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Proof-of-concept experimental results stemming from beam simulations for a microfocus electron
gun are presented. The simulations demonstrate the potential to produce 4 mA of current through a
40- um-diameter spot, at an energy of 30 keV, emitted from a 1-mm-diameter cathode with low
energy spread and high brightness. The experimental realization, scaled down for practicality, but
consistent with and confirming the higher-energy simulation, produced 2 wA of current with an
approximately 28 um spot size at an energy of 9.3 keV. The electrons originated from an
Ar*-ion-treated reticulated vitreous carbon (RVC) field-emission cathode shaped as an
approximately 1-mm-diameter disk. The primary application for this work is a highly
monochromatic microfocus x-ray source for use in phase-contrast imaging, although other beam
applications exist. The use of an Ar*-ion-irradiated RVC cathode allows high, stable current at low
electric field, superior to what is achievable using field-emitter arrays or carbon-nanotube cathodes.
This method, scaled up to its maximum potential, also enables a high-current-density microfocus
beam, which, to date, has not been demonstrated using thermionic cathodes. Such a beam applied
to an x-ray source for phase-contrast imaging represents a significant benefit in medical

diagnostics. © 2011 American Vacuum Society. [DOL: 10.1116/1.3546032]

I. INTRODUCTION

A. Motivation

The motivation of this work is to develop a highly mono-
chromatic microfocus x-ray source for use in phase-contrast
imaging (XRPCI) applied to mammography. The phase-
change cross-section for soft tissue such as breasts is three
orders of magnitude higher than the absorption cross-section,
which is currently applied for conventional medical imaging.
Therefore, XRPCI offers great potential in increasing the
density resolution of x-ray imaging.l Of the four basic ex-
perimental techniques for XRPCI, diffraction-enhanced
imaging,2 crystal interferometry,3 grating interferometry,4
and in-line holography,5 the first three methods have modest
diagnostic potential either due to very low thermal and vi-
brational tolerances (limiting them to a laboratory setting) or
the requirement of a micropatterned grating (requiring small
sample size). In-line holography, also known as refraction-
enhanced imaging, is the realistic choice if a practical x-ray
source, such as the target of this work, is ultimately devel-
oped.

Most XRPCI demonstrations have used synchrotron x-ray
radiation passed through a monochromator. For XRPCI to
have widespread medical applicability, a compact, less ex-
pensive, and more manufacturable x-ray source needs to be
produced. Recently, Wu and Liu’ specified the requirements
for an electron-gun x-ray source applicable to in-line holog-
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raphy used for mammography. The estimates are that tube
current should be 25 mA, to keep exposure time short, and
spot size should be 25 wm (corresponding to 4
X 10% A/cm?), to produce sufficient lateral spatial coherence
for properly imaging tissue interfaces. The authors also sug-
gest a Mo target with Mo- and Al-layer x-ray filters to
achieve the desired level of monochromaticity. In this work
we have used their specifications as our goal values.

B. Gun design

The electron gun proposed here offers an improvement
over the state of the art for producing a microfocus x-ray
source. A field-emission mode of operation is chosen over
thermionic emission. Advantages of field emission include
elimination of the heat source, simple design, high reliability,
higher current density, fast turn-on and turn-off times, and
potentially lower energy spread.

Electron optical systems using thermionic cathodes typi-
cally image a crossover formed in front of the cathode. They
are limited by the maximum current density obtainable from
the cathode, typically in a range 0.5-10 A/cm?, and the
energy spread of the electrons after the crossover. Since the
brightness in the image cannot exceed that in the object, it
has not been possible to meet the desired XRPCI specifica-
tions with thermionic-cathode materials. It has been
confirmed’ that this has been the major impediment to using
thermionic-cathode microfocus x-ray sources for XRPCI,
and has been the major incentive for exploring the field-
emission alternative. A field-emission cathode can be imaged
in a microfocus source without employing any crossover,
thereby enabling a significantly brighter image.
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FiG. 1. TEM image of Ar*-ion-irradiated RVC. This is a side view of a
possible emissive surface showing mostly carbon cones and nanostructures
created by the ion irradiation. The RVC matrix on which the nanostructures
are grown is barely visible at the lower right. The high aspect ratio of the
emissive structures and the direct attachment of nanowhisker structures to
the RVC are seen.

Electron optical systems using single-tip field-emission
sources avoid forming a crossover by imaging a submicron
diameter source, which can have emission current densities
exceeding 10° A/cm? to a submicron spot.’” The effect of
electron energy spread at the source on the electron-optical
paths is essentially negligible. The total current from such a
cathode is limited to values in the microampere range by the
cathode heating to its melting point. Since the specified im-
age diameter is 25 wm, we are imaging a random collection
of nanometer-scale field emitters from which 25 mA can be
obtained.

As a field-emission cathode material, carbon nanostruc-
tures have received a great deal of attention in recent years,
partially because of high mechanical strength and chemical
stability, and emission at low fields.> ™" Additionally, the
electrons emitted by carbon nanostructures are highly coher-
ent, and if the structures, such as nanotubes, are randomly
oriented initially, they bend to become aligned with a high
electric field.® In the work presented here, the electron source
chosen is a reticulated vitreous carbon (RVC) cathode that
has been irradiated by Ar* ions to grow a large number of
graphene-rich carbon nanostructures including single- and
multiwalled carbon nanotubes (CNTs) distributed randomly
over the already irregular surface of the RVC'™" (see Fig.
1). Measurements from this cathode, as in Fig. 2, have dem-
onstrated the required current density at half of the electric
field compared with other recent multiple-tip field-emission
cathodes. In an electron gun, the electric fields and voltages
can be half of the minimum possible with other macroscopic
field-emission cathodes reported, resulting in higher total
current without arcing. The emission pattern (projected on a
phosphor screen) of a 3 mm diameter, 100 pores/in.,
Ar*-ion-irradiated RVC cathode is shown in Fig. 3, illustrat-
ing (even with the blooming on the phosphor screen) that
emission does, in fact, come from numerous tips. The cath-
ode is also more robust than other field-emission cathodes
since ion bombardment of the cathode during operation does
not destroy the field-emission properties of the cathode, but,
rather, maintains its excellent field-emission properties. This
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FiG. 2. (Color online) Measured current density J(mA/cm?) vs electric field
E(V/pum) for a 3 mm diameter Ar*-ion-irradiated RVC cathode. There are
three regions of the graph as described at the end of Sec. I B.

is because ion bombardment is responsible for the self-
assembly of the graphene-rich carbon nanostructures
themselves.'> Another advantage of RVC is that the foamlike
structure is resistively self-ballasting, mitigating bistable
fluctuations in the field-emission process, normalizing cur-
rent, and preventing damage. Comparison of the RVC cath-
ode to a recent study using CNTs,'* also for microfocus X-ray
applications, reveals the above mentioned advantages of the
treated RVC, particularly the low extraction field, indicating
that the excellent results of that study can be improved fur-
ther.

Note that in Fig. 2, the current density (J) versus electric
field (E) behavior of Ar*-ion-irradiated RVC does not obey
the simple power or exponential increase in J with E ob-
served for typical field-emission cathodes following the
Fowler—Nordheim law. This is the consequence of RVC ex-
hibiting partially semiconducting properties. The three re-
gions of Fig. 2 have been explained as follows."” In region I,
field emission follows the Fowler—Nordheim process, with
the emitter tips having ample electron supply. Region II is
characterized by depletion of electrons in the cathode mate-
rial, limiting J. In region III, the fields within the cathode
material are sufficient such that impact ionization restores
electron supply in the material. Some authors have described
carbon nanotubes as exhibiting these properties as well.®

Fig. 3. (Color online) Emission pattern from a 3 mm diameter
Ar*-ion-irradiated RVC cathode imaged on a phosphor screen, demonstrat-
ing the numerous, randomly spaced emission sites.
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FiG. 4. (Color online) Simulation results of electrostatic focusing field-
emission electron gun. The outer diameters of electrodes are 2.87 cm. The
labeled terminals are as follows: A—*cathode” (0 V), B—*“extractionl” (4
kV), C—“extraction2” (26 kV), D—“Einzell” (7 kV), E—“Einzel2”
(—14.1 kV), F—“Einzel3” (7 kV), G—“aperture” (30 kV), and
H—*collector” (2.5 kV). In an x-ray source, the foil target would be fixtured
at the aperture.

Il. MODELING

Using the Ar*-irradiated RVC cathode, an electrostatically
focusing electron gun has been designed as a proof-of-
concept for applicability to an x-ray source. A cylindrically
symmetric gun design is employed, with edge-rounded ac-
celeration plates. Figure 4 shows a proof-of-principle simu-
lation made using CST PARTICLE STUDIO.'® The target x-ray
foil would be positioned at terminal G, described as the “ap-
erture.” The electrons are emitted (bottom of the figure) from
the RVC cathode, 1 mm in diameter. The Einzel lens has
been designed with a very low center voltage to increase
focusing power while reducing spherical aberration as much
as possible.17 The electric field established at the cathode is
2.795 V/pm. Comparing Fig. 2 with previous experimental
data for single carbon nanotubes,® the individual carbon
nanostructure currents are less than approximately 300 uA
in the proposed device. It is documented'® that conventional
thermally annealed CNTs fail at approximately 100 nA, pre-
dominantly by detachment of the tube. However, that value
presumes the CNT is grown on a heterogeneous material,
such as Ag, to facilitate nucleation of the tube. In our device,
the carbon nanostructures are anchored, as can be seen in
Fig. 1, to carbon through a cone of carbon, making use of the
strong C—C bonds, and so have been demonstrated to emit
much higher currents without detachment. Extrapolating
from single nanotube data," the energy spread at 300 uA is
less than approximately 1 eV. From other data,”® we project
(for purposes of our design simulation) that a shift in center
energy of the CNT energy distributions from tip to tip (in
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FIG. 5. (Color online) Photograph of the proof-of-concept electron gun,
fabricated according to the parameters specified by the simulation in Fig. 4,
for scaled-down operation in a vacuum system.

multitipped cathodes) results in an additional energy spread
of approximately 3 eV. For the purposes of the simulation, an
energy spread of 4 eV and an emission angle randomly dis-
tributed between £7° were assumed. In fact, the true emis-
sion angles for such high nanotube currents can reach =45°
or above, even for oriented emitters. However, at angles of
emission beyond *7°, the current per unit solid angle is
small, and can be intercepted by the device’s apertures. Prac-
tical, packaged devices would use a limiting aperture to ex-
clude atypical electrons.

lll. EXPERIMENT

An experimental proof-of-concept electron gun was fab-
ricated, as shown in Fig. 5. Stainless steel electrodes were
used in a glass-rodded assembly, which was designed ac-
cording to the simulations. One end of a cylinder of RVC
was irradiated by Ar* ions for 30 min at an acceleration
voltage of 1200 V and 200 mA current, to enhance its prop-
erties as a field emitter. This RVC material was then attached
to the stainless steel cathode plate and electrically connected.
To facilitate imaging the focal spot of the assembly, an 800
nm sheet of aluminum leaf was attached to the aperture (ter-
minal G in Fig. 4), covering the aperture on the collector
side. After operation, the aluminum was removed to observe
the approximate beam profile. In an ion-pumped vacuum
chamber below 107 torr, the assembly was operated at an
aperture voltage of 9.3 kV. It was not possible to test the
assembly at 30 kV due to (1) danger of intermittent arcs in
the assembly, as fabricated, (2) the inability to image the
beam with the Al-leaf method at the full acceleration poten-
tial, and (3) lack of available 30 kV supply resources. All
terminal voltages were proportionally scaled. The scaled-
voltage experiment is a reasonable proof-of concept, since
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FIG. 6. (Color online) Bright-field transmission optical microscope image of
holes in 800 nm thick Al leaf, produced by the electron beam at the focus of
the electron gun in Fig. 5.

(by the electrostatic principle) the scaling should not signifi-
cantly alter the focusing properties. Simulation was repeated
at the lower electrode potentials to verify this. The gun was
operated steady-state for 5 min to ensure ablation of the 800
nm thick aluminum.

IV. RESULTS AND DISCUSSION

The simulated current in the electron gun was approxi-
mately 4 mA, using cathode performance extrapolated from
the experimental data of Fig. 2. The energy spread at the
source increased the spot size slightly (as compared to the
design specification) to 30 wm. With full angular distribu-
tion of electrons (neglecting any limiting aperture) at the
cathode included, the spot size increased to 40 wm, confirm-
ing the benefit of including a limiting aperture in commercial
realizations. The maximum electric fields around the elec-
trodes barely exceeded 10 V/um, indicating that vacuum
breakdown should not be a problem. Spherical and chromatic
aberration coefficients (referred to the image) were simulated
to be C;=60 cm and C,;=53 cm, respectively. Normalized
to the radius of the openings in most of the electrodes, the
figures of merit are then Ci;/R=33 and C,/R=30, where R
is the radius of these openings. Simulation at the proportion-
ally scaled-down voltages of the experiment yielded almost
identical electron paths, as expected.

The experimental device performed slightly better than
the simulations would suggest. The measured beam current
was 2 uA, slightly better than expected from the data of Fig.
2. The spot size, as shown in the transmission optical micro-
scope image of the Al leaf, as seen in Fig. 6, was less than
the expected 40 wum. The irregular shape seen in Fig. 6 is
expected, given that this is the image of the irregular emis-
sion from the RVC. Such a spot shape, however, would not
adversely affect an x-ray source. Some variability was ex-
pected, considering that when using this hand-shaped RVC
cathode, which was also hand-fitted in the assembly, the gun
would not perform as would be expected from a precision
machined and fitted production part. The shape of the spot
imaged in the aluminum leaf corresponds reasonably to the
shape of the RVC cathode, optically observed after the ex-
periment. Estimating that at least 30% of the cathode was
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emitting (a value that agrees with earlier measurements in
RVC)21 a beam diameter reduction factor of at least 10 was
achieved, even without any device optimization. The perfor-
mance, both in current density and absolute spot size, could
be optimized using the beam interception characterization
method, but this was not possible with the proof-of-concept
experimental fixture of Fig. 5. Optimizations in terminal
voltages, dictated by measurements, would likely overcome
the inherent limitations of simulations. In this experiment,
pure simulation results were used to design and operate the
gun, without any adjustments.

Implementations of this electron gun, with a RVC cathode
in an x-ray source, would employ a Mo foil target [and ulti-
mately, with acceleration up to 60 keV to maximize the
(monochromatic) characteristic x-ray radiation, as would be
beneficial to XRPCI, and increase total x-ray yield].22 In an
x-ray tube for XRPCI, using the x rays antiparallel to the
electron beam direction optimizes monochromaticity versus
bremsstrahlung, as well.” The characteristic photon flux
would be 5X 10° photons st~ s7! or higher, for a 25 mA
electron beam and a 100 nm Mo foil thickness.” This poten-
tial appears feasible using the method discussed here, and
such results, which have not been achievable using thermi-
onic sources, would make XRPCI practical.

Other applications of this microfocus field-emission
source include microwave traveling-wave tube power ampli-
fiers, klystrons, gyrotrons, free electron lasers, triodes, pen-
todes, terahertz radiation emission sources, Compton profile
analysis, x-ray diffraction, x-ray fluorescence, and calibra-
tion of dosimeters. In medical applications, coherent-scatter
computer-aided tomography (CT) and fluorescence-based
molecular imaging in CT may also benefit from this method.
The use of monochromatic x rays in medicine, in general,
reduces the necessary patient dose by up to a factor of 4.2

V. SUMMARY AND CONCLUSIONS

A field-emission electron gun has been designed, simu-
lated, and implemented in a proof-of-concept form. Simula-
tions indicate that a 4 mA current through a 40 um diameter
spot at 30 keV electron energy is achievable. This is appli-
cable to x-ray sources used for phase-contrast imaging.
Scaled 9.3 kV experimental results produced 2 uA of cur-
rent through a less than 30 um diameter spot. The spherical
and chromatic aberration coefficients (referred to the image)
of the electron gun are estimated to be C;=60 cm and C;
=53 cm, respectively. The experimental results suggest that
a gun of comparable design, upscaled for operation at 30
keV, is feasible. This work represents initial verification that
high-current, microfocus, field-emission-cathode electron
guns may enable practical x-ray phase-contrast imaging
sources. Other applications of the technology are also iden-
tified.
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