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Abstract

The design and testing of a prototype Multi-X-ray-source Array (MXA) for digital breast
tomosynthesis is reported. The MXA is comprised of an array of tungsten filament cathodes with
focus cup grid-controlled modulation and a common rotating anode housed in a single vacuum
envelope. Prototypes consisting of arrays of three-source elements and eleven-source-elements
were fabricated and evaluated. The prototype sources demonstrated focal spot sizes of 0.3 mm

at 45 kV with 50 mA. Measured x-ray spectra were consistent with the molybdenum anode
employed, and the tube output (air kerma) was between 0.6 mGy/100 mAs at 20 kV and 17
mGy/100 mAs at 45 kV with a distance of 100 cm. HVL measurements ranged from 0.5 mm A/
at 30 kV to 0.8 mm A/at 45 kV, and x-ray pulse widths were varied from 20 ms to 110 ms at
operating frequencies ultimately to be limited by source turn-on/off times of ~1 ms. Initial results
of reconstructed tomographic data are presented.

Keywords
digital breast tomosynthesis; stationary x-ray source; multisource x-ray

1. Introduction

The use of multiple x-ray sources in medical imaging systems that produce tomographic
data is of interest for reasons ranging from reducing or eliminating mechanical motion

to decreasing image acquisition times and system costs. The various approaches and their
history have been thoroughly reviewed, (Neculaes et a/2014) so a summary is provided here
which captures the key aspects as they relate to the technology underlying the Multi-X-ray-
source Array (MXA).

paul.schwoebel@sri.com .
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Beginning in the 1980’s the earliest and most direct approach to incorporating multiple
X-ray sources in imaging systems was implemented by the use of multiple conventional,
rotating anode x-ray tubes, and such designs are commercially available today (Siemens
SOMATOM Dual Source CT Scanners). About this same time sophisticated systems were
developed in which an electron beam was scanned over a spatially distributed target to
produce an x-ray source that moved through space without mechanical motion, creating a
‘stationary’ x-ray source (Boyd et a/ 1982). Subsequent approaches to multiple x-ray source
systems grew to include the use of arrays of discrete, addressable cathodes distributed in
space, often within a single vacuum envelope. These have been referred to as “distributed
x-ray sources’ (Neculaes et a/2014). The cathodes used in distributed x-ray sources

include thermionic cathodes (Kohl 1967) (tungsten filaments, dispenser, and oxide) and field
electron emission cathodes (i.e. cold cathodes) (Zhu 2001). Such work continues to this day
with arrays of cathodes being used to, for example, produce distributed x-ray sources for CT
(Neculaes et a/ 2016, Kandlakunta et a/2017) and stationary x-ray sources for digital breast
tomosynthesis (DBT) (Calliste et a/2017). For CT this source development has focused

on the use of thermionic cathodes due to their proven performance and generally robust
characteristics (Kohl 1967). Over the last decade the development of stationary sources for
DBT has focused on the use of field electron emission cathode-based systems (Calliste et
al 2017) due to attractive features (Neculaes ef a/2014) such as their operation at room
temperature. However in the case of field emission cathodes, unfortunately, despite efforts
that started nearly 100 years ago (Kleint 1993) and subsequent support by large financial
investments from both industry and government in the US and abroad, no commercially
available medical imaging system using field emission cathodes is, or has been, used
routinely in a clinical setting, principally due to their poor reliability in the x-ray tube
environment (Sechopoulos 2013, Neculaes et a/2014).

To the best of our knowledge, all distributed x-ray source systems that have been reported
in the scientific literature to date have employed stationary anodes (Neculaes et a/2014).
X-ray tube anodes of course have inherent limitations to the sustained x-ray flux per source
element they can support due to target heating considerations (Behling 2018, Oosterkamp
1948). In principle distributed x-ray source systems can employ enough individual source
elements such that anode power densities per source element are acceptable for a stationary
anode. However for tomographic imaging applications like DBT and CT, as the number of
source elements is increased, the detector frame rate can become the rate-limiting step with
respect to acquisition (scan) time. This can lead to systems with scan times that are too long
to be clinically relevant (Neculaes et a/ 2014, 2016).

The other approach to increase the sustainable flux per source element is to use a rotating
anode. Rotating anodes first became commercially available (Behling, 2018) in the late
1920’s reflecting the need to increase the sustained output of bremsstrahlung x-ray tubes by
distributing the electron beam power density over a larger anode surface area. A rotating
anode can easily provide, for a given exposure time, ten-times the x-ray output of a
stationary anode (Oosterkamp 1948). Although the use of rotating anodes in distributed
X-ray source systems has been proposed generically (Neculaes et a/ 2014) and in the patent
literature (Morgan 2000), there appears to be no published research in which a rotating
anode-based distributed x-ray source has been investigated before 2019 (Boone et a/2019).

Phys Med Biol. Author manuscript; available in PMC 2021 November 02.
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In this paper we discuss a prototype MXA system as a stationary x-ray source for DBT.

The MXA employs tungsten filament-type cathodes for reliability, focus-cup grid control for
modulation of the individual source elements, and a rotating anode to significantly increase
the sustained x-ray flux per source element over that which can be achieved with a stationary
anode. Besides the elimination of any possible image blurring effects due to x-ray tube
movement or vibration inherent to a stationary source, (Tirada et a/ 2019, Horvat et a/2019)
the associated simplified system design and reduction in system size has the potential to
increase reliability and decrease capital, operating, and maintenance costs. In addition, the
lack of mechanical motion associated with moving the x-ray source through space combined
with the use of a rotating anode to increase the sustainable x-ray flux per source element
imparts the potential to significantly reduce scan times relative to proposed (Calliste et a/
2017) or existing (Tirada ef a/ 2019) commercial systems. Scan time is one of the most
important parameters of a DBT system (Smith 2013, Kopans 2014) with short scan times
helping to minimize instances of image blurring due to patient motion.

2. Methods

2.1. Source design and fabrication

The MXA source uses an array of tungsten filament cathodes opposing a cylindrically
symmetric, rotating anode. Grid-controlled cinefluoroscopy-type-tube cathode modulation
is employed to define the beam spot (i.e. x-ray focal spot) size on the anode and allow

for the individual x-ray source elements to be turned on and off. Figure 1 illustrates the
rotating anode-based MXA source concept in DBT. Tungsten filament cathodes were chosen
due to their simple, robust nature. For DBT, a stationary source replicating projection
image positions of existing commercial systems requires: 1) Source densities of no greater
than 1 source per degree of scan angle, equivalent to a linear power density of ~(24 W/
filament) x (1 filament/2 cm) = 12 W cm™1 with a total power of 15 projections x (24
W/projection) = 360 W (Selenia Dimensions 3D; Hologic, Marlborough, MA, USA) and
2) and total power of less than 25 projections at 25 W = 600 W at a linear power density
of ~(24 W/projection) x (1 filament/4 cm) = 8 W cm™1 (Mammomat with Tomosynthesis
Option, Siemens Healthineers, Erlangen, Germany). These are manageable powers and
power densities given typical x-ray source duty cycles.

For prototyping studies two 3-source element and one 11-source element MXA sources were
designed, built, and tested. The 3-element sources (Boone et a/ 2019) served as a prototype
for the 11-element DBT source. Figure 2 is a photograph of the first 3-element prototype and
shows the molybdenum rotating anode opposing three focus-cup grid-controlled tungsten
filament cathodes. In this version the rotating anode was machined from molybdenum rod-
stock. Prototyping for a DBT MXA source will ultimately compare it with a commercially
available system. For our initial studies we fabricated an 11-element anode with a source
separation of 2.3 cm (equivalent to a total scan angle of 20°) to produce a projection number
and scan angle between that of the Hologic Selenia Dimensions 3D (15 projections over 15°)
and the GE Senoclair (GE Healthcare, Chicago, Illinois, USA) system (nine projections over
25°).

Phys Med Biol. Author manuscript; available in PMC 2021 November 02.
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Although the machined-anode approach is physically robust and simple, it becomes costly
and more difficult to fabricate as the diameter of the anode is increased for greater power
handling capability and/or the number of source elements is increased. This is because in
this approach, the amount of metal that is removed by the lathe is excessive. We have
therefore transitioned to a modular approach in which anode components are fabricated and
then brazed together.

The anodes were mounted on Varian RAD-92 x-ray tube rotor assemblies and driven by the
associated Varian stator. For the 3-element prototype, a single RAD-92 bearing assembly
was used. For the 11-source element MXA, two bearing assemblies were used with one at
each end of the anode. Anode rotational speeds have been as high as 3600 rpm. For studies
here anode speeds were maintained at 1000 rpm to limit bearing wear and because the
combination of current (limited to 50 mA at 45 kV by the generator, a Spellman STR120P6
high voltage supply) and focal spot size (~0.3 mm x 1.0 mm) allowed these lower speeds.
A photograph of the 11-source element MXA mounted on a demountable vacuum flange is
shown in figure 3.

The source elements are focus-cup grid-controlled with a focus cup (grid) bias of one to
several hundred volts negative with respect to the grounded filament used to form the line
focus on the anode. A grid bias of between —1000 V and —1200 V is used to turn off the
x-ray source elements. The source elements are operated using an in-house, custom-built
source controller which controls the beam current on the anode, the beam focusing and
turn-off voltages of the grid, the exposure time of each source, and the time between
turning on and off each source element. The filament current of each individual source
element is controlled allowing for the resulting tube current from the individual elements to
be adjusted/tuned, e.g. to be the same. In these prototyping experiments positive HV was
applied to the anode to allow the filament and grid control circuity to be at ground potential.

Source studies were conducted using an ion-pumped stainless-steel vacuum envelope to
house the MXA source, see figure 4. This chamber was operated in the 10~/ to 1076 Torr
range during experiments. Electrical feedthroughs supply the filament power and focus-cup
voltages. A custom built, 1-mm-thick rectangular aluminum x-ray window with dimensions
of 35.0 cm x 3.8 cm forms a vacuum seal at the bottom of the envelope. The current field

of view at a source to imager distance (SID) of 65 cm is 21 cm x 30 cm, sufficient to
accommodate our upgrade to a Varian 2520 detector in the future. No fundamental source
constraints prevent having field of views of 24 cm by 29 ¢cm in order to be compatible

with standard mammography/DBT detectors. Two commercial Conflat glass viewports were
used to view the source assembly with a video camera during operation. No collimation

was used for our prototyping experiments because the source was operated in an unoccupied
room. Ultimately the MXA collimator would nominally consist of a metal (such as lead

or tungsten) plate having perforations that appear as parallelograms when viewed in cross-
section from the edge of the plate. The orientation of the perforations can be designed

s0 as to keep the x-ray coverage slightly smaller than the active area of the detector and
constant for each projection to help minimize the risk of irradiating non-breast portions of
the patient. This can be done in a relatively straightforward manner using, for example,
water jet machining.

Phys Med Biol. Author manuscript; available in PMC 2021 November 02.
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2.2. Source evaluation

Fundamental operating parameters of the MXA source investigated were the x-ray spectrum,
x-ray focal spot size, tube output, half value layer (HVL), and source modulation
characteristics. X-ray spectra were measured using an Amptek XR-100 detector calibrated
with ®Feand 242ZAm x-ray standards. An anode angle of 12° was used throughout. Focal
spot sizes were imaged with a 10 um diameter pinhole (Nuclear Associates, Inc. Carle Place,
NY, USA). Average spot sizes were measured using a star x-ray test pattern (Model 07-503,
Nuclear Associates, Inc. Carle Place, NY, USA) which contains 60 spoke pairs divided into
four 15° sectors wherein each spoke diverges at an angle of 0.5°). The tube output and HVL
measurements were made using a dedicated mammography ionization chamber (10X5-6
M-3, RadCal Corp., Monrovia, CA, USA) connected to a model 9060 electrometer and a
model 9010 readout unit (RadCal Corp., Monrovia, CA, USA). X-ray pulse shape versus
time measurements were taken using an Amperex XP2262B photomultiplier tube and plastic
scintillator with the output viewed by a Tektronix TDS540D oscilloscope.

Initial imaging characteristics of the prototype source were evaluated using a Varian
PAXSCAN 1313 flat-panel x-ray detector based on an indirect thin-film transistor design
and a Csl scintillator. The 1313 panel incorporates 127 um pixels over a 13 cm x 13 cm field
of view. The array of 1024 x 1024 pixels can be read out at up to 30 frames per second. The
electronics associated with the flat-panel detector provides a 5 V transistor-to-transistor
logic (TTL) pulse for each frame and this TTL pulse was integrated with the source
controller to synchronize the firing of each x-ray source element. The source-to-detector
distance was 72.5 cm. We are presently transitioning to the use of a Varian 2520 detector,
see figure 4, which simply replaces the position of the Varian 1313.

Tomographic data sets and x-ray modulation experiments reported here were made with

the 3-element MXA source serving as a prototype for the 11-element source. This is
because the 11-source element controller, for which the 3-source element controller served
as a prototype, is still under construction. In order to mimic the tomographic data set
produced by an 11-element source, the detector was physically translated under the MXA
source (3 element source position 1 served as 11-element source positions 1, 4, 7 and

10; 3 element source position 2 served as 11-element source positions 2, 5, 8 and 11; 3
element source position 3 served as 11-element source positions 3, 6 and 9. The phantom
used for geometrical calibration was fabricated by cementing 1/16” (1.59 mm) diameter
stainless-steel spheres onto a 1/32’-thick (7.9 mm) sheet of Polymethylmethacrylate sheet
(i.e. Lucite™) to form a regular right pyramid with one sphere at the apex and one at each of
the four corners of the base. The base side-length of the pyramid was 1 cm and the height of
the center of the sphere at the apex above the center of the spheres at the base was 8 mm.

3. Results

3.1. X-ray spectra

Figure 5 shows the x-ray spectrum from a single source element using electron beam
energies ranging from 25 to 45 keV (in 5 keV intervals). The higher energies are typical
for those required in DBT. The K-shell fluorescence lines of molybdenum at 19.6 keV and

Phys Med Biol. Author manuscript; available in PMC 2021 November 02.
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17.4-17.5 keV are evident as peaks in the spectrum. As would be expected, no discernable
difference was observed between the spectra produced by each of the 11-source elements
given that the same electron energy, anode angle, and x-ray beam filtration was used for each
element.

3.2. X-ray focal spots

Figure 6 shows x-ray pinhole camera images of a typical x-ray focal spot from a single
source element as a function of voltage, Vgyig, applied to the focus cup grid relative to the
grounded filament. In the radiograph the anode is toward the 9 o’clock position and the
filament/focus cup is toward the 3 o’clock position. As Vg is decreased from 0 V there

is a gradual decrease in the size of the focal spot perpendicular to its elongated direction.
Optimal focusing was achieved with a Vg between =200 V and —300 V for anode voltages
between 35 kV and 45 kV. Here, about 80% of the x-rays emanate from within 0.3 mm

of the spot centerline. As Vjyig is decreased further, the spot becomes over focused and
begins to broaden while there is a slight decrease in the width of the focal spot in the
elongated direction as is evident in figure 6 at —400 V. A Vg of =1200 V reduced the
anode current to zero amperes. The pinhole images were taken with the pinhole located on
the filament-side of the vertical line connecting the x-ray focal spot with the detector surface
so as to view the focal spot without excessive geometrical foreshortening by the line focus
principle.

An x-ray star pattern radiograph, taken with the same source element used to produce the
pin-hole camera images in figure 6, is shown in figure 7. For spatial reference the anode is
toward the 9 o’clock position and the filament/focus cup toward the 3 o’clock position. The
star pattern was centered in the x-ray beam striking the detector, and the average focal spot
size was determined to be 0.30 mm. In this position, the focal spot appeared to have nearly
equal dimensions from each of the 11-source elements and varied by less than ~ £10%.

3.3. X-ray tube output

The tube output was measured as a function of electron beam energy from 20 keV to 45 keV
(in 5 keV intervals) as shown in figure 8 for a single source element. Because the filament
current of each source element can be independently controlled, adjustments can be made to
reduce the variation in output between source elements to ~5% or less (as measured directly
below the source element).

3.4. Half-value layer

The HVL was measured at 50 mA between beam energies of 30 keV and 45 keV as
shown in figure 9. These values for a molybdenum anode are reasonable given the 1-mm of
aluminum filtration.

3.5. X-ray modulation

The focus-cup grid control was designed to be compatible with DBT systems using from 9
to 25 projections because these represent the range of most existing major manufacturer’s
systems (Tirada et a/2019). For example, take 100 mAs as a nominal total exposure for
DBT, assume an operating current of 100 mA/source element, and use of an appropriate

Phys Med Biol. Author manuscript; available in PMC 2021 November 02.
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DBT detector (such as the Varex Dexela CMOS 2923, which has 0.075-mm native detector
elements and operates at 26 fps in the 1 x 1 binning mode). With these assumptions the
maximum on-time for a given source element is (100 mAs/[100 mA/source]/9 sources) =
111 ms, at a source element switching frequency of (111 ms + 1/26 fps) = 149 ms/projection
equivalent to ~7 Hz. The minimum on-time per source element and maximum operating
frequency would occur with the source elements operating at the estimated (Oosterkamp
1948) 200 mA maximum of our system with 25 projections. In this case the individual
source element on-time is (100 mAs/[200 mA/source]/25 sources) = 20 ms giving a source
switching time of (20 ms + 1/26 fps) = 59 ms/projection equivalent to a rate of 17 Hz.

Figures 10 and 11 show, respectively, sequential x-ray pulses for each of the three individual
elements comprising the 3-element MXA source in the low and high-speed switching cases
above using currents of 40 mA at 35 kV. Figure 10(a) shows the TTL logic pulse used

to control the focus cup grid potential and switch it from —1200 V (x-ray off) to =200 V
(x-ray on at minimum focal spot). When the TTL signal is high the source is on. Figure
10(b) shows the x-ray output versus time with 110 ms wide x-ray pulses sequentially from
each of the three MXA source elements at 7 Hz. Similarly figure 11 shows the x-ray output
versus time with 20 ms wide x-ray pulses sequentially from each of the three elements at
17 Hz. Figures 10 and 11 demonstrate that the time required to modulate the x-ray output
from each source element can address any of the range of possibilities required for existing
DBT system designs. Note that because the output of each source element can be adjusted
independently of the others by setting different filament currents, small variations in x-ray
output between source elements can be achieved, as shown in figures 10 and 11.

3.6. Tomosynthesis data

Figures 12 and 13 are examples of tomosynthesis images reconstructed from data taken
using the MXA. The orientation of the images is such that the right-hand side of the image
is the anode-side of the MXA source. The total exposure was 100 mAs (9.1 mAs/element
operating at 45 kV and 50 mA/element) in both cases. Figure 12 shows tomosynthesis
images of the BB-calibration phantom at three depths with the planes separated by 4.0 mm.
Figure 12(a) shows the plane in which the BB at the apex of the pyramidal phantom is

in focus; figure 12(b), the plane half-way between the BB at the apex and the four BBs

at the base of the pyramid; and figure 12(c) the plane in which the four BBs at the base

of the pyramid are in focus. Figure 13 shows tomosynthesis images of an orange at three
depths with the planes separated by 4.0 mm through the central core. The projections were
reconstructed using simple shift and add for the BBs and matrix-inversion tomosynthesis
for the orange. These are some of the first attempts at reconstructing tomographic data sets
generated from projections acquired with the MXA.

4. Discussion

4.1. X-ray spectra

Figure 5 shows standard bremsstrahlung spectra from a molybdenum anode. Monte Carlo
simulations and analytical modelling (Shrestha ef a/2017) have indicated that roughly 1
mm of aluminum, as used in these studies, provides good filtration for DBT when tungsten

Phys Med Biol. Author manuscript; available in PMC 2021 November 02.
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anodes are used. Longer term plans for this technology include cladding the molybdenum
focal tracks with a tungsten/rhenium alloy, commonly employed outside of breast imaging
applications for general purpose radiography and computed tomography. Tungsten anodes
are also being used more frequently for breast imaging, with appropriate beam-softening
filters such as rhodium, palladium and silver.

4.2. X-ray focal spots

Focal spot behavior with focus cup voltage is consistent between different source elements
and spot sizes are consistent with those used in DBT. Note that the spot intensity distribution
is not bimodal and this result is to be expected when using biased (as opposed to nonbiased)
focus cups (Bushberg ef a/2012). There are a number of geometrical variables that impact
the focusing voltage required to optimize the spot size and turn-off the source element
including the position of the filament within the focal cup, the dimension and shape of the
cup, and the proximity and potential applied to the anode. Modeling is currently being used
to further optimize the trade-offs involved.

4.3. X-ray tube output

The increasing x-ray production efficiency at higher voltages is evidenced by the increase in
slope of the curve with increasing voltage (figure 8). The output of the MXA is comparable
to that of clinical DBT systems. Our present operating current of 50 mA/source yields an air
kerma rate of 5 mGy s~1 at 28 kV with the typical SID for mammography/DBT of 65 cm.

4.4, Half-value layer

The beam quality reported here meets the requirements set by the MQSA and the ACR for
the range of half-value layers that are applicable for mammography with a Mo target and Rh
filter combination. The effective x-ray energies referenced to the measured half-value layers
are roughly, 18 keV (0.5 mm AJ), 19 keV (0.6 mm AJ), 20 keV (0.7 mm AJ), and 21 keVV
(0.8 mm A)).

4.5. X-ray modulation

Key to the operation of the MXA source is modulation of the x-ray output from each
individual source element with the focus cup grid voltage, that is with grid control. The
modulation rate is linked to the scan time, i.e. the time required to generate the entire
tomographic data set. As would be expected, x-ray element modulation times using grid-
control techniques can be in the millisecond range and source on-time and modulation

rates demonstrated here are easily high enough to handle current levels of 200 mA/source
element. Scan time is in part dictated by the x-ray tube current and the application. The
Hologic DBT system has the shortest scan time of commercial systems at 3.7 s for 15
projections (~70 mAs total exposure). Field electron emission-based stationary sources
using stationary anodes have a scan time of ~3.1 s. (Calliste ef a/2017) Currently, the MXA
even operating at the demonstrated 50 mA/source element, has a scan time for 15 projections
of (15 projections/26 fps + 70 mAs/50 mA) = 2.0 s, where we have assumed use of an
appropriate DBT detector such as the Varex Dexela CMOS 2923 which has 0.075-mm native
detector elements and operates at 26 fps in the 1 x 1 binning mode. The potential of the

Phys Med Biol. Author manuscript; available in PMC 2021 November 02.
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MXA to further reduce scan time is significant. At 100 mA/source element the MXA scan
time would be 1.3 s. If 200 mA/source element can be demonstrated, the scan time for 15
projections would by reduced to 0.9 s—at which point the detector frame rate is becoming a
very significant rate limiting step with respect to total acquisition time.

4.6. Tomosynthesis data

The first studies of reconstructing tomographic data sets from the MXA source focused on
using filtered backprojection (FBP) and matrix inversion tomosynthesis (MITS). The results
of these initial studies are only preliminary, but it appears that MITS was more accurate than
FBP, in that the intensity was more uniform within the slice, with the central slices. As our
studies proceed, we plan with FBP, in addition to the standard ramp filter, to use a cosine-
shaped anodization filter to suppress high-frequency noise. In addition, low frequency
enhancement (Godfrey et a/ 2003, Mertelmeier 2014) will be used to restore some of the
contrast suppressed by the ramp filter, so the images have less of a ‘flat” appearance. With
MITS, the sliding average approach that sums adjacent planes (Godfrey et a/2013) will be
optimized for the number of slices to slab according to the response of microcalcifications
with the given tube angle used. This sliding average technique reduces image noise while
also suppressing most tomosynthesis artifacts. For FBP, a slabbing method will be used to
best depict the three-dimensional spread of microcalcification clusters.

4.7. Source operation and design

4.7.1. Source-element performance consistency—Despite the fact that the MXA
is only in the initial prototyping stage it is worthwhile to discuss aspects related to

the consistency of performance between source elements. To date reasonable consistency
between source elements in terms of x-ray spectrum, x-ray focal spot size, x-ray output,
and tube (anode) current has been observed as presented in section 3. One aspect of the
MXA that allows for matching the performance between individual source elements is that
the filament current through each element can be controlled independently. This means that
the tube current produced by each source element can be adjusted so as to balance the
x-ray output and achieve highly similar outputs as shown in figures 10 and 11. In addition,
the output of each source element can be varied to keep the x-ray fluence rate at the
detector constant as the detector-to-source element distance changes due to the prototype’s
linear source-element geometry. X-ray focal spot sizes can be made very similar to one
another across the array of 11-source elements (section 3.2), mainly by adequate control of
geometrical variables just as is done for conventional commercial tubes of the same model.
In addition, the grid-control feature of the MXA allows, in principle, for the use of different
focus voltages for each source element to adjust to the focal spot size.

Given that the MXA is still in the prototyping stage long-term source stability studies are

a future task. However, qualitatively, we have observed during the course of hundreds of
experiments which involved cycling through source elements over weeks of operation, that
filament current—voltage characteristics and the resulting tube currents are reproducible, and
X-ray output per source element is consistent. In principle this is not surprising. The MXA
design is the result of the integration of proven tube components to make, in essence, an
array of conventional tungsten-filament-based, grid controlled, rotating-anode x-ray sources

Phys Med Biol. Author manuscript; available in PMC 2021 November 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Becker et al.

Page 10

operating in parallel within a common vacuum envelope. From this top level view one
would then expect that the key characteristics such as the inherent lifetime and stability
associated with filament performance, the reproducibility of source element output, and
spot size variations between elements to be similar to those achieved with and between
conventional rotating anode x-ray tubes of the same model, e.g. according to International
Electrotechnical Commission standards.

4.7.2. Anode considerations—For initial prototyping, molybdenum anodes were used
because molybdenum can be machined into various shapes by conventional methods, and
because the power loading capability of molybdenum was adequate for initial testing.

The x-ray tube current was limited to 50 mA by the x-ray generator. A transition to
tungsten/rhenium cladding on the focal tracks on the anode is planned because it would not
only provide an x-ray energy distribution that is better matched to DBT and CT imaging
applications, but also would increase the allowable x-ray flux and power loading (W/cm?)
levels compared to molybdenum due to its higher Zand higher melting point.

The geometry of the MXA anode allows for effective cooling. First, the large surface-area-
to-volume ratio of the MXA anode disk array increases its efficiency in radiating power
relative to a standard rotating anode: The MXA anode shown in figure 3 has roughly twice
the effective radiating surface area as a conventional 4’ diameter rotating anode and the
radiated power is proportional to the radiating area. Secondly, liquid-cooling of the anode
can be implemented by flowing the liquid (e.g. water) along the axis of the anode, i.e. in

one end and out the other, possibly employing ferrofluid seals for the vacuum-to-atmosphere
anode seal and water supply-to-anode seal. Roughly speaking it is practical to dissipate

over 10 kW with water flow through a hollow-cylinder-based version of the anode shown

in figure 3 (Reference Data for Radio Engineers 1981) whereas typical values of power
dissipation by conduction through the ball bearings of a conventional tube are of order a few
watts.

The brazing-based modular approach to fabricating the anode enables the design of more
advanced anode configurations, such as stacked disks having diameters that gradually
increase from the center of the field of view outward—with the anode faces machined at
a fixed angle relative to the axis of rotation. This would mechanically steer the focal spot
toward a common isocenter with the result that all of the focal spots would be located on
a radius of curvature centered on the isocenter of the tomosynthesis system. Such a design
would keep a constant x-ray focal spot size and source-to-isocenter distance by emulating
the path of a single x-ray tube traveling through an arc. In addition, this design would still
only need a simple, cylindrically symmetric vacuum envelope enclosure around the MXA
source assembly. Implementation would require that the focal spots be spatially located on
a compound curve, and this fabrication strategy is straightforward. A curved source array
would allow use of existing tomosynthesis reconstruction algorithms, and balancing focal
spot shape and size across all sources would reduce potential image artifacts.

4.7.3. Line focus and in situ variable anode angle—The line focus geometry used
here has its elongated portion positioned in the direction of anode rotation, in contrast to the
standard anode design in conventional tubes where the long axis of the focal track is normal
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to the direction of anode rotation. For a given anode rotational speed and incident electron
beam power density, this decreases the power loading (Oosterkamp 1948) by a factor of ~4
(the filament has a length of 5 mm which is roughly the beam spot length on the anode,

and the width of the beam on the anode was measured to be 0.3 mm, so [5 mm/0.3 mm]%/2
~4). This design was a more straightforward geometry to employ for our prototyping studies.
Estimates indicate, however, that a 5 cm diameter anode at 1000 rpm and an anode angle

of 12° with 11 source elements can accommodate exposures of 100 mAs at 40 kV with

100 mA/(source element). Furthermore, we note that the existing geometry allows the anode
angle to be varied /n situ by deflecting the electron beam from each source element in the
direction perpendicular to rotational axis of the anode. This deflection could be implemented
using, for example, a second grid electrode placed between the focusing cup and the anode.
In the existing assembly, this means that the anode angle could be varied from a few degrees
to several 10’s of degrees. Of course, changing the anode angle has a significant influence
on the effective size of the focal spot, the x-ray fluence rate, the heel effect, and the field
coverage of the beam at the detector.

The ability to change the effective focal spot size over a wide continuous range of
dimensions has a number of usable applications in breast imaging and beyond. Decreasing
the anode angle results in both a smaller x-ray focal spot and a smaller usable field of view.
For magnification mammography and tomosynthesis applications, the anode angle could

be dynamically adjusted to accommodate the variable field of view used in magnification
imaging, allowing the smallest effective focal spot to be used for each field-of-view setting.
Given the speed of acquisition capable with the MXA, each source element could actually
produce two redundant images for each tomographic projection—one with a large focal spot
and one with a smaller focal spot. This would result in one acquisition being high-pass

and the other medium-pass filtered. With the appropriate use of image processing software
(such as subtraction or deep learning versions of subtraction), harmonized (e.g. blurred-mask
subtraction) projection images could be used to produced edge-enhanced (using physics, not
just image processing) tomosynthesis reconstruction.

5. Conclusions

The proof-of-principle experiments were performed and clearly demonstrate the feasibility
of the MXA source technology, comprised of an array of grid-controlled tungsten
filaments and a rotating anode. The first prototype demonstrated operating characteristics
consistent with x-ray tubes required for stationary source DBT. The functional MXA
system was demonstrated, and tomosynthesis images were produced—demonstrating the
first application of a tomosynthesis system employing a stationary x-ray source comprised
of thermionic cathodes and a monolithic rotating anode. Even at this early stage the MXA
has shown the potential to significantly reduce scan times relative to existing and proposed
commercial systems.

Future goals are to increase the rotational speed of the anode to 3600 rpm and beyond while
extending the tube current to 200 mA per source. Plans are in place to purchase a new
generator providing 200 mA at 50 kV. Also a larger field-of-view flat panel detector (\Varian
2520 with 0.127 mm detector element dimensions (Salt Lake City, UT)) is currently being
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integrated into a compact tomosynthesis system for further imaging experiments. Lastly,

we plan to integrate a MXA tube into a CBCT system on the rotating gantry, to reduce

cone beam artifacts for applications including dental, orthopedic, breast, and image guided
radiotherapy applications. Additional background and discussion of the potential benefits for
applying the MXA source to CBCT is discussed in another publication (Becker et a/ 2020).
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Figure 1.
Schematic of the MXA source with rotating anode assembly as applied to digital breast

tomosynthesis.
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Figure 2.
Photograph of the 3-source element MXA showing the solid molybdenum rotating anode

and grid-controlled tungsten filament cathodes.
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Figure 3.
Photograph of the 11-source element DBT MXA with a close-up of the filament and

focus-cup-grid assembly of one source element.
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Figure 4.

Photographs of a) The prototype DBT system used for the 3-source element and 11-source
element MXA, and b) the 11-source element MXA installed in the prototype DBT system.
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Figureb.
X-ray spectra produced by a typical source element operating at electron energies from 25

keV to 45 keV in 5 keV increments.
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Figure 6.
X-ray pinhole camera images of the x-ray focal spot as the grid bias (focus cup bias) is

changed. 45 kV, 50 mA.
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7

Figure7.
X-ray star pattern of a typical individual source element. Spot size is 0.3 mm x 0.3 mm for

Vgrid = =300 V at 45 kV and 50 mA. Magnification on detector = 1.8x.
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Half-value layer measured with the 11-source element MXA at 50 mA.
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Figure 10.
Oscilloscope voltage versus time plots of the 3-element source cycling through each source

element in sequence. a) The TTL logic pulse used to control the grid voltage. TTL high turns
on the source; b) the signal from the x-ray detector showing a 110 ms duration x-ray pulse at
a frequency of 7 Hz. The ON signal is at —0.8 V and the OFF signal is at 0 V.
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Oscilloscope voltage versus time plots of the 3-element source cycling through each source

element in sequence. a) the TTL logic pulse used to control the focus cup grid voltage; b) the
signal from the x-ray detector showing a 20 ms duration x-ray pulse at a frequency of 17 Hz.
The ON signal is at —0.8 V and the OFF signal is at 0 V.
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Figure 12.
Tomosynthesis images of the BB-phantom at three depths showing planes separated by 4.0

mm. The single BB at the apex of the right regular pyramid is furthest from the detector.
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Figure 13.
Tomosynthesis images of an orange at three depths showing planes separated by 4.0 mm

through the central core centered on the plane shown in (b).
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