while maintaining accuracy.

2 Materials and Methods

2.1 Development of Test PCBA

To simulate the design process of creating a printed circuit board, a non-
functional PCBA was developed by the Kansas State University Electronics
Design Laboratory (KSU-EDL). To keep the design true to boards of inter-
est, the board was populated with over 900 parts, used 20 different types of
components, and contained two BGAs and 10 copper layers. Five copies of the
board were manufactured for film and TLD experimentation. The c1PCBA
design was exported from ULTIboard as a *.step file to be further edited into
a Monte Carlo ready model. c2Along with the 3D model, the copper traces of
each layer of the PCB were exported as *.xml files. Parts used on the board,
their manufacturer, their quantity, and a brief description are given in Table 1.

2.2 Simplified Transport Model

In Monte Carlo simulation, geometries are usually represented using second-
order surfaces. The challenge is determining the appropriate level of detail to

c3MPP: was a
c4MPP: model
c5MPP: Text added.
c6MPP: Text added.
c7 used
c8MPP: Text added.
c9MPP: Themoluminescent
c10 used
c11 These
c12MPP: Text added.
c1MPP: Text added.
c2MPP: With
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Distributor # Part ID Volume (mm3) Density (g cm−3) Description
Digi-key 16 AVX Corporation TAJD226K020SNJ 97.309 3.22 22 uF Molded Tantalum Capacitor
TME (Poland) 348 Samsung Electro-Mechanics CL10C102JB8NNND 1.152 5.14 1000 pF Ceramic Capacitor
Newark (UK) 310 Yageo RC0603FR-0710KL 0.704 0.87 10 kOhm Resistor
Newark (UK) 32 Kemet C0402C101J3GACTU 0.275 4.40 100 pF Ceramic Capacitor
Digi-key 8 STMicroelectronics M74HC368RM13TR 70.000 3.40 IC Buffer Invert 6V
Digi-key 124 Microchip Technology MCP6241-E/SN 33.442 2.11 IC Op Amplifier
Newark (UK) 4 Microchip Technology MIC5504-3.3YM5-TR 6.728 1.23 IC REG LINEAR 3.3V 300mA
Digi-key 6 TXC CORPORATION 7W-12.000MBA-T 45.500 3.36 12 MHz CMOS Oscillator 3.3V
Digi-key 8 Rohm Semiconductor TCM0J106M8R 1.088 5.51 10 uF Tantalum Capacitor
Digi-key 2 Lattice MDS FG484 LCMXO2-4000HC-4FG484C 1058.000 3.03 Field Programmable Gate Array
Digi-key 6 Vishay Sprague 293D106X0016C2TE3 48.000 2.19 10 uf Tantalum Capacitor
Digi-key 20 Nexperia 74HC4053PW,112 21.802 2.92 Single-ended Multiplexer
Digi-key 8 Samsung Electro-Mechanics CL31C750JBCNNNC 5.120 5.94 75 pF Ceramic Capacitor
Digi-key 8 Diodes Incorporated PAM2320BECADJR 26.163 3.08 Switching Voltage Regulator
Future 6 On Semi NCP5501DT50RKG 99.628 3.37 Low Dropout Linear Voltage Regulator
Digi-key 16 Yageo RC0402FR-071KL 0.175 3.40 1 kOhm Resistor
Digi-key 6 Microchip Technology ATSAM3N0BA-AU 68.6 2.49 ARM Micro-controller
Digi-key 30 On Shore Technology Inc. 302-S101 762.694 1.90 Connector Header
Digi-key 2 Laird-Signal Integrity Products HZ0603B102R-10 1.216 4.76 1 kOhm Ferrite Bead

Table 1: Distributor, quantity, part name, volume, density, and part
description for all components on test PCBA.

accurately model the PCBA while keeping the model simple enough for man-
ageable run times and data extraction. If the PCBA model is too complex,
leads, traces, and internal structures could lead to overlapping geometries,
which will result in the failure of the unstructured mesh. If the geometry is
overly simplified, inaccurate dose estimates could result. As a starting point,
the level of detail in the CAD geometry was kept to a minimum. The CAD
model was exported from ULTIBoard and imported into SolidWorks 2020 [9]
for editing. Unfortunately, it was found that direct import between these two
software packages led to hundreds of broken geometry errors. To fix this issue,
the CAD translation software TransMagic was used [10]. This program intel-
ligently attempts to create a water-tight geometry by correcting overlapping
surfaces, removing flawed surfaces, and replacing c3the surfaces of open geome-
tries with a series of geometric planes. c4Individual planes are then ‘knitted’
into c5solid bodies resulting in a corrected volume.

c1The geometry exported from ULTIboard was found to represent sur-
faces and volumes by extruding component silkscreens. The corrected com-
ponents from TransMagic were found to have accurate placement but incor-
rect dimensions. Manual edits were made to the CAD geometry c2to correct
part sizing based on manufacturer data and caliper measurement. Parts with
complex shapes, such as connection headers and programmable gate arrays,
were redesigned based on manufacturer dimensions. To avoid meshing issues
that can arise from node sharing between c3components and the board, c4all
parts were offset to float 1 µm from the board surface. The finished model
properly represented all the components on the board as simple structures,
and modeled the PCB as one homogeneous volume. SolidWorks renderings of
the PCBA for the simple representation are given in Figure 1.

c3MPP: flaws
c4MPP: The individual
c5 volumes
c1MPP: Since ULTIboard builds surfaces based on silkscreens, the parts after the TransMagic

corrections had the correct placement but incorrect dimensions.
c2MPP: using
c3MPP: the parts
c4MPP: the
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Fig. 1: SolidWorks model for simplified geometry.

2.3 Initial Film Comparison

The simple CAD model represented the component volume and placement
but lacked features such as board layers, c5the solder ball representation of
the BGAs, and pin-outs for the connection headers. To determine the spac-
ing of the BGAs, and the importance of the PCB traces, c6measurements
using radiochromic EBT3 film were performed. These films are created and
distributed by Ashland, are self-developing, and have an effective dose range
of 0.1-10Gy [7]. An irradiation was performed with a Rad Source RS1800 X-
ray generator [11]. To keep this device consistent with exposure settings used
during BGA inspection, an expert was contacted about standard operating
procedures. Typical operation for this board type was determined to be at a
tube voltage of 130 kV and a power of 10Wc7. A 0.0254 cm zinc filter was used
to reduce low energy X-rays, and a 0.127 cm aluminum filter was used to sim-
ulate attenuation through a sample tray. c8 c9For the test PCBA irradiation,
the film was secured to the bottom tray (Shelf1), 37.1 cm from the source.
Plastic standoffs were used to level the PCBA 1 cm above the film. The sug-
gested tube voltage of 130 kV and maximum tube current of 10 mA was used
for a 10 min irradiation.c10 c11The film was scanned at 75 dpi and converted
to grayscale to provide a high-contrast image. Because this stood as an initial
comparison to determine discrepancies within the simplified model geometry,

c5MPP: solder balls on the underside
c6MPP: radiography with EBT3 film was performed
c7MPP: to obtain optimal contrast
c8MPP: For the test PCBA irradiation, the tube voltage was set to 130 kV, and the tube

potential was set to 10 mA.
c9MPP: Text added.
c10 A 0.0254 cm zinc and 0.127 cm aluminum filter were used and the irradiation time was

10 min.
c11MPP: After the irradiation, the
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a film calibration procedure was not needed. The EBT3 grayscaled image and
labeled areas of interest are shown in Figure 2.

Fig. 2: EBT3 film irradiation to determine problematic areas with simplified
PCBA model.

2.4 Complex Transport Model

From the initial test irradiation, it was found that significant improvements to
the Monte Carlo model were feasible. The first major feature to be improved
was the representation of the solder ball array. This feature is particularly
important, as the LCMX02 processor is the largest, most sensitive, and most
important item on the PCBA. To represent the solder ball array, a single solder
ball was assembled into a 22×22 array using the linear component pattern
feature in SolidWorks. A sub-study was performed using the radiography tally
feature within the Monte Carlo N-Particle (MCNP) [12] code to check if the
representation of the solder ball array was accurate. After testing spheres,
icosahedrons, dodecahedrons, and extruded decagons, it was found that the
most accurate simulated radiography images were produced using the extruded
decagon shapec1. The radius of each decagon was calculated from a pixel count
in the initial film measurement. The extrusion height, was chosen to conserve
the total volume and mass an individual solder ball. The c2solder ball repre-
sentation was added to the model on the underside of the LCMX02 processors.
c3The implementation of the solder ball arrays for the LCMX02 BGAs is shown
in Figure 3.

c1 , conserving the total volume in an individual solder ball
c2 extruded decagon array
c3MPP: An example of the
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Fig. 3: Example of BGA representation in CAD model geometry using
SolidWorks and linear component pattern.

The copper representation throughout the board was achieved through a
voxelization method due to complexities associated with direct representation.
The individual voxel sizes were 3mm×3mm×1.5mm and were combined into a
50×50 grid of voxels to represent the PCB. This permitted c4discrete material
assignments to each voxel based on copper concentration. c5The copper con-
centration of each voxel was determined using *.pdf images of the board layers.
c6These images were converted to grayscale, and the number of dark pixels
(copper) to the number of white pixels (void) were used to calculate the ratio of
copper to glass fiber material. Representative images are shown in Figure 4. It
can be seen that the signal layers are generally devoid of copper traces except
for around the BGA region, while the power layers have high concentrations of
copper everywhere except for the BGA locations. When combined, this shows
clearly that the BGA region is largely devoid of copper concentration with the
run-off traces from the BGA having significantly higher copper concentration.

The last two features included were the pin-out representation and the high-
attenuating structures. The pin-out representation was achieved by measuring
the length and width of the pins, inserting them in the model, and subtract-
ing the intersecting volumes. While this change is not expected to have a large
impact on simulation results, the material definitions for the connection head-
ers changed substantially, as the copper and zinc connections made up a large
portion of the total massc1. Separating this sub-component drastically changes
the density representation of the plastic connection c2as it no longer accounts

c4 individual material assignment for
c5MPP: To determine the copper concentration of each voxel, *.pdf images of each layer
c6MPP: Text added.
c1MPP: for the component
c2MPP: features as they no longer compensate for the pin mass
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Fig. 4: Example of board voxelization to represent copper distribution
through PCBA.

for the pin mass. c3The initial film measurement showed two types of capac-
itors to contain highly attenuating internal structures composed of tantalum
oxide and manganese-II layers. Tantalum oxide has a density of 8.2 g cm−3 and
accounts for approximately 46% of the part’s total mass. Considering capac-
itor size, homogenizing the tantalum throughout the entire part (as in the
simplified model) results in a larger c4attenuated region, which can greatly
impact the dose to surrounding parts. To represent these parts, the pixels from
the scanned film were counted to obtain estimates for the length and width
of the tantalum block. The block was then extruded, conserving the mass of
tantalum included in the part. When producing a mesh c5for MCNP, compo-
nents can not be encapsulated c6within another component [13]. To resolve
this issue, a small cap is introduced c7to encase the tantalum block between
two surrounding volumes. An example of tantalum capacitor representation is
given in Figure 5. Images of the finalized CAD model for the test PCBA are
given in Figure 6.

2.5 Simulated Source Term

For all irradiations c1and measurements, the Rad Source RS1800 X-ray gen-
erator was used. This device c2is capable of tube voltage ranging from 40 to
160 kV and tube current ranging between 1 to 10mA. A 0.0254 cm zinc filter
and a 0.127 cm aluminum filter were used to represent common filtration and
the irradiation tray used during BGA inspection. c3Visualization of the BGAs
on a commercial system showed a tube voltage of 130 kV gave optimal con-
trast during inspection. To simulate c4c5this spectrum, the program SpekCalc

c3MPP: Two types of capacitors were found to
c4 attenuation
c5MPP: in
c6MPP: in
c7MPP: to act as if the tantalum block is encased
c1MPP: Text added.
c2MPP: applies a tube voltage of 130 kV and power
c3MPP: Text added.
c4MPP: the source spectra
c5MPP: Text added.
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Fig. 5: Representation of tantalum oxide and manganese-II attenuating
structure in complex CAD model.

Fig. 6: SolidWorks model for fully detailed geometry used with MCNP.

was used to provide c6the estimated X-ray beam output c7 c8for a tungsten
anode at a 30◦ anode angle [14]. c9The spectrum generated by SpekCalc is
passed to MCNP as a probability density function (PDF). The random number
generator of MCNP samples the PDF to determine the particle energy. The
program will then sample the particle direction, path length, and interaction
type based on the material properties present. The MCNP output is a readable
text file containing the radiation dose of each cell in a per-source particle for-
mat. This result is scaled in post-processing using the machine source strength,
the irradiation time, and a solid angle correction factor. The source strength
and location of the Rad Source RS1800 were found by comparing ion chamber

c6MPP: a
c7 for a tungsten anode operating at 130 kV. The anode angle was set to with a 30◦ anode angle
c8MPP: Text added.
c9MPP: Text added.
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measurements with simulated results. c10Ion chamber measurement estimated
the X-ray source strength to be ≈1.35×1014 photons per second. Intensity
measurements on each shelf estimated the source location at ≈37.1 cm above
the bottom shelf (Shelf1). A simplified MCNP model including the source,
the filtration, and the irradiation tray, confirmed that the simulated dose is
within 5% error up to 10 cm from the center of Shelf1 [15]. The X-ray beam
output estimated by SpekCalc and the shelf dose profile produced through ion
chamber simulation and measurement are shown in Figure 7.

Fig. 7: Example of 130 kV source spectra (left) and measured vs. simulated
dose profile accuracy (right) for RS1800 X-ray generator.

2.6 Film Radiography

Material properties for all c1PCBA components were obtained from manufac-
turers or distributors. Due to proprietary or missing materials, seven of the
20 components had errors introduced to their composition. Of the parts with
missing materials, five had errors less than 1% while two components had errors
between 1 and 3.2% of the total mass. c2To validate the material assignments
for the Monte Carlo model, Gafchromic EBT3 films were used. c3 c4When
exposed to ionizing radiation, EBT3 film will exhibit a change in color from
green to blue. The intensity and depth of the color change is proportional to
the radiation dose received. To express the radiation dose, a set of calibration
films must be generated by exposing the films to a range of known doses (in
tissue). After irradiation, these films will continue to undergo polymerization
with time. Therefore, a 24-hour development period was established between

c10MPP: Using an ion chamber, the X-ray source location was estimated to be 37.1 cm above
the bottom shelf (Shelf1).

c1MPP: parts
c2MPP: As validation for
c3MPP: To obtain dose estimates, a set of calibration films must be applied to properly scale

scanned pixel values. This calibration set was created by exposing the EBT3 films to a range of
known doses (in tissue) and then scanning the films using a photo scanner with a transparency
unit. Each irradiated region was then sampled and disassembled into its average red, green, and
blue (RGB) intensity values.

c4MPP: Text added.
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the irradiation and photo scan for all film measurements. Calibration films
were exposed to the 130 kV beam of the Rad Source RS1800. Irradiation times
for each exposure were adjusted to give a known dose based on ion chamber
measurement. After the 24-hour development, the films were scanned in 75 dpi
using an Epson Expression 12000XL photo scanner fitted with a transparency
unit. [16]. c5Each irradiated strip of film was sampled at its center and decon-
structed into its average red, green, and blue (RGB) intensity values. Using
least squares regression, an exponential equation is fitted to each color chan-
nel resulting in three calibration curves [17]. An example of irradiated film
samples and the resulting calibration curves is given in Figure 8. When using
EBT3 films, it is important that the calibration and field c6set c7 be from the
same batch as the manufacturing process can lead to variations within the
blue color channel.

Fig. 8: Calibration curves generated for EBT3 film.

It was c1observed that EBT3 films were not sensitive enough to provide
high-contrast images using the output of a typical X-ray inspection device.
Instead, c2radiochromic XRQA2 films offer high image quality at effective dose
range of 0.1−20 cGy, c3requiring 1% the dose of EBT3. The drawback of c4the
XRQA2 films is that they are designed for quality assurance and are typically
read either through visual inspection or through optical density making it
difficult to estimate dose on a per pixel basis [8]. However, these films exhibit
a drastic color change when exposed to X-rays, which allows for a study on the
feasibility of using a color channel calibration similar to the EBT3 film. Due to
the white polyester backing, the XRQA2 films are non-transparent and were

c5MPP: Text added.
c6MPP: Text added.
c7MPP: use film
c1MPP: found
c2MPP: XRQA2
c3MPP: 100 times lower than that
c4MPP: these films is that they are
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scanned using a reflective unit. The calibration strips were deconstructed into
color channels and plotted with dose. Using a general exponential formula,
the calibration parameters for each color channel were estimated using a least
squares method. The color channel calibration for the XRQA2 film is shown
in Figure 9.

Fig. 9: Calibration curves generated for XRQA2 film.

c1 c2For film measurements, the films were laid flat on the bottom irradi-
ation tray (Shelf1). The PCBA was placed 1 cm above the film using plastic
stand-offs to allow the board to sit evenly while irradiated. This arrangement
provides a source-to-object distance of 36.1 cm, and a source-to-detector dis-
tance of 37.1 cm, giving a magnification of 1.03. The corners of the board were
held by an alignment tool which contained steel sheets that act as a guide to
allow c3 the board image to be cropped and aligned properly. c4The target
dose for EBT3 and XRQA2 film was set at 5 Gy and 5 cGy respectively. The
simulation model was updated to include the radiation film, X-ray filters, and
the sample tray. Separate inputs were created for the EBT3 and XRQA2 films,
as they have distinct layer thicknesses and densities. The film layer thickness,
the layer density, and the layer composition are given in Table 2. For each of the
film simulations, an input was created for both the simplified and the complex
PCBA geometry. Within MCNP, the tally defined was a photon flux grid tally
given by the FMESH4 card. This tally was used with a tissue response function
to give units of dose for each mesh element within the grid. The tally region
only considers the dose within the film’s active layer and does not consider
the surrounding polyester components. Each mesh element was designed to be
0.038mm×0.038mm, which is equivalent to the pixel size given for a 75 dots
per inch (dpi) film scan.

c1MPP: For the film measurement, the edges of the PCBA were attached to 1 cm plastic
stand-offs to allow the board to sit evenly while irradiated.

c2MPP: Text added.
c3MPP: for
c4MPP: Text added.
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Composition by Atomic %
Film Type Layer Thickness (µm) Density (g cm−3) H Li C N O Na S Ba Cl Al Bi
EBT3 Transparent Polyester Base 125 1.35 56.8 45.5 18.2
EBT3 Active Layer 25 1.20 36.4 0.6 27.6 13.3 1.6
EBT3 Transparent Polyester Base 125 1.35 56.8 45.5 18.2
XRQA2 Transparent Yellow Polyester 97 1.35 36.4 45.4 18.2
XRQA2 Adhesive 20 1.20 56.9 0.48 33.2 9.4
XRQA2 Active Layer 25 1.60 56.2 1.0 27.6 1.6 11.7 22.3 0.1 1.7
XRQA2 White Polyester Base 97 1.60 33.8 42.3 21.6 1.18 1.18

Table 2: Layer thicknesses and material composition for EBT3 and XRQA2
film.

2.7 Thermoluminescent Dosimetry

To further quantitatively validate the Monte Carlo model, thermolumines-
cent dosimeters (TLDs) were used. The TLDs used for this experiment were
TLD-400s, CaF2 based dosimeters distributed by ThermoFisher [18]. c5These
dosimeters are only available as a 3.2×3.2×0.89 mm3 chip and are designed
to share a similar photon response to Si. c6 c7This means that when properly
calibrated, these dosimeters can theoretically output a dose in Si directly. By
selecting bare regions of the board and regions of high interest, the TLD can
act as if it was a pure silicon-based partc8. To understand if the calibration to
a Si will maintain the same accuracy as a calibration to CaF2, two separate
calibration sets were created for comparison. To determine the dose rate for
the TLDs, a simulation model of the TLD calibration procedure within the
Rad Source RS1800 was created. This simulation model consists of the alu-
minum and zinc X-ray filters, an aluminum X-ray sample tray, a 3D printed
TLD holder, 30 TLDs, and 0.2032mm of aluminum c9surrounding the TLD
holder. The aluminum c10was included to ensure charged particle equilibrium
c11c12 as aluminum c13has an atomic number similar c14to Si and CaF2 [19].
For c15the CaF2 and Si TLD simulations, a 130 kV, 1mA X-ray source was
used to achieve a absorbed dose of 1Gy.

c1Three energy deposition tallies within MCNP were c2tested to compare
accuracy and computational efficiency. For the MCNP transport, the F4, F6,
and *F8 energy deposition tallies were consideredc3. The F4 tally is a vol-
umetric flux tally that, when paired with a photon response function, will
output dose in units of Gy. This tally has the advantage of directly outputting
absorbed doses in Si, the standard quantity for electronics. This tally is also
computationally more efficient than the other two tally types, as electron

c5MPP: Text added.
c6MPP: CaF2 shares a similar photon response as Si, meaning that the dosimeters can theo-

retically be calibrated to output a Si dose directly.
c7MPP: Text added.
c8MPP: on the board
c9MPP: on each side of
c10MPP: acts to give
c11MPP: creating a Bragg-Gray cavity
c12MPP: for the TLDs,
c13MPP: shares a
c14MPP: atomic number
c15MPP: the simulated irradiation,
c1MPP: In the simulated TLD calibration, three
c2MPP: taken into account
c3MPP: for both their accuracy and transport advantages
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TLD Dose mGy s−1

Tally Type CaF2, ρ=3.18 CaF2, ρ=2.32 Si, ρ=2.32 Si, ρ=3.18
F4 7.15 7.32 4.40 4.35
F6 7.12 7.29 4.37 4.32
*F8 7.02 7.16 4.30 4.26

Table 3: Dose rates for CaF2 and Si TLD calibration using different MCNP
transport techniques. All statistical errors were less than 1%.

transport is not considered. The F6 tally is a track length energy deposition
tally that will output units of MeV g−1. This tally has the benefit of c4pro-
ducing the part dose rather than a silicon dose which holds more truth to
the material compositions used in simulations. When using this tally, electron
transport must be considered for small volumes, as electrons are expected to
enter and leave the cell boundary. This means that the run time for this tally
is approximately twice that of the F4 tally. Last, the *F8 tally is an integrated
pulse height tally that outputs units of MeV. This tally is an “energy-in minus
energy-out” tally that considers the full electron transport and exhibits the
greatest accuracy of the tally types considered. The disadvantage is that this
tally requires more particles to be simulated in order to converge on a solution,
increasing the run time. Because this tally outputs units of MeV, each result
must be divided by the part mass to obtain proper dosimetric units. Absorbed
dose rate results for the TLD-400 calibration to CaF2 and Si are provided in
Table 3.

The calibration simulations show that the density makes little difference
(≈1%) to the absorbed dose, as the mass of the TLD compensates for energy
deposition differences. To keep the TLD calibration as accurate as possible and
to conserve the true TLD density, irradiation times were based on the results
of the *F8 tally using the CaF2 density of 3.18 g cm−3. c1 For all TLD mea-
surements, a Harshaw 5500 utilizing ultra-high purity nitrogen was used [20].
The time-temperature profiles were set to acquire the glow curve using a tem-
perature rate of c225◦C s−1, a max temperature of 400◦C, and an acquisition
time of 23 1/3 seconds. c3TLD-400s on average lose 8% of their signal within
the first 24 hours after irradiation. To keep fade time consistent, all TLDs
were given a 24-hour fade period between irradiation and measurement. After
each signal reading the TLDs were annealed in a Nabertherm NA 15/65 HA
oven at a temperature of 400◦C for one hour before being quenched on a large
aluminum block [21].

c4TLD-400 calibration sets were created for CaF2 and Si by calibrating to
a dose of 1 Gy in their respective materials. To perform the calibration, an
initial irradiation was completed to detect problematic TLDs reading outside

c4MPP: outputting
c1MPP: The TLD-400 calibration sets were created for CaF2 and Si by calibrating to a dose of

1 Gy in their respective materials.
c2MPP: 25◦C
c3MPP: Text added.
c4MPP: Text added.
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+/- 10% of the mean light readout. Any problematic TLDs were discarded
from the calibration set. A second irradiation was performed to calculate each
TLD’s element correction coefficient (ECC). This factor corrects for discrepan-
cies between individual TLD readouts that occur due to slight inconsistencies
in the manufacturing process. A third irradiation calculates the reader calibra-
tion factor (RCF). This factor converts the integrated light output measured
by the TLD reader into dosimetric units. This factor is unique to each TLD
reader, and each TLD type. From the calibration set, the RCF is manually
entered into the acquisition settings of a new TLD batch. A field set of dosime-
ters is then generated by calculating new ECC values using the RCF imported
from the calibration set. A field set of dosimeters containing 50 CaF2-calibrated
and 50 Si-calibrated TLDs was created.

On the PCBA, 37 TLD locations were chosen to provide dose estimates
in areas with high part density and radiation-sensitive components. For the
irradiation, the TLDs were placed in a small 3D printed plastic housing with
0.2032mm of aluminum on the top and bottom face similar to the calibration
procedure. The housings were fastened to the PCBA and irradiated c1to a tar-
get dose of 1 Gy, similar to the calibration procedure. Each TLD was then
carefully removed from its housing and the radiation dose to each TLD was
documented. The TLDs were annealed and the board orientation was reversed
for a second TLD measurement. For all simulations, the 3D-printed housing
and aluminum covers were fully represented in the transport model. Simu-
lations were conducted using the simple and complex models for the PCBA
geometries and both board orientations. Images showing the TLD placement
on the PCBA and the TLD numbering system are shown in Figure 10. The
locations shown give the size of the 3D-printed TLD holder containing the
aluminum shielding.

3 Results

3.1 Film Radiography
c2For EBT3 and XRQA2 film 1×1010 particles were simulated to achieve rel-
ative errors less than 10%. This number of simulated particles was based on
extrapolated error data from initial runs, as Monte Carlo error reduction fol-

lows 1/
√
N . The average relative pixel error of the EBT3 and XRQA2 film

simulations was 6.7% and 8.6% respectively. For the EBT3 films, the color
channel calibration was applied to each pixel of the film measurement c3and
compared to the simulated results. Dose profiles (Figure 11) show that the
Monte Carlo results suffer from noise due to the fine spatial grid. To minimize
noise, the per-pixel measurements were averaged over individual components
and bare PCBA regions. It was observed that the fluctuations in dose due to
attenuating parts correspond well with the transport model and measurement.

c1MPP: for the same duration used in the calibration procedure
c2MPP: Text added.
c3MPP: scan
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Fig. 10: Numbering system of TLD, and example of MCNP transport
geometry for TLD simulation.

Between the components, some small discrepancies were observed which are
due to the absence of leads in the simulation model. One key observation is that
the measured dose increases in the negative Z-direction even when there are
repeating or no structures present. This is thought to be due to the heel effect,
where the X-ray intensity increases away from the anode [22]. It is also possible
that this is due to the lateral scan artifact, which causes intensity values to
vary based on the film location relative to the center of the scanner [7].

The line scan comparisons are given in Figure 12. Comparing the simplified
and complex Monte Carlo models, three dose profiles of interest were deter-
mined. The first line envelops many parts and was chosen to show the accuracy
of the part representation and placement. In this region, the simplified and
complex models are nearly identical as the copper distribution throughout this
region is fairly consistent. It was also observed that including leads in the sim-
ulated material composition leads to larger attenuation over the part regions.
For the second line scan, the line passes through the connector pins and BGA,
which were changed for the complex model. It was found that the improve-
ments to the connector pins made little difference in the dose profile. For the
BGA region, it was found that the complex model improvements made a sig-
nificant c1impact to the accuracy of the dose profile. For the remainder of the
scan, the simplified and complex models performed identically. The third line
scan was chosen to pass over the highly attenuating tantalum capacitors. For
this scan, large differences were observed over the tantalum capacitors, while
the rest of the scan remained consistent between the two models. In all of the

c1MPP: difference in
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Fig. 11: Dose profile comparisons of simulated and measured EBT3 X-ray
films for the complex computational transport model. Per pixel comparison
(Top), part averaged comparison (bottom).

scans, the measured data was found to have unpredictable fluctuations directly
to the left and right of components due to leads, pads, and overlap.

Fig. 12: Part averaged dose profile comparisons between complex and
simplified MCNP model.

The comparison of dose profiles for XRQA2 films is shown in Figure 13.
c1For all XRQA2 film results, the blue color channel was ignored as it showed
little variation with dose, and lead to large inconsistencies when included in

c1 For XRQA2 film
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the measurement. Across the board, the XRQA2 simulations were shown to
overestimate the dose profiles and were found to suffer from a considerable
amount of noise. The increase in simulated noise is likely attributed to the
difference in density of the active layer when compared to EBT3 film. It is
hypothesized that a higher active layer density will lead to a larger variation
in the path length of particles as they travel through the film causing noise. If
observed closely, it can be seen that these films also suffer from an increase in
measured dose in the negative Z-direction.

Fig. 13: Dose profile comparisons of simulated and measured XRQA2 X-ray
films for the complex computational transport model. Per pixel comparison
(Top), part averaged comparison (bottom).

3.2 Thermoluminescent Dosimetry

The TLD results for the CaF2 calibrated TLDs are shown in Figure 14.c1 For
all TLD simulations, the number of particles simulated was set to 1×109 which
results in relative errors less than 5%. c2 Simulations were completed for the F4,
F6, and *F8 tallies and compared to measured results. It was found that for the
CaF2 calibration with the BGAs facing towards the source, the simulated dose
was consistently higher than the measured dose with the error averaging 5.6%.
For the CaF2 results with the BGA facing away from the source, the results
were more evenly distributed with an error of 4.8%. Overall, the profile of the
dose matches well with the simulated data except for TLD 26. The difference
for TLD 26 is due to a highly attenuating tantalum capacitor that shields the
simulated TLD. This could either be from the simulated TLD placement being
incorrect from the measurement or may indicate that the representation of the

c1MPP: Text added.
c2MPP: For the TLDs,
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tantalum capacitors was slightly inaccurate. However, this behavior was not
observed for TLDs 7 or 9, which are surrounded by four tantalum capacitors,
and was only slightly observable in TLD 37 which sits directly on top of a
tantalum capacitor.

(a) CaF2 tally results with BGA
facing the source.

(b) CaF2 tally results with BGA
facing away from the source.

Fig. 14: MCNP *F8 tally results compared with CaF2 calibrated TLDs.

The TLD results for Si calibration are shown in Figure 15. The Si TLD
calibration showed a slight improvement compared to the CaF2 calibration
with the average error for the BGA facing the source being 4.7% and the error
for the BGA facing away from the source being 4.7%. Once again, the error for
TLD 26 persists, indicating that there is a discrepancy in the transport model.
For the TLDs calibrated to Si, it was observed that Si-based components on the
board followed the same trend as the TLDs, with components facing the source
receiving 0.86-1.15 Gy and components on the back of the board receiving 0.55-
0.75 Gy. This provides evidence that TLD-400s are accurate at representing
component dose and could be used in place of or near a component to provide
radiation dose estimates. For both the CaF2 and Si calibrations, the F4 and
F6 simulation data were observed to have slightly higher errors between 5-7%
when compared with the measured data.

4 Conclusions

BGAs require X-ray inspection to confirm a proper connection between the
electronic package and the PCBA. During the inspection, the PCBA is exposed
to ionizing radiation that, over time, could affect the performance of radiation-
sensitive components. Monte Carlo methods can be used to provide dose
estimates, but the conversion process between PCBA design software to radia-
tion model geometry typically removes significant details such as leads, solder,
traces, and internal structures. To confirm the significance of these details,
and to confirm that the model still remains accurate for radiation dose esti-
mates, a validation study was performed using film and TLD measurement. To
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(a) Si tally results with BGA facing
the source.

(b) Si tally results with BGA facing
away from the source

Fig. 15: MCNP *F8 tally results compared with Si calibrated TLDs.

create the Monte Carlo model, a test PCBA was designed and manufactured
by KSU-EDL. Using exported files from the PCBA design software ULTI-
board, a simple CAD model was created. X-ray films were used to identify
improvements to the model, and a second detailed PCBA model was created.

Monte Carlo simulations were performed on the simplified and complex
transport models. For the EBT3 films, the dose profiles from the Monte Carlo
simulation matched the film measurement between 13-24% for individual line
scans. For the XRQA2 films, errors fitting a calibration function to the blue
color channel caused an overestimation of the dose profiles across the board.
When comparing the dose profiles of the simplified and complex transport
models, key differences were observed in the representation of solder balls for
the BGA and the internal representation of the tantalum capacitors. For the
TLD simulations, the measured and simulated CaF2 TLD results were found
to be within 5.6%. For TLDs calibrated to a Si dose, the error was reduced
to 4.7%. For both TLD simulations, substantial differences were observed on
TLD 26, providing evidence of a model discrepancy. From this study, it was
concluded that copper traces may be homogenized throughout the board mate-
rial with minimal effects on the dose rates to parts. It was also found that the
representation of solder balls on BGAs and highly attenuating internal struc-
tures, such as those in capacitors, are large contributors to the accuracy of
radiation dose estimates.

In the future, this work should be expanded to include correction for the
radiation heel effect observed in the film dosimetry results. A study should
also be performed to determine if the accuracy of the c1film simulations may
be c2improved using a photon response function of the active layer material
rather than a tissue response. c3Using the dose profiles of the EBT3 film,

c1MPP: films
c2MPP: increased
c3MPP: A study could also be performed to determine density corrections for materials based

on film results.
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density corrections to components could be applied to improve part represen-
tation. This study will then need to undergo an iteration process with TLDs
to ensure the density improvements are accurate. For the TLDs, the study
should be expanded to determine the parameters and conditions for which a Si
calibration may be used to accurately determine component dose. If performed
properly, a database of components that conform to a silicon dose standard
may be cataloged and used to improve the radiation hardening of electronic
assemblies.
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