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By using multidimensional particle-in-cell simulations, we study the electromagnetic emission from
radiation pressure acceleration of ultrathin mass-limited foils. When a circularly polarized laser pulse
irradiates the foil, the laser radiation pressure pushes the foil forward as a whole. The outer wings of the
pulse continue to propagate and act as a natural undulator. Electrons move together with ions longitudi-
nally but oscillate around the latter transversely, forming a self-organized helical electron bunch. When
the electron oscillation frequency coincides with the laser frequency as witnessed by the electron,
betatronlike resonance occurs. The emitted x rays by the resonant electrons have high brightness, short
durations, and broad band ranges which may have diverse applications.
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With the rapid development of large scale instruments
like synchrotrons, research of x-ray radiation has made
significant progress in the last decades. The brightness of
the radiation has continuously increased and the duration
has greatly decreased. This makes it possible to probe and
image electric, atomic, and molecular fundamental events
at nanosecond and even femtosecond time scales. Despite
the demand in practice, there are only a few dedicated
synchrotron facilities worldwide, partially due to the size
and cost of the conventional accelerators [1]. Previous
studies have shown that laser-produced plasma is also a
promising medium for secondary radiation generation
[2,3]. In the laser-driven wakefield accelerator (LWFA)
for electrons [4], free electrons of the plasma can be
trapped and accelerated in the laser propagation direction
by the wakefield. Meanwhile, these electrons are subjected
to a radial restoring force of space-charge separation field
and simultaneously oscillate in the transverse direction,
which is referred to as betatron oscillation [2]. The rela-
tivistic and oscillatory motion of electrons is able to emit
collimated synchrotron radiation with spectra peaking
between 1 and 10 keV [5]. Recent research also showed
that the oscillation amplitude could be enhanced when
electrons interact with the rear of laser pulses. The photon
energies were significantly increased and bright femtosec-
ond duration 7y rays were thus observed in experiments [6].

Previous research of laser-produced x rays has focused
on laser low-density plasma interaction in LWFA.
Recently, radiation pressure acceleration (RPA [7]) of
thin solid foils has been extensively studied due to its
high energy conversion efficiency, which might provide
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us with an excellent opportunity to produce ultraintense,
ultrashort, ultrabright x rays and even 7y rays. In the RPA
regime, the laser radiation pressure as high as a few Gbar is
able to accelerate the nm foil forward as a whole, which
intrinsically holds the promise of producing monoener-
getic ion beams with densities well above the critical
density [8]. In the field of a circularly polarized laser pulse,
electrons may be dragged out from the foil and move in
circular orbits, resulting in strong transverse charge sepa-
ration fields [9]. In the longitudinal direction, electrons
can be significantly accelerated together with the protons
by the laser pressure. Thus, a betatronlike oscillation is
expected. For electrons undergoing betatron oscillations,
the average total radiation power is proportional to
(Yen,ro)?, where vy, is the relativistic factor of the elec-
tron, n,, is the ion density, and r is the radial excursion of
the electron [2]. Considering the high ion densities in RPA,
we may obtain high power synchrotron radiation with high
photon energies provided the electron oscillation ampli-
tude is large enough.

In this Letter, we report the first numerical observation
of bright resonant hard x-ray emission from radiation
pressure acceleration of ultrathin mass-limited foils.
With the help of multidimensional particle-in-cell (PIC)
simulations with the radiation reaction (RR) effect incor-
porated, it is shown that the central part of a circularly
polarized laser pulse exerts radiation pressure on the foil
and pushes the foil forward as a whole. The outer wings
of the pulse continue to propagate, envelop the foil, and
transversely confine the electrons. Under the combined
action of the laser radiation pressure and transverse laser
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field, electrons move longitudinally together with ions and
transversely oscillate around the latter. A self-organized
helical electron bunch is thus formed and ultrabright
ultrashort x rays are emitted. The underlying physics is
discovered, which can be attributed to the betatronlike
resonance introduced energy coupling between the laser
and electrons. The emitted x rays have promising features,
such as compact sizes, high brightness, short durations, and
broad band ranges.

In order to study the electromagnetic emission in the
RPA regime, we first have to modify the PIC code. The
short wavelength radiation is completely out of the con-
ventional PIC scope and must be included in a model way
[2,3]. The radiation spectrum is calculated assuming that
an angular distribution is peaked in the direction of the
electron momentum and can be approximated with the &
function and the frequency spectrum S(w/w.), where
S(x) = x [Y Ks5/3(£)dé and w, = (3/4m)y*| AP |/dt is
the critical frequency, y = (1 + pj + p3)1/2 is the rela-
tivistic factor, and AP is the variation of the transverse
electron momentum force during the time step dr [10].
In the code VLPL [11], a recoil on the electron exerted by
the emitted radiation is included into the equations of the
electron motion by [10]

4 3y? Eph(eV) <dpl)2
wd T oY YT S X 105\ dr
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where @ = e%/hc = 1/137 is the fine-structure constant,
E,, = hwg is the laser photon energy, 7 is the Planck
constant, w, = 27mc/ A, is the laser frequency, A, is the
laser wavelength, and c is the speed of light in vacuum.
Thus, during the time step dt, the radiated photon number
is characterized by n,, = (4/9)adp, . The recoil contri-
bution is added in the code after the normal push by the
Lorentz force. By multiplying Eq. (1) by the particle
velocity v and retaining the leading term, we recover the
textbook [12,13] equation of motion with the radiation
reaction. This gives the same power of the radiation emis-
sion. The approach can be extended to the quantum regime
easily when the photon energy becomes comparable with
the electron energy. The model and approach have been
verified by several experiments and independent simula-
tions [1,5,6,14]. In the following, we make use of the
modified code to explore the electron and ion dynamics
as well as synchrotron radiation in the RPA regime.

We first carry out 3D simulations to show a general
picture of the laser mass-limited foil interaction. The simu-
lation box is x X y X z = 164y X 154y X 15, sampled
by 3200 X 300 X 300 cells with 16 particles in each cell.
The time step is At = 0.0045T, where T, = 3.3 fs is the
laser cycle. A moving window is employed for computa-
tional efficiency. A circularly polarized super-Gaussian
laser pulse with a transverse profile a = agexp(—r3/a%)
is incident from the left side onto a thin flat hydrogen foil,
where ay = 100 is the dimensionless laser field amplitude

and o = 4\/5/\0 is the focal radius. The laser pulse has
a trapezoidal profile in time (linear up-ramp = 17y,
plateau = 107}, linear down-ramp = 17;). The foil is
located at x = 5.0-5.1A, with a transverse size of 81y X
8y which is comparable to the laser focal spot (namely
“mass-limited” foil, MLF). The plasma density is n, =
320n. where n, = m,w}/4mwe* is the plasma critical
density.

Figure 1(a) shows the typical evolutions of electron and
proton isocontour surfaces. During the laser-MLF interac-
tion, we can see a very clear rotation structure of electrons
around the center proton bunch. The structure is very stable
and can be kept for a long time, e.g., t ~ 7. It is the
first time to find such a compact helical electron bunch
with densities well above n, in laser-plasma interaction.
Interestingly, the radius of the helix structure becomes
larger with time, which indicates the increase of the electron
energies [2]. Figure 1(b) shows the distribution of proton
densities in the x-y plane and electric fields E, in the x-z
plane at t = 157,. As we can see, the laser wing pulse
overtakes the foil from the boundaries and envelops the
foil, forming an inverted cone. The foil acceleration can
be divided into several stages. At the very beginning, elec-
trons instantly move in front of protons because of the faster
response of electrons to the laser pulse. A space-charge
separation field is thus formed which pulls the ions forward
together with electrons. At this stage, the laser radiation
pressure is balanced by the potential of the separation field
and the foil velocity can be expressed as
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FIG. 1 (color online). (a) 3D evolutions of electrons and pro-
tons at t; = 17.5T, t, = 20T, t; = 22.5T, and t, = 25T. For
smooth visualization, we show both with densities above 8n,.
(b) Projections of proton density distributions in the x-y plane
and transverse electrical fields E, in the x-z plane. Here, the field
is normalized to m,cwy/e = 3.2 X 1012 V/m.
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Bio(t) = 1= [L(t) + EO]'3 = [L(1) — €013, (2)

where (1) = 1/[1 + h(1)*], &@1) = h()/[1 + h(2)*]/2,
and h(r) = 6It/m;n;Lc + 2 with I, m; and n; being the
laser intensity, the ion mass and density, respectively [15].
Gradually, the outer wings of the pulse overpass the foil
boundaries, envelop the whole foil, and compress it so that
its transverse size becomes much smaller than the laser
focal spot. In the transverse electric field of the surpassing
pulse, E;, = E, + E,, electrons in the originally com-
pressed bunch are continually pulled out. In each laser
cycle, the electron bunch shows a longitudinal interval of
about 1A as seen in Fig. 1(a). In sharp contrast to the slice
structures in the case with linearly polarized lasers [16],
such a tight self-organized bunch leads to the generation of
circulating electrons. Meanwhile, the protons keep an intact
acceleration structure with a pronounced density peak as
shown in Fig. 1(b). At this stage, electrons manifest a
complicated acceleration picture. On the one hand, they
oscillate in the surpassing laser transverse field with the
same frequency of the laser pulse; on the other hand, the
displacement between electrons and protons results in a
strong radial restoring force, through which electrons exe-
cute a betatronlike oscillation. As in LWFA, the force can
also act as an effective wiggler or undulator for synchrotron
radiation.

In order to get insight into dynamics of the laser-MLF
interaction, we perform 2D simulations with a longer laser
duration (7; = 22T,) and larger focal spot (o, = 8\/§A0)
but faster computation. The foil size is 0.11y X 161, and
the simulation box is x X y = 501, X 307, with 800 par-
ticles in each cell. The super-Gaussian laser pulse has a
peak intensity ag = 100 and all the other parameters are
the same as in the 3D case. Figure 2 shows the simulation
results. The slice structure with a duration of ~200 as and
an interval of ~1A in Fig. 2(a) is actually x-y projection of
the rotation rings as seen in three dimensions. The over-
taking laser pulse from the boundaries of the MLF is also
clear in Fig. 2(c), which envelops the foil and compresses it
into a small “conelike” bunch. The attosecond electron
slices are continually pulled out by the intense laser field
from the compressed bunch which can be regarded as an
electron injection source. Figure 2(b) shows the proton
density distribution and the energy spectrum at t = 807,
As expected, a compact monoenergetic proton bunch with
a peak energy of ~1.5 GeV and an energy spread of ~8%
is obtained, which is one of the best results for proton
acceleration in the RPA regime [7,8]. Figure 2(d) presents
the electron energy distribution in space at ¢t = 1207,,. The
stable structure of the slice can be kept for a very long time,
e.g., 250 fs after the laser-MLF interaction. It is ten times
longer than in the linearly polarized laser case where
electron heating exists and diffuses the electron bunches
soon [16]. Figure 2(e) shows the phase space distribution
of electrons at t = 1207,. Many electrons oscillate with
py/mec ~ 400 > ay, which implies interesting physics
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FIG. 2 (color online). 2D simulations of the laser-MLF inter-
action. (a), (b), (c) The distributions of the electron density, the
proton density, and the laser field E, at t = 807 The red curve
in (b) shows the proton energy spectrum. (d), (e), (f) The
distributions of the electron energy, phase space, and divergency
Py: Py at t = 1207

inside the accelerated target. In our case, we finally obtain
electrons with an unexpectedly high energy (~750 MeV)
and density (~5n,.). This is beyond the predictions of the
1D ““light-sail”” model [7], from which we can obtain only
tens MeV electron kinetic energies. Meanwhile, the energy
is also much higher than the electron ponderomotive

energy (y/1 + a3/2 — 1)m,c* = 36 MeV.

The circulating electrons and their high energies play a
critical role in the final synchrotron radiation. We interpret
the high electron energy by the schematic diagram as
shown in Fig. 3(a). Here, the laser electric field can be
written as E = Fye @'~k with E, = m,cwyay/e.
The laser frequency as witnessed by an electron at a
specific location x, = vt can be written by ) = w, —
kv = wo(1 — B)), where B can be approximated by 8, ,
initially. Due to the radial restoring force, the electron
oscillates around the proton bunch at a frequency compa-
rable to wg = (4me’n,;/2y,m,)"/2. It is a high frequency
oscillation and the charge separation field that the protons
feel is averaged so that the protons can form a compact
bunch and keep intact during the acceleration. When the
oscillation frequency of the electron gets close to the laser
frequency seen by the electron, i.e., wg ~ (), betatronlike
resonance takes place, enabling an efficient energy cou-
pling between the laser and electrons. Thus, the resonance
condition can be written as
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FIG. 3 (color online). (a) Schematic of x-ray emission in the
laser-MLF interaction. (b) Analytical evolutions of By, v,
and n;(r). Here, t;,, =t — 5 refers to the interaction time.
(c) Radiation spectra with and without considering the RR effect.
(d) Angular dependence of the radiation on the photon energies.
Here, 6 is the angle between the emission and the laser propa-

gation direction.
ni/nc
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Considering ) = py/(1 + pj + p?)Y2 and noting
that By = vy/c = (1 —1/y})"/?, we thus obtain pj=
(yj — D(1 + p?ag), where we assume p; = pay with
the parameter p characterizing the occurrence of the reso-
nance. For the case i~ 1, p ~ag, and p~ (yj — 1)Y2q,
indicate that no resonance takes place. When p > 1, we
have p; > ay and pj~ (yj — D'Y2ua, as a result of

betatronlike resonance. In the RPA regime under consid-
eration with a; = 100 > 1, we may estimate the energy of
a resonant electron by 7y, =[1+ w’a(yj + D]/2 =

(vi + 1)'/2 way. Assuming electrons initially to be accel-

erated at a longitudinal velocity 8;, and p; ~ ay, we can
rewrite the resonance condition by the local ion density

2 -
— % )

~2(1 = By)ay

ni(r)
n

c

where n;(¢) presents the critical value of the ion density for
the resonance as marked by the red curve in Fig. 3(b).
During the laser-MLF interaction, the electron longitudinal
velocity [, increases but the ion density n; decreases.
When the ion density reduces to the critical value by
Eq. (4), betatronlike resonance takes place and high energy
electrons are generated which accounts for the increasing
oscillation amplitude of the helical electron bunch as seen
in Fig. 1(a). Obviously, the high electron energies, the large
oscillation amplitudes, as well as the high ion densities are
desirable for electrons to emit intense synchrotron

radiation. The estimation and analysis above agree
well with the numerical observations as shown in
Figs. 2(d)-2(f). In the simulations, we get the maximum
px/mec =2000and p,(p,)/m,c=380=4aq, at t = 1207,
validating that the transverse motion of the electrons is
essentially oscillations driven resonantly by the laser field.
Taking uw =4 and y = vy = 3.3 [Ey = 2.1 GeV, see
Fig. 3(b)], we can estimate the energy of resonant electrons
v. = 1380. It is in excellent agreement with the simulation
results as shown in Fig. 2(d). Additionally, we also find that
the required ion density for the resonance is only tens n,. at
t ~ 25T,. This is easily satisfied in the simulations so that
betatronlike resonance can thus take place.

We finally discuss the electromagnetic emission in
the laser-MLF interaction. The emission is characterized
by the radiated photon frequency and number recorded
in every time step. For simplicity, we take into account
only radiation by electrons with energies above 50 eV.
Figure 3(c) presents the typical radiation spectra. The
photon energy is as high as a few MeV which is much
larger than in LWFA [5]. This can be attributed to the
betatronlike resonance of electrons and large ion densities
during the interaction. As we can see, the radiation spec-
trum shows a broad frequency band covering the total
range from soft x rays to y rays. The corresponding photon
energy from 1 keV to 10 MeV is centered at about 300 keV,
indicating that the radiation is essentially hard x rays. The
fundamental radiation wavelength agrees well with the
estimation for small-amplitude near-axis betatron oscilla-

tions by Aq = [1/(v.2Y.) Wne/n.Ao. This further dem-
onstrates the betatronlike x-ray emission in our case. In

order to show the role of the RR effect in x-ray emission,
we also show the radiation spectrum in the case without
considering the RR effect in Fig. 3(c). Obviously, both
spectra are almost the same. This indicates that the RR
effect has a low influence on the radiation at the current
laser intensity. However, when we increase the laser inten-
sity, e.g., a = 200, the difference is significant so that the
RR effect must be taken into account.

Figure 3(d) shows the angular dependence of the radia-
tion on the photon energies. Here, 6 is the angle between
the emission and the laser propagation direction. As in
LWFA, the radiation is confined within a small cone,
e.g., 1/y, ~ 0.8 mrad, at r = 1307,. Obviously, the emit-
ted x rays are dominantly in the forward direction at a small
angle with a center frequency around 300 keV. At the
observation angle 6 ~ /9, the x rays have high brightness
with more than 10'° photons. Meanwhile, they have ultra-
short durations, e.g., t ~ 10 fs as shown in Fig. 1(a) and are
elliptically polarized. Additionally, we may obtain bright
soft x rays and 7y rays by varying the foil and laser
parameters. Typically, we can reduce the foil density n,
and laser intensities to obtain bright XUV and soft x rays
which might be approachable in current laboratories.
This is the first finding of such short brilliant conelike
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x rays by electrons at betatronlike resonance in the RPA
regime. The emitted x rays and 7y rays might have diverse
applications in imaging, isotope production, following the
evolution of chemical processes, and initiating photonu-
clear reactions [17].

In conclusion, we report the first numerical observation
of bright hard x-ray emission by resonant electrons from
radiation pressure acceleration of ultrathin MLFs. By using
3D and 2D PIC simulations, it is shown that electrons
oscillate in the laser field and are simultaneously subjected
to a radial restoring force of ion beams. Bright short-
duration x rays with a broad frequency band range are
thus emitted in a cone. The underlying physics is discov-
ered, which can be attributed to the betatronlike resonance
introduced energy coupling between the laser and elec-
trons. The emitted hard x rays have promising features and
might serve as a new compact short-wavelength light
source in the future.
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