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In a typical x-ray tube, off-focal radiation is mainly generated by the backscattered electrons that
reenter the anode outside the focal spot. In this study, BEAMnrc (an EGSnrc user-code) is modified
to simulate off-focal radiation. The modified BEAMnrc code is used to study the characteristics of
electrons that backscatter from the anode, and to quantify their effect on the output of typical x-ray
systems. Results show that the first generation backscatter coefficient is ~50% for tungsten anodes
at diagnostic energies, and ~38% for molybdenum anodes at mammography energies. Second and
higher generations of backscatter have a relatively minor contribution. At the patient plane, our
simulation results are in excellent agreement with experimental measurements in the literature for
the spectral shape of both the primary and the off-focal components, and also for the integral
off-focal-to-primary ratio. The spectrum of the off-focal component at the patient plane is softer
than the primary, which causes a slight softening in the overall spectrum. For typical x-ray systems,
the off-focal component increases patient exposure (for a given number of incident primary elec-
trons) by up to 11% and reduces the half-value layer and the effective energy of the average
spectrum by up to 7% and 3%, respectively. The larger effects are for grounded cathode tubes,
smaller interelectrode distance, higher tube voltage, lighter filtration, and less collimation. Simula-
tion time increases by ~30% when the off-focal radiation is included, but the overall simulation
time remains of the order of a few minutes. This study concludes that the off-focal radiation can
have a non-negligible effect on the output parameters of x-ray systems and that it should be
included in x-ray tube simulations for more realistic modeling of these systems. © 2008 American
Association of Physicists in Medicine. [DOI: 10.1118/1.2966348]
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I. INTRODUCTION

In a typical x-ray tube, when the focal spot is blocked and a
projection image of the anode is taken, many parts of the
anode can still be seen in the image.1 This suggests the pres-
ence of a radiation source located “off” the focal spot, and
this radiation is aptly named the “off-focal” radiation. The
presence of an off-focal component in the overall output of
an x-ray system has been known since the early days of x-ray
tubes. It has also been called secondary,2 stray,3 parasitic,

extra-focal’™ and off-focus radiation.*'* Off-focal radiation
is mainly due to the large fraction of electrons that backscat-
ter out of the anode into the tube vacuum, then accelerate
back towards the anode under the influence of the interelec-
trode electric field. These backscattered electrons reenter the
anode mostly outside the focal spot and interact with the
anode material to produce the bremsstrahlung and character-
istic radiation that makes up most of the off-focal compo-
nent. Electric field distortions and the design of the focusing
cup cause some of the primary electrons to be misfocused;
these misfocused electrons also contribute to the off-focal
component in x-ray systems. However, it has been
1reported“’12 that the contribution of misfocused electrons to
the off-focal component is minor compared to that of elec-
trons backscattered from the anode surface. The undesirable
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effects of the off-focal radiation, and the various methods to
reduce it in x-ray systems have been discussed in the
literature.”** To date, there has been no practical way to
completely eliminate the off-focal component because it is
generated inside the vacuum envelope of the x-ray tube.
Thus, off-focal radiation due to backscattered electrons is an
inherent component of the output of x-ray systems, including
modern ones.”'**

Over the years, there have been experimental
and cornputational15’20’21’24’25 efforts to quantify the magni-
tude and effect of the off-focal component on x-ray systems.
Since there is no standardized method to experimentally
measure the off-focal component,12 the experimental results
vary dramatically depending on the measurement technique.
For example, Kuhn and Gajewski5 reported that the ratio of
the exposure due to the off-focal component to the exposure
due to the primary component is 5%, 20%, or 25% for the
same tube assembly using three different measurement tech-
niques. In addition, in many investigations, only the qualita-
tive effects of the off-focal component on the radiographs are
reported. The very few computational efforts are specific in
scope; Rao'"’ mainly focused on an analytical derivation for
the effect of the off-focal component on the modulation
transfer function. In the context of x-ray fluorescence analy-
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sis, Pavlinsky and Portnoy24’25 focused on the effect of the
off-focal component on the characteristic peaks of the x-ray
spectrum depending on the type of grounding of the tube.
Wen et al.”®*' focused on the effect of the off-focal radiation
on the output of an x-ray tube when placed in the magnetic
field of an MR scanner in a hybrid CT/MRI system. To the
authors’ knowledge, there have not been any computational
studies (Monte Carlo or otherwise) that fully characterized
the source and effect of off-focal radiation for a series of tube
arrangements typical in mammography, diagnostic, and
orthovoltage applications. The goal of this study is to fill this
gap in the computational study of the origin and effect of
off-focal radiation, and to provide a simulation tool that in-
cludes the off-focal component for more realistic, and yet
efficient and user-friendly, modeling of x-ray systems.

In this study, BEAMnrc?®?” (an EGSnrc®% user-code) is
used. Because off-focal radiation is a direct result of electron
backscatter, it was essential to first investigate the accuracy
of the EGSnrc/BEAMnrc system in performing backscatter
calculations. This investigation was done in two recent
studies®™”" in which we showed that, for the energy range of
interest to x-ray tube operation, there is excellent agreement
between EGSnrc charged particle backscatter calculations
and most of the experimental measurements from 31 differ-
ent experiments. The reader is referred to the two papers for
the details of the exhaustive comparisons, and for a discus-
sion of the uncertainties and potential limitations of EGSnrc
in performing charged particle backscatter calculations.

In the current study, BEAMnrc is modified to include
electron transport in an electric field in vacuum in order to
properly transport backscattered electrons into the anode.
The modified BEAMnrc code is used to study the character-
istics of the backscattered electrons that cause the off-focal
radiation. This includes backscatter coefficients, energy spec-
tra, angular distributions, and spread functions of all genera-
tions of backscattered electrons. Next, typical arrangements
of mammography, diagnostic, and orthovoltage x-ray sys-
tems are simulated, and the effect of the off-focal component
on the system output is quantified for typical ranges of op-
erational parameters (tube voltage and filtration). Our simu-
lation results are compared with experimental measurements
available in the literature for a diagnostic system6 and for a
digital mammography system,22 and also compared with re-
sults from theoretical models.”*

Il. METHODS
Il.A. Considerations in anode simulation

Off-focal radiation is more important for rotating anode
tubes than it is for stationary anode tubes for two reasons.
First, a rotating anode has a larger disk, which increases the
probability that backscattered electrons reenter the anode.
Second, the bulk of a rotating anode disk is made of a ma-
terial (typically tungsten or molybdenum) of higher Z than
the material that makes up the bulk of a stationary anode
(typically copper). A higher-Z material surrounding the focal
spot means a higher probability that the backscattered elec-
trons generate off-focal bremsstrahlung upon reentering the
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Fic. 1. Two views of the geometry of a typical rotating anode. See section
IL.A. for discussion. xx marks the focal spot. Regions 1, 2, and 3 are the
anode stem, disk face, and tilted surface, respectively.

anode outside the focal spot. Off-focal radiation is also more
important for grounded cathode tubes than it is for grounded
anode tubes.'’ For grounded anode tubes, the anode is at the
same potential as its surroundings and, thus, backscattered
electrons are not particularly attracted to the anode. Con-
versely, for grounded cathode tubes, the anode is at high
positive potential relative to its surroundings and, thus, back-
scattered electrons are strongly attracted to the anode. This
study illustrates the off-focal radiation effects for grounded
cathode rotating anode tubes as an extreme case. Center-
tapped tubes, which are commonly used in diagnostic imag-
ing, would have an off-focal component somewhere between
that for grounded cathode tubes and that for grounded anode
ones.

In our analysis, a number of simplifying assumptions are
used in order to be able to tackle the problem mathemati-
cally. (1) It is known that close to the surface of a conductor,
the electric field is perpendicular to the conductor surface.”
The assumption we made is that, to first order, the field re-
mains perpendicular to the conducting anode surface
throughout the interelectrode space. Some tube designs have
the cathode tilted to be parallel to the focal spot,33 and the
electric field is almost exactly perpendicular to the anode
surface throughout the interelectrode space (except for the
edge effects). (2) Local and temporal distortions in the elec-
tric field are ignored, i.e., the field is assumed to be uniform
and constant. (3) The generation of a large number of back-
scattered electrons over the anode surface (similar, in a
sense, to the well-known space-charge effect at the cathode
filament) is assumed not to disturb the electric field. (4) Ra-
diation damping—by which backscattered electrons lose en-
ergy in the form of bremsstrahlung due to their acceleration
and deceleration in the electric field—is ignored because it
has been shown®* to be negligible.

Figure 1 shows two views of the geometry of a typical
rotating anode. The x rays generated by backscattered elec-
trons that reenter the anode stem (region 1), disk face (region
2), or the non-hatched area of the tilted surface (region 3)
hardly contribute to the off-focal radiation at the patient
plane because they are either directed away from the plane,
i.e., geometric constraints, or, if they are directed towards it,
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are unlikely to penetrate the very thick high-Z material in the
+Z direction. Therefore, the only area simulated in this study
is the hatched area. In BEAMnrc, the module simulating an
x-ray anode handles only rectilinear objects, therefore, the
curved hatched area is approximated with a rectangular one
of the same width and height (W=10 cm and H=2.5 cm for
a typical rotating anode). Our sensitivity analysis and the
excellent agreement with experimental measurements
(shown later) both confirm that the approximate geometry
just presented is reasonable, and that it scopes most of the
off-focal radiation effects.

As the primary electrons accelerate from the cathode to-
wards the anode, their trajectories are bent in order to follow
the electric field lines, which are perpendicular to the con-
ducting anode close to the surface as discussed above. There-
fore, the exact angle of entry into the anode [¢ in Fig. 1(a)]
is somewhere between zero (i.e., perpendicular incidence)
and @ (the anode tilt angle). Finite element simulations sug-
gest that primary electrons enter the anode normally or near
normally.lc’)‘3 >In addition, it has been shown both experimen-
tally and by Monte Carlo simulations that when ¢ changes
from zero up to 30°, the fraction of primary electrons that
backscatter from a high-Z target increases by no more than
2% (see Fig. 4 in Ref. 30). All this means that for the pur-
pose of studying off-focal radiation (which is mainly due to
backscattered electrons), the exact angle of entry of the pri-
mary electrons () is not critical for as long as it remains
below ~30°.

The mathematical analysis developed in this study re-
quires a knowledge of the interelectrode distance d. Our sur-
vey of medical x-ray tube inserts shows that d varies from
~1 cm to ~4.5 cm with a typical value of ~1.5 cm, which
is used in the simulations throughout this study. The effects
of d on the off-focal component is discussed in Sec. III C.

Simulations in this study are done for pencil beams of
primary electrons incident on point-like focal spots and for
anode disks made of the same materials as the focal tracks.
The variation of the off-focal component with the focal spot
size and the effect of the anode disk material being different
from the focal track material are both discussed in Sec. III C.

Finally, we assumed that backscattered electrons do not
hit the cathode along their trajectories in the tube vacuum.
This is based on the simple energy conservation argument
that the most energetic backscattered electrons can move a
perpendicular distance from the anode surface no larger than
the interelectrode distance d. Further, as will be seen in Sec.
IIT A, backscattered electrons reach the peak of their trajec-
tories away from the cathode-anode line, not directly where
the cathode is.

11.B. Modifying BEAMnrc

To add to BEAMnrc the ability to simulate off-focal ra-
diation, the code is modified to include electron transport in
an electric field in vacuum (the EM macros by Bielajew36 are
compatible with EGS4’" not EGSnrc™*). The EGSnre elec-
tron transport inside the anode is not altered by the presence
of the interelectrode electric field. This is because the con-
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ducting anode material requires a vanishingly small electric
field to drive a current, therefore the electric field can safely
be taken as zero inside the anode even though a tube current
is ﬂowing32 (much like assuming an electric wire to be equi-
potential even though a current is flowing in the circuit). The
appendix at the end of this paper presents a brief description
of the mathematical model used in the implementation, and
the algorithm used to determine the energy, location, and
direction of reentry of the backscattered electrons. The
implementation also takes into account that electrons can
backscatter multiple times. The convention used in this study
is that when a primary electron backscatters, it belongs to the
first generation of backscatter. When one of the first genera-
tion backscattered electrons reenters the anode and then
backscatters again, it belongs to the second generation of
backscatter. Backscattering more than twice generates higher
generations of backscattered electrons.

One of the diagnostic tubes simulated in our study6 is a
12-pulse tube with a voltage ripple factor of ~5%. To in-
clude this ripple effect, BEAMnrc is modified to generate the
proper incident primary electron spectrum. The spectrum is
generated by uniformly sampling points in time and calcu-
lating the corresponding tube voltages, and then binning the
calculated voltage values to create the spectrum. Next, every
bin value in the spectrum is weighted by its corresponding
voltage, i.e., the number of primary electrons incident on the
anode is assumed to be proportional to the tube voltage for a
given filament current, which is a reasonable assumption for
small ripple factors. A more rigorous approach is to use the
voltage/current (V/I) characteristic curve of the simulated
tube to assign weights to the bin values of the electron spec-
trum. However, this is not adopted in our study because the
V/I curve for the tube under consideration is not available,
and also because our simulation results show that a 5%
ripple factor has a minor effect on the study of off-focal
radiation.

Il.C. Simulation of typical x-ray systems

To get a realistic sense of the extent of the off-focal com-
ponent, typical x-ray systems used in mammography, diag-
nostic and orthovoltage applications are simulated. The rep-
resentative diagnostic system used in this study has a 16°
tungsten/rhenium (90/10) rotating anode. Inherent and added
filtration are 0.5 and 2.0 mm aluminum equivalent, respec-
tively. Primary collimation of 1 cm thick lead plates is
placed immediately outside the tube exit window (~3 cm
from the focal spot) such that it creates a field of view of
56 cm diameter at 100 cm SSD. Secondary collimation is
placed at 15 cm to create a 20X 20 cm? diagnostic field at
100 cm SSD. The representative mammography system has
a 10° molybdenum rotating anode, a 30 um molybdenum
filter and secondary collimation to create an 18X 18 cm?
field at 65 cm SSD. The representative orthovoltage system
has a 24° tungsten/rhenium (90/ 10) rotating anode, a filter of
0.5 mm copper, followed by 2 mm aluminum, and an appli-
cator to create a 10 X 10 cm? therapeutic field at 52 cm SSD.
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The representative operating voltages are 26, 100, and
250 kV for the mammography, diagnostic, and orthovoltage
systems, respectively.

For comparison with experimental measurements, we
simulated the diagnostic system used in the measurements by
Birch® and the SenoScan® digital mammography system38’39
used in the measurements by Shen et al.** Birch® used a
12-pulse diagnostic system with a 10° rotating-anode tung-
sten target and a total filtration of 2 mm aluminum. The pin-
hole configuration allowed for 5.4 mm? of the anode surface
to be seen by a Ge(Li) detector. The pinhole center was
aligned with the center of the focal spot to measure the pri-
mary spectrum, then the pinhole configuration was shifted
3.5-4.0 mm off the focal spot center to measure the off-
focal spectrum. Measurements were made at kVps of 50 and
100. Shen ef al.** measured the exposure (or air kerma) due
to the off-focal component relative to that due to the primary
for the SenoScan® digital mammography system. The tube
had a 7° tungsten/rhenium target and the total filtration was
2.5 mm aluminum. Collimation was such that it created a
1.14 X 23 cm? scanning slot at 65 cm SSD. The primary
component was measured using central pinhole configura-
tion, and the off-focal component was measured by blocking
the focal spot in an open field. Measurements were made for
tube voltages between 26 and 40 kV in 1 kV increments.

In all simulations performed in our study, photons and
electrons are tracked down to a kinetic energy of 1 keV. The
most accurate low-energy physics29 and cross-section
data’** available in EGSnrc are employed. A value of
5% 1077 cm is used for the BEAMnrc internal parameter
$BDY TOL. The reader is referred to Ref. 30 for a full dis-
cussion of the effect of this parameter on the accuracy of
BEAMnrc charged particle backscatter calculations. The
simulation CPU time increases by ~30%, 45%, and 55%
when first, first+second, and all generations of backscattered
electrons are included, respectively. However, simulations
remain fast because the variance reduction techniques avail-
able in BEAMnrc for kilovoltage x-ray simulations are
employed.43_45 When only the primary or the total output are
of interest, typical CPU simulation times are of the order of
a few minutes on a single 3.0 GHz Intel-® Woodcrest 64-bit
processor. Simulation times are extended to a few hours
when very good statistics are sought on the off-focal compo-
nent.

To analyze the output of the simulated x-ray systems, four
metrics are used in this study: the spectral shape, the air
kerma at the patient plane per incident primary electron
(K,i), the half-value layer (HVL), and the spectrum effective
energy (E.q). For spectral shapes, the spectra are averaged
over the diagnostic or therapeutic field of interest and arbi-
trarily normalized to unity at their bremsstrahlung peaks. K,
is determined by summing the bin values of the energy flu-
ence spectrum at the patient plane weighted by their respec-
tive mass energy absorption coefficients for air. The HVL is
determined by iterating the absorber thickness until the air
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FIG. 2. Calculated first generation electron backscatter coefficient (7;) for
elements used in typical anode alloys. The incident electron beam energy E,
goes from the mammography to the orthovoltage range. The scale of the
abscissa is logarithmic.

kerma reaches half its value without the absorber. Finally,
Es is the energy of a monoenergetic x-ray beam that has the
same HVL as the spectrum of interest.

lll. RESULTS AND DISCUSSION

lll.A. Characteristics of electrons backscattering from
the anode

The results presented in this section include backscatter
coefficients, energy spectra, angular distributions, and spread
functions for multiple generations of electrons that backscat-
ter from the anode in typical mammography, diagnostic, and
orthovoltage systems. No comparisons with experimental
measurements are presented in this section because an ex-
haustive benchmark against 31 different experiments has
been reported previously.m’31 The systematic and statistical
uncertainties in the EGSnrc/BEAMnrc simulations are esti-
mated to be <3% and <1%, respectively, and they are not
shown for clarity of the graphs. The reader is referred to
Refs. 30 and 31 for the justification of these uncertainties.

The electron backscatter coefficient 7 is the number of
electrons with kinetic energy >1 keV that backscatter out of
the anode divided by the number of incident primary elec-
trons. Figure 2 shows the calculated first generation electron
backscatter coefficient (7,) for elements used in typical an-
ode alloys. For the energy range of interest to x-ray tube
operation, 7; is almost energy independent. As Z increases,
7, increases, which indicates that the off-focal component at
the patient plane is expected to be larger for higher-Z anodes.
The value of 7, is ~50% for tungsten anodes at diagnostic
energies, and ~38% for molybdenum anodes at mammogra-
phy energies. Rhenium, which is typically added to tungsten
for strength, has a value of 7, very similar to that of tung-
sten; therefore, the off-focal components with and without
rhenium are virtually the same.
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TABLE I. Calculated electron backscatter coefficient () for multiple genera-
tions of backscatter in typical x-ray anodes.

Electron Backscatter Coefficient / %

first second >second
Simulation case (m) (1) (7-12) Total
Mammography, Mo, 26 kV 37.6 11.7 6.5 55.8
Diagnostic, W, 100 kV 50.6 18.1 13.8 82.5
Orthovoltage, W, 250 kV 50.6 19.1 15.7 85.4

Our simulation results show that 7, includes <1% con-
tribution from backscattered non-primary electrons, i.e.,
electrons created in Moller interactions, photoelectrons,
Compton scatter electrons, and Auger electrons. The contri-
bution of secondary electrons is very small because®”! there
are not many of them created by the primaries near the sur-
face. In addition, secondary electrons typically have very
low energies and they are likely to stop in the anode material
before backscattering into the tube vacuum.

Table I shows 7 for multiple generations of backscatter.
Because 7 is almost energy independent, when a fraction f
backscatters for the first time, roughly f of it is expected to
backscatter a second time, and so on. This implies that the
backscatter between successive generations is expected to
loosely follow a geometric series with a sum of f/(1—f).
This can be seen in the values of the total in Table [—e.g.,
the total for the mammography anode (55.8%) is close to
0.376/(1-0.376)=60%. The values of 7, and 7-, do not
include the contribution from first generation electrons that
land outside the anode area of width W and height H [Fig.
1(b)].

Although EGSnrc/BEAMnrc simulation results of
have been extensively compared with experimental
measurements,” there are no experimental measurements
available for the higher generations of backscatter. The only
data we could locate are those calculated by Pavlinsky and
Portnoy24 using an analytical model, which gives 7,=7.5%,
16.4%, and 23.5% for 40 keV primary electrons incident on
chromium, rhodium, and tungsten, respectively; our corre-
sponding simulation values are 10.7%, 20.1%, and 28.8%,
respectively.

Figure 3 shows the calculated energy spectra of backscat-
tered electrons. Panel a shows that first generation backscat-
tered electrons retain a large fraction of their original energy,
and the fraction increases as Z increases. This is because
electrons mostly undergo a few large-angle elastic scattering
deflections before they backscatter, with larger deflection
angles and fewer inelastic collisions as Z increases. Panel b
shows that the energy spectra dramatically shift towards
lower energies from one generation to the next. This implies
that higher generations of backscattered electrons have a mi-
nor impact on the overall off-focal component at the patient
plane because they are fewer in number (Table I) and lower
in energy [Fig. 3(b)]; therefore, they only generate a small
number of low-energy off-focal x rays, which will unlikely
escape the anode self-filtration. Previously, we have
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FiG. 3. Calculated energy spectra of electrons backscattered at all angles
from typical x-ray anodes. Panel a: first generation backscatter, panel b:
multiple generations. All curves are arbitrarily normalized to unity at their
peaks. E, and E are the kinetic energies of the incident and backscattered
electrons, respectively. d7(E) is the number of electrons that backscatter
from the anode surface with energy between E and E+dE.

reported31 many comparisons between experimental mea-
surements and EGSnrc/BEAMnrc simulation results for the
energy spectra of the first generation of electrons backscat-
tered from different solid targets. However, the only data we
could locate for the energy spectra of the second generation
of backscatter are those calculated by Pavlinsky and
Portnoy24 using an analytical model, and they are shown in
Fig. 4. The spectra in Figs. 3 and 4 are plotted starting at
E/Ey=0.1 because the data at lower energies are less
reliable—see Refs. 30 and 31 for a discussion of the poten-
tial limitations of EGSnrc at very low energies.

Figure 5 shows the calculated angular distributions of
backscattered electrons. Panel a shows that the most prob-
able angle of backscattering is ~45 ° relative to the anode
surface, i.e., ~135 ° relative to the original direction of inci-
dence. To get the angular distributions differential in the
solid angle ({2) as opposed to the angle («), the distributions
shown should be divided by 4 sin(90°—a), in which case
the resulting distributions would peak at a=90°, similar to
the experimental and Monte Carlo results reported
previously.31 For higher generations (panel b), the angular
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distribution preserves its shape with some shift from one
generation to the next towards shallower backscatter angles
with respect to the anode surface.

Figure 6 shows the calculated spread functions of back-
scattered electrons (i.e., how far backscattered electrons
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FiG. 5. Calculated angular distributions for electrons backscattered from
typical x-ray anodes. Panel a: first generation backscatter, panel b: multiple
generations. All curves are arbitrarily normalized to unity at their peaks. « is
the backscatter angle relative to the anode surface as shown in Fig. 12 in the
Appendix. d7n(a) is the number of electrons backscattered at an angle be-
tween « and a+da.
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FiG. 6. Calculated spread functions of electrons backscattered from typical
x-ray anodes. Panel a: first generation backscatter, panel b: multiple genera-
tions. All curves are arbitrarily normalized to unity at their peaks. R’ is the
distance between the reentry location and the center of the focal spot as
shown in Fig. 12 in the Appendix. d5(R’) is the number of backscattered
electrons that reenter the anode between R’ and R’ +dR’.

spread around the center of the focal spot). Panel a shows
that the first generation backscattered electrons undergo al-
most the same spread around the focal spot (i.e., up to
~3 cm), regardless of the tube voltage. This is because the
spread functions depend on the ratio of the kinetic energy of
the backscattered electron relative to that of the primary
(E/E,), not on E alone [see the nonrelativistic form of Eq.
(A7) in the Appendix]. Panel a shows that the exact dimen-
sions of the anode beyond a ~3 cm radius around the focal
spot are not critical for the purposes of studying the off-focal
component, which justifies our choice of the values of W and
H as discussed in Sec. II A. Panel b shows that the higher
generations of backscattered electrons spread farther away
from the focal spot than the first generation, which is another
reason (i.e., geometric constraints) for their minor effect on
the overall off-focal component at the patient plane; the other
reasons are their being fewer in number and lower in energy
as discussed above.

lll.B. Off-focal radiation at the patient plane

This section presents the effects of electrons that back-
scatter from the anode on the output of typical x-ray systems
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Fig. 7. Comparison between our simulation results and the experimental
measurements by Birch (Ref. 6) for the spectral shape of the primary and the
off-focal components. All curves are arbitrarily normalized to unity at their
bremsstrahlung peaks. Error bars on the simulation histograms of the pri-
mary are too small to be seen. E is the photon energy and d®(E) is the
number of photons reaching the scoring plane with energy between E and
E+dE.

at the patient plane. The effects are expressed in terms of
variations in the spectral shape, K,;,, HVL, and E. as de-
fined in Sec. II C.

Figure 7 shows a comparison between our simulation re-
sults and the experimental measurements by Birch® for both
the primary and the off-focal spectra. The overall agreement
is excellent except for the discrepancy in the K, characteris-
tic peaks in panel b, which is mostly a bin-size artifact be-
cause the areas under the experimental and computed peaks
are within 10% of each other. The roughness of the experi-
mental spectra could be an artifact of stripping the true spec-
trum from the detector response, or it could be due to ran-
dom contributions from parts of the experimental setup other
than the anode disk. The agreement in Fig. 7 validates our
implementation of off-focal radiation in BEAMnrc. Figure 7
also shows that the off-focal spectrum is softer than the pri-
mary, which has been supported by all experimental investi-
gations, except for an isolated case in the earlier days of
x-ray tubes when the off-focal component was thought to be
more penetrating.4

Figure 8(a) shows that for a given number of incident
primary electrons, the total output of the x-ray system in-
creases because of the off-focal component. When only the
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FiG. 8. Simulation results for the effect of the off-focal component on the
overall spectral shape for the diagnostic tube described in Fig. 7(b). Panel a:
magnitude is included, panel b: only shapes are compared by arbitrarily
normalizing all spectra to unity at their bremsstrahlung peaks. Parameters
are defined as in Fig. 7. Note that the ordinate labels in a and b are different.
Most of the error bars on the simulation histograms are too small to be seen.

shapes of the same spectra are compared (panel b), the softer
off-focal component causes some softening in the overall
spectrum. The intensity of the characteristic peaks is reduced
if the peaks are at the higher end of the spectrum (e.g., the
tungsten K, and K peaks in panel b) and increased if the
peaks are at the lower end of the spectrum (e.g., the L-shell
lines in an unfiltered tungsten spectrum—not shown). The
same arguments apply to the characteristic peaks of mam-
mography targets (not shown), depending on the position of
the peaks in the spectrum.

In the context of x-ray fluorescence analysis, Pavlinsky
and Portnoy24 used an analytical model to quantify the
change in the characteristic peaks due to the presence of an
off-focal component. They considered the output of
grounded cathode and grounded anode tubes to be a measure
of the total response with and without off-focal radiation,
respectively. When we simulated the same cases, an overall
good agreement is found between the results of the two stud-
ies as shown in Table II.

Figure 9 shows the variation of the off-focal component
with tube voltage for the representative diagnostic system
described in Sec. II C when only the inherent filtration
is included and without secondary collimation.



4156

E. S. M. Ali and D. W. O. Rogers: Off-focal radiation in kilovoltage x-ray systems

4156

TABLE II. Comparison between our simulation results and the results calculated by Pavlinsky and Portnoy (Ref.
24) for the ratio of the intensity of the characteristic peaks with-to-without the off-focal component. Simulations
with and without the off-focal component are done for the same number of incident primary electrons, there-
fore, the ratio must be =1.00. The ratio includes both bremsstrahlung and relaxation photons at the character-

istic energy.

Model in Ref. 24 This study
Voltage (kV) 20 40 60 20 40 60
Cr (K,) 1.13 1.16 1.18 1.12 1.15 1.16
Rh (K,) — 1.15 1.22 — 1.14 1.21
Rh (L,) 1.32 1.40 1.45 1.29 1.37 1.44
W (L) 1.26 1.41 1.48 1.27 1.38 1.43

AK i/ (Kair) primary increases with tube voltage by up to 11%
because the average energy of the generated off-focal x rays
increases with tube voltage, and consequently the probability
that they survive the anode self-filtration increases. The same
behavior of the relative change in K,; versus tube voltage
has been observed experimentally.6’9’15 The range of increase
in K, due to the off-focal component is consistent with the
5-25% range reported in different experiments and review
articleg'08:10.14-16.20-23.46.47 depending on the tube design,
operating parameters, and measurement technique. Figure 9
also shows that the presence of an off-focal component
causes a reduction in  AHVL/(HVL),;p.y  and
AE ¢/ (Eegf) primary Of up to 7% and 3%, respectively.

In the mammography range, Fig. 10 shows a comparison
between our simulation results and the experimental mea-
surements by Shen et al.** for the air kerma due to the off-
focal component relative to that due to the primary in the
SenoScan® digital mammography system. The agreement of
our simulation results with experimental measurements is ex-
cellent given the scatter of the experimental data, which is
another validation of our implementation of off-focal radia-
tion in BEAMnrc. The behavior of the relative change in K,
versus tube voltage in the mammography range is similar to
that observed in Fig. 9. Figure 10 shows that even in modern

DD A N A L M R i PP

-3 j AEeﬁ/(Eeﬁ)primary 4 -3
Al s
i AHVL/(HVL)primary ]
-9 -9
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tube voltage / kV

FiG. 9. Simulation results for the variation of the off-focal component with
tube voltage for a typical diagnostic system. K, is the air kerma at the
patient plane per incident primary electron, HVL is the half-value layer, and
E.i is the effective energy of the output spectrum. Spectra are averaged over
a 20X 20 cm? diagnostic field at 100 cm SSD.
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x-ray systems, off-focal radiation is a non-negligible compo-
nent of the overall output (up to 5.5% for this particular
mammography system).

Figure 11 shows the variation of the off-focal component
with total filtration for the representative diagnostic (panel a)
and orthovoltage (panel b) systems described in Sec. II C
with both the primary and the secondary collimation in
place. As the filter thickness increases, the softer off-focal x
rays are preferentially absorbed compared to the primaries;
consequently, the fractional off-focal component at the pa-
tient plane decreases. The same behavior of the off-focal
component  with  filtration has been  observed
experimentally.23

lll.C. Discussion

The spectra in this study are averaged over typical field
sizes of interest clinically. However, our simulations show
that the ratio of the mean energy of the spectrum of a typical
x-ray system at the patient plane with-to-without the off-
focal component remains constant across the diagnostic or
therapeutic field, both in the direction parallel to the anode
axis (where the heel effect is observed) and in the perpen-
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FiG. 10. Comparison between our simulation results and the experimental
measurements by Shen et al. (Ref. 22) for the magnitude of the off-focal
component relative to the primary over the typical voltage range of the
SenoScan® digital mammography system (Refs. 38 and 39).
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FiG. 11. Simulation results for the variation of the fractional off-focal com-
ponent with total filtration for typical diagnostic (panel a) and orthovoltage
(panel b) systems. Parameters are defined as in Fig. 9. Spectra are averaged
over a 20X 20 cm? diagnostic field at 100 cm SSD in panel a, and over a
10X 10 cm? therapeutic field at 52 cm SSD in panel b.

dicular direction. Therefore, the findings of this study also
apply to the spectra measured only around the central axis in
an open field or around the edges of the field. On the other
hand, the off-focal component is expected to be much less
for full pinhole configurations because geometric constraints
prevent most of the generated off-focal x rays from reaching
the very small detector surface.

The value of the interelectrode distance d affects the char-
acteristics of backscattered electrons and consequently the
magnitude of the off-focal component at the patient plane as
follows. For a given kVp, the spread of first generation back-
scattered electrons is directly proportional to d [Eq. (A7) in
the Appendix]. As d increases, first generation backscattered
electrons spread farther away from the focal spot, and fewer
of them reenter the hatched area of the anode seen in

Medical Physics, Vol. 35, No. 9, September 2008

Fig. 1(b). Consequently, fewer of the higher generations are
produced, and the values of 7, and 7., are reduced. The
angular distributions in Fig. 5(b) do not change appreciably
with d, but the energy spectra of second and higher genera-
tions in Fig. 3(b) shift towards lower energies. At the patient
plane, the off-focal component is reduced as d increases be-
cause geometric constraints prevent many of the widely
spread off-focal x rays from reaching the patient plane. As a
numerical example, for the representative diagnostic system
described in Sec. II C with no added filtration, when d is
increased from 1.5 to 3.0 cm for a fixed kVp of 100, simu-
lation results show that 7, and 7., in Table I reduce from
18.1% and 13.8% to 8.8%, and 3.4%, respectively. At the
patient  plane, the values of  AKy/(Kup)primarys
AHVL/(HVL) primarys and  AEqg/ (Ecfe) primary  Change  from
+8.0%, —1.5%, and —4.0% [Fig. 11(a)] to +1.5%, —0.3%,
and —0.8%, respectively. This shows that the off-focal com-
ponent is sensitive to the interelectrode distance d, or alter-
natively, to the electric field strength.

Our simulations so far have been done for anode disks
made of the same material as the focal tracks. For a tungsten/
rhenium track and a molybdenum disk, our simulations (not
shown) show that the extent of softening of the primary
tungsten spectrum by the off-focal molybdenum spectrum is
similar to that shown in Fig. 8. For tubes with a strong off-
focal component, hints of the molybdenum characteristic
peaks can be seen in the overall spectrum. The rest of the
arguments presented throughout this study are equally valid.

The magnitude of the off-focal component is expected to
be smaller for larger focal spot sizes mainly because some of
the backscattered electrons will reenter the anode within the
focal spot and the x rays they generate would not contribute
to the off-focal component. Typical focal spot sizes can be as
large as 2 X 2 mm?. For the representative diagnostic system
described in Sec. II C, this corresponds to an area of
2/sin 16°=7.3 X2 mm? of the anode surface hit by primary
electrons, which is equivalent to a circle of radius 2.2 mm.
From Fig. 6(a), the area under the diagnostic tube curve for
R’ €[0,0.22] is only 1.5% of the area under the entire curve.
This shows that the fraction of backscattered electrons that
reenter the anode within the focal spot is negligible for typi-
cal focal spot sizes. Consequently, the results presented in
this study for point-like focal spots are equally valid for typi-
cal finite-size focal spots.

Recently, good agreement has been reported in the litera-
ture between simulation results using EGSnrc/BEAMnrc and
experimental measurements of half-value layers44 and x-ray
spectlra48 when the off-focal component was not included in
the simulations. Based on the arguments presented above,
this can be explained as follows. The setup in Mainegra-Hing
and Kawrakow™ includes pinhole geometry and heavy com-
posite (aluminum+copper) filtration, both of which we have
shown to strongly reduce the effect of the off-focal compo-
nent on the HVL [Fig. 11(b)]. We confirmed this by resimu-
lating the NRC x-ray tube they used, and the half-value lay-
ers with and without the off-focal component were the same
within <1%. The setup in Bazalova and Verhaegen48 in-
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FIG. 12. (Not to scale) Definition of the parameters describing the motion of
electrons backscattering from an anode surface. W and H are originally
defined in Fig. 1.

cludes a 90°-Compton scatterer with narrow collimation.
Such configuration also eliminates the effect of the off-focal
component on the spectral shapes. In addition, the type of
grounding and the tube design specifications strongly affect
the extent of the off-focal component as discussed above.

IV. CONCLUSIONS

A new feature has been added to BEAMnrc to simulate
off-focal radiation and excellent agreement with experimen-
tal measurements has been obtained for both the primary and
the off-focal components. The study concludes that the off-
focal component due to electrons that backscatter from the
anode can have non-negligible effects on the output of an
x-ray tube simulation, including the spectral shape, the air
kerma at the patient plane per incident primary electron, the
half-value layer, and the effective energy of the spectrum.
The effects are larger for grounded cathode tubes, smaller
interelectrode distance, higher tube voltage, lighter filtration,
and less collimation. This study recommends including the
off-focal component in x-ray tube simulations for more real-
istic modeling of these systems.
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APPENDIX: ALGORITHM ADDED TO BEAMnrc TO
SIMULATE OFF-FOCAL RADIATION

Consider a pencil beam of electrons incident on an anode
surface at the focal spot (0,0,0), as shown in Fig. 12. The
total energy of an incident electron is £,=E,+myc?, where
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my is the electron rest mass, c is the speed of light, and E is
the electron kinetic energy given by Ey=e kV where e is the
absolute value of the electron charge and the kV is the ap-
plied tube voltage. Consider an electron with kinetic energy
E and total energy &,=E+mc* backscattering out of the an-
ode into the tube vacuum at (x;,y;,z;) with direction cosines
(u;,v;,w;), which correspond to a backscattering angle « as
seen in Fig. 12. Before this study was done, the interelec-
trode electric field was not taken into account in BEAMnrc
simulations; therefore, the electrons backscattering in the
tube vacuum were not properly transported and were most
likely discarded. In this study, backscattered electrons are
properly transported to reenter the anode under the influence
of the electric field. The goal of the following algorithm is to
determine the parameters of backscattered electrons upon re-
entering the anode, i.e., the goal of the algorithm is to obtain
epn (X7, y7,2¢) and (up,vp,wy).

For &, ignoring radiation damping in the tube vacuum, as
discussed in Sec. II A, means that

o= (A1)

For (xf,ys.z/): to determine the location of reentry
(x7,y7,2¢), the range (R) of the backscattered electron is
needed. R can be obtained by solving the relativistic equation
of motion of the backscattered electron in vacuum as fol-
lows: at time ¢, the rate of change of the electron momentum
is p=—eEg.q, Where Ep.q is the magnitude of the electric
field strength given by Egq=kV/d=Ey/ed, where d is the
interelectrode distance. Breaking the momentum equation
into two components, one parallel and one perpendicular to
the electric field, then integrating with respect to time, one
gets

p” =- eEﬁe]dt + pi” and P :piL . (A2)

At time 1, the total energy (&) of the backscattered electron is
then

3 2 2
&= \myc*+ p*c® = \/ezczEﬁe]dt2 - Zeczpi”Eﬁeldt +e;. (A3)

The momentum components and the total energy of the
backscattered electron can be used to express its velocity
(vy,v,) and position (s;,s,) components as:

vy=ds/dt=pic*le and v, =ds /dt=p c*le. (Ad)
Substituting Egs. (A2) and (A3) into Eq. (A4) and integrat-
ing with respect to time, the following two parametric equa-
tions for the backscattered electron trajectory can be ob-
tained:

1

eEfielq

5= Le; - \/ezczEtz‘ieldtz - 2eC2piHEfieldt +e; 1, (AS)
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pi ¢ pic

L . I
= sinh™ | ————
L 2 22
€Lfield & —pic

- Pi¢ = ecEgegt
—sin =
Vei —pic

When ¢ is eliminated from Egs. (A5) and (A6), it can be
shown that the result is identical to the equation given with-
out proof by Bielajew36 for the electron trajectory. At the
point where the backscattered electron reenters the anode,
$;=0 and s, =(s,)max=R. Using Egs. (A5) and (A6), with
5,=0, R can be shown to be given by

gdp; 1+5
R= In s
Ey -5

where B=v/c. It can be shown that for 8<<1, Eq. (A7)
reduces to its familiar nonrelativistic limit
[R=4(E/Ey)d sin « cos a]. Once R is known, the location of
reentry of the backscattered electron (xf, yf,zf) can be deter-
mined using:

(A6)

(A7)

xf=xl-+L1R, yf=yi+L2R’ Zf= Zi+L3R=—XfCOt6,

(A8)

where (L;,L,,L;) are the direction cosines of the vector
pointing from the backscatter location to the reentry location.
Using analytic geometry,” (L,,L,,Ls) can be shown to be
given in terms of the original direction cosines (u;,v;,w;) and
the anode tilt angle 6 (shown in Fig. 1) as:

L= (u;sin 6

—w;cos 0)sin 6 / V/viz + (u; sin O—w; cos 6)?,

L,= v,-/v/v[2 + (u; sin @—w; cos 6)?, (A9)

L3 = _Ll cot 6.

If the calculated (x/,y,zy) lie outside the anode area of width
W and height H, i.e., the area equivalent to the hatched area
in Fig. 1(b) (see Sec. IT A for a full discussion), then the
backscattered electron is discarded. Otherwise, the algorithm
proceeds to calculate (uf,vf,wf).

For (us,vs,wy): in the plane of motion of the backscat-
tered electron, the reentry angle is the same as the backscat-
ter angle (both are @). However, (us,v;,w,) are different
from (u;,v;,w;) because of the tilt angle of the anode (6).
Using analytic geometry, (us,vs,wy) can be shown to be
given in terms of the original direction cosines (u;,v;,w;), the
anode tilt angle (6) and the backscatter angle (a) as:

up=1L;cosa—cos fsina, vy=v;,

wy= L3 cos a—sin #sin a. (A10)

The result v,=v; is expected because the anode surface con-
tains the Y axis as shown in Fig. 1(b). Another check is that
for a hypothetical vertical anode (#=0), when an electron
backscatters in the XZ plane, i.e., no Y component of the
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velocity and v,;=0, one gets L;=0 and L;=1, which gives
us=—sin a, vy=0, and w,=cos a, again as expected.

Equations (A1), (A8), and (A10) determine the param-
eters needed in the BEAMnrc simulation when the backscat-
tered electron reenters the anode.
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