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Purpose: Monte Carlo methods were used to generate lightly filtered high resolution x-ray spectra
spanning from 20 kV to 640 kV.

Methods: X-ray spectra were simulated for a conventional tungsten anode. The Monte Carlo N-
Particle eXtended radiation transport code (MCNPX 2.6.0) was used to produce 35 spectra over the
tube potential range from 20 kV to 640 kV, and cubic spline interpolation procedures were used
to create piecewise polynomials characterizing the photon fluence per energy bin as a function of
x-ray tube potential. Using these basis spectra and the cubic spline interpolation, 621 spectra were
generated at 1 kV intervals from 20 to 640 kV. The tungsten anode spectral model using interpolating
cubic splines (TASMICS) produces minimally filtered (0.8 mm Be) x-ray spectra with 1 keV energy
resolution. The TASMICS spectra were compared mathematically with other, previously reported
spectra.

Results: Using paired #-test analyses, no statistically significant difference (i.e., p > 0.05) was ob-
served between compared spectra over energy bins above 1% of peak bremsstrahlung fluence. For
all energy bins, the correlation of determination (R?) demonstrated good correlation for all spectral
comparisons. The mean overall difference (MOD) and mean absolute difference (MAD) were com-
puted over energy bins (above 1% of peak bremsstrahlung fluence) and over all the kV permutations
compared. MOD and MAD comparisons with previously reported spectra were 2.7% and 9.7%, re-
spectively (TASMIP), 0.1% and 12.0%, respectively [R. Birch and M. Marshall, “Computation of
bremsstrahlung x-ray spectra and comparison with spectra measured with a Ge(Li) detector,” Phys.
Med. Biol. 24, 505-517 (1979)], 0.4% and 8.1%, respectively (Poludniowski), and 0.4% and 8.1%,
respectively (AAPM TG 195). The effective energy of TASMICS spectra with 2.5 mm of added Al
filtration ranged from 17 keV (at 20 kV) to 138 keV (at 640 kV); with 0.2 mm of added Cau filtration
the effective energy was 9 keV at 20 kV and 169 keV at 640 kV.

Conclusions: Ranging from 20 kV to 640 kV, 621 x-ray spectra were produced and are available at
1 kV tube potential intervals. The spectra are tabulated at 1 keV intervals. TASMICS spectra were
shown to be largely equivalent to published spectral models and are available in spreadsheet format
for interested users by emailing the corresponding author (JMB). © 2014 American Association of
Physicists in Medicine. [http://dx.doi.org/10.1118/1.4866216]

Key words: x-ray spectral model, tungsten anode, Monte Carlo, diagnostic radiology, mammography,
orthovoltage radiation therapy

1. INTRODUCTION

X-ray spectral models are useful in a number of clinical and
research applications in medical physics and other x-ray fields
as well. X-ray spectra are necessary in the numerical evalua-
tion of image quality, and for computation of x-ray dose in
mammography, radiography, fluoroscopy, and computed to-
mography (CT). Beyond medical physics, x-ray systems are
used in airport security for scanning passengers, carry-on lug-
gage, and cargo. X-ray systems (CT and projection imaging
systems) are useful in nondestructive testing applications, and
in many of these applications the x-ray tube potentials extend
beyond the typical ~140 kV maximum that is used in diag-
nostic imaging. Examples of nondestructive testing include
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pipeline evaluation, munitions testing, mechanical parts eval-
uation, soil core analyses, and airframe structural analysis.
X-ray systems are also used for sterilization, for example, in
blood irradiation systems and mail handling.

There have been a number of attempts to develop analyti-
cal or computer-based models going back to Kramer in 1923.!
Previous work in our laboratory led to the introduction of the
tungsten anode spectral model using interpolating polynomi-
als (TASMIP),?> which has enjoyed widespread use since its
development in 1997. Despite its utility, the TASMIP model
has several limitations: (1) The model was derived from mea-
sured x-ray spectra which were binned to 2 keV intervals,
and therefore has relatively low energy resolution; (2) The
model was derived from measured x-ray spectra for CT, which
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FI1G. 1. (a) Two-dimensional representation of geometry used in Monte Carlo simulation for modeling x-ray tube. The diagram includes the tungsten anode,
electron, source, anode/source enclosure, beryllium window and x-ray tube field of view. (b) A schematic of the 420 mm x 420 mm simulated imaging grid,
with a 10 mm x 10 mm, pixel resolution, showing orientation of anode-cathode axis and gray regions used for heel effect analysis. (¢c) A schematic of the
180 mm x 180 mm scoring plane used for, generating TASMICS spectra and for comparison with previously reported spectra. Diagrams not drawn to scale.

were already filtered significantly—this prevents the genera-
tion of x-ray spectra with substantially less inherent filtration;
(3) Two versions of TASMIP were reported, and these
addressed tube potentials from 20 to 42 kV (minimally
filtered),> and from 30 to 140 kV (filtered with ~1.6 mm
Al).? Today, dual energy mammography and tomosynthesis
applications are using tungsten anode spectra up to 49 kV
with exotic filters (Ag, Pd, etc.), and the two previous TAS-
MIP models do not serve these new imaging applications. The
TASMICS spectra fill this gap; (4) The data provided by TAS-
MICS are readily available in spreadsheet format, providing
easy access to scientists without requiring computer program-
ming; and finally (5) the maximum tube potential for the TAS-
MIP model was 140 kV, and in many applications outside of
medical imaging, higher potential spectral models provided
here will likely be useful.*-¢

The limitations of the TASMIP model have provided in-
ertia for the development of a new spectral model that has
higher energy resolution, is capable of producing essentially
unfiltered spectra, and extends considerably the range of tube
potentials for available spectra. This new model is the topic
of this investigation.

2. METHODS

2.A. MCNPX simulation geometry and data
processing

Tungsten anode x-ray spectra were simulated using the
Monte Carlo N-Particle eXtended radiation transport code
(MCNPX 2.6.0).” A conventional x-ray tube design was used
for the simulation geometry, including a tungsten/rhenium an-
ode, an electron source and a 0.8 mm thick beryllium exit
window. The electron source was defined in MCNPX as a
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two-dimensional ~9.8 mm x 1.0 mm planar source with uni-
form weighting in the y-z plane [Fig. 1(a)]. The long axis of
the source was placed parallel to the z-axis and located 10 mm
away from the anode, projecting an actual focal spot size of
10 mm x 1.0 mm on the anode, with an effective focal spot
size of ~2.0 mm x 1.0 mm as viewed from the imaging (x-y)
plane [Figs. 1(b) and 1(c)]. For the scope of this study, a con-
stant potential for accelerating source electrons from cathode
to anode was simulated corresponding to a constant potential
generator (zero-voltage ripple).” A wedge macrobody specifi-
cation in MCNPX was used to define the anode composed of
tungsten (95% by weight) and rhenium (5% by weight) at an
angle of 12° with respect to the z-axis. TASMIP,? which was
based upon seminal laboratory measurements performed by
Fewell et al. in the early 1980s,® utilized an anode composed
of tungsten (90% by weight) and rhenium (10% by weight).
Given that modern tungsten anode compositions vary in the
amount of rhenium, depending on manufacturer/model and
specific application, the present choice of rhenium (5% by
weight) is simply the average of the TASMIP composition
and no rhenium. The tungsten anode and electron source were
enclosed together on five sides by a 1.0 mm thick MCNPX-
defined cell. The remaining side of the anode/electron source
enclosure contained a 0.8 mm thick beryllium exit window
and was placed parallel to the x-y plane, see Fig. 1(a). Pho-
ton and electron importance was set to zero for the five
1.0 mm thick sides of the anode/electron source enclosure so
that all radiation not travelling through the beryllium exit win-
dow was no longer transported, reducing computational time.

Simulating the process of x-ray production requires track-
ing a large number of electrons as they interact with the tar-
get, producing bremsstrahlung and fluorescence x-rays. Both
photon and electron transport were tracked for this simulation
(mode: P, E). Physical parameters can be biased in MCNPX
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using two cards (PHYS:E and PHYS:P) to improve the com-
putational efficiency of electron and photon transport by sim-
plifying some of the physics that is not of importance for the
given simulation energy range. Coherent scattering is highly
peaked in the forward direction and could become undersam-
pled in the simulations resulting in adverse effects on both
the tally and variance.” Consequently, coherent scattering was
turned off on the PHYS:P card. In addition, the upper limit for
electron energy tracking was set to the monoenergetic elec-
tron source energy. As the x-ray tube potential of each simu-
lation was increased, a low energy electron cut-off was imple-
mented to reduce computation time. The influence that these
parameter biases have on the simulated spectra were investi-
gated and determined to be negligible.

Spatial and energy distributions of the bremsstrahlung and
characteristic photons exiting the x-ray tube were determined
using a point detector (F5) tally. The F5 tally is a semideter-
ministic estimate of the fluence (photons/cm?) at a point in
space.'? The point detector can be considered a next event es-
timator of the flux at a point in space as if the next event were
a particular trajectory directed to the detector point without
further collision.’ Both the attenuation and solid angle effect
of the particles between the present event and detector point
are incorporated into the simulations. In order to produce sta-
tistically significant results in an acceptable time, F5 tallies
are used often in MC-based detection simulations due to their
intrinsic computational efficiency and reduction in statistical
variance.'®!! The tally energy card (E) was used to define
energy bins 1 keV in width, starting at 1 keV, and centered
at 1.5keV, 2.5 keV, etc. Therefore, the F5 tally corresponds
to the integral of the photon fluence over the entire 1 keV
range for that particular energy bin. The highest energy bin
was held at 1 keV above the maximum electron energy for
the corresponding spectrum (e.g., 60-61 keV for 60 kV). For
ease of discussion let us define each 1 keV energy bin as the
upper boundary of that particular energy bin (e.g., the lowest
energy bin centered at 1.5keV, spanning 1.0 keV to 2.0 keV,
will be termed 2 keV).

The transmitted image radiograph (TIR) tally in MCNPX
was used to create a grid of closely spaced F5 tallies that form
a two-dimensional planar image surface which can be sep-
arated into pixels. Figure 1(b) is a schematic of the layout
for the TIR tally. The grid geometry was defined using the
tally segment (FS) and cosine (C) cards in MCNPX to sim-
ulate an array of pixels. In diagnostic x-ray imaging config-
urations with a source to object distance (SID) of 1000 mm,
the maximum dimension of any detector panel is no greater
than roughly 430 mm. Accordingly, an array of 42 pixels
x 42 pixels was defined with pixel dimensions of 10 mm
x 10 mm, producing a total scoring plane of 420 mm x 420
mm in the x-y plane [Fig. 1(b)]. The center of the grid shown
in Figs. 1(b) and 1(c) was aligned with the center of the ef-
fective focal spot defined in the model geometry and located
1000 mm away from the anode as shown in Fig. 1(a). The im-
pact of air attenuation was not considered, and thus a vacuum
was defined between the beryllium exit window and the scor-
ing plane. The 420 mm x 420 mm scoring plane was used
only to quantify the spatial distribution of photons, specifi-
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cally the heel effect as discussed in Sec. 2.E. The reported
spectra provided in this study were average over a 180 mm
x 180 mm scoring plane as discussed in more detail below.

For all point detector tallies in MCNPX a relative error
<5% is believed to produce a generally reliable tally.” By in-
creasing the number of simulated electrons, using the NPS
card in MCNPX, the relative error for a tally in a given en-
ergy bin will decrease at the expense of an increase in com-
putation time. At the low and high energy regions of any x-
ray spectra, the fluence values are negligible compared with
the rest of the bremsstrahlung distribution and characteristic
x-ray peaks. These negligible fluence tallies inherently pro-
duce relative errors that can easily exceed 5%, but for any re-
alistic application these exact values are not important. There-
fore, the number of simulated particles was increased until
the relative error per energy bin, containing photon fluences
above 1% of the peak fluence, was below 5% relative error.

MC simulations were run for x-ray tube potentials of 20,
22,25, 27, 30, 35, 40, 45, 50, 55, 57, 60, 62, 65, 70, 80, 90,
100, 120, 140, 160, 180, 200, 250, 300, 350, 400, 450, 500,
550, 600, 610, 620, 630, and 640 kV. All 35 simulations were
carried out on an Intel®) Core™?2 Quad Processor (2.5 GHz,
4 GB RAM, 64-bit Windows 7 OS). The CPU times were 9h
for the 20 kV spectrum (1 x 108 source electrons simulated)
and 630 h for the 640 kV spectrum (6 x 10® source elec-
trons simulated) corresponding to an average of 4 x 1077 s
per source electron per CPU and a total run-time of 5564 h
per CPU.

Fluence tallies per pixel were first converted from
photons/cm?/source electron to photons/mm?/mAs using the
conversion factor 6.24 x 10" electrons/mAs. All photon
fluence values per pixel were averaged within a 180 mm
x 180 mm scoring plane in the MC simulation geometry [see
Fig. 1(c)], corresponding to an approximate cone of radiation
with a half-angle of 5.7°.

2.B. Tungsten anode spectral model using
interpolating cubic splines (TASMICS)

With TASMIP, a polynomial of varying (low) order was fit
for each monotonically increasing energy bin and the corre-
sponding coefficients were used to generate x-ray spectra for
any tube potential between 30 and 140 kV.>3 In this work,
several differences made conventional polynomial interpola-
tion inadequate. For the TASMIP model, before fitting, the
measured Fewell spectra at different tube potentials were nor-
malized to the measured exposure of a physical x-ray lab-
oratory system with finite inherent filtration (~1.6 mm Al)
as a function of tube potential. This resulted in a monotonic
increase in x-ray fluence in each energy bin as tube poten-
tial increased. In the present study, MCNPX normalized all
simulated spectra essentially to constant tube current; in ad-
dition, there was negligible inherent filtration and the simu-
lated tube potentials extended well into the orthovoltage range
(to 640kV), producing photon fluence levels which spanned
three orders of magnitude. The large number of data points
(e.g., 35 for the 20 keV bin) and large dynamic range in pho-
ton fluence values led to inaccuracies in polynomial fitting
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functions. Therefore, alternative interpolation functions were
explored.

Cubic splines were used to generate piecewise third-order
polynomials of only regional extent, such that they better
fit the data in the high dynamic range environment encoun-
tered in this study. A separate cubic polynomial was fit for
each simulated tube potential interval (e.g., 180-200 kV, 200—
250kV, etc). The spline function in MATLAB was used to
calculate the piecewise polynomials. Conventional continu-
ity conditions were used in the MATLAB cubic spline fitting
technique, mainly, adjacent cubic polynomials have matching
values at the ends of each interval as well as continuous first
and second derivatives.

For all tube potentials, the MC simulations contained zero
photon fluence in the maximum energy bin (e.g., 61 keV bin
for 60 kV spectrum) and finite photon fluence in the adja-
cent energy bin (e.g., 60 keV bin for 60 kV spectrum). As the
photon energy increased the number of fluence values avail-
able for the cubic spline fitting decreased. For example, the
631keV bin only had two data points, one from the finite flu-
ence value in the 640kV spectrum and one from the zero flu-
ence in the 630 kV spectrum. All 639 cubic splines (2 keV
to 640keV) were evaluated at 1 kV intervals to generate a
database of x-ray spectra at 1 kV intervals from 20 kV to
640 kV with 1 keV energy resolution. Negative photon flu-
ence values produced from the polynomial fitting technique
were set to zero.

2.C. Spectrum Comparisons

TASMICS was validated against several published x-ray
spectral models, as summarized in Table I. The comparisons
were performed using the TASMICS spectra incident upon
the 180 mm x 180 mm field of view [Fig. 1(c)]. In order to di-
rectly compare spectra generated by TASMICS and the other
spectral models, the HVL and total air kerma values were nor-
malized. The historical derivation of photon fluence (®) per
unit exposure (X) as described by Johns as

®(E) 543 x10° photons "
X [uen(E)] £ mm?2 mR’
p air

This expression, updated to modern quantities (where 1 mGy
air kerma = 114.5 mR), was used to assess the associated air
kerma for a given polyenergetic x-ray spectrum, ®(E). Us-
ing this relationship in a computer program, the computed air
kerma (K) of a given spectrum ®(E) could be determined, and
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then used to compute a desired spectrum ®’(E) to any desired

air kerma (K') value:
I

K
' (E)= — & (E). 2)
K

All mathematical filtration performed throughout this study
used x-ray mass attenuation coefficients from the NIST
XCOM: Photon Cross Sections Database.'? Birch and Mar-
shall and Poludniowski’s reference spectra were first math-
ematically filtered with 0.8 mm beryllium and 2.5 mm alu-
minum, see Table I for tube potential permutations. Spectra
generated using TASMIP are already inherently filtered and
thus no additional filtration was used. The AAPM TG 195
MCNP-generated 100 kV spectrum was left unfiltered, was
normalized to an air kerma of 1 mGy, and compared directly
to the corresponding unfiltered TASMICS spectrum. For all
other reference spectra, the half value layer (HVL) in alu-
minum was matched prior to the comparison by adding alu-
minum filtration to the softer spectrum, prior to normalization
to an air kerma of 1 mGy. To address any issues associated
with differences in fluorescent yield between the models, only
the bremsstrahlung spectra were used for HVL and air kerma
normalization.

2.D. TASMICS spectral characteristics

The relative x-ray beam attenuation, first half value layer
(HVL), effective energy, and average energy of TASMICS-
generated spectra were used as illustrative examples of the
spectral characteristics. For the relative fluence attenuation
and HVL calculations, all spectra were first mathematically
filtered with 2.5 mm of aluminum to entirely eliminate the
low energy L emission lines from tungsten and therefore re-
flect results from conventional x-ray tubes with permanent
filtration. Relative fluence attenuation profiles in aluminum,
copper, and soft tissue (ICRU four-component) were deter-
mined by mathematically filtering each spectrum with a range
of filter thicknesses. The average energy was calculated as the
weighted average of the x-ray beam at a given tube potential.
The effective energy of an x-ray beam is fundamentally an ap-
proximation of the penetration power (i.e., HVL) of the x-ray
beam as if it were a monoenergetic beam. Accordingly, effec-
tive energy calculations were performed by first computing
the HVL in aluminum of the given spectrum and subsequently
determining the “effective” energy of a monoenergetic beam
that would produce an identical HVL.'® The average energy
and effective energy were determined as a function of tube
potential for TASMICS spectra with either 2.5 mm of added
aluminum filtration or 0.2 mm of added copper filtration.

TABLE I. Summary of previously reported x-ray spectra used to compare against TASMICS.

Model Model type Software KV range kV compared Reference
TASMIP Empirical Spektr 30-140 30, 60, 100, 140 2 and 3
Birch and Marshall Semiempirical XSpec 20-640 30, 60, 100, 140, 300, 600 16 and 18
Poludniowski Semiempirical SpekCalc 30-300 30, 60, 100, 140, 200, 300 17
AAPM TG-195 MCNPX N/A 100 100 AAPM

Medical Physics, Vol. 41, No. 4, April 2014
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2.E. Heel effect

For quality assurance of the x-ray tube geometric model
defined in the MCNPX simulation, the heel effect was ana-
lyzed across the x-ray tube field of view. For this purpose, the
photon fluence per energy bin per pixel was averaged across
a row of 42 pixels (420 mm) on the anode side, central ray,
and cathode side [see gray shaded regions in Fig. 1(b)]. The
central ray fluence was computed as the average of two rows
to achieve symmetry.”

2.F. Data format

TASMICS was used to generate 621 essentially unfiltered
tungsten anode x-ray spectra (20 kV to 640 kV) and these
spectra are available, via email to the corresponding author
(JMB), in a single spreadsheet that is compatible with both
Windows and Mac operating systems (Microsoft Excel, Red-
mond, WA). A screenshot of the spreadsheet layout is shown
in Fig. 2. All user input cells in the spreadsheet are high-
lighted. This simple interface allows the user to select a tube
potential, filtration thickness for a variety of conventional ma-
terials, and a desired air kerma level. A complete dataset of
the 621 unfiltered TASMICS spectra normalized to unit air
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kerma (mGy) was stored in the spreadsheet. This dataset of
TASMICS spectra corresponds to the mean fluence within a
5.7° half-angle around the central ray, see Fig. 1(c).

Attenuation coefficients for aluminum, copper, molybde-
num, rhodium, palladium, silver, polymethyl methacrylate
(PMMA), and soft tissue (ICRU four-component), obtained
from the NIST XCOM: Photon Cross Section Database,'? are
provided along with the conversion factor derived by Johns'#
relating photon fluence to air kerma. Figure 2 is an illustra-
tive example of a 140 kV spectrum with 2.5 mm aluminum
filtration and an air kerma level of 3 mGy.

The spreadsheet also calculates the first HVL in aluminum
and copper for the user defined tube potential and filtration
combination. The HVL in aluminum (or copper) is calculated
by first plotting the amount of added filtration versus the natu-
ral log of percent air kerma attenuation. These data points are
then fit to a second order polynomial that is used to interpo-
late the amount of aluminum (or copper) filtration needed to
reduce the air kerma to 50% (i.e., HVL).

The average energy is also calculated in the spreadsheet
as the weighted average of the user defined x-ray spectrum.
In addition, the effective energy is computed by first plotting
each 1 keV photon energy bin versus the corresponding HVL
in aluminum. These data points are then fit to a polynomial

A B C D E F
1 INPUTS: CELLS FOR USER INPUT
2 Tube Potential (20 kV - 640 kV): 140
3 Al 2.5
4 Cu 0
5 Mo 0
6 . ! Rh 0
= Filter Thickness (mm): Pd 0
8 Ag 0
9 PMMA 0
10 *soft tissue 0 * ICRU Four Component
1 Specific Air Kerma (mGy): 3
12
13 OUTPUTS: TASMICS Spectrum @ specified air kerma
14 Total Fluence (photons/mm?): 7.29E+07
. HVL (mm Al): 4.9383 AR08
16 HVL (mm Cu): 0.1502 = 3.06406
17 Average Energy (keV): 59 E
18 Effective Energy (keV): 42 E 2.5E+06 1
19 g
20 Mid-Bin Energy (keV) Fluence (photons/mm’) £ 2.0E+06 1
21 15 1.52E-117 E
22 2.5 0.00E+00 & 1.5E+06 1
23 35 1.81E-147 2
24 4.5 2.97E-71 § 1.0E+06 A
25 5.5 3.91E-38 °
26 6.5 1.41E-21 & 5.0E405 -
27 .5 2.48E-12
28 8.5 1.59E-06 0.0E+00 - T T - . - r
29 9.5 2.98£-03 0 20 40 60 80 100 120 140 160
30 10.5 3.22E-01 Energy (keV)
31 115 9.09E+00
32 125 * = :
Bﬁ\ “ '[ Introduction | TASMICS , Raw data(l) , Attenuation Coefficients(l) , Air kermall) , HVL data (mm AD{, ,  HVL data (mm Cu) (i) , Effective Energy(l) , + J

FIG. 2. A screenshot of the excel spreadsheet layout which is available for distribution, to interested users. User input cells are highlighted (yellow in EXCEL

file).

Medical Physics, Vol. 41, No. 4, April 2014
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that is used to interpolate the effective energy given the cal-
culated HVL in aluminum of the user defined x-ray spectrum,
as described in the previous paragraph.

2.G. Statistics

The correlation coefficient, R2, and slope of the linear re-
gression fit between all photon fluence values of the compared
spectra are reported. The paired z-test was also used to deter-
mine if any statistically significant differences were present
between TASMICS and other published spectral models (i.e.,
p < 0.05). To reduce the impact of quantum noise in the dif-
ference measures, the paired ¢-test was calculated over the
energy bins containing fluence values above 1% of the peak
bremsstrahlung fluence in each TASMICS spectrum.

The mean difference between spectrum A(E) and
TASMICS spectrum B(E) was computed as

Emax _
a- L33 [ EBE —AE) | )

N %{A (E)+ B(E)}

where the fraction d is expressed as a percentage and the
function F returns the argument when the overall difference
is computed, but is the absolute value operator for the abso-
lute difference metric. The mean overall difference (MOD)
and mean absolute difference (MAD) were also calculated
only over the energy bins containing fluence values above 1%
of the peak bremsstrahlung fluence in each TASMICS spec-
trum. Accordingly, Ey, and Ep.x in Eq. (3) correspond to the
lowest and highest energy bins compared, respectively. The
differences were calculated over N energy bins separately for
each compared kV permutation, as shown in Eq. (3), and as
an aggregate of energy bins from all compared kV permuta-
tions. The standard deviation of both the MOD and MAD are
also reported.

3. RESULTS
3.A. Spectral model results

A minimally filtered (0.8 mm Be) MCNPX-generated x-
ray spectrum at 140 kV is shown in Fig. 3. This spectrum
is an example of the raw output from the simulations before
any cubic spline interpolation was performed. Figure 4 shows
several permutations of the photon fluence in specific energy
bins as a function of applied tube potential (points) and the
associated piecewise cubic polynomials (lines). Figures 4(a)
and 4(b) illustrate the clear differences in the shape of these
polynomials for the energy bins that contain the tungsten K,
and Kg characteristic radiation from the anode as described
previously.” The 60 keV and 59 keV energy bins in Fig. 4(a)
correspond to K,; and K,, characteristic radiation, respec-
tively. For relative comparison, Fig. 4(a) also displays fluence
values from adjacent energy bins (58 keV and 61 keV) con-
taining only bremsstrahlung photons (dotted lines). Kg; and
K, characteristic radiation (68 keV and 70 keV, respectively)
is shown in Fig. 4(b) along with adjacent bremsstrahlung
bins (67 keV, 69 keV, and 71 keV). The energy bins that
contain fluorescent x-rays are clearly higher in amplitude in
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FI1G. 3. Minimally-filtered (0.8 mm Be) MCNPX-generated, 140 kV x-ray
spectrum.

comparison to surrounding energy bins, which contain only
bremsstrahlung radiation. Figure 4(c) shows the photon flu-
ence per energy bin as a function of tube potential, for low
energy bins. With these bins, fluence decreases after an initial
increase as a function of tube potential. The 40 keV energy
bin in Fig. 4(c) is chosen to highlight the upper energy limit
of this low photon energy phenomenon. Higher energy bins
demonstrate monotonically increasing fluence values, as seen
in Fig. 4(d).

3.B. Comparison with TASMIP

Figures 5(a)-5(d) show spectra generated by TASMIP
(dashed lines) and the corresponding TASMICS spectra (solid
lines) for 30, 60, 100, and 140 kV. All comparisons demon-
strated no statistically significant differences (p > 0.05).
Figures 6(a)-6(d) show comparison plots with the corre-
sponding linear regression slope and R” values for spectra of
the same tube potentials shown in Fig. 5. The MOD and MAD
results are reported in Table II. Overall, Figs. 5 and 6 demon-
strate excellent agreement between the MC-based TASMICS
technique and the laboratory measurements used to produce
TASMIP.

The difference in location of the characteristic radiation in
Figs. 5(c) and 5(d) is due to the difference in energy binning
between the tallied photon fluence in MCNPX and the exper-
imentally measured spectra used to produce TASMIP. These
differences are clearly seen in Figs. 6(c) and 6(d) as substan-
tial deviations from the linear regression. Furthermore, with
increasing tube potential, the MAD (and standard deviation),
in general, increases as a result of the greater characteristic x-
ray emissions in the mismatched energy bins. As mentioned
above, the MCNPX point detector photon fluence tally was
defined in this study as the integral of the fluence values over
a 1 keV energy bin and each bin is labeled in this study as
the upper boundary of that particular energy bin (e.g., the
60 keV bin is centered at 59.5 keV and spans from 59 keV
to 60 keV). In comparison, the Fewell et al. spectra used to
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generate TASMIP were tabulated in 2 keV intervals for the
CT range® (i.e., 70 kV-140kV) so the values at 1 keV in-
tervals were linearly interpolated. The Fewell spectra used
for TASMIP in the mammography range' (i.e., 20 kV—
60 kV) were tabulated in 1 keV intervals and thus no interpo-
lation was needed. The difference in energy between the K
(57.98keV) and K, (59.32 keV) characteristic emission of
tungsten is less than the 2 keV energy resolution of the Fewell
et al. tabulated x-ray spectra and as a result one bin encom-
passes both the K, and K, peaks. In the present study, the
choice of 1 keV energy bins in the MCNPX simulations place
the K, ; and K ,, emission lines in adjacent bins (i.e., 59 keV
and 60 keV, respectively), see Fig. 4(a), and were therefore
distinct but spectrally unresolvable. The rhenium K, radia-
tion (61.14 ke V) from the 5% rhenium in the target can also be
seen in both TASMIP and TASMICS spectra in Figs. 5(c) and
5(d), but is fully resolved only in the TASMICS spectra since
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the corresponding energy bin (62 keV) is not directly adja-
cent to the tungsten K, energy bin (60 keV) in the MCNPX
routine. TASMICS also clearly resolves the Kgi (67.2 keV)
and Kgo (69.1 keV) emission lines of tungsten, since the
two bins are not adjacent (68 keV and 70 keV, respectively).
Although minor inconsistencies exist due to a mismatch in the
energy-binning between measurement-based TASMIP spec-
tra and MC-based TASMICS spectra, given these differences,
the relative intensities of the two K, and two Kz peaks with
respect to each other and the bremsstrahlung distribution are
in good agreement.

3.C. Comparison with Birch and Marshall’s model

TASMICS demonstrated no statistically significant differ-
ences from Birch and Marshall’s computational model over
the wide range of tube potentials compared, as shown in
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Fig. 7. The inset images in Figs. 7(e) and 7(f) are displayed
with a logarithmic scale on the photon fluence axis to better
depict spectral differences. The MOD and MAD results be-
tween Birch and Marshall spectra and TASMICS spectra are
reported in Table II. At 30 kV and 60 kV [Figs. 7(a) and 7(b)],
there was excellent correlation between the two models with
R? = 0.998 and R* = 0.999, respectively, and unity slopes.
Figures 7(c)-7(f) show clear differences in the characteristic
radiation energy binning between the two models.

Birch and Marshall used an empirical relationship
to manually add tungsten characteristic radiation to the
bremsstrahlung continuum in their computational model.'®
This procedure essentially placed the energy of each char-
acteristic radiation line centered about the published values.
In comparison, the K,;, emission lines are placed in adja-
cent bins for the MCNPX simulation as described in Sec. 3.B.
This simulated energy binning causes the magnitude of the
Ky 12 emission lines to be lower in intensity than the Birch
and Marshall model since the 1 keV width of the bins in
TASMICS results in spectral broadening with a commensu-
rate reduction in peak height. The effects of this phenomenon
could easily be seen with linear regression slopes exceed-
ing unity (1.034, 1.104, 1.259, and 1.267 for the 100 kV,
140 kV, 300 kV, and 600 kV spectra, respectively) when
characteristic radiation was present. The energy-binning mis-
match was further illustrated by the monotonically increasing
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MADs (and standard deviations) with increasing tube poten-
tial as reported in Table II. In the present simulations, MC-
NPX used the Evaluated Nuclear Data File (ENDF/B-VI re-
lease 8) for fluorescence yield data that could be an additional
source of inconsistency when comparing against Birch and
Marshall’s model, which was developed in the late 1970s.
The comparisons shown in Fig. 7 exhibit good correlation and
minimal absolute and overall differences, demonstrating the
validity of TASMICS when compared to Birch and Marshall’s
computational model.

3.D. Comparison with Poludniowski’s model

No statistically significant difference was found when
comparing TASMICS with Poludniowski’s spectral model
(i.e., p > 0.05) for the tube potentials displayed in Fig. 8.
The MOD and MAD results are reported in Table II. As men-
tioned previously, the present MC simulations transported
both photons and electrons. Poludniowski’s model also used a
MC-based approach to transport electrons within the tung-
sten anode, but used a semiempirical model to estimate self-
filtration of the bremsstrahlung photons.!” In addition, Polud-
niowski’s model defines each energy bin as the center of a
1 keV wide energy bin (e.g., bin spanning 10.5 keV-11.5keV
is termed 11 keV). This is inconsistent with the present
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TABLE II. Paired r-test, mean overall difference (MOD), and mean absolute difference (MAD) results between
previously reported x-ray spectra and TASMICS. All results reported in this table were calculated only over the
energy bins containing fluence values above 1% of the peak bremsstrahlung fluence in each TASMICS spectrum.

kv compared P value 9%MOD (%STD) 9%MAD (%STD)
TASMIP 30 0.99 1.3 (10.9) 6.3 (8.9)
60 0.99 —2.8(10.2) 4.4 (9.6)
100 0.82 —1.5(11.9) 6.3 (10.2)
140 0.91 8.0 (29.3) 14.6 (26.6)
30, 60, 100, 140, 2.7 (21.8) 9.7 (19.7)
Birch and Marshall 30 0.98 —1.9(7.0) 3.1(6.5)
60 0.98 —2.6(6.1) 3.7(5.5)
100 0.73 —5.2(12.3) 7.4 (11.0)
140 0.66 —4.6(15.9) 9.0 (13.9)
300 0.71 —1.5(19.7) 13.4 (14.4)
600 0.96 4.1 (20.0) 14.4 (14.5)
30, 60, 100, 140, 300, 600 0.1 (18.5) 12.0 (14.0)
Poludniowski 30 0.97 —7.2(18.2) 12.3 (15.1)
60 0.97 —5.5(17.4) 7.7 (16.6)
100 0.81 —4.9(15.1) 8.8 (13.2)
140 0.62 —3.6(12.4) 6.8 (11.0)
200 0.50 —2.2(11.2) 5.3 (10.1)
300 0.39 —0.3(11.1) 4.8 (10.1)
30, 60, 100, 140, 200, 300 —2.5(12.8) 6.2 (11.5)
AAPM TG 195 100 0.97 0.4 (14.9) 8.1 (12.5)

Medical Physics, Vol. 41, No. 4, April 2014



042101-10 A. M. Hernandez and J. M. Boone: Unfiltered Monte Carlo-based tungsten anode spectral model 042101-10
(a) (b) (c)
9.0E+5 7.5E+5 1.2E+6
1.0E+6
3 3 3
€ 6.0E+5 ¢ 5.0E+5 c
S g S 7.5E+5
i ic i
c c c
2 2 S 5.0E+5
2 3.0E+5 2 2.5E+5 2
o o o
2.5E+5
0 0 0
0 5 10 15 20 25 30 0 10 30 40 50 60 0 20 40 60 80 100
Energy (keV) Energy (keV) Energy (keV)
(d) (e) ()
2.0E+6 2.5E+6 1.4E+6
1.6E+6 2.0E+6 i
8 8 ] 8 1.0E+6
= c c
$ 1.2E+6 8 1.5E+6 S
o [ [
c c E (=
S S S 6.0E+5
b 8.0E+5 b= 1.0E+6 ; 5
K= L H L
o o i ) , o
4.0E+5 5.0E+5
2.0E+5 J
0 0 / - 0 L
0 20 40 60 80 100 120 140 0 200 300 0 200 400 600

Energy (keV)

Energy (keV)

Energy (keV)

FIG. 7. Comparison of x-ray spectra generated using TASMICS (solid lines) and Birch and Marshall’s model (dashed lines). (a) 30 kV spectrum, R> = 0.998,
slope = 0.999; (b) 60 kV spectrum, R? = 0.999, slope = 0.995; (c) 100 kV spectrum, R? = 0.907, slope = 1.034; (d) 140 kV spectrum, R> = 0.777, slope
= 1.104; (e) 300 kV spectrum and inset figure in log scale to better visual spectral comparisons, R* = 0.697, slope = 1.259; and (f) 600 kV and inset figure in

log scale, R? = 0.690, slope = 1.267.

energy binning where the 11 keV bin spans from 10 keV to
11 keV. These differences in photon transport and energy
binning are likely the reasons for the slight inconsistencies
in fluorescent yield and energy binning seen in Figs. 8(c)—
8(f). As was the case with the Birch and Marshall compari-
son described in Sec. 3.C, the characteristic radiation incon-
sistency results in linear regression slopes exceeding unity
and monotonically increasing with increasing tube potential
(1.033, 1.171, 1.405, and 1.794 for 100, 140, 200, and 300
kV, respectively). To our knowledge, the Poludniowski data
are the only study that both extends up to 300 kV and has
shown satisfactory agreement with measured data in the or-
thovoltage region.

3.E. Comparison with MCNP simulations
from AAPM TG 195

The charge of American Association of Physicists in
Medicine Task Group 195 was to create reference MC-based
databases for comparison and validation of MC results be-
tween different users. This specific AAPM TG 195 dataset
used a tungsten anode at 11° and a tally plane of 10 mm
x 10 mm, at a distance of 100 mm away from the anode.
Figure 9(a) displays the excellent agreement (p = 0.973) be-
tween the spectra simulated by AAPM TG 195 (dashed line)
and TASMICS (solid line), regardless of the slight difference
in anode angle. The MOD and MAD results are reported in
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Table II. Figure 9(b) shows excellent correlation between all
data points, demonstrating consistency between the two MC-
based simulations.

3.F. TASMICS spectral characteristics

Figures 10(a) and 10(b) are plots of the average energy
and effective energy, respectively, as a function of tube po-
tential for TASMICS spectra with either 2.5 mm of added
aluminum filtration or 0.2 mm of added copper filtration. As
expected, the average energy and effective energy monotoni-
cally increased with increasing tube potential. Both the aver-
age energy and effective energy were consistently higher with
0.2 mm of copper filtration than with 2.5 mm of aluminum
filtration, except at very low tube potentials (i.e., 20 kV). The
crossover at this point is likely a consequence of the k-edge of
copper (~9 keV), which results in essentially beam softening
at the lowest tube potential values. That is, there is substan-
tial attenuation of photons above the k-edge, and therefore
the photon fluence at lower energies dominates the spectrum,
leading to a low effective energy.

The relative fluence attenuation profiles of TASMICS
spectra at 30, 60, 100, 200, 400, and 600 kV are plotted
on a logarithmic scale as a function of aluminum filtration
[Fig. 11(a)], copper filtration [Fig. 11(b)], and tissue thick-
ness [Fig. 11(c)]. Note that the TASMICS spectra used to
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produce the relative fluence attenuation profiles in Fig. 11 the spectrum. The slope of the fluence attenuation profiles in
all contain 2.5 mm of aluminum filtration to reflect results Fig. 11 decrease as the tube potential increases due to an in-
from conventional x-ray tubes with permanent filtration. The crease in penetrability and hence effective energy as was il-
30 kV fluence attenuation profile is not included in Fig. 11(b) lustrated in Fig. 10. Figure 12 shows the expected monoton-
since even a very small amount of copper filtration (< 1.0 mm) ically increasing HVL of TASMICS spectra with increasing
would almost entirely attenuate the total photon fluence in tube potential and total filtration.
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line); and (b) Photon fluence correlation plot.
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3.G. Heel effect

Figure 13 is a plot of MCNPX simulated spectra in
the cathode (dashed lines), central ray (solid black lines),
and anode (solid grey lines) directions of the scoring plane
[see Fig. 1(b)] for 60, 100, 140, 200, 400, and 600 kV.
Figures 13(d)-13(f) are plotted with a logarithmic scale on the
photon fluence axis to better visualize spectral comparisons.
As expected, in the anode direction beam hardening and pho-
ton intensity reduction is present as a result of the photons
having to traverse a greater thickness through the tungsten
anode. Although the peripheral pixels in this scoring plane
[Fig. 1(b)] were not used to generate TASMICS spectra
[Fig. 1(c)], the spectral comparisons seen in Fig. 13 elucidate
the utility of MCNPX simulations in modeling a conventional
x-ray tube geometry.

4. DISCUSSION

To our knowledge, TASMICS is the first purely Monte
Carlo-based spectral model to cover a range of tube voltages
from 20 kV up to 640 kV. Given the inherent difficulty in ac-
curately measuring x-ray spectra over this large range of tube
potentials, the spectral model presented in this work produces
self-consistent reference x-ray spectra using a validated radi-
ation transport code (MCNPX 2.6.0), without loss of energy
resolution due to physical detector systems.

As mentioned previously, MCNPX normalizes all fluence
tallies to the number of source electrons, which is the equiva-
lent of constant tube current. By contrast, the TASMIP model
normalized each Fewell spectrum to the measured output of
a laboratory system at a given tube potential, which resulted
in monotonic increases in x-ray fluence in each energy bin as
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tube potential increased. In the present study, at low energies
monotonic behavior was not seen, as photon fluence per bin
as a function of tube potential decreased in some of the lower
energy bins [Fig. 4(c)]. This behavior is likely due to attenu-
ation of lower-energy photons as the tube potential increases,
which makes the average depth of interaction for the electron
beam to be deeper within the anode. Regardless of the phys-
ical mechanism behind this behavior, cubic spline interpola-
tion produced satisfactory results given the inherent regional
extent of this piecewise polynomial approach.

The Birch and Marshall model used for comparison with
TASMICS has some details that are worthy of discussion
if we wish to draw any meaningful conclusions from the
comparative analysis. Birch and Marshall used the Thomson-
Whiddington relationship to describe the energy of electrons
at various depths within the target and stated that the relation-
ship may be questionable above 200 kV, since this was the
maximum measured spectrum that was available to them.'®
Furthermore, the Birch and Marshall spectra were only vali-
dated up to 150 kV, and thus Figs. 7(e) and 7(f) show compar-
isons with a model that has not been validated against mea-
sured data. The spectra generated for this study above 150 kV
was done by changing some limits and array sizes to allow for
higher kVs.!8 Therefore, caution is necessary in comparisons
>150 kV.

The development of the previous TASMIP model took
place in an era where computer memory and speed were lim-
ited, and therefore the model was essentially a concise com-
puter subroutine that could generate raw x-ray spectra from
30 kV to 140 kV. While that approach proved useful, the C
subroutine required that users be familiar with C program-
ming. Furthermore, the issue of normalization to specific
air kerma levels was a source of confusion for many users.
Given the current capabilities of modern computer systems,
the TASMICS model described herein was used to generate
all 621 spectra (20 kV-640 kV), and these are available to
interested parties in a user-friendly spreadsheet format as de-
scribed in this paper. The spreadsheet is available by email
request to the corresponding author (J.M.B.). This paper also
provides several TASMICS spectral characteristics that can
easily be used as a reference for users interested in quickly ob-
taining approximate effective energy, average energy, HVL,
and fluence values for various filtration combinations and the
entire range of tube potentials.

The TASMICS modeled x-ray spectra are not scaled to
a particular tube-current-time product (mAs) for a specific
x-ray tube. It is common for diagnostic medical physicists to
characterize the output of an x-ray system as the air kerma
(mGy) per 100 mAs at 1 meter from the focal spot as a func-
tion of kV (or mR/mAs versus kV @ 1 m, in older units).
However, the shape of this mGy/100 mAs curve is very de-
pendent upon the total filtration of the x-ray system. There-
fore, there is no notion of “output” in the TASMICS spread-
sheet other than the ability to select tube potential and filter
thickness, and then scale the filtered x-ray spectrum to a de-
sired air kerma. This allows the user to match the quality (kV
and HVL) and quantity (air kerma) of a TASMICS spectrum
to measured values for any specific x-ray system. It does not,
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by design, allow the user to generate the output characteristics
(air kerma per 100 mAs @ 1 m versus kV) as a function of
tube potential.

The TASMICS model has potential limitations since it is
based on a specific target geometry and composition. X-ray
tubes are manufactured in a range of anode angles but in
TASMICS the anode angle is held constant at 12°. Although
large deviations from this value would result in softer (or
harder) x-ray spectra, this study has shown that small devia-
tions (12.5° for the x-ray tube used to produce TASMIP spec-
tra and 11° for AAPM TG 195 simulations) do not signif-
icantly change the resulting x-ray spectra. Furthermore, the
exact composition of the tungsten anode may change across
manufacturers and models but most contain between 0% and
10% rhenium by weight, which will only result in slight
changes in the amplitude of rhenium characteristic x-rays.
Although TASMICS pertains only to tungsten anodes, the
methods described herein could be applied to both rhodium
and molybdenum anodes found in mammography and to-
mosynthesis systems.

5. CONCLUSIONS

A new x-ray spectral model, TASMICS, was described and
evaluated in this work. The model was shown to be largely
equivalent to previous spectral models, including TASMIP,
the Birch and Marshall spectral model,'® and the Polud-
niowski model.!” The TASMICS model provides 1 keV spec-
tral resolution, which is sufficient to better highlight the K and
L edges of the tungsten anode. While this feature has little ef-
fect in terms of radiation dosimetry or image quality analysis,
for educational purposes the display of the higher resolution
spectra is appealing. Most importantly, the new TASMICS
model (compared to the TASMIP model) provides x-ray spec-
tra with only 0.8 mm of beryllium filtration, and therefore are
much softer than TASMIP-generated spectra, which had an
inherent filtration of about 1.6 mm of aluminum.? The low
inherent filtration means that the TASMICS model is directly
applicable to mammography and tomosynthesis applications,
for x-ray systems that use a tungsten anode. Finally, the
TASMICS model extends the tabulation of x-ray spectra to
a tube potential of 640 kV. While this is far greater than most
needs in diagnostic medical physics, for some radiation on-
cology applications this orthovoltage range is useful.'® It is
anticipated that these higher potential spectra will be useful
in nondestructive testing and security screening applications.
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