Observation of THz emission from a laser-plasma accelerated electron bunch crossing
a plasma-vacuum boundary
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Coherent radiation in the 0.3-3 THz range has been generated from femtosecond electron bunches
at a plasma-vacuum boundary via transition radiation. The bunches produced by a laser-plasma
accelerator contained 1.5 nC of charge. The THz energy per pulse within a limited 30 mrad collection
angle was 3-5 nJ and scaled quadratically with bunch charge, consistent with coherent emission.
Modeling indicates that this broadband source produces about 0.3 pJ per pulse within a 100 mrad
angle, and that increasing the transverse plasma size and electron beam energy could provide more

than 100 pJ/pulse.

PACS numbers: 07.57.Hm,41.75.Ht, 41.75.Jv

Terahertz radiation (or T-rays) is non-ionizing elec-
tromagnetic radiation with sub-millimeter wavelength,
which can be used to non-invasively measure optical
properties of materials with hundred micron resolution.
T-rays have applications [1, 2] in biological imaging, ma-
terial screening, semi-conductor imaging, surface chem-
istry, and high-field condensed matter studies. High peak
power radiation is required for rapid two-dimensional
imaging [3] and for non-equilibrium and non-linear stud-
ies that require MV /cm fields [2]. Laser-triggered solid-
state based sources of THz radiation have been developed
that rely on switched photoconducting antennas (e.g.,
[4] and references therein) or optical rectification of fem-
tosecond pulse trains [5]. Large aperture biased GaAs
structures, operated at 1 kHz repetition rate, have pro-
duced on the order of 0.5 uJ /pulse [6]. Most other sources
using either laser switched structures or optical rectifica-
tion have operated at high frequency (10’s of MHz) with
pwW-mW level average power.

Alternatively, THz radiation can be generated from
electron beams (e-beams) through various methods, in-
cluding bending in a magnetic field (synchrotron radia-
tion) [7] and by traversing a medium with a discontinu-
ity in dielectric properties (transition radiation) [8, 9.
The radiation is coherent when electrons in a bunch emit
in phase, which requires that the bunch structure be
shorter than the radiation wavelength A. The coher-
ent radiation intensity scales quadratically with the total
charge, rather than linearly as in the case of incoherent
emission. Conventional accelerators can produce sub-ps
bunches containing pC’s of charge [10, 11], operating at
high repetition rate and hence generating high average
T-ray power [12]. They also provide a solution for pro-
ducing T-rays with a narrow divergence angle, given by
1/v, where v = 1/4/1 — (v/¢)? is the relativistic Lorentz
factor, v the electron velocity, and ¢ the speed of light.
However, bunch lengthening and emittance growth due
to space charge effects limit the charge per bunch in these
short bunches to pC’s and, hence, limit the radiated peak

power. The 0.5 pJ/pulse produced by the linac-based
source [12], and present solid state T-ray sources [6] (lim-
ited by material damage), is insufficient for high field ap-
plications that require multi-MeV/cm. Achieving high
pulse energy is therefore an important challenge that will
enable numerous applications requiring intense T-rays.

In this Letter we present first experimental results and
supporting calculations of an electron beam based THz
source that has the potential to achieve unprecedented
levels of energy per pulse by relying on two novel com-
ponents: (1) extremely dense, sub-ps electron bunches
produced with a table-top laser-plasma-based accelera-
tor and (2) the production of coherent transition radi-
ation at the boundary between a plasma and vacuum.
Laser wakefield accelerators (LWFA) rely on the excita-
tion of large amplitude longitudinal plasma waves with
an intense laser and can operate with 1-100 GV/m ac-
celerating gradients. These large fields can accelerate
more than 10'° background electrons to relativistic en-
ergies [13, 14], albeit with 100% energy spread. LWFA’s
can produce ultra-short (femtosecond) bunches contain-
ing nC’s of charge because space charge effects are mit-
igated inside the accelerator structure through shielding
provided by the background ions in the plasma. This is
not the case in a conventional accelerator and limits the
achievable peak current in those accelerators. To pro-
duce high peak power coherent radiation, emission must
occur before space charge and energy spread effects cause
bunch density reduction during propagation in vacuum.
This requirement is naturally satisfied by generation of
transition radiation at the plasma-vacuum boundary of
the LWFA | provided certain criteria regarding transverse
size and longitudinal gradient are satisfied.

THz-emission from laser excited plasmas had been re-
ported earlier [15] and was attributed to the excitation
of radial plasma density oscillations at a plasma density
resonant with the laser pulse duration. This mechanism
predicts very low emission at densities used in our ex-
periments and does not rely on production of acceler-
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FIG. 1: Schematic of the experimental set-up. High peak
power laser pulses entered the vacuum chamber and were fo-
cused onto a high pressure pulsed He gas jet using an off-axis
parabola (OAP). An integrating current transformer (ICT)
measured the amount of accelerated electrons (charge). A
metal-coated foil directed the THz radiation outside the vac-
uum chamber onto a spherical mirror that focused the radi-
ation onto a Helium cooled bolometer. The electron energy
distribution was measured using an imaging magnetic spec-
trometer to momentum disperse the e-beam onto a phosphor
screen that was imaged by a CCD camera.

ated electrons. In addition, the far-field radiation pat-
tern shows no emission in the forward (laser) direction.
Evidence for incoherent transition radiation has been ob-
served in the optical regime from fast electron generation
in laser interactions with solid targets [16]. Coherent
transition radiation at longer wavelengths could poten-
tially be generated in laser-solid target experiments from
the interaction of the fast electrons with the rear-side of
the solid target.

In our proof-of-principle experiments (a schematic of
the set-up is shown in Fig. 1), relativistic e-beams were
generated by focusing laser pulses from a Ti:Al;Og3 laser
operating at 800 nm to a waist w = 6 pum onto a 2 mm
long supersonic Helium gas jet inside a vacuum cham-
ber [17]. The laser pulses had a full-width-half-maximum
(FWHM) duration 7ewam > 50 fs and a peak power level
P < 8 TW. The charge per bunch and e-beam spatial
profile were measured using an integrating current trans-
former (ICT) and a phosphor screen, respectively. The
energy distribution was obtained using an imaging mag-
netic spectrometer and a a phosphor screen with CCD
camera and can be well-fitted by a power law distribu-
tion oc v~ 16, The plasma density profile, measured with
a folded-wave interferometer using 400 nm wavelength,
50 fs duration laser pulses, had a typical transverse size
of 100 pm=15 pm. Radiation in the 0.3—3 THz range was
reflected out of the vacuum chamber through a window
using a 5 um thick metal coated nitrocellulose foil 30 cm
from the gas jet. (Although transition radiation will be

generated when the beam propagates through this foil,
the emission is incoherent due to bunch lengthening [18§]
and transverse beam size increase at that location, mea-
sured with a phosphor screen.) The radiation then prop-
agated in air and through laser beam attenuators, and
was focused with an f/30 metal coated spherical mirror
onto a cooled (4.2 K) Si-based bolometer, equipped with
an internal 3 THz low-pass filter, to measure the radiated
energy. The spectral transmission properties of all solid
materials used in the T-ray path were measured using a
ZnTe based optical rectification system [19)].

The bunch charge was varied by changing either the
laser pulse duration or the position of the gas jet with
respect to the laser beam focal position [14, 17]. The
quadratic dependence of the peak amplitude of the
bolometer signal versus bunch charge is shown in Fig. 2
and is consistent with coherent emission of radiation.
The large vertical error bars on the signal are believed
to be due to pointing fluctuations of the e-beam on the
order of 10 mrad, which is comparable to the 30 mrad
collection half-angle of the bolometer. The angular dis-
tribution of the coherent radiation (See Fig. 3) has a
minimum in the direction of the e-beam, and therefore
is sensitive to fluctuations in e-beam pointing. Increas-
ing the collection angle will hence significantly reduce the
fluctuations.

Modelling of the radiation process can be done by as-
suming that the plasma (with dielectric constant ¢ =
1 — w?/w?, where w, and w are the plasma and radi-
ation frequencies, respectively) is equivalent to a con-
ductor with a sharp conductor-vacuum boundary. The
transition radiation will be generated by e-beam induced
polarization currents at plasma densities below critical
for the radiation wavelength. The plasma density pro-
file used in the LWFA experiments had a sufficiently
large gradient such that the dielectric constant satisfied
le| > 1 within a distance of order a skin depth, and there-
fore the plasma can be well-modeled as a conductor for
frequencies w < wy. In addition, provided the plasma
scale length is short compared to the formation length,
we expect the dielectric interface to radiate as if it were a
sharp dielectric-vacuum boundary. The radiated energy
We per unit solid angle d) and frequency range dw by a
bunch consisting of N, electrons travelling normal to the
plasma-vacuum boundary is [20]
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where 7. is the classical electron radius, m. is the elec-
tron rest mass, 6 is the angle of observation with respect
to the e-beam propagation direction, u = yv/c is the nor-
malized electron momentum, and g(u) is the normalized
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FIG. 2: Bolometer voltage vs. charge per bunch for a 30 mrad
collection half-angle. Each square represents an average of 50
experimental shots, with rms variation as error bar. The solid
line is a quadratic fit to the data, indicating coherence of the
radiated signal. The bolometer (Infrared Laboratories) had a
voltage responsivity S = 2.73x10% V /W and thermal conduc-
tivity G = 17.01 pW/K. Since the radiation bursts are much
shorter than the bolometer time constant, Tho1o = 0.33 ms,
the detector operates as a calorimeter. The absorbed energy
is then given by: FEabsorbed = GTboloAVbolo/(Rnbolo) =4.0 x
AViolo (in pJ), where R = S x G = 4.64 is the induced volt-
age per K of temperature rise (in V/K), AVyelo is the height
of the voltage pulse (in V), and Mpolo ~ 0.3 is the bolometer
efficiency. The radiated energy is Eradiated = Fabsorbed/Tcoll,
where 701 is the overall collection efficiency of the system.

e-beam momentum distribution. Here
F = /dzdzrle*ia-'ﬂeii“’z/”f(FL,z) (2)

is the Fourier transform of the e-beam spatial distribution
f(7L, z), or spatial form factor, where k is the radiation
wave vector, and

D =1 — Jo(busin®) [bK1(b) + b*Ko(b)/2]
—b?Ko(b)Ja2(businf) /2 (3)

is the correction due to diffraction radiation from the
transverse edge of the plasma. The parameter b = kp/u
describes the relative influence of the transverse bound-
ary (i.e., the ratio of the transverse size of the plasma p
to the transverse extent of the self-fields of the relativis-
tic electrons ~ v\), and Ky, K1, Jo, and J are Bessel
functions. For large transverse size (i.e., b> 1), D ~ 1,
and the coherent radiation is well-described by transition
radiation. For b ~ 1, diffraction radiation will strongly
modify the radiated energy spectrum.

Normalized differential
energy distribution

FIG. 3: Normalized energy per unit solid angle and frequency
of the coherent radiation (d*We./dwdQ)n?c/e* N2 versus ob-
servation angle 6 for the normalized transverse plasma size
p/X and e-beam temperature ur: (a) p/A=100 and ur = 12
(solid curve), (b) p/A=100 and ur = 9 (dotted curve), (c)
p/A=2 and ur = 9 (dashed curve), and (d) p/A=1 and ur
= 9 (dotted-dashed curve). Curve (d) is near experimental
parameters.

The degree of coherence in the bunch will be de-
termined by the form factor Eq. (2). For a bunch
with an uncorrelated Gaussian spatial distribution, the
spatial form factor is F = FF, where F| =
exp[—(ko L sin®)?/2] and F| = exp[—(woy/v)?/2], with
o1 the rms transverse bunch radius and o the rms lon-
gitudinal bunch length. Fully-coherent emission in both
the transverse and longitudinal directions requires ' ~ 1.
This condition is satisfied when o sin 6 and o) are much
less than the radiation wavelength.

Laser-plasma generated e-beams in the self-modulated
regime can be characterized by a Boltzmann momen-
tum distribution g(u) = uy'exp[—u/ut], where ur is
the temperature of the distribution. In the limit b > 1
(i.e., in the limit of large transverse plasma size), the
amount of radiated energy in the collection cone half-
angle .01 < 1/ur < 1 and frequency bandwidth Aw/w is
given by AW, ~ dm.c?(re /JA)N2(urbeon)* (Aw/w). For
example, AW, = 30 uJ within 6.,n = 50 mrad for a
1.5 nC bunch with temperature up = 9 in a bandwidth
0.3-3 THz.

The radiated energy d?W,/dwdS) obtained from
Eq. (1), for a Boltzmann momentum distribution, versus
observation angle, is plotted in Fig. 3. Figure 3 shows
that for b > 1 the angular distribution of the radiation
is peaked at approximately fpeak ~ 1/u, and that the
effect of the finite transverse plasma size (for b ~ 1) is to
shift the peak of the angular distribution to larger angle.
This clearly indicates the importance of having a suffi-
ciently large transverse size of the plasma to minimize
the effective divergence angle of the source.

In the experiments, 0..;; was limited to about 30 mrad,
and the e-beams contained up to 1.5 nC. The measured
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FIG. 4: Calculated total energy AW, (nJ) (curves) radiated
by a 1.5 nC e-beam with 4.6 MeV temperature for frequen-
cies 0.3-3 THz versus transverse plasma size p(mm) within
(a) 30 mrad, (b) 100 mrad and (c) 200 mrad. Point is
bolometer measurement. Horizontal and vertical error bars
are due to uncertainty in interferometrically-measured trans-
verse plasma size p = 100 um £ 15 um and the collection cone
30 mrad + 10 mrad, respectively.

radiated energy per pulse between 0.3-3 THz was be-
tween 3-5 nJ/pulse. Figure 4 shows the energy AW,
within the bandwidth 0.3-3 THz versus p for (a) Ocon =
30 mrad, (b) eon = 100 mrad, and (¢) Ocon = 200 mrad
calculated using Eq. (1) with corrections due to finite
temperature and finite transverse plasma size p. We ap-
proximated the electron momentum distribution at the
plasma-vacuum boundary as a Boltzmann distribution
with a single effective temperature of 4.6 MeV. For the
experimental parameters (p = 100 pm, 0.1 = 30 mrad,
1.5 nC charge, and up = 4.6 MeV) the calculated energy
per pulse is 2.3 nJ, which agrees within error bars with
the 3-5 nJ measured experimentally (cf. Fig. 4).

The measured THz pulse energy can be dramatically
increased by a number of straightforward methods. For
the experimental parameters, increasing 6.1 to 100 mrad
increases the radiated energy per pulse to > 0.3 uJ. Fur-
thermore, as shown in Fig. (4), 100 pJ/pulse could be
achieved by increasing p to the mm-scale. This could be
done by focusing a laser beam with cylindrical optics to
produce a vertical mm-scale sheet-like plasma through
which the e-beam propagates. Increasing the mean en-
ergy of the e-beam to the few 10’s of MeV with, e.g., a
channel guided laser wakefield [21], could further increase
the pulse energy to the few 100 pJ level in a 0.1 rad cone.

In summary, a table-top source of coherent THz radi-
ation based on transition radiation at a vacuum-plasma
boundary from laser wakefield generated electron beams
has been demonstrated. An LWFA enabled the produc-
tion of fs duration electron bunches containing several nC
of charge. Transition radiation at the plasma boundary
provided a radiation mechanism when the beam was at

its most dense. The radiation is directed and intrinsically
synchronized to the laser beam. The long and short wave-
length spectral cut-off can be tuned using the transverse
plasma profile and bunch length. In the present experi-
ment 3-5 nJ-level pulses were collected within a limited
30 mrad collection angle, in good agreement with predic-
tions from our model. Our model furthermore indicates
that an optimized source, with a millimeter transverse
scale plasma sheet at the exit of the accelerator, could
produce, in a 100 mrad angle, in excess of 100 uJ/pulse,
which is more than two orders of magnitude higher than
present sources. These intense T-rays will provide access
to non-linear regimes and highly non-equilibrium pro-
cesses using MV/cm field strengths and may also benefit
two-dimensional T-ray imaging.
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