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Relativistic electrons moving over a periodic metal grating can lead to an intriguing emission of light, known as Smith–
Purcell radiation (SPR), the precursor of the free-electron laser. The speed of light plays a critical role in the far-field
emission spectrum. Inspired by this photonic SPR, here we experimentally demonstrate a photoacoustic phased array using
laser-induced shock waves. We observe acoustic radiation spectrum in the far field, perfectly predicted by a universal
theory for the SPR. This scheme provides a tool to control the acoustic radiation in the near field, paving the way toward
coherent acoustic wave generation and microstructure metrology.
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1. Introduction

Smith–Purcell radiation (SPR), a classical type of electromag-
netic radiation generated from free electronsmoving over a met-
allic grating[1], allows broadband emission of electromagnetic
(EM) waves ranging from terahertz waves, visible light to
X-ray[2–4], building up the foundation for the free-electron
laser[5,6], which is capable of producing high-intensity coherent
and broadband sources as electron microbunches travel through
designedmagnetic undulators in a similar manner[7]. Compared
with other relativistic radiation sources such as synchrotron and
cyclotron radiation[8,9], SPR-based free-electron light sources
are more compact and tunable, given the fact that the wave-
length of the emitted light depends on the energy of the electron
beam as well as the structure of the periodic surroundings. This
offers an opportunity to further shrink the size of these devices
with the help of the recent development of nanofabrication tech-
nologies, making it even possible to realize on-chip implements
of such SPR-based light sources[10–13].
When electron wave packages travel near a metallic grating,

SPR is generated and belongs to a thresholdless process, behav-
ing like a simple Bragg scattering of the evanescent waves
carried along with the electrons, where a constant light velocity
fundamentally defines the angle relations of radiation’s wave-
length[14–17]. The speed of light directly determines the relative
phase of scattering waves between two adjacent grating scatters.
In a similar manner, a phased array, the emitters/scatters of a
phase-controlled array, in microwaves[18,19], acoustics[20–22],
and optics[23,24] can alter the emission angles by adjusting the
relative phases in the array. The phase control can be easily
implemented in the phased array case at each active emitter,
while in the SPR case, the relative phases between two adjacent

scatters are purely determined by the speed of light. It is inter-
esting to explore analogous forms of SPR in other physical
systems[25,26] like acoustics[27], phononics[28,29] and exciton-
polariton[30], where the required excitation speed is more fea-
sible compared to the photonic case. For example, a sharp shock
wavefront can be analogously treated as an ultrabroadband
acoustic wave source, imitating the moving free electron in
the case of SPR.
In this work, we experimentally demonstrate a photoacoustic

phased array with sequential laser-induced shock waves. The
formed periodical grating results in a tunable acoustic radiation
in the far field, where the radiation pattern exhibits an angular
dispersion relation exactly like the SPR in the photonic case.
Similar to its photonic counterpart, the observed photoacoustic
phased array also depends on the effective moving velocity of
excitation. These results connect the acoustic phased array to
the concept of the Smith–Purcell effect, paving a new way for
their practical application in microstructure sensing and coher-
ent acoustic wave sources.

2. Methods

A classical SPR in photonics arises from the Bragg-type scatter-
ing of an electron wave package that is uniformly moving
near a metal periodic grating. The electron can be considered
as a single point source in time composed of ultrabroadband
electromagnetic (EM) waves, which can be scattered into free
space by each tooth on the grating. The scattered EM waves
at a particular angle in the far field can be defined in their
frequency/wavelength by the Bragg condition[15,17], where both
the velocity of the moving electrons and the periodicity of the
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grating play a prominent role in the angular emission spectrum.
Ideally, a sharp acoustic wavefront, e.g., shock wave, travels uni-
formly at a speed of v near the top surface of a grating structure
with a periodicity ofD. Each tooth of the grating, as a point emit-
ter, sequentially scatters the acoustic wave, forming an acoustic
SPR. However, due to the limited propagation length of shock
waves, we have to degrade such an analogy to photonic SPR
and consider a sequentially excited phased array in Fig. 1, where
each emitter can be successively ignited in time by laser-induced
shock waves[21,22]. In this manner, each emitter mimics the scat-
tering tooth in the SPR case, and the temporal delays between
two adjacent emitters relate to the effective “moving” speed of
an acoustic wavefront traveling on top. The temporal photo-
acoustic phased array emits different frequency waves, depend-
ing on the angular relationship as shown in Fig. 1(b), given the
almost constant sound speed. Similar photoacoustic phased
arrays have also been studied before but mainly on their
phase-controlled emission patterns[21,22].
Due to the coherent constructions of wavefronts according to

Huygens’ principle shown in Fig. 1(b), such an SPR-like photo-
acoustic phased array emits its frequency-dependent radiation
in different angles, like its counterpart in the photonic case.
Inspired by the photonic SPR, we can obtain a universal angular
relation for the constant sound speed as

mλ = va · Δt = D ·

�
va
v
− cos θ

�
, m = 1, (1)

where D denotes the periodicity of such photoacoustic phased
array emitters. v is the effective moving speed mentioned above,
indicating a uniform time-sequentially excited phased array. va
is the propagating velocity of the acoustic sound wave. θ is the
emission angle shown in Fig. 1(b). This formula also resembles
the photonic SPR case[2–4].

3. Experiments and Results

Figure 2 shows the experimental realization of the photoacoustic
phased array. A nanosecond laser (∼10 ns, 200 μJ, 10 kHz) uni-
formly scans across a flat metallic surface to induce an array of
plasma sparks at its focus via an f -θ lens. These sparks not only
radiate bright visible light emission in Fig. 2(b) but also excite
localized shock waves sequentially[31]. Note that the plasma
sparks are not ignited at the same time; the time lag between
two adjacent spots is determined by the laser repetition rate.
To simulate themoving dynamics, a mirror is carefully mounted
on a rotating motor and controlled by the voltage exerted. Thus,
the mirror scanning speed and the constant repetition rate of
the laser ensure equal distances between two adjacent sparks
[Fig. 2(a)], such that the grating period is determined by
D = v=f r , where f r is the repetition rate of the laser, v is the effec-
tive moving velocity of the laser spot, which is smaller than the
sound speed. In this manner, we expect the same radiation pat-
tern as proposed in Eq. (1). To measure the angular emission
pattern, we place a microphone detector on a rotational stage.
The microphone is connected to an oscilloscope to trace the
received temporal acoustic signals [Fig. 2(c)] and their corre-
sponding frequency spectra [Fig. 2(d)]. The laser output per
pulse is around 0.2–0.3 mJ, with fluence of about ∼101 J=cm2,
sufficient for laser-plasma (ablation) generation. Effectively, this
configuration is similar to prior works of acoustic phased

Fig. 1. Schematic of SPR-like photoacoustic phased array in a degraded form.
(a) SPR-like photoacoustic phased array in a degraded form; the sequentially
(1→4) excited laser-shock array emits acoustic radiation into the far field.
(b) Upper, the resultant multiple propagating wavefronts from the procedure
in (a); integers 1→4 denote each source and every wavefront in time
sequence (indicated by the color). Lower, the effective quasi-phase line
(dashed, normal to OL1 and OL2) depicts the angle dependence in the broad-
band SPR-like pattern in (b). By the moment when the detector captures the
first shock front (blue) from source O, the secondary shock front from source
A propagates to the detector. The delay time (Δt) for the detector to catch the
later shock wave varies with the detection angle; accordingly, the received
frequency is also changed.

Fig. 2. Experimental observation of SPR-like photoacoustic radiation from a
linear phased array in the far field. (a) Given a rotating mirror with a stable
angular speed ω, the pump is scanned and focused onto the target alumina
plate sequentially in the order a0→a1→a2, forming an effective laser-induced
plasma shock wave phased array. The detector is placed r = 0.1 m from the
array center O. The detector acquires the SPR signals also in the order
b0→b1→b2. For a fixed detection angle θ and rotating ω, the time delay
Δt remains unchanged and irrelevant to the detector’s distance in the far
field. (b) Snapshot of such an SPR-like linear phased array by laser-induced
plasma; the periodicity D is about 6.57 mm. (c) Measured real-time temporal
signal and (d) its corresponding spectrum with a peak frequency at 10.58 kHz.
The signal is collected and processed at a surface scanning speed of 10 m/s
(effective periodicity ∼1 mm) at θ = 0°.
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array[21,22]; however, the relative phase delays in their case were
kept small enough only to tune the emission angle. In contrast,
the large grating period in the current work well separates any
two adjacent laser sparks so that the frequency spectrum in the
far field can be studied.
Furthermore, by varying the detection angle θ and themoving

velocity v, the far-field emission can be measured in terms of its
peak frequency according to Eq. (1). As shown in Figs. 3(a)–
3(d), for a fixed angle, the detected signal’s frequency increases
with the effective moving velocity of laser spots for two detection
angles at 0° and 30°, fitting well with the theoretical curve calcu-
lated by Eq. (1). Note that the laser repetition rate is fixed at
10 kHz for both cases; the received signal can even double to
twice the harmonic, ∼20 kHz, in the forward direction (0°).
Meanwhile, a full angle scan [Figs. 3(c) and 3(d)] reveals a
declining trend of the signal’s central frequency from the for-
ward direction to the backward one (180°). This also coincides
with the theoretical prediction. These results resemble the fea-
ture of the angular spectrum observed in photonic SPR[2–4], veri-
fying similar radiation patterns for both cases.
Following the original SPR formulism in the photonic case,

Eq. (1) only indicates the ideal theoretical results of the disper-
sive angle relation for estimating the central frequency.
However, given the limited number of scatters in the current
acoustic case, to fully understand the radiation spectra as shown
in Figs. 3(a) and 3(b), we have to incorporate the radiation
theory[32] by considering the limited array length, source spac-
ing, induced phase item, and limited detection range. A direc-
tivity function (Darray) solving the above concerns then goes,

Darray=

���� sin Nϕ

N · sin ϕ

����, (2)

where N is the number of the sources and the related phase item
2ϕ = k · D cos θ − k · va · ΔT indicates that the acoustic pres-
sure signals at distance r are relying on its spacing D and obser-
vation angle θ, which together compose the first term right of 2ϕ.
As to the second term, it represents the inherent delay brought
by time delayΔT for the neighboring sources. In our scheme, the
time delay is the inverse of the laser repetition rate. va is the sonic
speed, as mentioned.
Figure 4 verifies the radiation spectra, as shown in the insets of

Figs. 3(a) and 3(b) by comparing them with two theoretical cal-
culations based on Eq. (2): one for the phased array in the far
field (r = infinity), and the other one with the actual experimen-
tal distance of detection (r ≈ 0.1m). For the radiation spectrum
detected at 0° in Fig. 4(a), both theoretical and experimental
results exhibit a spectrum peak of around 12.7 kHz with an
FWHM of around 600 Hz. In this case, the far-field model does
not deviate from the one calculated with the detection distance
r ≈ 0.1m. However, in comparison, the radiation spectrum
detected at 30° does not coincide well with the theoretical results:
the experimentally measured peak frequency is 15.68 kHz as
compared to 16.03 and 15.38 kHz from the two theoretical mod-
els and its corresponding FWHM is∼900Hz as compared to 1.5
and 2 kHz. This difference is mainly caused by the scattered
acoustic wave decaying into the far field. Hence, for the fixed
moving velocity, there are only a limited number of scatters that
can contribute to the radiation in the far field.

4. Discussion and Conclusion

Similar to photonic SPR with an undulator configuration, our
SPR-like photoacoustic phased array can also be tailored for par-
ticular acoustic wave emission in terms of bandwidth, frequency,
and emission angle by engineering microstructured gratings,
i.e., metamaterials. In this manner, a compact acoustic
wave source with dispersive spreading frequency emission

Fig. 3. Angular and velocity dependence of the phased array emission in the
far field. (a) and (b) testify to the velocity-dependent frequency with fixed
detection angles 0° and 30°, respectively. Insets in (a) and (b) are the spec-
trum collected under the condition with surface velocity 65.7 m/s (effective
grating period 6.57 mm) and 140.1 m/s (effective grating period 14.01 mm).
(c) and (d) demonstrate the angular dependence in the photoacoustic SPR
specially picked at surface velocities of 65.7 m/s and 140.1 m/s. The dots
are experimental measurements, and the solid lines are the theoretical
curves calculated by Eq. (1).

Fig. 4. Experimental (solid blue) and theoretical (black) radiation spectra at
(a) θ = 0° and (b) θ = 30°; (a) N = 25 (number of acoustic sources on the target),
vs = 65.7 m/s, θ = 0°; (b) N = 11, vs = 140.1 m/s, θ = 30°. The directly detected
temporal signals are averaged 128 times before fast Fourier transform (FFT)
processing into experimental data via an oscilloscope. Note that the dashed
black curves (r = 0.1 m) are calculated by directly summing up all the phase-
delayed acoustic sources and gathering radiated acoustic pressure amplitude
at given conditions. The detection angle θ for r = 0.1 m calculation is defined
from the center of the array.
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can be obtained, similar to an optical grating, which might be
beneficial for some acoustic spectroscopy applications[33].
Meanwhile, acoustic SPR is not limited to free space; it is also
applicable for bulk conditions, e.g., exciting phonons within lay-
ered materials[34]. For example, it has been proposed to generate
terahertz waves using semiconductor superlattices by consider-
ing SPR-based phonon–photon interactions[35]. These photo-
excited phonons have been well studied using ultrafast
laser pulsed for their propagation and interaction[29,36]. We
believe this acoustic analogy of the Smith–Purcell effect may
finally open a new avenue in condensed matter, acoustics,
and phononics.
In conclusion, we have demonstrated an SPR-like photo-

acoustic phased array based on laser-induced surface shock
waves. The mechanisms of organizing such a related phase item
in our photoacoustic case share a similarity to the original pho-
tonic SPR. As a result, the observed radiation spectrum in the far
field can be well described by a universal theory working both for
the photonic SPR and our acoustic one. We believe similar stud-
ies can be further extended to other physical systems like pho-
nons in the solid-state system.
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