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Generation of Terawatt Attosecond Pulses from Relativistic Transition Radiation
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When a femtosecond duration and hundreds of kiloampere peak current electron beam traverses the
vacuum and high-density plasma interface, a new process, that we call relativistic transition radiation
(RTR), generates an intense ~100 as pulse containing ~1 terawatt power of coherent vacuum ultraviolet
(VUV) radiation accompanied by several smaller femtosecond duration satellite pulses. This pulse inherits
the radial polarization of the incident beam field and has a ring intensity distribution. This RTR is emitted
when the beam density is comparable to the plasma density and the spot size much larger than the plasma
skin depth. Physically, it arises from the return current or backward relativistic motion of electrons starting
just inside the plasma that Doppler up shifts the emitted photons. The number of RTR pulses is determined
by the number of groups of plasma electrons that originate at different depths within the first plasma wake

period and emit coherently before phase mixing.
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Transition radiation (TR) is a well-known phenomenon
that happens when charged particles traverse an interface
between two different media [1]. Electrons contained in the
two media respond differently to the electric field carried by
the charged particles and this leads to the emission of TR.
An important case of TR happens when relativistic charged
particles propagate across a vacuum-plasma or vacuum-
metal foil interface. In this scenario, electrons on the
surface move in response to the transverse electric field
of the beam, forming a surface current that screens the field
and, in the process, emits radiation. For wavelengths longer
than the bunch duration, the emitted photons are coherent,
and the radiated pulse typically has a time structure similar
to the bunch current profile. Therefore, coherent transition
radiation is widely used to diagnose the longitudinal profile
of (sub)picosecond electron beams [2-9], as well as to
produce intense terahertz radiation using kiloampere cur-
rent beams with subpicosecond duration [10-12]. If the
bunch duration is shorter than the plasma oscillation period,
then a wake is excited and a train of pulses will be
generated [13,14] at the boundary between a plasma or
foil with a vacuum or neutral gas after the initial transition
radiation.

Attosecond pulse generation has attracted much interest
during the past two decades driven by its ability to resolve
the electronic motion on the atomic scale [15-24]. In this
Letter, we describe a new regime of TR which can generate
a high power attosecond pulse that is accompanied by
several smaller amplitude pulses separated by ~27c/w,
due to the unique beam-plasma dynamics that results when
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the surface electrons move relativistically. This regime
leads to some unique features of the radiation such as radial
polarization [25] and a narrow ring intensity distribution.
The dominant attosecond pulse generated with this method
could be synchronized with synchrotron or free-electron
laser radiation emitted by the same electron bunch, there-
fore making possible x-ray pump-probe experiments
with unprecedented accuracy. Alternatively, one could
separate the long-wavelength oscillations from the short
attosecond burst with a frequency filter (or a thin foil), and
combine them on a target for pump-probe or strong-field
experiments.

This new regime of TR can now be accessed because
high brightness electron beams produced by state-of-the-art
photoinjectors can generate beams which have space-
charge/Coulomb fields ranging from GV/m to TV/m
[26-29]. Such large fields can in turn accelerate free
electrons in the vicinity of the beam to relativistic energies
during the transit time of the beam [30]. However, even for
such beam intensities, when the plasma density is greater
than the beam density (n,, > n,,) the motion of electrons is
nonrelativistic due to the shielding effect of the free
electrons and standard TR still occurs.

This new process, which we call relativistic transition
radiation (RTR), happens when the plasma electrons move
relativistically. To understand the physics of RTR it is
useful to recall the normalized parameters that are used
when describing plasma wakefield acceleration in the
blowout regime [31,32]. Consider a bi-Gaussian beam,
ny, = nyexp(—(r*/202) — (z>/202)), and the parameter
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A=ny/n,(k,o,)* = kib
w, ,p 1s the plasma frequency using either the plasma or
beam density, respectively. In the relativistic blowout
regime A > 1 and the spot size of the beam is kept much
less than a skin depth (equivalently when n,, > n,) and
k,o.~1. Under these conditions the electrons move
relativistically in response to the unshielded electric field
of the beam. A nonlinear wakefield is produced and the
currents from these wakes radiate from the boundary
through a nonlinear mode conversion process [13,14].
This radiation tends to be long wavelength and weak for
wavelengths shorter than the plasma oscillation period.
However, RTR occurs if the spot size for the same beam
(with A > 10) is increased such that it is comparable to the
blowout radius 2\//_\k;1 or equivalently when nyy ~ n,.

Under these heretofore unexplored conditions, a large
number of plasma electrons are pushed predominately
forward rather than blown out, which leads to a new
regime of TR with multiple pulses. They are pushed
outward by the radial electric field of the beam and then
gain forward velocity through the magnetic field, i.e., the
v x B force. As the plasma electrons are displaced forward,
they leave a positive charge density behind which, in turn,
excites strong return currents. If the return electrons reach
relativistic energies they emit strongly Doppler-shifted
radiation in the backward direction, giving rise to short
radiation pulses. The first (we call zeroth) pulse is radiated
by the forward current and has characteristics similar to
traditional TR where the electric field is in the opposite
direction to the beam’s field, but its duration is longer than
the bunch duration. However, there are subsequent pulses
arising from the backward motion of electrons (return
current now flows within the beam) arising deeper inside
the plasma but from a region with thickness smaller than
the wavelength of the first plasma wake. The most intense
pulse is composed of photons that are Doppler up shifted by
the backward motion of the most energetic return current
relativistic electrons. This results in radiation that has
frequency components significantly higher than the natural
plasma frequency. Particle-in-cell (PIC) simulations show
one of the radiated pulses can be as short as 100 as with
terawatt-level peak power by using femtosecond, ultrahigh-
current electron bunches envisioned for the next generation
of plasma-wakefield experiments [29].

To demonstrate the physics behind RTR and how it
generates an isolated attosecond pulse, 3D fully relativistic
PIC simulations are performed with the code OSIrIS [33].
We use bi-Gaussian beams and the simulations use nor-
malized units. However, in what follows the actual beam
parameters correspond to 6.5 x 10° electrons and ¢, =
1.5 ym and o, = 0.4 ym to make connections to possible
near-term experiments [29]. This corresponds to n,, =
3.7 x 10%° cm™3, a peak current of 7 = 250 kA, and a skin
depth for the beam density of c/w,, =0.28 um. As
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FIG. 1. Relativistic transition radiation when an electron beam
propagates through a plasma. (a) The charge density isosurfaces
of the beam (blue, yellow, and green) and the plasma (gray) at
t = 0 fs. The beam center is z = —1.5 um. (b) The charge density
isosurface of the plasma electrons at # = 10 fs. (c) The isosur-
faces of the radiated transverse electric field £, (green and blue)
and the axial current j, (red and yellow represent forward current
density while cyan represents the backward current density) at
t = 26.7 fs. Red times are relative to the time when the middle of
the beam hits the surface.

depicted in Fig. 1(a), a 10 GeV electron beam propagates
into a cold plasma with immobile ions that exists between
the z=0pm and z=3um. When n,>n, and
k,o, > 1, the space-charge field and current are screened
in a distance much less than the beam spot size so that well-
known nonrelativistic TR (non-RTR) happens. In the
opposite limit, where n, < ny, and k,0, < 1, the plasma
electrons within a radius much larger than the beam spot
size move relativistically outward and forward [32]. These
sheath electrons are then pulled backward with relativistic
energies, and this process is what sets up wakefields inside
the plasma, provided the plasma is many skin depths long.

However, when the plasma density and beam density are
both high and roughly equal to one another, plasma
electrons that start inside and outside the beam can be
accelerated to relativistic energies without a large trans-
verse displacement. For the bi-Gaussian charge distribu-
tion of the beam electrons, plasma electrons initially at
ri ~ 1.50, experience the strongest space-charge field,
E, = cBy~0.45(nypeo,/¢;) exp(—(z%>/262)), and acquire
the largest axial speeds, while electrons with r; > o, or
r; < o, are pushed forward less significantly. Thus, a
region void of plasma electrons forms at the surface whose
shape can be approximated as a hollow cylinder, with an
annular cross section [Fig. 1(b)] in r and a thickness d (in z)
is formed. The thickness can be estimated by balancing the
forward force (v,/cBy ~ E,) on plasma electrons from the
beam with the charge separation force. If we further assume
that d < o,, then the longitudinal field can be estimated
from a one-dimensional argument as n,ed/2¢,; thus the
thickness can be obtained by balancing this with the force
from the beam pushing electrons forward,

nyed
——~045
26'0 €y

npo€0oy, npo
T 4~

Oy, (1)

np

which is close to the 1 ym observed in simulations. This
large surface electric field then pulls electrons initially
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FIG. 2. Attosecond radiation pulse. (a) The recorded electric
field when n, = n,, (blue curve) and 1000n,, (red curve).
Normalized intensity profile of the radiation (pulse 2) is shown
in the inset. (b) The distribution of the transverse electrical field in
the x—y plane at r = 27.1 fs and z = —1.5 um. The gray arrows
indicate the direction of the field. The solid blue line shows the
field amplitude at y =0 ym and the dashed red line is for
magnitude of the incident Coulomb field. (c¢) The spectrum of the
radiation when n,, = ny (blue line), 1000n,, (red line), the fitted
scaling law (yellow line), and the pulse 2 when n, = ny

(purple line).

located deeper in the plasma backward. These electrons are
then accelerated backward toward and across the boundary
and they emit radiation we refer to as RTR. The work done
by the charge separation force on these backward moving
plasma electrons can be estimated using a one-dimensional
argument as

0 —e’n,(d-z) m,c?
N = ka2, (2
| = ()

which is ~3m,c? if using d ~ 1 um. Simulations show one
intense attosecond pulse is emitted along the —z direction
which is compressed due to the relativistic Doppler effect
[Fig. 1(c)]. There is some forward radiation as well, but it is
not as short nor intense as the backward one. Depending on
the thickness of the target, this process can recur several
times and produce several somewhat broader pulses with
the energy in the later pulses progressively decreasing as
phase mixing of electron oscillations occurs.

The detailed characteristics of the radiation from this
RTR are shown in Fig. 2. The time profiles of the transverse
electric field at a fixed location (z =—1.5 ym,x =—2.95 ym,
y=0um) are presented in Fig. 2(a) for RTR (n,, = n,) and
non-RTR (n,, = 1000n,,). The radiation E, emanating from
the high-density plasma (red curve) is approximately propor-
tional to the incident space-charge fields. In the RTR case,
there is a pulse with the electric field direction similar to the
higher-density case between 5 and 17 fs for the RTR (pulse 0,
blue curve). The second (pulse 2, blue curve) and most
prominent pulse has a half-cycle profile with very short,

130 as, duration (FWHM of the intensity) and a large peak
electric field, 5.66 TV/m, which is even larger than the
incident space-charge field (4.5 TV/m). The intensity pro-
file of the pulse 2 is shown in the inset. The transverse cross
section of the attosecond pulse has an annular shape with
0.27 um width (solid blue) which is much smaller than the
3.6 ym width of the space-charge field (dashed red line). The
radiation is radially polarized as indicated by the gray arrows
in Fig. 2(b). The peak power is 0.74 TW and the energy
contained in pulse 2 is 0.15 mJ. The transverse mode and the
polarization of the radiation is inherited from the incident
morphology of the space-charge field. Thus, a transversely
asymmetric driver can be used to control the distribution and
the polarization of the attosecond pulse [34]. The attosecond
pulse generation is relatively insensitive to the exact density
profile, thickness, and initial temperature of the plasma. A
thicker target which can support multiple wake periods has
little effect on the emission of RTR (see Movies M1-M3 in
Supplemental Material [30]). Simulations described in the
Supplemental Material show if the plasma temperature is
increased to as high as 1 keV the attosecond pulse is still
present. If the initial plasma temperature is less than 10 eV
and an up-ramp has a characteristic length less than 200 nm
radiation pattern changes little. Simulations with moving
hydrogen or carbon ions give similar attosecond pulses (see
Supplemental Material [30]).

We compare the spectrum of the radiation from RTR and
non-RTR in Fig. 2(c). The spectrum from non-RTR is
mainly from the incident beam that decays quickly (red
dotted line) after v ~ ¢/o. & @, while the one from RTR
extends to much higher frequencies because of the rela-
tivistic Doppler shift of the photons emitted by the back-
ward moving electrons. This broad spectrum of the
radiation extends up to @ ~ 18w, and provides the broad
bandwidth needed to support the highest power, attosecond
pulse. The central frequency of the photons in this ultra-
short pulse is 7 eV, which is in the VUV region. Harmonics
of the nonlinear plasma oscillation are observed since one
pulse is radiated from each plasma period. The ratio of the
intensity between each peak shown in Fig. 2(a) is
0.19:0.038:1:0.037:0.028 [35].

The details of the plasma response and surface currents
generated by high current beams with n, = n, crossing a
sharp interface are very complicated. This is illustrated by
examining the current carried by the plasma electrons that
start within ~2ﬂk;1 (or 1.7 um) of the surface; these currents
are the source of the radiation and all the properties of the
radiation can be traced back to the motion of these electrons.
The longitudinal and transverse current distributions at
four different times (7,,4) when the RTR pulses are emitted
[Fig. 2(a)] are shown in Fig. 3(a). Since electrons close to the
surface emit the RTR, we identify a group of electrons that
form the current (white dots in j, plots) and trace their
trajectories backward. The initial positions of each group of
these electrons are shown in Fig. 3(b). The first group
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FIG. 3. The motion of plasma electrons. (a) The x—z plane

distribution of the longitudinal (j,) and transverse (j,) current
densities at four different times (). The radiation generated at
these times will arrive at the recorded position at 7,,4. The dashed
lines indicate the two boundaries of the target. The field distri-
bution of the attosecond pulse (gray) is also shown in the last j,
plot. (b) The initial positions of the electrons in three groups
indicated by crosses, dots, and triangles originating at different
locations within the target determine the source of the current
densities that radiates the zeroth, first, and second electromag-
netic pulse. The positions of each group of electrons when they
coalesce into a high-density current sheath are shown as white
dots in the corresponding j, plots of (a). Also shown are sample
trajectories of three of these electrons (see also Movies M4-M6
in Supplemental Material [30]). (c) The evolution of p, for the
electrons in return currents. The solid lines represent two sample
electrons and the black dashed line shows the y, of one sample
from return current 2.

[crosses in Fig. 3(b)] is called current 0 because these
electrons are mostly pushed forward by beam. When the
beam enters the plasma its radial electric field first pushes
them outward and, once they acquire relativistic energies,
forward by the magnetic field of the beam (see Supplemental
Material, Movie M4 [30]) as represented by the trajectory of
one representative electron (green) shown in this figure.
Trajectory crossing of electrons from this group starting at
different axial positions occurs and these electrons coalesce
into similar axial positions leading to a high-density current
sheet as shown in first column of Fig. 3(a). The transverse
components of these currents generate pulse 0 [5-17 fs in
Fig. 2(a)].

After the driver passes, electrons that started deeper inside
the plasma [dots in Fig. 3(b)], and that were overtaken by the
first group of electrons closer to the surface, and hence
accelerated by the fields of the beam less significantly, now
move radially into the region of the strong fields within the

hollow cylinder and are then accelerated backward. Thus, a
forward flowing current distribution (return current 1) is
formed as shown in the second column of Fig. 3(a) and gives
rise to the radiated pulse 1 [17-25 fs in Fig. 2(a)]. These
backward flowing electrons then cross into the vacuum. A
sheath field is generated at the boundary that then pulls them
back into the plasma (see the blue representative trajectory)
where they are met by a group of electrons that started with
axial positions slightly even deeper in the plasma [triangles in
Fig. 3(b)]. The forward moving electrons pass through the
second group of return current electrons, causing the second
group of electrons to be further accelerated backward, thus
forming return current 2. This second group thus has higher
energies than the first group as seen in their current dis-
tribution shown in the third column of Fig. 3(a). Intense
attosecond pulse [25-30 fs in Fig. 2(a)] is emitted by this
high-density return current sheath. This mixing of the
trajectories of electrons that started at different axial positions
leads to several bursts of the return current before the entire
process phase mixes away. The return current formed by the
third group is shown in the fourth column of Fig. 3(a). At this
time, the radiated attosecond pulse has already moved away
from the rear surface.

The axial momentum of the electrons in the return currents
are shown in Fig. 3(c). The electrons in return current 1 (dots)
achieve a maximum backward momentum ~2m,c around
t ~ 12 fs. As a comparison, the electrons in return current 2
(triangles) achieve even larger backward momentum ~4m,c
around 7 ~ 20 fs. Compared with a relativistic plasma mirror,
the electrons here only achieve the maximum backward
momentum during a short time. And this “y-spike” effect
leads to a further reduction of the radiated pulse duration
[36]. A crude estimation of the radiation pulse duration can
be givenas 7 ~ 7, /27 ~ 3 fs/2 x 4> ~ 100 as, where z,_is
the duration of the y spike.

When the electron driver is incident obliquely upon the
target with a small angle, the radiation is produced
approximately along the direction of specular reflection.
The pulse produced by the return current 2 is shown in
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FIG. 4. (a) The isosurface of the radiation intensity (yellow,
E? = 50(m*c?w?/e*); green, E? = 30m*c*w?/e?) and its pro-
jections in each plane when the beam propagates along the z
direction and the target is oblique in the z—x plane with angle
6 = 5.7°. (b) The duration, peak electric field of the attosecond
pulse, and the maximum backward momentum of the electrons
when scanning the current of the normally incident beam.
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Fig. 4(a) for an angle of incidence of & = 5.7°. In Fig. 4(b),
we show how the maximum backward momentum of the
electrons in return current 2 and the duration and the peak
field of the attosecond pulse is affected by the peak current
of the electron beam. When the peak density (and current)
of a beam with fixed charge (0.84 nC) and 1.5 ym spot size
1s increased, the maximum backward momentum of elec-
trons increases, and the duration of the attosecond pulse
decreases and the field amplitude increases. The density of
the plasma is also higher, as it is always set equal to the
peak density of the beam to ensure an efficient generation
of attosecond pulse.

In conclusion, using 3D PIC simulations we have
demonstrated that relativistic transition radiation is
generated when a high current relativistic electron beam
propagates through a plasma with n, ~ n,. For realiz-
able experimental parameters, the radially polarized
radiation has a ring intensity distribution, is more intense
in the backward direction, and contains a ~1 terawatt,
~100 as pulse flanked by several smaller femtosecond
pulses.
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