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Different computational methods based on empirical or semi-empirical models and sophisticated
Monte Carlo calculations have been proposed for prediction of x-ray spectra both in diagnostic
radiology and mammography. In this work, the x-ray spectra predicted by various computational
models used in the diagnostic radiology and mammography energy range have been assessed by
comparison with measured spectra and their effect on the calculation of absorbed dose and effective
dose(ED) imparted to the adult ORNL hermaphroditic phantom quantified. This includes empirical
models(TASMIP and MASMIB, semi-empirical model$X-rayb&m, X-raytbc, XCOMP, IPEM,
Tuckeret al, and Bloughet al), and Monte Carlo modelingeGS4, 1TS3.0, and MCNP4CAs

part of the comparative assessment, the K x-ray yield, transmission curves, and half value layers
(HVLs) have been calculated for the spectra generated with all computational models at different
tube voltages. The measured x-ray spectra agreed well with the generated spectra when using
X-raytbc and IPEM in diagnostic radiology and mammography energy ranges, respectively. Despite
the systematic differences between the simulated and reference spectra for some models, the stu-
dent'st-test statistical analysis showed there is no statistically significant difference between mea-
sured and generated spectra for all computational models investigated in this study. The MCNP4C-
based Monte Carlo calculations showed there is no discernable discrepancy in the calculation of
absorbed dose and ED in the adult ORNL hermaphroditic phantom when using different computa-
tional models for generating the x-ray spectra. Nevertheless, given the limited flexibility of the
empirical and semi-empirical models, the spectra obtained through Monte Carlo modeling offer
several advantages by providing detailed information about the interactions in the target and filters,
which is relevant for the design of new target and filter combinations and optimization of radio-
logical imaging protocols. €2005 American Association of Physicists in Medicine

[DOI: 10.1118/1.1906126

I. INTRODUCTION can be divided into three categories: empiricat,
semi-empirical**” and Monte Carlo calculatioris:®%
Empirical models are based on the use of measured data
A detailed knowledge of x-ray spectra is required for thefor prediction of x-ray spectra. Early attempts by
mathematical modeling and optimization of imaging systemsSilbersteif?® relied on the determination of x-ray spectra
in diagnostic radiology. The direct measurement of spectraffom measurement of x-ray attenuation curve. Several
however, requires expensive equipment and careful attentiogfoups made every effort to analyze the attenuation data as
and planning during the experimental measurement sefup, accurately as possible by different mathematical methods
which is generally not practical in a clinical diagnostic radi- SUCh as analytical modelirfd Laplace transforn iterative

1,25 : : : 6
ology department with limited physics support. Since directmethOdsl‘ matrix manipulatiorf,’ and neural networks.

N : . Nevertheless, the calculation of x-ray spectra from attenua-
measurement of x-ray spectra is time consuming and remains . . . .

e . jon curves is subject to errors in two respects. First, attenu-
a difficult task, attempts for prediction of x-ray spectra

oo X , _ ~ation measurement with various detectors will yield different
in different energy ranges and various target/filter combinay 5| es for the same spectrum due to different response of
tions have begun several decades ago and still represent gBtector£® Second, it would be possible to calculate differ-

active research area. Generally the x-ray prediction modelgnt spectra from identical attenuation curves. An alternative
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method proposed by Booret al®® fits the highest order In this study, the accuracy of spectra generated by empiri-
polynomial to the measured spectra without any assumptional model TASMIP and MASMIB, semi-empirical models
concerning the physics of x-ray production. (IPEM, X-raytbc, X-rayb&m, XCOMP, Tuckeet al, and

Semi-empirical models are based on a theoretical formuBlough et al), and Monte Carlo calculationSMCNP4C,
lation to calculate the x-ray spectra by mathematical derivaEGS4, and ITS3)0in both the diagnostic radiology and
tion followed by some tuning in the equations’ parametergnammography energy ranges are assessed through compari-
using measured spectra. The earliest theoretical model of dison with measured spectra published by Fewelal."? for
ferential intensity of the bremsstrahlung was introduced byifferent target/filter combinations and tube voltage param-
Kramers?® This model was modified later on to include the eters. The comparative assessment encompassed many fig-
target attenuatioft Birch and Marshaf adjusted some pa- ures of merit including qualitative and quantitative assess-
rameters in the latter model to give good agreement witinent of spectra shape, the difference in K x-ray yield,
experimental data. They used Green’s formulafidar esti-  fransmission curves, half value laygdVL) as well as ab-
mating the characteristic radiation with some modificationsS0rbed dose and effective dose imparted to the adult ORNL
using experimental measurements. fféacluded a term for hermaphroditic phantom.
electron backscatter from the target to this model whereas
Tuckeret al* modified this model by incorporating appro-
priate modeling for the fact that the bremsstrahlung and char-
acteristic x rays are produced in different depths in the target.
They used the Vignes and D%zapproach with some modi- I MATERIALS AND METHODS
fications to estimate the characteristic radiations and proA. Experimental measurement of x-ray spectra
posed another model for generating molybdenum target

. 1,2
x-ray spectra by extending the tungsten target m&tel. 'he measured spectra published by Fewelal."” have

Blough et all” proposed a model based on Tuckaral:s ~ °¢€N used as the gold standard in this study because of their
reliability, availability, and popularity among the diagnostic

work using mathematical formulation instead of semi-.ma g, community. Despite the sianificant advances made
empirical functions for production of mammography spectra.! ging unity. P! igniti v
n experimental x-ray spectroscopy, the above referenced re-

On the other hand, Monte Carlo calculations use direc{

: rts are still the most complete and exhaustive experimental
transport of electrons and generated photons in the target a :
. . : . “measurements available today. Moreover, the spectra were
filter for calculation of x-ray spectra. Monte Carlo simulation

) . m red with filtration, th iving th rtu-
has proven to be the most suitable theoretical tool for the 'easu ed without add_ed tration, thus giving the opportu

: . . .hity to the user to modify the spectrum using known attenu-
computation of x-ray spectra in complex geometries. For this

: . iition properties of any particular material as additional filter.
purpose, some groups used self-written or in house devel-

) _ ) Measurement of x-ray spectra in diagnostic radiology
oped computer codeS, while others used public domain The measured spectra used in this study were taken from the
general-purpose  Monte Carlo codes such as EGS4

192132 20 Handbook of Computed Tomography X-ray Speétiehe

MCNP, ™" and IT_S' ) ) high voltage generator employed in the experiments is the

The spectra predicted with the aforementioned models dpgq_1oc pelta ray constant potential with maximum output
not have the same bremsstrahlung x-ray energy dlstr|but|ophting of 180 kV and 10 mA. Published data for the Eimac
and characteristic x-ray intensity, even for the same t“b‘%B-160-H,A-465 x-ray tube(Ohio Nuclear Inc., Solon, OH
voltage and target angle. Thus, the accuracy of predictefj, 12 5° tungsten target angle and nominal inherent filtra-
spectra with these methods should be investigated considegtyn of 1.2 mm Al were used. The x-ray spectra were mea-
ing the impact they might have on performance parametersy e with a high-purity germanium detector. The spectrom-
of diagnostic radiological imaging systems and radiation dogter was calibrated to give an energy conversion of 0.15 keV
simetry calculations. A few publications addressed the issuger channel. After correction of detector response, the x-ray
of comparing various methods proposed for calculating X-ra¥pectra were tabulated in 2 keV energy bins.
spectra; however, none of them covered all existing compu- pMeasurement of X-ray spectra in mammograpfijne
tational models USing different target/filter combinations formeasured Spectra used in this Study were taken from the
various tube voltages in diagnostic radiology and mammogHandbook of Mammographic X-ray Specﬁ'a'_he General
raphy energy rang€. Bissonnette and Schreiffécompared  Electric MSI-125011 high voltage generator was used, which
Birch and Marshdf with the Tuckeret al’® model while  can operate as a three-phase, 12-pulse system in the radio-
Bhat et al® compared the same models with spectra meafogic mode and as a single phase full rectified system in the
sured with a high-purity germanium detector. Casnal®®  fluoroscopy mode. The ripple in high voltage waveform var-
compared four x-ray prediction methods by calculating theied from approximately 4% to 6%. The tabulated spectra in
resulting absorbed dose to x-ray computed tomogrd@fiy  the 1 keV energy bin for Dynamax M64 molybdenum and
body and head phantoms. hégal.zo compared Boonet al’ Dynamax 69M tungsten target x-ray tubdachlett Labora-
and IPEM spectra with ITS Monte Carlo simulations in tories, Stamford, Crwith inherent filtration of 0.6 mm Al
mammography energy range whereas Wilkinsbal® com-  and 12° target angle were used as reference spectra in this
pared four methods with measured spectra for molybdenurstudy. Similar to the diagnostic energy range, the x-ray spec-
target. tra were measured with high-purity germanium detector.
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B. Empirical models TaBLE |. Summary of computational models used for generation of x-ray

) ) ) ) spectra in diagnostic radiology and mammography energy range assessed in
TASMIR This model uses interpolating polynomials to this study.

compute the x-ray spectra at 1 keV energy bin for tube volt

ages between 30 and 140 kV for a tungsten target from a Computational Target
modified version of Fewell's measured spectra as a data ™% Category material Reference
source’ The highest order polynomial that is practidde-  Measuremedit Experimental W 2
pending on the number of data points available in thehfis ~ Measuremefit Experimental W, Mo, W/Mo 1
been used for fitting the data. The various tube voltaggASMIP* Empirical w 10
ripples and aluminum filters have been considered in thid/ASMIP® Empirical Mo 9
model*° X-rayb&m?® Semi-empirical w 12
MASMIP and TASMIPThese computer models were de- 'PEM™’ Semi-empirical W, Mo, Rh 38

b . -

veloped for generating x-ray spectra in the mammographi&COMP" Semi-empirical w 13
. L X-raytbé Semi-empirical W 15

energy range from 18 to 40 kV through an interpolating Lckeretet al® Semi-empirical - 16

polynomial method in 0.5 keV energy bins. The tungsten an% '

loughetet al®  Semi-empirical W, Mo, Rh 17
molybdenum anode spectral models are named TASMIP angcnpace?

- ’ ; Monte Carlo All materials 39
MASMIP, respectwelﬁ Different sets of polynomials have ggsa® Monte Carlo All materials 40
been used for each anode matefib and W). It is worth  |Ts3.G*" Monte Carlo All materials 41

emphasizing that these models are not able to predict thé_FI{adiology energy range
x-ray spectra for various combinations of targets/filt@sd  byammography energy range.

their thicknessesand anode angles.

W/Re alloy while X-rayb&m is based on the Birch and
C. Semi-empirical models Marshall? model for tungsten target.

Tucker et al. modelThis semi-empirical model generates
X-ray spectra in a molybdenum target and takes into account
the depth of production for both bremsstrahlung and charac-
teristic x raysl.6 The computer program written by Wilkinson
et al® was used in this work.

Blough et al. modelThis analytical model was developed

XCOMP. This computer program can be used for calcu-
lation of x-ray spectra, kerma, and HVL for various tube
settings(kV, anode angle, distangand eight absorbing ma-
terials (Be, Al, Cu, Sn, Pb, PMMA, water, and ilwith
different thicknesses according to Birch and Marshal

13
model.” The tube voltage can be selected between 20 anpo allow calculation of mammographic spectra in various tar-

150 kV'in 0.1 kV steps. The energy bin is set to 0.5 keV forget and filter combination¥. It uses the same formulation of

voltages less than 50 kV and 1 keV for tube voltages beTucker et al® except that a semi-empirical mathematical
tween 50 and 150 kV.

. . olynomial derivation was used instead of fitting measured
IPEM Report No. 78The original version of the catalog poly Y

15,16 : L 6
Was'puplisheq in ;979 apd proyided essential data useful fo‘rjﬁlz;bdermni tsaprzzttrivgrlébgzgﬂnb%;]i\évgﬁg?ﬂ al.” for a
applications in diagnostic radiology and mammograﬁny.
The current version uses XCOM progrf’fnuo calculate lin- .
. o . . . D. Monte Carlo modeling

ear attenuation coefficients for various materials and contains
sets of radiology and mammography x-ray spectra with MCNP4C The Monte Carlo N-Particle version 4C
much wider ranges than the previous version. The spectra af®ICNP40 is a general-purpose Monte Carlo code that can
presented for tungsten targets at tube voltages fronbe used for neutron, photon, and electron or coupled neutron/
30 to 150 kV and target angles from 6° to 22° at 1° intervalsphoton/electron transport. For simulation of x-ray spectra,
Constant potential mammographic spectra are provided frotCNP4C was run in photon and electron mdd®de: P,E
25 to 32 kV for molybdenum and rhodium targets for targetA continuous slowing down model is used for electron trans-
angles ranging between 9° and 23°. Different materials caport. Photon transport in diagnostic radiology energy range
be used as additional filters. All spectra are provided at amcludes photoelectric absorption with creation of K- and
energy interval of 0.5 ke L-shell x-ray photons or Auger electrons and coherent and

X-raytbc and X-rayb&m These modelg§computer pro- incoherent scatterin?tj’.An in-depth description of the use of
gram supplied by Dr. G. Stirling NRL, Christchurch, New this code for x-ray spectra simulation is given elsewHere.
Zealand predict the x-ray spectra, kerma, and HVL for vari- EGS4 The Electron-Gamma Shower versiofEGS is
ous tube voltages, anode angles, distances, and absorbiaggeneral purpose Monte Carlo code for transport of elec-
materials(Be, Al, Cu, Pb, water, oil, pyrex glass, lexan, con- trons and photons in arbitrary geometry and media for par-
crete, cortical Bone, soft tissue, and acrylin the range ticles with energies from a few keV up to several TéThe
10 to 150 kV for constant and two pulse tube voltages. Thaeneral particle transport physics in this code is the same as
energy bin is set to 1 keV for both models. Attenuation co-MCNP4C except that the latter includes the production of
efficients are taken from five sources depending on materiatharacteristic photons by electron impact ionizafibithe
composition. X-raytbc is based on the Tucle¢ral™® model  data simulated by Bhat al* were used in this work.
for tungsten-rhenium alloy targef90/10 atomic percent ITS3.0 The Integrated TIGER Series version13S3.0
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Fic. 1. Comparison of x-ray spectra calculated using the different computational models with measured spectra at tube voltages between 80 and 140 kV for

Normalized No./keV
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Normalized No./keV
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12.5° tungsten target, 1.2 mm Alinherent filter, and FSD 127 cm.
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TaBLE Il. Ratios of total tungste K x rays to sum of bremsstrahlungdK x rays using various computational models for different tube voltages.

80 kV 100 kv 120 kv 140 kv
Computational

model Total Differencé (%) Total Difference(%) Total Difference(%) Total Difference(%)
Measured 0.012 50 Ra 0.046 28 na 0.071 96 na 0.091 13 na
IPEM 0.01572 -25.7 0.053 96 -16.6 0.081 81 -13.7 0.101 07 -10.9
XCOMP 0.01501 -20.1 0.051 97 -12.3 0.079 91 -11.0 0.099 69 -9.4
X-rayb&m 0.010 90 12.8 0.040 90 11.6 0.068 35 5.0 0.090 13 1.1
X-raytbc 0.010 67 14.6 0.039 95 13.7 0.064 72 10.1 0.084 62 7.1
TASMIP 0.012 32 14 0.043 58 5.8 0.068 69 4.5 0.085 60 6.0
MCNP4C 0.020 97 -67.8 0.055 67 -20.3 0.080 02 -11.5 0.098 50 -8.1
EGS4 e . 0.033 46 27.7 . ..

“Relative difference with measured spectra.
PNot applicable.

of coupled electron/photon Monte Carlo code is a powerfuHVLs and transmission curves calculated for some models in
tool for determining state-of-the-art descriptions of the pro-this study have small differences in some cases with the val-
duction and transport of the electron/photon cascade in aes reported by the original codes. This can be attributed to
time-independent, multi-material, and multi-dimensionaldifferences in attenuation coefficients for aluminium, which
environment! The ITS-simulated spectra in this study were are derived from XCOM progra?‘ﬁin our work. The K x-ray

taken from Nget al® contribution is determined by subtracting the bremsstrahlung
part of the spectra form total counts in the desired region and
E. Comparative assessment strategy normalizing to the total number of photons in the spectra.

h lculated by the diff The bremsstrahlung spectra can be obtained by subtracting
_ The x-ray spectra calculated by the different computay,e v ray yields from the appropriate intervals in the
tional models summarized in Table | were assessed throu ectrd

comparison with measurement spectra. The criteria and fig- The MCNP4C Monte Carlo code was used for calculation

ures of merit used inc_lude spectrum shape, attenua_tioBf absorbed dose in ORNL hermaphroditic phantom. The
CUIVES, HVLs, K x-ray yield, absork_;_ed dose, and eﬁeCt'Vepredicted spectra using the different computational models at
dose in the adult ORNL hermaphroditic phantfanote that

100 kV were used as input. The x-ray source was set at a

the spectrum shape is the best parameter for qualitative VHistance of 100 cm from the chest of the ORNL hermaphro-
sual assessment of potential differences between two spec ic phantom. A field of view(FOV) of 40X 40 cn? was

owing to the fact that it includes the bremsstrahlung an onsidered and 1810 photons were employed in the
characteristic x rays. On the other hand, attenuation CUIVESmulation to get an uncertainty less than 1% in the calcula-

and HVLs are standard indices of beam quality while the Kiion of absorbed dose using6 tally, which calculates the
x-ray yield indicates the contribution of characteristic x rays

h | Finally. th lculati  the absorb cienergy deposit averaged over a cell. No variance reduction
to the total spectrum. Finally, the calculation of the absorbe echnique was used and all photon interactions were simu-

dose giYeS an indicatio_n of _the impact of X-ray spectra Ofqieq | they are absorbed in the phantom or escape from
energy imparted to the irradiated phantoms, which is usefuilt_ The ED was calculated using appropriate tissue weighting

for c_I|n|caI and research applications. . __factors® The same simulations were performed for molyb-
Since the spectra shape and beam quality are a function gf,m and tungsten target mammographic spectra at 30 kV
tube voltage, filtration, and anode angle, the different comy

: ; ) o calculate the mean absorbed dose to the breé@_%)sand
putational models were used to simulate spectra with the- using typical mammography setyfSD 50 cm, FOV
same parameters used in experimental measurement_s. T §x 10 cn?). The values calculated by Monte Carlo simula-
energy bin of the spectra prodqced t_’y the computatlon on were scaled to mimic typical values encountered in chest
models was changed to 2 keV in radiology and 1 keV in

and mammography x-ray imaging for measured spectra that
mammqgraphy for comparison ‘.Nith measured speciine ijs an ED ofg40,zs)\// for ):(-raygch%st imaging and pa mean
ca!culatlon qf _HVLs and tra_nsm|ss_|0n curves was performe bsorbed dose to breasts of 2 mGy in mammograbhy.
using the original energy bin. During the rebinning process,
the resulting spectra for some computational models do not
fall to zero at maximum tube voltage. Quantitative evalua-lll. RESULTS
tion of the differences between measured spectra and th&
spectra generated by different models was performed using’
the root mean square differen@@MSD) metric and statisti- Figure 1 shows the comparison of tungsten x-ray spectra
cal student’st-test analysis. The transmission curves werecalculated using different computational models with mea-
calculated by dividing the transmitted air kerma through thesured spectra for an Eimac x-ray tube at tube voltages be-
filter by the air kerma without the filter being present. Thetween 80 and 140 kV, except the spectra calculated using

Diagnostic radiology
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Fic. 2. Comparison of transmission curves produced by different computational models with those calculated from measured spectra at tube \egtages betw
80 and 140 kV for 12.5° tungsten target, 1.2 mm/Ahherent filter, and FSD 127 cm.
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TasLE Ill. Comparison of maximum and mean absolute relative difference between transmission curves calcu-
lated using the different computational models and curves calculated from measured g@6fraungsten
target, 1.2 mm Al, inherent filtration.

80 kv 100 kV 120 kV 140 kV

Computational

model Mean (%) Max (%) Mean(%) Max (%) Mean(%) Max (%) Mean(%) Max (%)
IPEM 7.6 9.2 10.4 12.7 13.1 16.3 14.9 18.6
XCOMP 9.5 11.9 12.3 15.8 14.4 18.1 16.1 20.6
X-rayb&m 6.2 6.9 9.9 12.4 12.2 15.8 14.6 18.6
X-raytbe 4.1 5.6 4.5 6.1 4.7 6.1 3.7 5.2
TASMIP 0.5 0.8 0.6 1.2 0.5 1.3 1.7 2.4
MCNP 2.0 2.7 3.0 3.5 4.4 5.6 5.5 6.8

EGS4 which are available only at 100 kV. All spectra were>68 keV in comparison with measured spectra. The K x-ray
normalized to the total number of photons in each spectrunyields have higher intensity in all energies. The relative dif-
The relative difference between measured and calculated téerence of total K x-ray yields decreases by increasing tube
tal K x rays is summarized in Table 1l. Good agreementvoltage. The low energy bremsstrahlung photons have higher
between the bremsstrahlung x rays produced by the TASMIkhtensity in the spectra simulated by EGS4 at 100 kV in
model with measured spectra can be observed while theomparison with measured spectra, while this behavior is
characteristic x rays have lower intensity. The relative differ-reversed for the intensity of characteristic x rays.

ence of total K x-ray yields with measured data increase with The quality of x-ray spectra calculated with different
increasing tube voltage. In comparison with measured specomputational models as compared to measured spectra was
tra, all semi-empirical models based on Birch and Marshahssessed in Fig. 2, which shows the transmission curves
theory12 have lower intensity at low energies while they havethrough aluminum filter for different tube voltages. All mod-
higher intensity in high energiedE>68 keV) for all tube els based on Birch and Marshal thegiyEM, XCOMP, and
voltages. Our calculations showed that the K x-ray yield inX-ray&m) result in higher transmission curves in compari-
all peaks(K 41, K2, Kg1,Kg) in both IPEM and XCOMP is  son with measured spectra for all tube voltages and the dif-
higher than measured spectra while these values are lower farence increases with increasing the tube voltage. This be-
X-rayb&m model. The total K x-ray yield values shown in havior is reversed for transmission curves calculated using
Table Il indicate that these differences decrease with increas<-raytbc, while the transmission curves calculated using
ing tube voltage. The X-raytbc model based on Tucker TASMIP spectra have good agreement with the curves cal-
al®® theory produces more low energy x rajfis<42 keV) culated from measured spectra. The transmission curves cal-
and the intensity of characteristic x rays predicted by thisculated using MCNP spectra have higher values and this dif-
model is lower than measured spectra in all peaks. The caference increases with increasing tube voltage, whereas the
culated spectra by MCNP have higher intensity in low en-EGS4 transmission curve has lower values in comparison
ergy photons while this behavior is reversed for energiesvith measured spectra. Table Il shows the maximum and

TaBLE IV. Comparison of root mean square differené&SD) between measured and calculated spectra using the different computational ftioelels
original data values have been multiplied by?y10

Figure 1 Figure 3 Figure 5
Computational

model 80 kV 100 kv 120 kv 140 kv 25 kV 30 kV 30 kV 35 kV 40 kV
IPEM 2.66 3.84 5.17 6.34 5.69 14.87 7.53 8.04 8.10
XCOMP 1.01 1.89 3.18 4.56 e 10.09 8.06 9.67
X-rayb&m 2.37 3.31 4.45 5.53 e e 9.06 14.87 14.24
X-raytbe 0.98 1.83 2.67 3.03 B B 10.20 16.88 17.44
TASMIP 1.24 2.04 3.40 5.06 . 8.64 7.39 9.94
MCNP4C 2.18 2.70 3.20 3.62 27.89 30.47 11.68 8.84 11.64
Bloughet al. 20.55 20.61
Tuckeret al. 11.90 16.50
MASMIP 4.29 10.67
ITS3.0 14.18 9.90
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TaBLE V. Comparison between measured and computed HVL estinfatesim Al) using the different computational models for tube voltages in the
diagnostic radiology energy rang&2.5° tungsten target, 1.2 mm 4linherent filtration.

80 kv 100 kV 120 kv 140 kV
Computational

model HVL Difference (%) HVL Difference (%) HVL Difference (%) HVL Difference (%)
Measured 1.81 na 2.29 na 2.81 na 3.36 na
IPEM 2.02 -11.6 2.67 -16.5 3.41 -21.3 4.22 -25.5
SCOMP 2.03 -12.1 2.68 -17.0 3.44 -22.4 4.27 -27.1
X-rayb&m 2.01 -11.0 2.65 -15.7 3.39 -20.6 4.20 -25.0
X-raytbe 1.78 1.6 2.22 3.0 2.73 2.8 3.29 2.1
TASMIP 1.81 0 2.29 0 2.81 0 3.30 1.8
MCNP4C 1.86 -2.8 2.40 -4.8 2.95 -5.0 3.62 -7.7

mean differences between measured and calculated transmgpectra with 1.2 and 3.2 mm Al filters are —3.2% and —-5%
sion curves. It can be seen that the percentage absolute valfgr IPEM, while the minimum differences are 0% and 0.6%
of maximum and mean relative errors in transmission curve$or x-raytbc, respectively.
calculated from XCOMP spectra are higher than the other
models for energies between 80 and 140 kV. Table IV sum-
marizes the root mean square .difference betwgen measur%(_d Mammography
and calculated spectra for the different computational models
in different energies. It can be seen that the RMSD is mini- Figure 3 shows the comparison of spectra predicted by
mum for the spectra calculated using the X-raytbc model irdifferent computational models with measured spectra pub-
the diagnostic radiology energy range. lished by Fewellet al® for a Dynamax M64 x-ray tube at
Further comparative assessment of the quality of x-rayoltages of 25 and 30 kV. All spectra predicted by computa-
spectra calculated by different models is illustrated in Tablgional models have higher intensity in the low energy range
V, which shows the calculated HVLs and their relative dif- (E<15 keV), although it appears that IPEM and MASMIP
ference with respect to measured data for tube voltages b@roduce the same amplitude at low energies compared with
tween 80 and 140 kV. Once again, the difference increaseseasured spectra for 30 kV. The difference in K x-ray char-
with increasing tube voltage and the XCOMP model has thecteristic yield was calculated for all peaks; however, only
maximum difference with measured spectra. Note that IPEMhe total value and its relative difference with measured spec-
and X-rayb&m models produce very close estimates to thigra are reported in Table VII. According to these data, MAS-
latter model. Table VI summarizes the impact of the x-rayMIP underestimates the production of characteristic x rays in
spectra on the ED imparted to the ORNL hermaphroditichoth tube voltages, while MCNP4C overestimates these val-
phantom in typical chest x-ray imaging setup, with 1.2 andues. The maximum difference in production of K x-ray yield
3.2 mm aluminum filters at 100 kV. The maximum differ- with measured spectra are —71.8% and —-73.5% at 25 kV and
ences in calculation of ED in comparison with measured-31.3% and -42.3% at 30 kV for MCNP4C spectra with

TaBLE VI. Comparison between MCNP4C-based Monte Carlo calculations of effective (8@ein adult
ORNL hermaphroditic phantom in typical chest x-ray imaging sét@® kV, FSD 100 cm, 12.5° target angle
with 1.2 and 3.2 mm Al filter.

1.2 mm Al filter 3.2 mm Al filter
Computational
model ED (uSv) Differencé (%) ED (uSv) Difference (%)
Measured 40.00+£1.4 na 29.81+0.3 na
IPEM 41.30+1.4 -3.2 31.29+0.3 -5.0
XCOMP 40.55+1.4 -1.4 30.55+0.3 -2.5
X-rayb&m 41.11+15 -2.8 31.11+0.3 -4.3
X-raytbc 40.00+£1.6 0 29.63+0.3 0.6
TASMIP 40.37t1.5 -0.9 30.37+£0.3 -1.7
MCNP4C 40.74+1.4 -1.8 30.55+0.3 -2.5
EGS4 39.63+1.4 0.9 29.26+0.3 1.9

“Relative difference with calculated effective dose from measured spectrum.
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Fic. 3. Comparison of x-ray spectra calculated using different computational models with measured spectra at tube voltages 25 and 30 kV for 12° molyb-
denum target, 0.6 mm 4] inherent filter, 0.03 mm Mo additional filter, and FSD 100 cm.

XNUM values of 0.0005 and 1, respectively, whereas thesured spectra has higher intensity in low and high energies.
minimum difference is 1.1%at 25 kV) for IPEM and —0.4%  All transmission curves calculated using different computa-
(at 30 kV) for the Tuckeret al. model. tional models have lower amplitude in comparison with mea-
The quality of produced spectra with different modelssured spectra at tube voltages 35 and 40 kV while this be-
with respect to transmission curves is assessed in Fig. 4. havior is reversed at 30 kV, except the curve calculated from
can be seen that all models underestimate the measurd&®S (Fig. 6).
transmission curves in each filter thickness. Figure 5 shows The maximum and mean absolute relative differences be-
the comparison between the spectra predicted by differerttveen measured and calculated transmission curves for mo-
computational models and measured spectra for a Dynamdybdenum and tungsten targets are reported in Table VIII.
69M tungsten target x-ray tube at tube voltages of 30, 35Table IX compares calculated HVLs obtained using the dif-
and 40 kV. The peak of calculated spectra for all modelderent models with measured spectra at tube voltages 25 and
occurs at lower energy in comparison with measured spectrd0 kV for a molybdenum target and 30, 35, and 40 kV for a
and has lower intensity in all tube voltages, whereas the medtngsten target. A maximum difference of 8.6% at 30 kV for
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Fic. 4. Comparison of transmission curves produced by different computational models with those calculated from measured spectra at tube voltages 25 an
30 kV for 12° molybdenum target, 0.6 mm églinherent filter, 0.03 mm Mo additional filter, and FSD 100 cm.

ITS, and 12.6% at 35 kV, and 6.5% at 40 kV for XCOMP 25 and 30 kV, respectively. The same observations can be
were observed. The MCNP4C transmission curve is in gootnhade regarding the RMSD in the mammographic energy
agreement with the curve calculated from measured spectreange where the MASMIP model for the molybdenum target
The mean and maximum differences are 3%, 5.7%, 1.1%esults in the lowest values owing to the fact that it is based
and 1.8% at tube voltages of 25 and 30 kV, respectivelyon unpublished spectral data that are similar but more recent
This good agreement is obvious in calculation of HVLsthan the reference spectra used in this wéFkble v).°
where the difference with measured data is minimum folPEM performs well compared to other computational mod-
MCNPA4C spectra, that is, 4.3% and 4% at tube voltages oéls for both molybdenum and tungsten targets.
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Fic. 5. Comparison of x-ray spectra calculated using different computational models with measured spectra at tube voltages 30, 35, and 40 kV for 12°
tungsten target, 0.6 mm Alinherent filter, 1.02 mm Al additional filter, and FSD 100 cm.
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Fic. 6. Comparison of transmission curves produced by different computational models with those calculated from measured spectra at tube vbjtages 30, 3
and 40 kV for 12° tungsten target, 0.6 mmgQAinherent filter, 1.02 mm Al additional filter, and FSD 100 cm.
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TasLE VII. Comparison between ratios of total molybdemK x rays to  ancy in the production of bremsstrahlung x-ray intensity. The

sum of bremsstrahlung drK x rays obtained using measured and calculated comparlson of these functions shows that the Birch and Mar-
spectra for different tube voltages. The MCNP4C calculations include re-

sults obtained using two values for the XNUM parameter of the PHYS: EShaI modelgIPEM, XCOMP, and X- rayb&n)l prOduce less
card, which is used to control the sampling of x-ray photons produced alondOW energy photons and more high energy photons compared
electron substepéthe default value XNUM=1 corresponds to the case to the Tuckeret al. model(X-raytbc). This behavior is obvi-
where an analog number of tracks is sampled ous in Fig. 1. The different target geometry used in these
models should be considered especially for low energy pho-

25 kv 30 kv )
c ational tons. In the Tuckeet al. model, the electrons hit the target at
omputationa ° . . . . L
model Total  Difference(®) Total  Difference(%) angle. 90° while this angle is 909~(# is the target ang)ein .
the Birch and Marshal model. Thus, the photons produced in
Measured 0.2992 na 0.3983 na depthx pass through anode thicknedsx/tan ¢ in the Birch
IPEM 0.2860 11 0.4160 —44 and Marshal model and’=x/sin# in the Tuckeret al.
Bloughetal. 0.3470 ~19.9 0.3200 19.6 model. The raticd’/d shows that the Tucker model overes-
Tuckeret al. 02230 229 0.4000 04 timates the target attenuation, which varies from 0.7% to 6%
MASMIP 0.2310 20.1 0.3460 13.1 for at i le bet 7° and 20°4% | tudv with
MCNP4C  0.4970 718 0.5230 313 or ao arget angle between 7° an *4% in our study witl
MCNPAC 0.5020 _735 0.5670 423 12.5° target ang[)eAIthough the' target absorption is an im-
ITS3.0 0.3500 121 portant parameter in the intensity of low energy photons, the
difference in the semi-empirical polynomial functions com-
@NUM=0.0005. ) . . .
by NUM=1. pensate this effect in low-energy photon intensity. The spec-

tra predicted by the TASMIP empirical model are in excel-
lent agreement with measured spectra. The difference in K
The Monte Carlo calculations of mean breast absorbed-ray intensity is the result of arranging the data in 2 keV
dose(Dy,) and ED in typical mammography imaging setup energy bins. It should, however, be emphasized that the same
using different computational models for generating x-raymeasured data were used for fitting interpolating polynomi-
spectra in the adult ORNL hermaphroditic phantom at 30 kVals. During the comparison of the calculated and measured
are summarized in Table X. The maximum difference in cal-spectra, especially the intensity of low photon energies, it is
culation of D, and Ed in molybdenum target is 2.5% and worth noticing that all models used a perfectly smooth target,
2.6% when using the Blougét al. model, while this value is  whijle the influence of anode roughness on low energy pho-
1.5% and 1.1% for the X-raytbc tungsten target model.  tons in measured spectra appears to be important, especially
at low tube voltage$®
IV. DISCUSSION The intensity of K x rays in the spectra is another impor-
The differences in the bremsstrahlung x-ray energy distritant parameter that should be taken into account when com-
bution calculated by different semi-empirical models in com-paring different computational models. Even though the
parison with measured spectra can be explained by the ditemi-empirical models used an empirical relationship for the
ferences in the fitting equations derived in these models fointensity of characteristic x ra)?‘g they relied on different
prediction of spectra. Different semi-empirical polynomial experimental measurements for adjusting their intensity. The
functions used in these models are the origin of the discrepdifference in K x-ray yield in comparison with measured

TasLE VIII. Comparison of maximum and mean absolute relative difference between measured and calculation transmission curves in mammography energy
range for molybdenurfl2° target angle, 0.6 mm 4jinherent and 0.03 mm molybdenum additional filtend tungsten targetd2° target angle, 0.6 mm 4|
inherent and 1.02 mm Al additional filter

Mo target W target
25 kv 30 kV 30 kV 35 kv 40 kV
Computational

model Mean (%) Max (%) Mean (%) Max (%) Mean(%) Max (%) Mean (%) Max (%) Mean(%) Max (%)
IPEM 7.6 12.1 4.0 5.8 1.0 3.3 11.1 17.6 4.2 6.4
Bloughet al. 12.1 21.2 11.3 18.7 .
Tuckeret al. 12.6 20.3 6.7 10.1
MCNP4C 3.0 5.7 1.1 1.8 8.0 18.7 7.2 10.1 2.6 6.2
XCOMP e 5.0 11.8 8.5 13.5 2.5 3.4
X-rayb&m 6.4 15.0 8.6 12.8 2.7 3.4
X-raybc 4.8 12.8 10.1 14.9 4.6 6.1
TASMIP 3.1 8.1 8.8 13.8 1.9 2.5
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TaBLE IX. Comparison between measured and computed HVL estinfim@sm Al) using the different computational models for tube voltages in mammog-
raphy energy range for molybdenu{®2°® target angle, 0.6 mm 4jinherent and 0.03 mm molybdenum additional filtand tungsten targe{d2° target
angle, 0.6 mm Al inherent and 1.02 mm Al additional filter

Mo target W target
25 kv 30 kV 30 kV 35 kV 40 kv
Computational

model HVL Difference (%) HVL Difference(%) HVL Difference (%) HVL Difference(%) HVL Difference (%)
Measured 0.46 na 0.50 na 0.81 na 1.11 na 1.22 na
IPEM 0.42 8.7 0.47 6.0 0.80 1.2 0.98 11.7 1.15 5.7
Blough et al. 0.41 10.9 0.47 6.0 .
Tuckeret al. 0.40 13.0 0.46 8.0
MASMIP 0.42 8.7 0.47 6.0
MCNP4C 0.44 4.3 0.48 4.0 0.82 -1.2 1.07 3.6 1.17 4.1
ITS3.0 . 0.44 12.0 0.74 8.6
XCOMP 0.80 12 0.97 12.6 1.14 6.5
X-rayb&m 0.84 -3.7 1.01 9.0 1.17 4.1
X-raytbc 0.82 -1.2 0.99 10.8 1.14 6.5
TASMIP 0.81 0 1.00 9.9 1.18 3.2

spectra decreases with increasing tube voltage owing to theith higher quality than measured spectra, while the situa-
fact that all semi-empirical models were adjusted with meation is reversed in the model based on the Tuckeral.
sured spectra at 140 kV. Even though the same measurddeory (X-raytbc). This is due to production of softer x-ray
data were used for adjusting the characteristic x rays irspectra in the Tuckeet al. model. We have considered the
X-raytbc and X-rayb&m, the lower intensity in X-raytbc is aluminum equivalent thickness needed to match TASMIP
the effect of target absorption discussed above. Characteristwith the Fewell spectré? so that the attenuation curve cal-
photons in MCNP are created by the electron impact ionizaeulated from TASMIP spectra is in good agreement. The
tion (Ell) process. It has been shown that this model overestransmission curves calculated from MCNP4C spectra are
timates the total number of Ell characteristic photons espehigher than those obtained from measured spectra because of
cially in mammography energy ran ©?' The low the overestimationfoK x rays and high energy bremsstrah-
characteristic x-ray intensity in the EGS4 spectra can be exung photons(E>68 keV) in the spectra, while the EGS4
plained by the fact that the contribution of electron impactspectra produce a lower transmission curve compared to the
ionization had not been included in the EGS4 code system aheasured one because of underestimatfold » rays.
the time of simulatior. The calculation of absorbed dose and ED in the ORNL
All semi-empirical models based on Birch and Marshalhermaphroditic phantom from the spectra generated by dif-
theory (IPEM, XCOMP, and X-rayb&nm produce spectra ferent models was used to assess the effect of spectra in the

TaBLE X. Comparison between MCNP4C-based Monte Carlo calculations of mean absorbed dose to théﬂ_y)ealsdseffective dos€éED) in adult ORNL
hermahroditic phantom for typical mammography imaging setup of 30 kV in Mo t&f& 50 cm, 12° target angle, 0.6 mmyQinherent filter and 0.03 mm
Mo additional filte) and W target(FSD 50 cm, 12° target angle, 0.6 mmAinherent and 1.02 mm Al additional fillerThe standard deviatitSD) in
calculation of mean absorbed dose to the breasts is negligible.

Mo target W target
Computational

model D_b (mGy) Difference (%) ED (uSv) Difference (%) D_b (mGy) Difference (%) ED (uSv) Difference (%)
Measured 2.00 na 104.37+22.1 na 2.00 na 104.05+13.6 na
IPEM 1.99 0.5 103.70£7.6 0.6 2.00 0.0 104.05+£15.7 0.0
Bloughet al. 1.95 2.5 101.70+22.2 2.6
Tuckeret al. 1.97 15 103.00£21.3 1.3
MASMIP 2.00 0.0 104.40+7.5 0.0 =
MCNP4C 2.00 0.0 104.40+£22.1 0.0 2.01 -0.5 104.62+12.9 -0.5
ITS3.0 1.96 2.0 102.30+8.8 2.0 1.98 1.0 102.89+£13.1 1.1
XCOMP 2.01 -0.5 104.62+12.9 -0.5
X-rayb&m 1.98 1.0 102.89+£13.2 1.1
X-raytbc 1.97 1.5 102.89+£13.1 1.1
TASMIP 2.01 -0.5 104.62+15.6 -0.5
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field of radiation dosimetry. The calculated ED from the generator designs should be considered. The empirical mod-
X-raytbc model results in lower estimates compared to specels are inherently limited in terms of target angle and filter
tra generated by other models. Similar results were reportethaterial as well as tube voltage ripple in the mammography
by Caonet al® The underestimation of ED observed with energy range. Although semi-empirical models are more
3.2 mm aluminium filter is the effect of absorption of soft x flexible compared to empirical models, they are limited to
rays in the filter. The magnitude of the relative differencespecific target materials, particular sets, or combinations of
increases more substantially with increasing filtration thick-additional filters and voltage ripples. Notwithstanding, there
ness for the spectra generated by the models based on Bir&fhno theoretic limitation in the prediction of X-ray spectra for
and Marshal theory since they produce less soft x rays thafie different parameters mentioned above using the Monte
measured spectra. Carlo method; computer proficiency and computational time

The comparative assessment of x-ray spectra generated f§main the challenges for widespread application of Monte
different computational models to measured spectra for moario simulations. With the advent of high speed parallel
lybdenum target showed that the Bloughal. and Tucker supercomputers, which have much higher execution rates,
et al. models produce more soft energy than IPEM for the@nd recent developments in Grid technology allowing us to
reasons discussed previously. The discrepancy between tfPdivide time-consuming simulations on geographically
Bloughet al. model and measured spectra at 25 kV probablﬂ'Str'bUted platforms, thg field has_ recewed. mqeased atten-
is due to the overestimation of the Dyson derivatfoor to tion and will certainly live up to its potential in the near
slight differences in the implementation of this model at thisfUture-
energy’ The difference between MASMIP and measured
spectra is attributed to the fact that different measured spe(y- CONCLUSION
tra were used for interpolating ponnomia?IQomparison of The spectra generated using a number of different com-
the MCNP4C spectra with measured spectra showed that thmutational models were compared with measured spectra.
code highly overestimates the productionkox rays with ~ The comparative assessment showed that the energy distri-
the default settingXNUM=1). The optimal adjustment of bution and the quality of spectra produced by the Tucker
the XNUM parameter in the PHYS:E card proved to be amodel (X-raytbc) are in better agreement with measured
difficult issue. Further investigation showed that MCNP pro-spectra than other models in the diagnostic radiology energy
duces bremsstrahlung energy distribution in good agreemeiiange while IPEM has better agreement in the mammogra-
with measured spectra. The discrepancy shown in Fig. 3 rephy energy range. The empirical models perform well since
sults from spectral normalization with overestimated characthey are based on the reference experimental spectra used in
teristic x-ray peaké? The simulated spectra with 1TS3.0 this work. It should, however, be emphasized that these mod-
showed that this code gives a better approximation of K »els are rather limited in terms of flexibility with respect to
rays in comparison with MCNP4C, although the electrontarget angle and filter material. MCNP4C has good agree-
physics enhancement library was intended to makénent with experimental measurements in the diagnostic ra-
MCNP4C more consistent with ITS 3.0. It is worth empha- diology energy range, while ITS3.0 reproduces more accu-
sizing that the K-shell impact ionization calculatidbased rately the measured spectra in the mammography energy
upon ITS 3.0 remains unchanged with el03 evaluatfdn. range. Although Monte Carlo modeling is time consuming,
The latter uses detailed calculations of the electron-nucleud€ simulations provide detailed information about the inter-
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