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ABSTRACT

X-ray-induced acoustic computed tomography (XACT) has emerged as a promising imaging modality with broad applications in both
biomedicine and nondestructive testing. The previous XACT imaging systems require thousands of averages to achieve reasonable images.
Here, we report the experimental demonstration of single-shot XACT imaging of a metal object using a single-shot 50 ns x-ray pulse. A
two-stage dedicated amplification and a 128-channel parallel data acquisition configuration were introduced for XACT imaging to enable
sufficient acoustic signal amplification and maintain an overall low noise level for single-shot XACT imaging. Details of the system design
are presented; the improved signal-to-noise ratio (>23 dB) and image reconstruction have been demonstrated with a ring ultrasound trans-
ducer array imaging system. The study paves the way for realizing real-time XACT imaging and its potential applications in image-guided
intervention.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0071911

X-ray-induced acoustic computed tomography (XACT) as an
imaging modality has shown great potential in applications ranging
from biomedical imaging to nondestructive testing.1–5 XACT is unique
because it combines the x ray’s advantage of high contrast and high-
resolution character from ultrasound-based reception.1 Over the past
few years, XACT system implementations have been explored by dif-
ferent research groups. In the field of biomedicine, early proposals of
XACT employments demonstrated the potential of XACT in mam-
mography as a feasible lower-dose computed tomography (CT) alter-
native to x-ray CT.2,3,6–8 Due to the fact that x-ray-induced acoustic
(XA) signal is directly proportional to the absorbed radiation dose,
XACT has also been brought up for its potential employment in radia-
tion dosimetry and real-time radiation therapy monitoring.8–10 In the
field of nondestructive testing, XACT technology has also been actively
discussed due to its relatively high-resolution potential, ease of opera-
tion, and versatile placement.1,5

In XACT, nanosecond to microsecond x-ray pulses are utilized
to induce the x-ray acoustic (XA) effect, which describes the process of
x-ray photons being absorbed by inner-shell electrons of the target

medium, resulting in the release of photoelectrons.4,6,11 The energy
transfer process of the XA effect causes subsequent temperature
increases. Upon satisfying the thermal and elastic confinement
requirement, the temperature change can be localized. The initial pres-
sure that is necessary for ultrasound wave propagation is then gener-
ated due to the atomic-level vibration following the localized
temperature change.4,12 The generated ultrasound wave can propagate
omnidirectionally from the point of its generation. Thus, in theory, a
three-dimensional (3D) reconstruction of the target medium can be
obtained from a single pulse of x ray. However, in experimental set-
tings, typical x-ray-induced acoustic initial pressures are considerably
smaller in amplitude than that of typical ultrasound wave pressures.5

Because of the lack of consideration for such low-pressure level acous-
tic waves in the signal conditioning path of currently available com-
mercial signal acquisition systems, some of the generated ultrasound
waves cannot be sufficiently amplified to meet the requirement of the
minimum detectable voltage of the digital-to-analog converter (DAQ).
Moreover, without effective conditioning, the input-inferred noise
level is relatively high compared with the detected XA signals lowering
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the overall signal-to-noise ratio (SNR) of the digitized signals. In previ-
ous studies, extensive signal averaging and prolonged scanning time
were needed to overcome the limitation and obtain a satisfactory sig-
nal-to-noise ratio (SNR).2,10,13,14 A 2D XACT reconstruction with a
ring-array ultrasound transducer was introduced by Tang et al. in
2017 using more than 3800 x-ray pulse averages.13 In 2020, a 3D
XACT imaging of lead structures was achieved by rotating an arc-
shape ultrasound array with 180� 15 (rotation steps� average frames
per step) total x-ray pulses.14 In the same year, XACT combined with
traditional ultrasound imaging, a dual modality system concept, was
explored by Zhang et al. During the XA signal acquisition, 440 x-ray
pulses were needed to reach 2:1 SNR on the A-scan XA signals.15 To
further the development of XACT technology, reconfiguring the signal
path of the existing ultrasound acquisition system so that the low-
pressure level acoustic waves from the XA effect can be sufficiently
digitized is crucial to achieving XACT imaging with a single x-ray
pulse.

In this paper, we demonstrated single-shot XACT imaging by
using a 50 ns x-ray pulse with submillimeter resolution. A 2D XACT
reconstruction was realized with a single x-ray pulse. A configuration
of a 128-channel ultrasound signal acquisition system and its two-
stage amplification configuration have been introduced. The

configuration of the developed system largely improved the sensitivity
of the XACT imaging when compared to the XACT imaging systems
previously reported.

To demonstrate the performance of the proposed two-stage
amplification and DAQ system in XACT, a “T” shaped 1/64-in.-thick
lead sample fixed at the center of a water-based phantom 3% Agar
(BactoTM, Becton, Dickinson and Company, NJ, USA) concentration
was used as the imaging target. The schematic of the XACT experi-
mental setup is shown in Fig. 1(a). A battery-powered pulsed x-ray
generator (XR200, Golden Engineering, IN, USA) was placed right
beneath the ring array, projecting x-ray beams upward to excite the
imaging target. The x-ray generator operates at a tube energy of 150
KVp and is capable of sending out x-ray pulses at a repetition rate of
10Hz with a 50 ns pulse width. The average output dose is rated a 2.6
mR/pulse at 12 in. with a projection angle of 40�. During the experi-
ment, the x-ray pulsing is controlled by a remote outside of an x-ray
radiation shielding cage. A Ce: Lu2SiO5 crystal (MTI Corporation, CA,
USA) placed above the water tank was used as a scintillator to convert
x-ray photons to visible light photons. An integrated amplified photo-
detector (APD410C, Thorlabs, NJ, USA) detects the visible light trig-
ger pulse and sends the pulse to the three-stage amplification and
DAQ system. To account for the time delays after x-ray pulses from

FIG. 1. (a) Diagram of the system setup for the XACT imaging experiment with single nanosecond x-ray pulse; (b) schematic diagram of the developed ultrasound acquisition
scheme with added preamplification stage. (c) Circuit schematic of the four-stage 128-channel preamplification.
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the scintillator, the photodiode, the preamplification stage and the
SonixDAQ, a total of 4.625 ls of delay compensation was employed
during reconstruction.

Figure 1(b) gives a flow chart illustration of the developed multi-
channel data acquisition system connected to a custom-designed 128-
channel ultrasonic ring array (PA probe, Doppler Co. Limited,
Guangzhou, China) transducer. The system is consisting of three data
transformation stages: the preamplification stage, the integrated amplifi-
cation stage, and the analog-to-digital conversion stage. In the first pre-
amplification stage, the raw 128-channel acoustic information will first
go through a customized 128-channel preamplifier with a low input-
referred noise figure. The preamplification stage was designed to con-
vert the weak raw acoustic signals into output-ready signals that are
strong enough to be noise-tolerant and detectable by the main stage of
amplification. The preamplifier described in Fig. 1(b) has four internal
sub-stages for each channel path [Fig. 1(c)]. The two amplification sub-
stages are powered from a single 3.3V rail. The transducer signal input
is DC coupled to the common ground, which is set as zero by the input
resistor R1. The other function of the input resistor is setting the input
impedance of the MOSFET amplification stage. The MOSFET amplifi-
cation substage uses a dual-gate and zero-bias MOSFET (BF908, NXP
Semiconductors N.V., Eindhoven, Netherlands) in an open-loop config-
uration. Then, the MOSFET amplification stage is followed by an RC
(resistance and capacitance) bandpass filter stage, with operational
amplifier bias voltage supplied through the R5 resistor. The Op-amp
stage is formed by an operational amplifier (ADA4895, Analog Devices,
MA, USA) in an inverting configuration with the gain set by R7 and R6
resistors. The capacitor C5 is the decoupling capacitor, and the resistor
R8 sets the output impedance. Due to the high-frequency impedance
characteristics of the ferrite bead used (HZ0402A601R-10, Laird, MO,
USA), the designed final low-pass filter (LPF) is steeper than a typical
linear CLC (capacitor– inductor–capacitor) Pi-filter.

The conditioned acoustic signals then enter the data acquisition
device (SonixDAQ, DK Medical, Canada) and travel through another
two-stage amplification that is integrated into the DAQ system. The
integrated amplification has a total of 52 dB gain. Combined with the
40 dB amplification from the multi-channel preamplifier, the final sig-
nal strength will be adequate for XACT experiments. After the second
amplification stage, the 128-channel analog acoustic information is
then sampled and converted to digital values by the onboard 12-bit
analog-to-digital converters (ADCs). In continuous scanning mode,
the digital data are temporarily stored in the internal DDR2 (Double
Data Rate, Version 2) synchronous Dynamic Random-Access
Memory (SDRAM) and then transferred to the host workstation com-
puter via the universal serial bus (USB) interface.

Once the acquisition and digitization of the ultrasound signals
are finished, the digital data are downloaded to the hard disk of the
workstation computer by calling a loader program. The program pro-
vides a graphical user interface (GUI), the acquisition settings, and
single-frame displays for the DAQ device.

During the XACT imaging with single-shot nanosecond x-ray
experiment, the SonixDAQ system was set to acquire 2700 samples
per trigger signal at a sampling rate of 40MHz, which translates to
approximately 10 cm XA wave travel distance and 67.5 ls sound travel
time in the water to cover the entire ultrasound transducer ring array’s
region of interest (ROI). A total of 96 frames in which each frame con-
sists of 128 channels of XA wave information were taken for the test,
and frame number 8 was chosen to be processed for single x-ray pulse
reconstruction for the XACT single x-ray pulse reconstruction demon-
stration. For post-processing, a digital lowpass filter with a 3MHz cut-
out frequency and a –90 dB attenuation strength was employed for the
acquired XA signals. In addition, a universal back-projection algo-
rithm-based MATLAB reconstruction program was used for the
image reconstruction of this demonstration.16

FIG. 2. (a) Overlay of detected signals using the
proposed configuration with a preamplification
stage vs the original configuration. (b) Overlay of
corresponding signal envelops with calculated
SNR values. The dashed red circle indicates the
random noise ripple from electromagnetic interfer-
ence (EMI). (c) The obtained sinogram from the
proposed ultrasound acquisition configuration. (d)
The obtained sinogram from the original ultra-
sound acquisition configuration.
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Figure 2(a) demonstrates an overlay of detected XA signals using
the original system configuration and the upgraded system within a
12.5 ls window cropped out of the 67.5 ls total signal travel time
from 2700 samples. All three signals were collected from channel
number 8 indicated in Fig. 2(c), with the same time window crop and
the same target/ring array orientation. The signal amplitudes are noise
normalized such that all three resulting signals have the same average
noise floor amplitudes. Due to the higher averaged count with the 96-
time averaged signal, the random noises in the averaged signal were
further minimized, which resulted in higher signal SNR. With normal-
ized noise floor in the signal comparison plot, the higher SNR makes
the 96-average signal appeared to have bigger amplitude comparing
with the single-pulse plot. The green signal plot in Fig. 2(a) indicates
the 96-time averaged XA signals using the original system. Within the
time window, no XA signal peak could be identified, due to the insuffi-
cient amplification design of the original configuration. The red XA
signal plot indicates the XA signal extracted from the same channel
using a single pulse of x-ray acquired by the developed two-stage
amplification DAQ system. An XA signal spike starting from 6 ls can
be clearly identified. Finally, the blue-colored signal plot showcases the
averaged XA signal using 96 x-ray pulses acquired by the developed
two-stage amplification DAQ system. A further SNR improvement
can be noticed thanks to the additional noise reduction with 96-time
averaging.

For a more direct signal comparison visualization and signal
quality quantification, the envelopes of all three signals are extracted
using Hilbert transformation [Fig. 2(b)]. A larger time window was
chosen to include the noise ripple caused by EMI (indicated in dashed
red circle) on the single pulse signal envelop plot. With a 96-time

average, random noise interference can be reduced. Thus, the averaged
signal plot yielded an enhanced SNR of 23.083 dB. Since identifiable
XA signals were not found in the averaged signal acquired by the first-
generation system, the SNR for the original system’s signal is consid-
ered to be equal or smaller than the noise floor, which indicates an
SNR of<¼ 0 dB.

In Fig. 2(c), the acquired single-pulse XACT sinogram and the
averaged XACT sinogram were shown to demonstrate the signal qual-
ity across the channels and the noise-reduction effect with the aver-
aged frames. One part of the XACT signals was magnified in each
sinogram for close-up inspections. Although one frame sinogram
already yields adequate SNR, the 96-pulse averaged sinogram demon-
strated improved background-signal contrast and revealed even
smaller signals previously buried in noises [Fig. 2(d)].13

In addition to sinograms, the back-projection-based reconstruc-
tion results are shown in Figs. 3(a) and 3(b) for single-frame and aver-
aged reconstructions, respectively. A picture of the T shaped lead
alongside a ruler for size reference was captured before being embed-
ded into the agar-based phantom [Fig. 3(c)]. Two-line profiles perpen-
dicular to the target line were taken to estimate the system resolving
power by using the full-wave half maximum (FWHM) method with
or without average. Figures 3(d) and 3(e) show the extracted line pro-
files and the overlaid Gaussian curve fitting the line profiles. The
FWHM estimated for the single frame reconstruction along the
dashed line was 1.24mm. The averaged reconstruction showed minor
improved, and the FWHMwas estimated to be 0.975mm.

The introduced XACT configuration sufficiently amplified digi-
tized XA signals were revealed with a single x-ray pulse from a porta-
ble radiation source. One problem that the developed sensitivity

FIG. 3. (a) XACT reconstruction of the target from a single x-ray pulse. (b) XACT reconstruction of the target from averaged XA signals with 96 x-ray pulses. (c) Picture of the
imaged T shaped lead target. (d) FWHM plot with fitted Gaussian curve based on the single x-ray pulse reconstruction data. (e) FWHM plot with fitted Gaussian curve based
on the 96-frame reconstruction data.
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enhanced fast XACT imaging system configuration aims to solve is
enabling XACT imaging with reduced frame averaging. In 2017, Tang
et al. reported that more than 4000 frames were required to generate a
2D reconstruction with sufficient image quality, using the same ultra-
sound transducer ring array. The signal comparison test demonstrated
that the developed fast XACT imaging system has greatly enhanced
sensitivity, and the requirement for x-ray pulse average is drastically
reduced. The study paves the way for realizing real-time XACT imag-
ing applications.

Although single x-ray pulse reconstructions can now be realized
with the demonstrated system, averaged frame reconstruction still
shows improvements in SNR and resolution. However, both estimated
FWHMs are off from the ground truth 1/64 thickness of the lead tar-
get. It is likely that using a more accurate reconstruction method other
than the basic universal back-projection reconstruction method used,
like delay-and-sum, or model-based reconstruction algorithm, will
improve the overall system resolution.17–19

Moreover, to further improve the sensitivity of the XACT system,
the currently standalone preamplifier can be integrated into the ultra-
sound detectors for the next generation XACT imaging system.20,21

With the front-end integrated transducer amplification design, the
electromagnetic interference between channels and the signal quality
degradation along transmission cables will be reduced. In addition,
frontend electronics can provide local pulsing, amplification, filtering,
and signal digitization, paving the way toward achieving a compact
portable XACT 3D scanning all-in-one system.

This study has demonstrated that XACT imaging in 2D can be
achieved using the acoustic characterization of a 128-channel ring
array transducer with the sensitivity enhanced fast XACT imaging sys-
tem, with a single 50-ns x-ray pulse. The proposed configuration can
sufficiently prepare the raw XA signals for further post-processing. An
XACT signal comparison test was conducted to demonstrate the
improvement in system sensitivity over the original configuration.
With improved amplification, the sensitivity enhanced fast XACT
imaging system can achieve a high signal-to-noise ratio and reveal
noise-buried weak XA signals. Moreover, the reconstruction quality of
the developed system has been evaluated by performing an XACT
ring-array scan. With higher XA signal strength, the total x-ray pulses
needed for XACT signal averaging were drastically reduced, which in
turn reduces the overall dosage to the imaging target and shortens the
scanning time.

In summary, we developed and validated an ultrasound acquisi-
tion configuration that offers high-resolution XACT imaging from a
single nanosecond x-ray pulse. Using the 128-channel ring-shaped
ultrasound array and the 150 KvP x-ray source with 50 ns pulse width,
full tomographic imaging capability from a single pulse with a spatial
resolution of 0.97mm can be achieved. The system configuration and
the methodology introduced in this Letter can be utilized for dynamic
monitoring of clinical treatments and planning, such as the needle
movement during Brachytherapy. Moreover, the study validates that a
sophisticated preamplification design is beneficial and necessary for
the XACT system in addition to traditional ultrasound acquisition sys-
tems. This study paves the way for XACT imaging to be used for clini-
cal studies for real-time monitoring of clinical activities.
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