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A 24 keV liquid-metal-jet x-ray source for biomedical applications
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We present a high-brightness 24-keV electron-impact microfocus x-ray source based on continu-
ous operation of a heated liquid-indium/gallium-jet anode. The 30-70 W electron beam is magnet-
ically focused onto the jet, producing a circular 7-13 pm full width half maximum x-ray spot. The

measured spectral brightness at the 24.2 keV In K, line is 3 x 10° photons/(s x mm

2 % mrad?

x 0.1% BW) at 30 W electron-beam power. The high photon energy compared to existing liquid-
metal-jet sources increases the penetration depth and allows imaging of thicker samples. The applica-
bility of the source in the biomedical field is demonstrated by high-resolution imaging of a mammog-
raphy phantom and a phase-contrast angiography phantom. © 2011 American Institute of Physics.

[doi:10.1063/1.3664870]

I. INTRODUCTION

Liquid-metal-jet anodes'-> show promise to take
electron-impact x-ray microfocus sources to unprecedented
brightness, thereby improving performance in a number
of important applications from x-ray diffraction to phase-
contrast imaging. However, present liquid-metal-jet source
systems are typically optimized for around 10 keV line
emission, whereas many applications, especially in the
biomedical area, require higher energies in order to allow
examination of thicker samples. Here we describe details
of the high-brightness continuous operation of a 24 keV
characteristic line emission microfocus source based on a
heated liquid indium/gallium jet anode.

The x-ray brightness of electron-impact sources is pro-
portional to the e-beam power density (kW/mm?). The major
limiting factor on increasing the power density is the thermal
load capacity of the target, since ~99% of the kinetic energy
of the electron beam is converted into heat.> Therefore, the
stationary-anode arrangement classically used in few-tens-of-
keV microfocus sources relies on high-melting-point metals
such as Mo, W, or Ag. For microfocus x-ray sources with
circular foci (typically less than a few tens of micrometers
in diameter), the maximum e-beam power loading* is in the
range 0.4-0.8 W per electron-beam diameter in micrometers
(FWHM of Gaussian beam). This corresponds to an e-beam
power density at the anode of 25-50 kW/mm? for a 20 um
source. High-end rotating-anode systems (e.g., FR-E+ Super-
Bright, Rigaku) can operate at similar e-beam power density
with elongated 700 x 70 um? spot sizes. For this geome-
try, angled viewing of the line focus produces a circular x-ray
spot which increases the apparent, but not the actual, e-beam
power density.

Liquid-metal-jet sources were first demonstrated with
solder’> and tin® anodes in batch-operated systems. Although
these systems produced line emission around 25 keV (e.g., Sn
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Kq), the high melting point (Ty,) of the anodes (T, = 183°C
for 63% Sn, 37% Pb) makes continuous operation nontriv-
ial as it requires circulation of the liquid metal at uniform
and elevated temperatures. The method was then extended
to lower temperature anodes (Ga, Ty, = 30°C) producing Ga
K, 9 keV line emission but still in batch operation.” The first
successful system with continuous operation (JXS-D1, Excil-
lum AB) is based on room-temperature liquid alloys such as
Ga/In/Sn (T, = —-19°C). The emission spectrum is typically
dominated by the 9.2 keV Ga line while the other elements
contribute marginally. These systems can, e.g., be operated at
40 W with a circular 7 um FWHM x-ray spot or at 200 W
with angled viewing of an 80 x 20 um? line focus. Such
high-brightness 10 keV sources are suitable for, e.g., high-end
scattering and diffraction studies”-® and phase-contrast imag-
ing of thin objects.” However, many scattering applications
(e.g., small-angle x-ray scattering, SAXS) require penetration
of thicker samples and many potential phase-contrast imaging
applications are for samples at least a few cm thick (small-
animal studies, mammography, etc.). Consequently, high-
brightness liquid-jet sources operating at higher energies and,
thus, increasing the transmission could open up new areas of
applications.

In the present paper, we demonstrate a high-brightness
liquid-metal-jet microfocus source for continuous operation
in the few-tens-of-keV regime. The source is based on a
heated indium/gallium-anode. By increasing the In content,
we increase the brightness of the 24 keV In K,, line emission.
However, this is done at the expense of a higher operating
temperature (T,, = 70°C). The source is typically operated
at 40 W with a 7 x 7 um? FWHM x-ray spot, correspond-
ing to 5.7 W/um and 1000 kW/mm?, and the present power
limitation is due to contamination of the electron-emitting
cathode by metal vapor. Below, the source and its perfor-
mance are described and characterized in detail. Furthermore,
we demonstrate its capabilities for high-resolution phase- and
absorption-contrast imaging of two thick objects, a mammog-
raphy phantom and an angiography phantom.

© 2011 American Institute of Physics
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FIG. 1. (Color online) Experimental arrangement showing the heated In/Ga
jet and the zone plate imaging arrangement. The measured x-ray spot distri-
bution and vertical spot profile (inset) are also displayed.

Il. EXPERIMENTAL ARRANGEMENT

Figure 1 illustrates the experimental arrangement. It is
based on the JXS-RS source platform (Excillum AB) that has
been modified to allow liquid-metal-jet operation at tempera-
tures up to 100°C.

The source platform consists of several subsystems, such
as vacuum pumps, a metal-jet circulation system, electron
gun, and electron optics. In its original configuration it cir-
culates a Ga/In/Sn alloy (68.5% Ga, 21.5% In, and 10% Sn),
which is liquid at room temperature. In order to operate the
system using a Ga/In alloy (35% Ga and 65% In), with a
melting point of 70°C, heating of the liquid-metal circulation
system is required. This has been accomplished by attaching
a regulated water heater to the original water cooling system.
As all parts of the circulation system are not effectively heated
by the water heater, additional heating is provided by exter-
nally controlled heating tapes. To avoid cold spots that may
cause freezing of the liquid metal, the heated parts of the sys-
tem are insulated using standard water pipe insulation. A sap-
phire pinhole nozzle with a 150 pum orifice is used to form a
regenerative jet using 180 bars of backing pressure supplied
by the circulation system. The electron-beam system can be
operated at acceleration voltages up to 100 kV and is based on
a 100 um diameter flat single-crystal LaB¢ cathode with a ca-
pacity of delivering up to 2.4 mA of current. Using magnetic
focusing lenses and alignment coils, the electrons are focused
onto the liquid jet, generating a circular x-ray spot of FWHM
down to 7 um. X-rays are extracted at right angles to both
the e-beam and the metal jet through a 127 pum thick Be out-
put window, that separates the vacuum of the x-ray tube from
atmospheric pressure.

lll. RESULTS AND DISCUSSION

The spatial distribution of the source was characterized
using an imaging arrangement consisting of a zone plate and
an x-ray detector, as shown in Fig. 1. The zone plate is a
gold plated, 75-um diameter diffractive optic with an out-
ermost zone width of 100 nm. As the focal length of the
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FIG. 2. (Color online) Calibrated emission spectrum recorded at 30 W with
a7 x 7 um? x-ray spot. Lower curve: unfiltered spectrum. Upper curve:
200 pm thick Al hardened spectrum.

zone plate is energy dependent, the arrangement acts as a
linear monochromator enabling energy-selective imaging of
the source. Since the efficiency of the zone plate decreases
rapidly for higher energies, the 9.25 keV Ga K, peak was
chosen for the imaging of the source. For this energy the
zone plate has a first-order diffractive focal length of 5.75 cm.
The x-ray detector is a 36 x 24 mm?, 4008 x 2671 pixel
fiber-coupled water-cooled CCD detector with a 15 um thick,
5 mg/cm? Gd,0,S:Tb scintillator and 9 x 9 um? pixels (Pho-
tonic Science). The FWHM of the point-spread function is
22 pum, which was determined from edge-spread-function
measurements. This arrangement was used to form an 18
times magnified image of the source onto the detector.
Throughout this process, the system was operated at 40 W
with 50 kV acceleration voltage, and a 7 x 7 um? FWHM
X-ray spot was obtained, as shown in Fig. 1.

The quantitative spectral characterization of the source
was performed using a CdTe-diode spectrometer (Amptek
X-123CdTe). The spectral brightness was obtained from the
CdTe-diode measurements and the measured source size.
Figure 2 presents calibrated x-ray spectra, unfiltered and with
200 um Al filtering, recorded at 30 W (50 kV, 0.6 mA). Al
filtering decreases the low-energy emission that is highly ab-
sorbed in thick samples and is therefore used to reduce sam-
ple dose in the two imaging examples described below. By
subtracting the bremsstrahlung, taking the natural line width
(~10.6 eV) of the doublet In K, line'® into account and as-
suming a 0.5 ratio'! between K,; and K, the peak spec-
tral brightness was estimated to 3 x 10° photons/(s x mm?
x mrad? x 0.1%BW).

The power loading capacity of the system, which lim-
its the spectral brightness, is defined as the maximum attain-
able power loading of the e-beam when it hits the jet surface
(expressed in W/pum). The current factor limiting the power
loading is metal vapor from the jet anode causing cathode
damage, as stated above. By defocusing the e-beam, the to-
tal e-beam power can be increased without generating debris.
To determine the power loading capability, the location of the
interaction point between e-beam and jet was chosen so that



123701-3 Larsson et al.

100 1

E-beam power [W]

20

0 1 1
6 8 10 12 14
FWHM source size [um]

FIG. 3. (Color online) Power loading limit as a function of x-ray spot size.

the metal debris formation was maximized. For a given x-ray
spot size, the e-beam power was increased until metal vapor
was seen to affect the cathode. Figure 3 shows the power load-
ing limit of the source as function of source size, as well as
a least-square-fitted line. For example, for a circular 13 um
FWHM x-ray spot, the source power can be increased to
70 W. However, during normal operation the interaction point
of the jet and e-beam is shifted so that the electrons hit the
jet surface at a 45° angle, decreasing the amount of vapor that
reaches the cathode. Thus, the power loading limit in Fig. 3
is conservative and the practical limit, especially for short ex-
periments, is higher. For the imaging applications shown in
Figs. 4 and 5, the source was operated at 40 W with a circular
7 pum x-ray spot giving an e-beam power density of around
1000 kW/mm?. This corresponds to a power loading of
5.7 W/um, which is roughly 7 times higher than that of solid
stationary-anode microfocus sources.”

Finally, we note that the yield of the 24.2 keV line
emission will depend on the choice of acceleration voltage.
While increasing the acceleration voltage, e.g., from 50 kV to
100 kV will increase the line emission yield, it will also in-
crease the amount of high-energy bremsstrahlung. Due to the
low detection efficiency of our present detector at higher en-
ergies most of these photons will not be absorbed in the detec-
tor and, thus, only increase the dose delivered to the sample.
For the biomedical applications discussed below it is vital that
the sample radiation dose is small. The acceleration voltage
was therefore chosen with equal weight to dose and exposure
time. From simulations, the optimal acceleration voltage for
the imaging applications in Figs. 4 and 5 is between 40 and
50 kV. An acceleration voltage of 50 kV was finally chosen
since it allows tighter e-beam focusing and a higher e-beam
power loading capability, resulting from increased electron
penetration depth into the jet material.

IV. TOWARDS BIOMEDICAL IMAGING

To demonstrate the potential of the source for biomed-
ical applications, a mammography phantom and an angiog-
raphy phantom were separately imaged in an in-line phase-
contrast arrangement.'> This is a propagation-based tech-
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FIG. 4. (Color online) High-resolution x-ray imaging of a mammography
phantom: (a) 165 um diameter microcalcifications, (b) 130 wm microcal-
cifications, (c) tumor masses ranging from 4.76 mm down to 1.19 mm in
diameter, (d) and (e) line pair targets, and (f) a line profile showing the signal
for the 20 Ip/mm line-pair target.

nique where the phase contrast is created by refraction of
x-rays by the sample. By moving the detector away from
the sample, phase differences induced by the sample develop
into intensity differences on the detector, which increases
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FIG. 5. (Color online) X-ray image and line profile of a phase-contrast an-

giography phantom consisting of gas-filled polyethylene tubes in water.
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the signal from interfaces between materials, so-called
edge-enhancement.

The mammography phantom (Model 11A, Computerized
Imaging Reference Systems, Inc.) is made of 3.5 cm thick
epoxy and contains, among other objects, microcalcifications
(CaCO3), hemispheric tumor masses, and line pair targets.
Figure 4 shows images of the phantom using a 200 pum thick
Al-hardened spectrum (cf. Fig. 2). The source-to-object and
the object-to-detector distance were both 1.45 m, resulting
in detectable phase-contrast contribution to the image, in ad-
dition to absorption effects. The exposure time was 180 s
and the absorbed dose 4 mGy. This is slightly higher than
the present limit (3 mGy) for mammography in the United
States.!* The dose is increased to compensate for the low ef-
ficiency of our present x-ray detector. Its quantum efficiency
is 11% at 24 keV, while commercial mammography systems
reach up to 60% efficiency.'* Figures 4(a) and 4(b) show
smoothed images of microcalcifications with diameters of
165 pum and 130 pum, respectively. Figure 4(c) has been
binned and smoothed and shows tumor masses with diame-
ters ranging from 4.76 mm down to 1.19 mm. In Fig. 4(e) all
line pairs are visible, demonstrating a resolution better than
20 lp/mm inside 3.5 cm thick tissue. For clarity, a line pro-
file taken across the 20 lp/mm target which has been aver-
aged over the lines’ full length is shown in Fig. 4(f). This
suggests that the spatial resolution is high enough to resolve
smaller microcalcifications if the detector efficiency could be
increased to give sufficient signal-to-noise ratio in the image.

Figure 5 shows a phase-contrast image of the micro-
angiography phantom, designed to mimic CO;-filled blood
vessels in mice.'>'® The phantom consists of air-filled
polyethylene tubes of thicknesses varying from 684 pm down
to 23 um, a range which corresponds to typical murine blood
vessels. The polyethylene tubes are surrounded by 2 cm of
water and two 140 pum thick glass windows which lead to
a total x-ray absorption similar to that for 2 cm of soft tis-
sue. For the experiment, the source was again filtered by
200 pum thick Al and the source-to-object and object-to-
detector distances were 0.97 m and 1.93 m, respectively. The
exposure time was 131 s and the dose 100 mGy, a typical dose
in small-animal imaging.'” As Fig. 5 shows, we can resolve
the 23 um diameter tubes in the water, suggesting potential
for imaging blood vessels inside 2 cm thick tissue. Figure 5
also contains a line profile of the signal, integrated over 200
pixels in the vertical direction, which demonstrates the char-
acteristic bright and dark fringes that constitutes the edge-
enhancement of in-line phase contrast.

The higher photon energy and strong line emission of the
source is relevant also in many x-ray scattering experiments'®
where higher penetrating power is needed because of sample
surroundings such as reaction chambers, furnaces and high-
pressure environments. Such XRD, SAXS, or WAXS (x-ray
diffraction, and small- and wide-angle x-ray scattering) exper-
iments can provide nanoscale structural and dynamical infor-
mation on important biological and chemical substances and
processes, and also have, for example, a potential diagnostic
value for breast cancer.'® Due to the low scattering efficiency
of higher energy photons, these experiments are presently typ-
ically performed at synchrotron radiation facilities, making
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the high-brightness 24 keV liquid-metal-jet source demon-
strated here potentially attractive for laboratory x-ray scatter-
ing experiments.®

Laboratory in-line phase-contrast imaging with low dose,
requires both high-brightness sources and good x-ray detec-
tors. High-brightness sources are needed to shorten the expo-
sure times, which is essential to avoid motion blur. The de-
tectors must have sufficiently high resolution to resolve the
phase-contrast fringes, and high quantum efficiency. New and
efficient high-resolution detectors are emerging,?® with twice
the efficiency of our present detector. A detector upgrade
could therefore decrease the exposure time and thereby the
dose by a factor of two while maintaining the same signal-
to-noise ratio in the image. Increasing the power of micro-
focus sources is generally hard but fortunately the liquid-
metal-jet-anode sources do not suffer from the same thermal
limitations as conventional microfocus tubes. Instead cathode
damage from metal vapor debris presently limits the power
loading of the system. Among potential improvement strate-
gies, shielding the cathode from metal vapor exposure by
bending the electron-gun column?' is a strong candidate. Still,
a significant increase of the source power is required for
many applications. For example, the exposure time of a typ-
ical mammography examination is less than 2 s per image,??
making it necessary to increase source power by 1-2 orders
of magnitude compared to the present arrangement. If feasi-
ble, however, such phase-contrast images (cf. Fig. 4) would
have higher resolution and contrast than ordinary absorption
images without any dose increase.

V. CONCLUSION

In summary, we have described a high-brightness 24 keV
In K, liquid-metal-jet-anode x-ray source. By changing the
alloy of the original source platform and providing an exper-
imental arrangement that supports operation at elevated tem-
peratures, we were able to increase the In content from 21.5%
to 65% and the 24-keV In K, line yield by a factor of 3 or
4. The higher energy and increased line emission are benefi-
cial in applications which require penetration through thicker
objects or benefit from monochromatization. We have demon-
strated the potential applicability of the source in the biomedi-
cal field by high-resolution imaging of a mammography phan-
tom and a phase-contrast angiography phantom.
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