
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Carolina Digital Repository
Design and characterization of a spatially distributed multibeam field
emission x-ray source for stationary digital breast tomosynthesis

Xin Qiana�

Department of Physics and Astronomy, University of North Carolina at Chapel Hill, Chapel Hill,
North Carolina 27599

Ramya Rajaram and Xiomara Calderon-Colon
Curriculum in Applied Sciences and Engineering, University of North Carolina at Chapel Hill, Chapel Hill,
North Carolina 27599

Guang Yang
Department of Physics and Astronomy, University of North Carolina at Chapel Hill, Chapel Hill,
North Carolina 27599

Tuyen Phan
Department of Biomedical Engineering, University of North Carolina at Chapel Hill, Chapel Hill,
North Carolina 27599

David S. Lalush
Department of Biomedical Engineering, University of North Carolina at Chapel Hill, Chapel Hill,
North Carolina 27599 and Department of Biomedical Engineering, North Carolina State University,
Raleigh, North Carolina 27659

Jianping Lu
Department of Physics and Astronomy, University of North Carolina at Chapel Hill, Chapel Hill, North
Carolina 27599 and Curriculum in Applied Sciences and Engineering, University of North Carolina at Chapel
Hill, Chapel Hill, North Carolina 27599

Otto Zhoub�

Department of Physics and Astronomy, University of North Carolina at Chapel Hill, Chapel Hill, North
Carolina 27599; Curriculum in Applied Sciences and Engineering, University of North Carolina at Chapel
Hill, Chapel Hill, North Carolina 27599; and Lineberger Comprehensive Cancer Center, University of
North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599

�Received 27 May 2009; revised 6 August 2009; accepted for publication 7 August 2009;
published 4 September 2009�

Digital breast tomosynthesis �DBT� is a limited angle computed tomography technique that can
distinguish tumors from its overlying breast tissues and has potentials for detection of cancers at a
smaller size and earlier stage. Current prototype DBT scanners are based on the regular full-field
digital mammography systems and require partial isocentric motion of an x-ray tube over certain
angular range to record the projection views. This prolongs the scanning time and, in turn, degrades
the imaging quality due to motion blur. To mitigate the above limitations, the concept of a station-
ary DBT �s-DBT� scanner has been recently proposed based on the newly developed spatially
distributed multibeam field emission x-ray �MBFEX� source technique using the carbon nanotube.
The purpose of this article is to evaluate the performance of the 25-beam MBFEX source array that
has been designed and fabricated for the s-DBT system. The s-DBT system records all the projec-
tion images by electronically activating the multiple x-ray beams from different viewing angles
without any mechanical motion. The configuration of the MBFEX source is close to the published
values from the Siemens Mammomat system. The key issues including the x-ray flux, focal spot
size, spatial resolution, scanning time, beam-to-beam consistency, and reliability are evaluated
using the standard procedures. In this article, the authors describe the design and performance of a
distributed x-ray source array specifically designed for the s-DBT system. They evaluate the emis-
sion current, current variation, lifetime, and focal spot sizes of the source array. An emission current
of up to 18 mA was obtained at 0.5�0.3 mm effective focal spot size. The experimentally mea-
sured focal spot sizes are comparable to that of a typical commercial mammography tube without
motion blurring. Trade-off between the system spatial resolution, x-ray flux, and scanning time are
also discussed. Projection images of a breast phantom were collected using the x-ray source array
from 25 different viewing angles without motion. These preliminary results demonstrate the feasi-
bility of the proposed s-DBT scanner. The technology has the potential to increase the resolution

and reduce the imaging time for DBT. With the present design of 25 views, they demonstrated
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experimentally the feasibility of achieving 11 s scanning time at full detector resolution with 0.5
�0.3 mm source resolution without motion blur. The flexibility in configuration of the x-ray
source array will also allow system designers to consider imaging geometries that are difficult to
achieve with the conventional single-source rotating approach. © 2009 American Association of
Physicists in Medicine. �DOI: 10.1118/1.3213520�
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I. INTRODUCTION

Mammography is currently the most effective screening and
diagnostic tool for early detection of breast cancer. It has
been attributed as a major factor in reducing breast cancer
mortality rate in recent years.1,2 However, the current two-
view mammography method lacks sensitivity and has a very
high false alarm rate. X-ray digital breast tomosynthesis
�DBT� is an emerging limited angle computed tomography
�CT� technique for producing multislice images to provide
depth resolution and improved contrast. It has the potential
to allow radiologists to detect tumors at an early stage even
in very dense breasts using a similar dose as the common
two-view mammography.3–5 Currently, several DBT scanners
from commercial vendors are under clinical trial.

The designs of all current DBT scanners are based on a
full-field digital mammography system.5–10 To generate the
limited angle series of projection images, a mammography
x-ray tube moves along an arc above the partially com-
pressed breast. The scanners by Siemens and Hologic oper-
ate in a continuous motion mode. The x-ray tube moves con-
tinuously across an arc, while x-ray beam is switched on for
a short period of time when the tube reaches the viewing
position and the detector is in the acquisition window. The
motion of the x-ray source during the finite exposure time
smears the object and degrades the system resolution.10 The
reported scan time of the Siemens system is 20 s for 25
views and 39 s for 49 views for a total exposure of 80–144
m As.11 The focal spot blurring during each exposure is es-
timated to be �0.7 mm for a full resolution scan of 25 views
in 20 s and more than 1 mm when the scanning time is
shortened to 13 s; this blurring is significantly larger than the
intrinsic focal spot size �FSS� ��0.3 mm� of the mammog-
raphy x-ray tube.12 Although the Hologic scanner uses less
projection views and has a shorter scanning time compared
to the Siemens model, similar amount of motion-induced
blurring has also been observed.10 The GE system operates
in the step-and-shoot mode where source comes to a com-
plete stop at each position before x-ray exposure. The system
mechanical instability from acceleration and deceleration of
the source limits the speed by which the tube can be moved
from view to view.13 The imaging quality of all current DBT
scanners is also compromised by the patient motion during
the relatively long scanning time.14 The linear motion of the
x-ray source makes it difficult to explore other imaging ge-
ometries that require a nonlinear arrangement of the x-ray
viewing points.15 The already long scanning time prevents

further optimization of the x-ray energy spectrum which has
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the potential to increase the image contrast but requires a
significantly higher x-ray output power in order to maintain a
comparable imaging time.16–19

In the current design, the scanning speed and the focal
spot blurring are interconnected. To minimize the patient mo-
tion, the scanning speed should be as high as the detector
frame rate allows. However, higher scanning speed means
that the x-ray tube travels a larger distance during the finite
x-ray exposure time window. This problem can, in principle,
be mitigated by using a shorter x-ray pulse width, which
requires a higher x-ray tube power to maintain the same im-
aging dose. Due to constraints from the anode heat load,
there is, however, limited room for increasing the x-ray
power with the current rotating anode mammography x-ray
tubes without sacrificing the x-ray focal spot size.

One way to overcome this limitation is to use either mul-
tiple individual x-ray tubes or a source with a scanning x-ray
beam. This concept has been investigated in the past. The
dynamic spatial reconstructor uses a large number of x-ray
tubes mounted on a CT gantry to collect project images at
high temporal resolution.20 The system achieved one of the
first high resolution cardiac CT images. The design is, how-
ever, not practical for clinical use because of issues including
cost and size. A dual-source CT scanner has recently been
introduced commercially for high resolution and dual energy
CT imaging.21 The electron-beam CT �Ref. 22� and the scan-
ning beam digital x-ray �SBDX�23,24 utilize an electromag-
netic field to steer the electron beam to different spots on the
x-ray target to produce a scanning x-ray beam without me-
chanical motion. Such sources are large and, in the case of
SBDX, have limited angular range.

We have recently demonstrated a multibeam field emis-
sion x-ray �MBFEX� technology using the carbon nanotube
�CNT� field emitters.25,26 The spatially distributed MBFEX
source can generate x-ray radiation from multiple viewing
angles by electronically activating the corresponding CNT
field emission cathodes. Activation of the x-ray beams can be
carried out either sequentially to generate a scanning x-ray
beam or in parallel based on a preprogramed multiplexing
scheme.27,28 The technology enables the design of tomogra-
phy systems with great flexibility in source configuration and
imaging sequence. It is now being actively investigated for
both preclinical29 and clinical30 imaging applications. Based
on this MBFEX technology, we recently proposed the con-
cept of a stationary DBT �s-DBT� scanner.31 The proposed
system generates all the projection images by electronically
activating the multiple x-ray beams from different viewing
angles without any mechanical motion. It has the potential to

reduce the imaging time, increase the resolution, and sim-
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plify the system design. Here, we report a detailed study on
the design and the performance characteristics of a MBFEX
source designed specifically for s-DBT. The source com-
prises of 25 individually controllable x-ray beams that oper-
ate at 30 keV and cover 48° angular range. Key issues in-
cluding the x-ray flux, spatial resolution, scanning time,
beam-to-beam consistency, and reliability are evaluated.

II. METHOD

II.A. MBFEX source design and construction

Because of the flexibility in configuring the distributed
source, several geometrical parameters need to be considered
in designing the s-DBT system and MBFEX source. The first
is the arrangement of the multiple x-ray beams with respect
to the object position and the detector plane. In the current
DBT scanners, the x-ray tube moves along an arc above the
compressed breast with the exposure points evenly distrib-
uted along the rotation route. The MBFEX source technol-
ogy allows the individual x-ray beams to be arranged in any
arbitrary pattern, for example, along a line or on a two-
dimensional matrix. In the current study, the multiple x-ray
beams are positioned in a straight line parallel to the detector
plane for simplicity in design and manufacturing, as illus-
trated in Fig. 1�a�. The second set of parameters is the num-
ber of views, their angular coverage, and the distances be-

FIG. 1. �a� The geometry of the s-DBT scanner with the MBFEX source wh
The orientation of the individual x-ray source assembly with respect to the
positions of the source, the detector, and the compression pad. X-ray anode

FIG. 2. �a� A schematic showing one x-ray pixel with a modified Einzel lens

beams assembled on a base plate before electrical connection. �c� A photo of the
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tween the object, the detector, and the source. Here, the
MBFEX source is designed to have 25 x-ray beams spanning
a distance of 57 cm from end to end. At a source-object
distance �SOD� of 64 cm, it provides 48° coverage. The lin-
ear spacing between the x-ray beams varies to provide an
even 2° angular spacing. The object is placed on a stage with
a 2.54 cm air gap between the detector and the object. These
parameters are chosen to be close to the published values
from the Siemens Mammomat systems.11

The 25 individual x-ray generating units �“beams”� are
housed inside a custom-made stainless steel vacuum cham-
ber with 25 corresponding x-ray windows. The x-ray anodes
are tilted toward the center of the object �defined as the iso-
center�. The centers of the focal points remain on a straight
line that is parallel to the detector plane, as illustrated in Fig.
1�b�. Each x-ray window is covered by a 30 �m thick Mo
foil which provides the vacuum seal and also serves as the
x-ray filter. The size of the x-ray exit window is 1 cm in
diameter to collimate the x-ray beam to cover only the de-
tector surface, as illustrated in Fig. 1�c�.

Each x-ray generating unit comprises of a CNT field
emission cathode, a gate electrode to extract the electrons,
and a modified Einzel-type electrostatic lens32 to focus the
field emitted electrons to a small area on a Mo anode, as
shown in Fig. 2. The anode, focusing electrodes 1 and 2, and
the gate electrode are electrically connected to the corre-

as 25 x-ray beams placed in a linear array parallel to the detector plane. �b�
t. �c� The side view from CAD drawings of the s-DBT scanner shows the
positioned above the edge of the detector.

the trajectory of the field emitted electron beam. �b� A photo of the 25 x-ray
ich h
objec
s are
and

custom-made x-ray chamber.
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sponding electrodes on the adjacent x-ray generating units.
They are connected, respectively, to the following four
power supplies: Matsusada AU-40P30 �40 kV, 30 mA�, Mat-
susada AU-5R20 �5 kV, 20 mA�, Stanford Research PS350
�2.5 kV, 10 mA�, and Keithley 248 �5 kV, 5 mA�. The CNT
cathodes are connected to the metal-oxide-semiconductor
field-effect transistor �MOSFET� switching circuit described
below. A vacuum pump is connected to the side flange on the
tube to provide 10−7–10−8 Torr base pressure. Figure 2
shows the 25 x-ray units assembled on a base plate without
the electrical connections.

A flat panel detector �Varian Medical System, Salt Lake
City, Utah, Paxscan 2520� is used for imaging acquisition.
With a 127 �m pixel pitch, the total array size is 1536
�1920. The detector readout time treadout is 0.128 s without
binning and 0.032 s with 2�2 binning. The maximum frame
rate is 3.75 frames/s at full resolution and 7.5 frames/s with
2�2 binning.

II.B. Control electronics and interface

The source operates in a sequential mode where the x-ray
beam from each x-ray source is activated sequentially by
switching on and off the connection to the CNT cathodes.
This is accomplished through a MOSFET based control unit
we have described previously.31 In brief, the drain, gate, and
source legs of the MOSFET are connected to the cathode, the
transistor-transistor logic �TTL� trigger signal provided by
the field-programable gate array �FPGA� card �NI PCI-

FIG. 3. Timing diagram for the 25-source tomosynthesis system. texp is the
exposure time of x-ray sources, texp� tintegration. 5 V is used as the trigger
voltage to turn on and off the MOSFET.

FIG. 4. �a� Cross section of the pinhole phantom, �b� back side of the wheel
unit, this side faces detector, and �c� front side of the wheel unit, this side

faces x-ray tube.
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7830R�, and a common ground, respectively. When the TTL
trigger signal is at low state, the conduction channel between
the source and the drain legs is closed and no electron is
emitted from the CNT cathode and no x-ray radiation is gen-
erated. When the TTL trigger signal is at high state, the cath-
ode is grounded and electrons are extracted by the electrical
field applied between the gate electrode and the cathode, and
x-ray radiation is produced. The 25 x-ray sources can be
switched individually at any given time during the imaging
acquisition. The timing of the 25-source tomosynthesis sys-
tem is shown in Fig. 3. During one normal scan, the FPGA
card sends a pulse waveform to the gate of MOSFET simul-
taneously. The digital pulse of ith source’s waveform is syn-
chronized to ith camera exposure time. Variable resistors are
added for compensation of the variations in the individual
cathode performance. One limitation of this design is that the
breakdown voltage of the MOSFET used is 1500 V, which
limits the highest electrical field can be applied to the gate
electrode. To minimize the current fluctuation and decay and
to reduce source to source variation, an electrical compensa-
tion loop is also incorporated to automatically adjust the gate
voltage to maintain a constant preset emission current.

FIG. 5. The design values of the SODs for the different x-ray beams and the
calculated exposure value needed from each beam to maintain the constant
entrance exposure at the object, assuming that the central beam is 10 m As.

FIG. 6. �a� The emission current versus gate voltage collected using a 2
�8 mm elliptical cathode in the diode and triode modes. �b� Scanning

electron microscope image of the elliptical CNT cathode.
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II.C. CNT field emission cathode

To evaluate the x-ray tube current and focal spot size that
can be achieved with this design, CNT cathodes with differ-
ent dimensions were fabricated using the electrophoretic
deposition method developed in our laboratory.33 The emis-
sion currents that can be extracted from different size CNT
cathodes were evaluated first in the diode mode and then in
the actual x-ray tube assembly with the extraction and focus-
ing electrodes. In the diode mode the intrinsic properties
were measured in parallel-plate geometry where the CNT
film was the cathode and a metal plate the anode. In the x-ray
source assembly, the performance was tested by measuring
the emission current as a function of the gate electrical field,
while the voltages applied to the focusing electrodes and the
anode were held constant. The leakage currents to the gate
and two focusing electrodes were also recorded at every ap-
plied voltage, from which the x-ray tube current �the anode
current� was computed.

II.D. X-ray focal spot size measurement

The effective x-ray focal spot sizes for the individual
x-ray beams were measured following the European stan-

FIG. 7. Transmission rate for all 25 x-ray beams is around 70%. The varia-
tion is 1.36%.

FIG. 8. Electron field emission current from a 2�8 mm elliptical CNT cath
emission current constant. The measurement conditions are �a� 1 s pulse widt

1 Hz.
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dards �EN 12543-2� �Ref. 34� using a gold-platinum pinhole
�Ogussa, Inc., Vienna, Austria�. The diameter of the pinhole
is d=100�5 �m with 500 �m length and 12° opening
angle, as illustrated in Fig. 4�a�. The pinhole phantom was
fitted into a stainless steel wheel which has four holes with
respective diameters of 3, 1, 5, and 5 mm. The pinhole phan-
tom was put into the 5 mm hole. The wheel was combined
with a stainless steel plate to block the rest of the x-ray
except the beam going through the pinholes. The whole unit
was put on a goniometer mounted on a translation stage for
ease of alignment, as shown in Figs. 4�b� and 4�c�. Align-
ment of the pinhole with the x-ray focal spot was aided by a
laboratory laser.

After alignment, the electrical potentials applied to the
two focusing electrodes were adjusted to optimize the elec-
tron focusing optics. The gate voltage �Vg� and anode voltage
�Va� were set at 800 V and 28 kVp, respectively. The mea-
surement was carried out for all 25 x-ray beams. Source-to-

easured in the triode mode. The applied gate voltage was varied to hold the
, 0.125, and 0.15 Hz at 5, 8, and 10 mA, respectively. �b� 10 ms pulse width,

FIG. 9. Field emission characteristics of the CNT cathode measured in the
diode mode. The measurement conditions are 10 ms pulse and 1 Hz.
ode m
h, 0.2
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source variation in the FSS was corrected by varying the
potential of the focusing electrodes. The reason for adjusting
FSS is to minimize the anode heat load. It is desirable to
make the FSS as large as the system resolution allows.
Therefore, we adjusted the FSS of all the beams to be as
close to the targeted value as possible.

II.E. System modulation transfer function

Modulation transfer function �MTF� was used to charac-
terize the ability of the imaging system to faithfully repro-
duce the different spatial frequencies in the imaged object. A
homemade MTF phantom consists of a 100 �m diameter
tungsten wire inside a Plexiglas cylinder. The wire has a 2°
angle to the vertical rotation axis to allow oversampling of
the line spread function.35 The magnification factor of 1.1
was used in the measurement. The MTF phantom was put
6.5 cm from the detector. For consistency check, the detector
MTF was measured by placing two cross 100 �m diameter
tungsten wires directly on the surface of the detector.

II.F. Entrance exposure value distribution

In the present MBFEX source the 25 x-ray beams are
arranged in a linear line parallel to the detector plane rather
than along an arc. As a result, the SOD varies from beam to
beam. The central x-ray beam is closer to the object than the
beams from the edges. To obtain a comparable entrance ex-
posure at the object, the x-ray flux from each beam needs to
be regulated according to its respective SOD distance. This
can be accomplished by modulating the corresponding x-ray
tube current. Figure 5 shows the variation in the SOD and
the exposure required from each x-ray beam to maintain the
constant imaging exposure on the object.

II.G. X-ray intensity uniformity

X-ray intensity distribution was measured at 28 kVp, 10
m As, and 69 cm source to detector distance. No additional
filter was used except the 30 �m thick Mo window. The line
profiles of intensity values in the region of interest �ROI� on

FIG. 10. The projection image of the focal spot of 3 mm diameter circular c
scale bar in the projection image and the image length units in Gaussian fit
the detector were plotted.
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II.H. Spectrum measurement

The x-ray energy spectrum was measured using an XR-
100T-Si x-ray spectrum analyzer �AMPTEK, Inc., Bedford,
Mass.�. The detector was positioned 50 cm away from the
x-ray tube.

II.I. Phantom imaging

A 3D tissue equivalent breast phantom �model 013, CIRS,
Norfolk, Virginia� was employed. The phantom is shaped to
represent a compressed breast, 5 cm thick. Embedded within
the phantom are radiographically visible dense masses.
These masses are randomly positioned. Two calcification
clusters are positioned at the midplane on the right and left
edges of the phantom. The phantom was placed 2.5 cm away
from the detector plane. The corresponding dark and flux
images under the identical conditions were also acquired.

III. RESULTS

III.A. X-ray tube current

Figure 6 shows the emission current as a function of the
gate electrical field from a 2�8 mm elliptical cathode. The
scanning electron microscope image of the CNT cathode is
shown in Fig. 6�b�. The cathode current Icathode readily
reached 18 mA at 12 V /�m, the highest electrical field ap-
plied in this study due to the high voltage limit of the
feedthrough and the MOSFET switch. For comparison, the
data from the same cathode measured in the parallel-plate
geometry in the diode mode before it was assembled into the
x-ray unit were plotted on the same figure. The extraction

TABLE I. Effective focal spot sizes for different CNT cathodes.

Cathodes
Effective focal spot size

�mm�

2.35�0.5 mm elliptical 0.1�0.1
2�8 mm elliptical 0.5�0.3

3 mm diameter circular 0.5�0.2

e; Gaussian fitting curves for intensity profiles along the y and x axes. The
ges have been normalized using the magnification factor of 4.3.
athod
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field in the triode mode is higher than that in the diode mode
and the curve shapes between these two modes are different.
This is mainly attributed to the nonuniform electrical field
created by the metal grid used as the gate electrode in the
x-ray source.

The transmission rate, defined by Itube / Icathode, was calcu-
lated to be around 70%. At 18 mA cathode current, the anode
current is 12.6 mA. The transmission rates for all 25 beams
are shown in Fig. 7. The variation is 1.36%. The leakage
currents on the gate and focusing electrodes are 30% and
0.02%, respectively, of the total cathode current.

III.B. Lifetime

Figure 8 shows a sequence of four measurements per-
formed on the same electron source with a 2�8 mm ellip-
tical cathode. During the measurement, the gate electrical
field was automatically adjusted through a feedback loop to
maintain a constant emission current. The MOSFET was
triggered using the LABVIEW program developed in our labo-
ratory. For the first three measurements shown in Fig. 8�a�,
the current waveform was programmed to be a square wave
with 1 s pulse width. The respective duty cycles are 20% at
5 mA, 12.5% at 8 mA, and 15% at 10 mA. In the fourth
measurement, the current was kept at 15 mA using 10 ms
pulse width and 1% duty cycle. As shown, the cathode was
found to be stable during the entire testing period. The gate
voltage remained essentially stable. The total accumulated
electron beam-on time for the four measurements is
�570 min.

III.C. Cathode-to-cathode consistency

To evaluate the consistency and reliability in the perfor-
mance of the CNT cathodes, measurements were performed
under identical conditions for 25 CNT cathodes under the
parallel-plate geometry. Figure 9 shows the electrical field vs
the cathode current. To reach a given emission current, such
as 2 mA, the variation in the electrical field is �1.2 V /�m

FIG. 11. The measured MTF using the homemade phantom with x-ray sourc
tungsten wires on the surface of the detector with central source 13 on. 3 m
�the spacer between the gate and the cathode is 200 �m�.
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This is within the range of what can be compensated by the
control electronics to deliver a constant output tube current
by adjusting the applied voltage.

III.D. X-ray focal spots

The effective focal spot sizes have been measured from
different size cathodes. As expected the measured result de-
pends sensitively on the cathode dimension and the voltages
applied to the two focusing electrodes, which were adjusted
to obtain the minimum focal spot size. Figure 10 shows the
pinhole image measured from a 3 mm diameter circular cath-
ode using 100 �m diameter pinhole. To calculate the focal
spot size using the acquired images, a ROI around the bright
spot in the pinhole projection image was chosen. The inten-
sity values within the ROI along the x and y axes were inte-
grated and were fitted to a Gaussian function. The FSSs
along the two axes were calculated using the formula FSS
=A*B /M, where A=1.28*c is the value of 80% of the area

under Gaussian curve �e−�x − b�2/2c2
�, B is the pixel pitch of the

detector, and M is the magnification factor, in our case it is
4.3.

Table I shows the experimentally measured focal spot
sizes from different CNT cathodes. The value for the 2.35

13, and 25 on, respectively. The detector MTF was measured with two cross
rcular cathodes were used in this experiment.

FIG. 12. Based on the SOD, the certain gate voltages are needed to obtain
the constant entrance exposure of 10 m As at the object for each x-ray
es 1,
m ci
source. The tube current for the center beam was set at 1 mA.
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�0.5 mm2 cathode has been reported previously.29 The
beam-to-beam variation among the 25 x-ray beams is
�20 �m.

III.E. Modulation transfer function

The system MTF functions associated with different x-ray
beams have been measured. Figure 11 shows the experimen-
tal results from the central x-ray beam �beam 13� and the two
beams from the extreme left �beam 1� and extreme right
�beam 25�. The spatial resolution, as measured by 10% MTF,
is �2.5 lines /mm in the horizontal axis and
�2.8 lines /mm in the vertical axis for the central beam. The
MTF degrades slightly for the off-center x-ray beams. For
example, for x-ray beams 1 and 25, the 10% MTF is 2.2
lines/mm in the horizontal direction and 2.5 lines/mm in the
vertical direction. This is attributed to the projection angle of
the x-ray beam on the detector screen. Also plotted on the
same figure is the detector MTF which was measured to be
3.1 lines/mm at 10% in both directions, consistent with the
reported value.36,37

The difference in MTFs in the two orthogonal axes is
attributed to the anisotropy of the focal spot size. For the 3
mm circular cathode, the measured focal spot sizes for ver-
tical and horizontal axes are 200 and 500 �m, respectively.
Using the detector MTF of 3.1 lines/mm and the measured

FIG. 14. The experimentally measured energy spectrum after the 30 �m

FIG. 13. �a� The x-ray intensity from the center x-ray beam recorded on the d
the vertical axis.
thick Mo filter.
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focal spot sizes, the spatial resolution of the system is esti-
mated to be 0.5 / �0.5 /3.1+10%*0.2�=2.8 lines /mm for the
vertical axis and 0.5 / �0.5 /3.1+10%*0.5�=2.4 lines /mm
for the horizontal axis. Both agree well with the measured
MTF values.

III.F. Entrance exposure value distribution

The gate voltages needed to achieve constant imaging ex-
posure value on the object surface from the x-ray beams are
shown in Fig. 12. In this experiment, the x-ray tube current
for the center beam was set at 1 mA. The tube currents from
the rest of the x-ray beams were set based on their SOD
distances by adjusting the respective gate voltage using on
the Fowler–Nordheim equation. There is no systematic trend
in the actual control gate voltage from different x-ray beams
due to random variations in the field emission cathodes.

III.G. X-ray intensity uniformity

Figure 13 shows the x-ray intensity recorded on the entire
detector �2�2 binning� using the center x-ray beam. The
x-ray intensity variations for the horizontal line are 15.1%
and 13.2% in the vertical direction. The same measurement
was performed for all 25 x-ray beams. The percentage varia-
tion in intensity is 13.2%–18.6% for all 25 x-ray beams.
During experiments using phantoms, we mainly use the cen-
tral region of 130�90 mm2, 200–800 pixels along the x
axis, and 200–600 pixels along the y axis, as shown in Fig.
12�a�. Within this region, the x-ray intensity variations for
the horizontal line are 5% and 4% in the vertical direction.
The percentage variation in intensity is 4%–9% for all 25
x-ray beams.

FIG. 15. Breast phantom projection images obtained by our system using
three individual x-ray sources �a� x-ray source 1, �b� x-ray source 13, and �c�

or, �b� intensity value along the horizontal axis, and �c� intensity value along
etect
x-ray source 25.
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III.H. Spectrum measurement

The experimentally measured energy spectrum is shown
in Fig. 14, which agrees well with typical Mo/Mo x-ray
spectrum, with two molybdenum characteristic peaks at 17.5
and 19.6 keV.38

III.I. Breast phantom imaging

Figures 15�a�–15�c� show the projection images of the
breast phantom from x-ray beams 1, 13, and 25. The images
were obtained using 28 kVp, molybdenum filter, molybde-
num target, and 100 m As per view. For this experiment, 3
mm diameter circular CNT cathodes were used. The masses
in the phantom were visualized in all 25 views.

To perform tomosynthesis of the breast phantom, 25 pro-
jection images were obtained from the system at a total ex-
posure of 100 m As �4 m As/beam�. The same experimental
condition was used: 28 kVp, molybdenum filter, and molyb-
denum target. These projection images were then recon-
structed using the modified ordered subsets convex method
and design geometry parameters to yield 60 slices through
the phantom. The slice distance is 1 mm. Figure 16 shows
four slices at the depths of 6, 11, 16, and 21 mm from the top
of the phantom. These slices clearly demonstrate the differ-
ent masses getting focused at different depths. Details on the
geometry calibration and image reconstruction will be re-
ported separately.

IV. DISCUSSIONS

The stable x-ray tube current and the focal spot size de-
pend on the area of the CNT cathode. For the 2�8 mm
elliptical cathode �0.5�0.3 mm focal spot�, a stable emis-
sion of 18 mA was readily obtained at 1800 V applied gate

FIG. 16. Four slices of the reconstructed breast phantom image are shown
here. These slices are at the depths of �a� 6 mm, �b� 11 mm, �c� 16 mm, and
�d� 21 mm.

FIG. 17. The relation between the estimated scan time and the x-ray tube pe

respectively. �a� treadout=0.128 s for full resolution mode. �b� treadout=0.032 s for
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voltage. For an imaging protocol using 100 m As per tomo-
synthesis scan with 25 x-ray beams, the exposure value from
each x-ray beam is 4 m As, which translates to 5.7 m As per
cathode using the measured transmission rate of 70% �70%
of the cathode current reached the anode�. Assuming that the
tube operates at the cathode current of 10 mA �the actual test
was performed in multiple steps with the currents ranging
from 5 to 15 mA�, the required exposure time is 0.57 s per
cathode. The 570 min electron beam-on time measured from
one cathode in the stability test translates to an x-ray source
array lifetime of at least 60 000 scans. For a busy mammog-
raphy clinic with �60 patients/day, the results means that
MBFEX source can be operated for at least 1000 working
days at this output level. During measurement the gate volt-
age essentially remained the same, indicating that the CNT
cathode can be operated for far longer time.

The experimentally measured focal spot sizes of the
2�8 mm elliptical and 3 mm diameter circular cathodes are
comparable to that of a typical commercial mammography
tube without motion blurring. The lower system MTF is at-
tributed to the low resolution of the detector used in the
study which has a resolution of 3.1 lines/mm at 10% MTF.
This is to be compared to the reported value.36,37 We estimate
that a system resolution of 7 lines/mm at 10% MTF can be
obtained by replacing the current detector with an amor-
phous selenium full-field digital detector with pixel pitch of
85 �m.

For the stationary DBT scanner, the scan time �tscan� is
influenced by multiple factors including the number of views
�Nview�, detector readout time �treadout�, integration time
�tintegration�, total imaging exposure value �Dtotal�, and x-ray
tube current �Itube�. If the detector frame rate is not a
limiting factor, then the scan time can be calculated by tscan

=Nview� �treadout+Dtotal / �Nview� Itube��. Assuming that 100
m As is the total imaging exposure value distributed evenly
over the 25 beams, the relation becomes 25� �treadout

+4 / Itube�. The relation between the scanning time and the
x-ray time current is plotted in Fig. 17 for different imaging
conditions.

Using the experimentally measured current of 18 mA
�tube current of 12.6 mA at 70% transmission�, tscan is cal-
culated to be 11.1 s at full resolution and 8.7 s with 2�2

rrent for the cases of 100, 150, and 200 m As total imaging exposure value,
ak cu

2�2 binning mode.
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binning for the total imaging exposure value of 100 m As
without motion blurring. These values compare favorably to
the reported scanning times of the prototype scanners from
the commercial vendors.10,11,13 Further reducing the scanning
time can be achieved by either a detector with fast frame rate
and higher tube power. For example, with the current detec-
tor, if Itube=40 mA, then tscan becomes 5.7 s at full resolution
and 3.3 s with 2�2 binning. The highest cathode current
measured in this study is 18 mA. This is due to limitations of
the vacuum feedthrough and the MOSFET rather than the
CNT cathode itself. Based on the emission stability from the
current study and results from other studies, we believe that
a higher current can be achieved without enlarging the cath-
ode size and therefore the focal spot size. However, this has
not been measured under the exact conditions required by
this system and needs to be verified in the future. Additional
factor needs to be considered with further increase in the
cathode current is the anode heat load.

V. CONCLUSION

In this study, we demonstrated the feasibility of construct-
ing a spatially distributed multibeam field emission x-ray
source array for s-DBT. The technology has the potential to
increase the resolution and reduce the imaging time for digi-
tal breast tomosynthesis. The flexibility in the configuration
of the x-ray source array will also allow system designers to
consider imaging geometries that are difficult to achieve with
the conventional single-source rotating approach. With the
present design of 25 views, we demonstrated experimentally
the feasibility of achieving 11 s scanning time at full detector
resolution with 0.5�0.3 mm source resolution without mo-
tion blur. We believe there is room to further reduce the
scanning time to below 5 s with further improvement of the
system. The system resolution can be improved by using a
higher resolution detector.
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