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Modeling terahertz emission from the target rear side during intense laser-solid interactions
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Relativistic laser-solid target interaction is a powerful source of terahertz radiation where broadband terahertz
radiation is emitted from the front and rear surfaces of the target. Even though several experimental works have
reported the generation of subpicosecond duration gigawatt peak power terahertz pulses from the target rear
surface, the underlying physical process behind their origin is still an open question. Here we discuss a numerical
model that can accurately reproduce several aspects of the experimental results. The model is based on the
charged particle dynamics at the target rear surface and the evolution of the charge separation field. We identify
the major contributors that are responsible for broadband terahertz emission from the rear surface of the target.
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I. INTRODUCTION

Plasmas produced during intense laser-matter interaction
emit electromagnetic radiation in a broad spectral range [1-4].
This radiation can be coherent and/or incoherent depending
on the generation process. In addition to being radiation
sources for potential secondary applications, the characteriza-
tion of the radiation itself can provide invaluable information
about the spatiotemporal dynamics of the plasma sources,
which are difficult to diagnose otherwise.

In this context, recent observations [5-13] of powerful
terahertz (THz) radiation from laser-solid interaction have
aroused great interest [14—17]. Many parameters could di-
rectly influence the emission from the front surface as the
incident short pulse laser interacts with the solid target. The
most dominant processes are the charge separation field gener-
ated by the ponderomotive force of the laser [18], the antenna
mechanism due to the electrons generated at the focal spot
driving laterally out of the target surface [19], and linear mode
conversion [20]. The first observation of THz radiation from
the target rear surface was reported by Gopal et al. in Ref. [6],
where strong THz emission at large angles to the target normal
direction was observed. They argued that the charge particle
dynamics at the target rear surface are responsible for THz
generation, as neither the interacting laser pulse nor the THz
radiation generated at the front surface can go through the
solid target. Later, coherent and incoherent measurement tech-
niques were employed to record the temporal characteristics
and to extract the spectral characteristics of the THz radiation.
The results showed subpicosecond pulses with peak powers
reaching up to the gigawatt (GW) level and a very broad
spectrum containing many octaves of frequencies [7,8]. Fur-
thermore, studies using two-dimensional (2D) particle-in-cell
simulations showed rich phenomenology in the experimental
results, suggesting that the charged particle dynamics at the
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target rear surface contribute to THz emission via numerous
processes such as the electron dynamics in the sheath field,
surface plasmons, surface currents, and so on. Independent
studies also recorded strong THz emission and attributed their
observation to transition radiation generated by the electrons
exiting the rear of the target [9] and to electron reflux at the
plasma sheath [10]. However, in these observations, radiation
generated only in small solid angles of the rear surface were
measured despite considering the emission to be symmetric.
In another independent study, Poye et al. proposed that elec-
tromagnetic pulses in the THz range are generated by surface
current created by the ejection of electrons from the target
[21]. In their latest work, Herzer et al. investigated in detail
the THz emission from the target rear surface for various laser
and target parameters, and they observed that indeed there are
multiple pulses with different temporal duration [11].

The polarization of the generated radiation is found to be
mostly radial [11,22]. Furthermore, for an oblique angle of
incidence of the interaction laser pulse, p-polarization results
in higher THz yield than s-polarization [23]. Based on ex-
perimental observations, it was suggested that THz radiation
from the target rear surface is mostly due to the charge
particle dynamics resulting in the generation of transition
radiation and sheath radiation [11]. The ambiguity in the THz
generation process and the presence of multiple pulses raised
further questions regarding the THz generation process. In
their recent comprehensive work, Gopal et al. provided a full
visualization of the THz beam profile along with temporal
measurements and angular distribution of the electron and
proton/ion spectra behind the target rear surface [24].

In this article, we present a detailed numerical investigation
of THz generation using the experimentally recorded electron
and ion spectra from the target rear surface. We compare
the results of the numerical modeling with the experimental
observations presented in [24]. Subsequently, we also estimate
the longitudinal bunch duration of the particles emitted from
the target rear surface and the source size of the plasma sheath
generating THz radiation. The article is structured as follows.
In Sec. II, a brief discussion on the generation of hot electrons
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during laser—thin-foil interaction is presented, followed by
experimentally measured energy spectra and temperature of
the electrons and protons. A numerical model of the dominant
THz generation mechanisms is described in Sec. III, and the
experimentally recorded electron and proton/ion spectra are
employed for the estimation of THz radiation. In Sec. IV, the
longitudinal bunch length of the electrons is estimated from
the spectra of the THz radiation.

II. HOT ELECTRON GENERATION: EXPERIMENT

During intense laser-solid interactions, hot electron
bunches with charge reaching ~nC can be generated via nu-
merous collisionless absorption processes such as Brunel ab-
sorption, resonance absorption, and ponderomotive or j x B
heating depending on the laser intensity, polarization state and
temporal contrast, pulse duration, etc. [25,26]. The total num-
ber of hot electrons (NV,) is related to the laser pulse energy by
the energy conservation N, = nEy /kgT,, with E| the incident
laser energy, kp Boltzmann’s constant, and 7, the average
hot electron temperature. For a laser pulse with moderate
intensity (between 10'¢ and 10'® W /cm?) interacting with a
solid target with a very steep plasma density profile where
the density scale length Ly << Ajaser, the electrons are directly
accelerated in the laser field via Brunel absorption [27,28],
whereas in the case of Ly & Ajusr, the resonant absorption
mechanism in which the laser pulse resonantly drives a plasma
wave at the critical density surface dominates the hot electron
generation process [29,30]. At relativistic intensities, i.e.,
I > 10"® W/cm?, the effect of the laser magnetic field can no
longer be disregarded, and the hot electrons are predominantly
driven by the j x B heating mechanism [23,31,32]. For our
laser system (details discussed below), the dominant absorp-
tion mechanism is the j x B ponderomotive heating in which
the electrons are accelerated along the laser-propagation
(LP) direction [23,33,34]. However, for a p-polarized laser
obliquely incident on the target and a “small” preplasma
formed, a resonance absorption where the electron bunches
are accelerated in the target normal (TN) direction may as well
occur [29]. The scaling of the electron temperature generated
by the j x B heating mechanism is given by [31] Tjxp =

0.511(vT+ a3 — 1) MeV, with ag = / P 001 15

ing the dimensionless laser parameter. On the contrary, the
temperature of the electron bunch produced by resonant ab-
sorption scales with Ty, = 0.239a;> MeV [30].

In thin targets, these electrons could propagate through the
target and exit at the rear side and generate a strong quasistatic
field, which in turn can ionize the neutral atoms and accelerate
positive charges [25,35]. The dynamics of the electrons at the
rear surface, including the exit from the target rear surface,
sheath formation, and acceleration all leads to the emission of
radiation [11,36—40]. Considering the spatiotemporal dynam-
ics of the hot electrons and the ions, two main processes could
lead to coherent emission of electromagnetic radiation from
the rear surface of the target. These are as follows: (i) Transi-
tion radiation (TR) due to hot electron bunches traversing the
plasma-vacuum boundary at the rear surface, and (ii) sheath
radiation (SR) due to plasma sheath formation, expansion,
and the resultant ion acceleration process in the target normal

direction [11,24]. The energy spectrum, temperature, and
angular distribution of the electrons are crucial parameters
that determine the spectral (temporal) and angular (spatial)
characteristics of the generated radiation. Since the spatial
distribution of the electrons can also reveal the dominant elec-
tron heating mechanism at the front surface during the laser-
target interaction, we recorded the energy-resolved angular
distribution of the electrons along with the THz diagnostics.
Additionally, the ion spectra in the target normal direction and
angular distribution of the protons and ions were recorded.

The experiments were carried out at the JETI40 laser
system at the Institute of Optics and Quantum Electronics at
the University of Jena. JETI40 delivers a p-polarized laser
pulse with energy E; = 650 mJ on target with a duration
7, = 30 fs and center wavelength Ao = 0.8 um. The laser
pulse was focused down to a spot with a full width at half-
maximum (FWHM) radius ry of 1.25 um and incident onto
a 5-um-thick titanium foil at 45° producing peak intensity
I ~5x 10" W/cm? (corresponding to ay ~ 4.8). The pi-
cosecond contrast of the laser is ~107’—107? in the amplified
spontaneous emission (ASE) pedestal along with a prepulse
(intensity level of 107 : 1) arriving ~10 ps before the main
pulse [23]. The ASE and the prepulse have sufficient intensity
to start ionizing the target and create a preformed plasma prior
to the arrival of the peak of the main pulse.

The electron beam profile was recorded using a
Gafchromic radiochromic film (RCF) stack consisting of nine
RCFs with aluminum sheets of various thicknesses arranged
in between. It was placed behind the target in a semicircle an-
gularly covering the whole back surface in the azimuthal (in-
teraction) plane (fejec) and =17° in the elevation plane (@ejec)-
The polar plot in Fig. 1(a) represents the energy-resolved
angular distribution of the electrons. The electron number
is integrated for all ¢ and plotted as a function of Ogjec.
Low-energy electrons (< 0.25 MeV) are distributed isotrop-
ically behind the target. At higher energies, the distribution is
more dominant toward the laser propagation direction (LP).
The maximum energy of the electrons recorded in the TN
direction is 0.575 MeV while in the LP direction it is no
less than 2.25 MeV. The asymmetric spatial distribution and
peak energy values in the TN and LP directions indicates the
presence of multiple processes through which the electrons
acquire energy from the incident laser pulse.

The energy spectra of the hot electrons for ). of 0° £ 10°
and 45° £ 10° are plotted in Fig. 1(b). The electron tempera-
tures were determined from a Boltzmann function fitted on the
respective experimentally measured spectra. The fits indicate
that the electron bunch accelerated in the TN direction, which
is ascribed to resonance absorption, has a temperature of
0.45 £ 0.05 MeV, whereas the electrons driven by the laser
ponderomotive force in the LP direction exhibit a tempera-
ture of 1.75 £0.09 MeV. These results were compared to
the electron temperatures predicted by the scaling laws for
ap = 4.8. The results are 0.68 MeV for resonance absorption
and 1.99 MeV for j x B heating, which are in reasonable
agreement with our experiment.

The angular distribution of the proton and ion beam was
recorded using a CR-39 nuclear track detector placed behind
a target in a semicircle geometry subtending the entire angle
in the interaction plane. Figure 2(a) presents the angular

053204-2



MODELING TERAHERTZ EMISSION FROM THE TARGET ...

PHYSICAL REVIEW E 100, 053204 (2019)

(a) N
15
=10 30
g , 3
T foose22eBes, 4
g z 0, \60
= 05 )
3
(&) X R 75
c e 5
S o :
i 0.0--90 el mnf 90
Laser target
—=—E <0.125MeV E <0.25MeV E <0.35 MeV E <0.45 MeV
—o—E <0.575 MgV -++++eeee E <0.70 MeV E <0.85 MeV
E<1.30MeV--- E<225MeV
(b)
° TN(f,, =0
10"
= LP(9,, =45
=
=
=)
<
s
L
=
=
©
10°F  T,~ 0.45+0.05 MeV
T o~ 1.75£0.09 MeV

0.0 05 10 5 20 25
)

FIG. 1. (a) Energy-resolved angular distribution of hot electrons
emitted at the rear surface of a 5-um-thick titanium target. A stack
of nine radiochromic films (RCFs) with aluminum foils of various
thicknesses in between enabled the energy-resolved measurement.
The target normal (TN) (6eec = 0°) and laser-propagation (LP)
(Belec = 45°) direction are labeled accordingly. (b) The energy spectra
of fast electrons in the TN and LP directions measured using the RCF
stack (the symbols) and the corresponding temperatures estimated
from the Boltzmann fit function (solid lines).

distribution of the sheath accelerated proton beam recorded
by the CR-39 nuclear track. Unlike the electron beam, the
proton and ion beam is only visible in the target normal
direction with an opening half-angle of 23° 4 1° suggesting
that the slower electrons ejected in the TN direction are
only contributing to ion acceleration. The spectra of the ions
were also recorded using an ion spectrometer placed in the
TN direction with an acceptance solid angle of 1 msr and
presented in Fig. 2(b). The maximum proton energy recorded
is ~3.8 MeV. In addition to protons, C>*, C**, and C** are
also present in the recorded spectrum.

With the availability of the particle spectra and the angular
distribution, we can now estimate the energy and spatiotempo-
ral characteristics of the transition radiation generated by the
electrons exiting the target-rear side and the sheath radiation
generated via the subsequent expansion of the plasma sheath.
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FIG. 2. (a) Angular distribution of the proton and ion beams
recorded by a CR-39 nuclear tracker placed at the rear side of the
target. (b) Typical energy spectra of the dominantly accelerated ions
(H*, C**, C**, and C*") measured by a Thomson parabola.

III. THEORY OF THz GENERATION PROCESSES

In this section, we present the numerical estimate of two
dominant THz generation mechanisms. First, radiation gen-
erated by the electrons upon exiting the target rear surface
in both the target normal and laser propagation direction is
calculated. Thereafter, we look at the radiation generated by
the plasma sheath formation and expansion resulting in ion
acceleration.

A. Coherent transition radiation

Transition radiation (TR) is emitted when a charged par-
ticle traverses a boundary between two materials with dif-
ferent dielectric properties [41,42]. In a scenario relevant
to laser-plasma interaction where the hot electrons travel
across the boundary between a plasma with dielectric constant
€, > —oo and a vacuum (€, = 1), the angular and spectral
distribution of the energy of the TR by a single electron reads
[40]

d’e, d?e!
dodQ  dwd$

d%et
dwdQQ’

(D

where the indexes || and L denote the parallel and perpendic-
ular component of the electric field of the TR with respect to
the radiation plane.
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The two orthogonal polarization components are given by

d’el  e?p*cos’ yr |: sinf — B siny cos ¢ ]2 @
dwdQ 4m3epc | (1 — Bsin@siny cos ¢)? — B2cos2@cosy |
d’s/  pcos’ Y |: B cos @ sin  sin ¢ ]2 3)
dwdQ 4m3epc | (1 — Bsin@sinyr cos¢)? — B2cos2Bcos2y |

where e and B represent the charge and the reduced velocity
of the electron, respectively, c is the free-space light velocity,
and ¢ is the electron incident angle [equivalent to Oge. in
Fig. 1(b)] at the boundary. 6 is the angle between the direction
of the emitted radiation and the observer, while ¢ represents
the azimuthal angle defined in the boundary (XY) plane.

In Sec. II, it is shown that during laser-solid target inter-
action, copious amounts of hot electrons are generated and
transported to the rear side across the target. As a result,
the total energy of the emitted TR is the superposition of
the radiated fields from individual electrons. For a beam of
N, electrons with a longitudinal bunch length (o) crossing
the plasma-vacuum boundary, the TR emitted by individual
electrons adds up coherently for wavelengths, Atgr, longer than
o, and scales with &~ N2. On the other hand, at wavelengths
much shorter than o,, the radiation field from each of the
electrons adds up incoherently and scales only with N,. For
sufficiently large N,, the incoherent transition radiation (ITR)
can be neglected. The angular and spectral distribution of the
coherent component of the radiation (CTR) by the electron
bunch can be calculated by [40,43]

d28CTR -~ €2N 62 2
dodQ ™ 47iec

(‘ / d’pg(p) €'F (w)D(w, p)

)
where p is the electron momentum, and g(p) is the electron
bunch momentum distribution. £ and £+ denote the electric-
field amplitudes in the plane parallel and perpendicular to the
radiation plane, respectively. F'(w)—the coherence function,
also called the bunch form factor—is the Fourier transform
(FT) of the normalized bunch distribution, whereas D(w, p)
represents the diffraction function incorporating the diffrac-
tion effects on the CTR spectrum arising from the finite
transverse size p of the boundary [43]. The bunch form factor
F (w) and the diffraction function D(w, p) for a boundary with
lateral extension of radius p = 5 mm are calculated based on
the estimated bunch dimensions (longitudinal and transverse)
and the target size relevant to our experiment. The results are
plotted in Fig. 3.

Figure 4 shows the angular distribution of the CTR with
electric fields parallel (||) and perpendicular (L) to the radi-
ation plane calculated for electrons exiting the target in TN
and LP directions. It can be seen that for 6. = 0°, there is
no electric field with a L polarization component. The CTR
emitted in the TN direction is thus a purely radially polarized
beam. On the other hand, the CTR generated by 6gjec = 45°
has both orthogonal components, albeit with different mag-
nitude. The energy of the | component is twice that of the
1 component, indicating that the radiation, although still a

+ ‘ f d’pg(p) E-F (w)D(w, p) 4)

(

cylindrical vector beam, is not purely radially polarized, rather
it is more like a horizontally polarized LGy, mode. This
polarization property has been experimentally observed in
[22], where a significantly stronger radial field component was
measured in the laser propagation direction.

The spectrum of the CTR was calculated by incorporating
the coherence and diffraction functions given in Fig. 4. The
angular and spectral distributions of the CTR from 6. = 0°
and 45° are shown in Fig. 5. Most of the energy of the radia-
tion is located in a spectral range <2 THz. The corresponding
time domain of the CTR transients shown in Fig. 6 was
obtained by performing an inverse Fourier transform (IFT) on
the angularly integrated spectra. The FWHM pulse durations
of the CTR-THz emissions are tg- &~ 295 fs and 145 ~ 487 {s.
These numerical estimates are comparable to the experimental
measurement of the THz pulse durations performed with an
electro-optic technique [24]. It can be seen in Figs. 5 and 7
that the CTR emitted by these electron bunches exiting the
target rear surface has a broader angular distribution due
to the contribution of the enormously numerous low-energy
electrons in the bunches with a Boltzmann-like distribution.
The broadening is more pronounced in the CTR emission in
the TN direction as most of the electrons in the 6g. = 0°
bunch are low-energy electrons as compared to the bunch
exiting at 45° (see Fig. 1). On the other hand, the asymmetry
in the angular distribution of the CTR from 6,je. = 45° can be
ascribed to the oblique incidence of the bunch with respect to
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FIG. 3. The diffraction function D(w, p) calculated for a trans-
verse boundary with radius p =5 mm and the coherence function
F(w) (right axis) calculated for the electron bunches exiting the
target in the TN and LP directions from their corresponding energy
spectrum. The table in the inset summarizes the estimated bunch
length for the two bunches at the plasma-vacuum boundary, which
critically determines the spectrum of the CTR.
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FIG. 4. Spectrally integrated angular distribution, on the XY plane, of the CTR energy for (a,d) parallel component (¢!, (b,e) perpendicular
component (g1), and (c,f) the sum of the two polarization components (¢! + &) for .. = 0° (top) and 45° (bottom).

the target rear surface, and the disparity between the energy
content of the two lobes is prominent for bunches with a large
number of low-energy electrons. Furthermore, the detrimental
effect on the CTR yield arising from the scattering of electrons
due to collisions while traveling through the target material
was not considered in all the calculations presented here
since its effects are negligible in interactions at relativistic
intensities.

B. Sheath radiation

Another mechanism that could result in the emission of
coherent THz radiation during laser-solid target interaction is
the sheath acceleration process. This process can be described
in a simple manner as follows. A large number of hot electrons
generated at the front side travel across the target reaching
the rear side. The electrons escaping toward the vacuum leave
the target positively charged, creating a charge imbalance
that in turn results in the generation of a strong electrostatic
field. This field is strong enough to trap and confine most
of the escaping electrons creating a hot electron sheath. In
addition, the electrostatic field ionizes the neutral atoms found
at the rear surface, leading to the expansion of the plasma
and acceleration of the positively charged ions in the target
normal direction [35]. As seen from Fig. 2(a), the electrons

exiting only in the target normal direction contribute to sheath
formation and ion acceleration. The plasma expansion model
indicates, at the onset of expansion, that the quasineutrality
is violated at the front of the expanding plasma sheath, i.e.,
e fr 7 Np fr, Where n, f; and n, . are the electron and proton
densities at the plasma front, respectively [44—46]. This results
in a current that is equivalent to a net uncompensated charge
moving away from the target. Since the evolution of the sheath
field is transient, the dynamics of the moving net charge can
be considered as a transient electric dipole and could give rise
to a dipolelike emission of electromagnetic radiation.

Here we assume the sheath to be a pure electron-proton
plasma expanding in z or TN-direction. The velocity of the
expanding plasma front v as a function of time ¢ is calculated
to be [44]

vr(t) = 2¢,In(z* + V1 +12), 5)

where ¢, = (kgT,/m,)"/* is the sound or acoustic velocity
and T = wppt /+/2ey is the normalized acceleration time, with
wpp being the proton plasma frequency and ey = exp(1) =
2.71828 ... . Initially the plasma front expands with veloc-
ity vy, which increases steadily with time, until ¢ = 79 =
v/ 2ey [wyp. Afterward, for ¢ > 19, the acceleration is small
and we can consider the plasma front to be moving with
uniform velocity.
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FIG. 5. Angular distribution of the energy of different spectral
components of the CTR emission by a hot electron bunch leaving
the rear surface in (a) the TN (.. = 0°) direction and (b) the LP
(Belec = 45°) direction.

The changes in the electron and proton densities at the
expanding plasma front are given by [44]

n (l) _ 2”60 _ NeQ (6)
efr 2en + a)gpz‘2 en(1+12)°

1y (1) = dneo _ 2ne0 7
P 2ey + @t ey(1+12)
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FIG. 6. Time-domain representation of the THz pulses produced
by the electrons leaving the target rear surface at incident angles 0°
and 45°.
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FIG. 7. Angular distribution of the CTR generated in the radi-
ation plane (¢ = 0°) by hot electron bunches crossing the plasma-
vacuum boundary at 0° and 45°.

withney = — Q’QQ being the electron density in the unperturbed
plasma. The time-dependent charge density distribution and
the plasma current distribution can thus be expressed as
follows:

p(r,z,1) = eln i(z, t) — np1(z, 1)lexp(—r*/R%),  (8)

J(r,z,t) = —vp(t)d(z — vet + Ap)p(r, 2, 1) 9

with Ap = (GUkBT )72 the longitudinal extension of the sheath,

and R is the lateral radius of the sheath in the transverse
direction conditioned by the laser focal spot radius ry, for
our case rp ~ 1.25 pum, and the half-angle « of the electron
emission, which is obtained from the spatial distribution of
the proton beam [from Fig. 2(a), @ &~ 23°] and target thickness
d:R =ry+dtana ~ 3.4 um. The density distribution of the
electrons in the sheath can be taken as Gaussian, considering
the Gaussian nature of the intensity and temporal profile of the
focused laser, and their mean energy at a defined location can
be taken to be radially homogeneous [47].

The transient dynamics of the plasma sheath can emit
radiation and can be calculated from the Lienard-Wiechert
potential [48]. For an observer far from the plasma current
source (r > Ap), the near-field term can be neglected and only
the radiation term (far field), which comes from accelerated
charges, is present. The electric field £ of the radiated wave
can be obtained as

E(r ) = —/( [——{p(rt)}m

2 {]( t)}reti|- (10)
The source terms on the right-hand side of the above equation
are the spatiotemporal distributions of the charge density p
and plasma current j given by Egs. (10) and (11). For charge
and current densities with arbitrary time dependence, as is the
case here, solving the radiation fields in the frequency domain
is favorable due to dispersion and retardation. Therefore, we
write the electric field in Fourier space as

E(r, w) [ik(w)r]F (w, 6), (11

,sin6
dmwegre
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Most of the radiation is emitted in the 0.1-1.5 THz spectral range
and in the direction normal to the direction of acceleration.

where k(w) = % and g = epVipean 1S the net charge in the

sheath with the sheath volume calculated as Vieun, = 7 RZAp.
The sheath radiation (SR) emitted during the expansion of the
plasma into the vacuum is estimated from the sheath parame-
ters, such as spatial extension, charge density, and velocity of
the expanding plasma front. Accordingly, the radiated energy
of the SR (esr) per angular frequency and solid angle can be
derived from Eq. (11) and is given by [48]

d28SR _ CE()F 2 2
dwdQ  mw?
where F (w, 0) is the form factor and can be expressed by [49]
—exp(—1 — iwp)] w?R?*sin” 0
exp( — .
(1 + wry)? 4c2

1§ (@) eyl LACE 0))>sin’6, (12)

ia)‘L'o[]

F(w,0) =
(13)

Figure 2 depicts the angular distribution of the sheath
accelerated proton beam recorded by a CR39 nuclear track
detector placed behind a target. Analysis of the beam profile
reveals that protons were accelerated only in the TN direction
with a half-angle opening of (23 +1)°. As a result, the
radiation emitted during the sheath acceleration process was
calculated by using the electron energy spectra and tempera-
ture of the bunch propagating in the TN direction in Eq. (12).
The angular and spectral distribution of SR is shown in Fig. 8.
It is evident that most of the radiation is emitted in large
angles with respect to the target normal, and the spectra of
the emitted radiation are mostly below 2 THz. Spectrally
integrated angular distribution of the SR radiation is shown
in Fig. 9. Unlike CTR, the SR is predominantly emitted
in wide angles with respect to the direction of acceleration
and deceleration of the charged particles (z-direction). The
temporal waveform is extracted by performing IFT on the
angularly integrated SR spectrum, and the result shows that
the FWHM pulse duration of the transient tsg &~ 350 fs. We
may compare it with the experimentally measured value of the
sheath radiation presented in [24] 371 & 30 fs. Independently,
we can also estimate the time required for the quasistatic
field Ey = kgT,/erp =~ 0.9 TV/m to accelerate the protons to
the recorded maximum kinetic energy of 3.8 MeV, and it is

Ej 1.0/

©

E

2

c 0.54

el

g 75
wl/)

 0.0/-90 90

target
Laser/ g

FIG. 9. Angular distribution of the SR emitted by the plasma
sheath with uncompensated net charge expanding in the z-direction.

found to be ~ 322 £ 9 fs. On the other hand, the empirically
estimated acceleration time given by #,.. (fs) = 1.3(tz + 60)
[50] is only 117 fs for the given experimental parameters.

Let us now compare the energy of the radiation emitted
by the two processes. Results of the numerical estimates pre-
sented in Figs. 5 and 8 point out that the strongest emission is
CTR emitted by the electrons exiting in the LP (45°) direction.
SR radiation due to plasma expansion or particle acceleration
is a factor of 2 lower. On the contrary, the CTR emission
by the electrons exiting in the TN direction is an order
of magnitude smaller. Furthermore, their temporal structures
reveal different pulse durations and thereby different spectral
content. Comparing these numerical estimates based on the
particle spectrum to the experimental measurements of the
THz radiation presented in [24], the following conclusions can
be made. First, the temporally integrated THz beam profile
is asymmetric with most of the radiation localized in the
laser propagation direction agreeing well with the numerical
estimates. Moreover, the presence of multiple peaks also
implies the presence of different generation mechanisms. This
argument can be verified from the temporal measurements
using the electro-optic (EO) diagnostic. It shows the presence
of multiple pulses with different pulse durations and tempo-
ral delays. As mentioned before, the numerically estimated
values of the three emission processes are 295 and 487 fs for
CTR emissions and 350 fs for SR emission. Comparing it with
the EO measurements, the values are 331 £ 25, 308 &+ 27, and
379 £ 45 fs, respectively. Also combining these results with
the amplitudes of the detected pulses, they can be chrono-
logically identified as initial emission due to CTR in the 0°
followed by 45° and finally SR emission.

IV. BUNCH LENGTH ESTIMATION

The longitudinal length of an ultrashort electron bunch can
be measured or monitored by employing a variety of tech-
niques, such as transverse deflecting structures [51], directly
reconstructing the longitudinal length from the spectrum of
the coherent transition, diffraction, or synchrotron radiation
emitted by the bunch itself [52], etc. So we can employ the
results from the experimentally observed CTR temporal wave-
forms obtained from single-shot electro-optic (EO) detection.
The minimum pulse duration that can be measured using this
technique is defined by the crystal response function [11],
which in our case was 103 fs. Hence it is valid to assume that
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the experimentally recorded temporal duration is the actual
pulse duration of the radiation. The CTR spectrum, which is
obtained from the FT of the temporal waveform, is determined
by the form factor F' (w) (which sets the high cutoff frequency)
and the diffraction effects (which set the low cutoff). The
longitudinal bunch length o, can then be inferred from the
analyzed CTR spectrum.

As presented in Sec. III A, the CTR spectrum is predomi-
nantly determined by F(w) or o, of the electron bunch at the
plasma-vacuum boundary. In characterizing the CTR emitted
by the multiple fast electron bunches, their o, at the target
rear surface was estimated from initial parameters at the target
front surface conditioned by the laser pulse and the measured
energy-resolved angular distribution of the electrons. Here
in this section, we estimated o, from the experimentally
measured CTR spectrum reported in [24], and the results are
compared with the values estimated in Sec. IIl A. In Ref. [24],
the temporal measurement of the THz radiation revealed the
existence of three different pulses whose origin is attributed to
the generation mechanisms discussed in Sec. III of this article.
Here we consider the pulses 1 and 2 generated by the CTR
process.

The bunch form factor for an uncorrelated spatial distri-
bution is expressed as F(w) = F!(w)F*(w), where F* is
associated with the transverse distribution and F! is associ-
ated with the longitudinal profile. The fast electron bunches
generating the CTR can be assumed to have a Gaussian spatial
profile, and the form factor (since the lateral size o, << o)
can be simplified to [53]

o2
F(w) ~ exp(— CZZ ) (14)

with w = 2mv.

To establish a relation between the CTR spectrum and o,
the spectral width oy, of the CTR can be determined by fitting
a Gaussian function, on the CTR spectrum, with a form

RY)
g(v) ~ exp(—u). (15)

2
202,

By equating the fit function g(v) with the form factor
(taking v. = 0), an analytical expression relating the spectral
width o, With the bunch size o, can be derived [54] and reads

1
o, ~ ( ¢ ) (16)
2\/57‘[ Orms

We determined the rms spectral width from the Gaussian
function fitted on the measured CTR spectra, and the bunch
length was estimated accordingly. The spectra and the fit
functions are plotted in Fig. 10. As mentioned before, the
spectrum of the CTR is also influenced by diffraction effects,
due to the finite size of the boundary, which in particular
distorts and suppresses the low-frequency components. To
reliably estimate the bunch length by means of a Gaussian
fit to the CTR spectrum, the latter should not be significantly
distorted in the region v 3> oy As can be seen in Fig. 10, the
spectral region higher than ofee®' = 0.552 THz and o500 =
0.825 THz is only weakly distorted, confirming the reliability
of the bunch length estimation. The calculated results from

\ —o— measured pulse 1
' 2— measured pulse 2
N Gaussian fit 1
- - - - Gaussian fit 2

1.5}

1.0t

Gaussian fit function:
9V ~ e-1/2(( V'Vc)/o-rms)g ( here cho)

0.5¢

Spectral amplitude (normalized)

Frequency v (THz)

FIG. 10. Measured spectra of CTR pulses (symbols) and the
corresponding Gaussian fit functions (solid lines). o, was estimated
from o, using Eq. (16).

the CTR and the estimated values from the electron energy
spectra are summarized in Table 1.

The rms bunch sizes obtained by fitting a Gaussian func-
tion on the measured CTR spectra are 41 and 61 um, whereas
the ones estimated from the measured energy spectra of the
hot electrons are approximately 36 and 50 pum. The rea-
sonable agreement between the estimations further confirms
the notion that the temporal property of electron bunches
generated during laser-solid interaction can be inferred from
the spectral characteristics of the CTR emitted by the bunches.

V. DISCUSSION AND SUMMARY

The numerical calculations to estimate the spectral and
angular distribution of the THz emissions due to CTR and
SR provide characteristic features of the respective generation
processes. Regarding the CTR, the angular distribution of the
fast electrons exiting the target reveals the presence of two
distinct electron heating mechanisms, viz. resonant absorption
and j x B ponderomotive heating, which generate two hot
electron bunches with different temperatures and propagating
in the TN and the LP direction, respectively. The yield of the
CTR, which strongly depends on the energy and number of
particles, generated by the LP (0 = 45°) electron bunch,
is an order of magnitude higher than the one emitted in the

TABLE I. Summary of the bunch length o, estimated from the
CTR spectra and from the hot electron energy spectra.

From CTR spectra:

Pulse oms (THZ) o, (um)
1 0.552 61

2 0.825 41
From hot electron spectra:

eelec o; (Mm)
45° 50
0° 36
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TN direction. Most of the energy of the CTR radiation lies in
the spectral range between 0.1 and 1.5 THz. The low-energy
electrons emitted in the TN direction generate symmetrically
distributed CTR, while the contribution from the energetic
electrons emitted in the LP direction is more skewed toward
the target surface than TN. This results in a more asymmetric
beam profile of the CTR emission in the THz band for oblique
incidence of the interaction laser at relativistic intensities.
Moreover, the longitudinal bunch duration (o;) of the two
fast electron bunches was estimated from the measured CTR
spectrum [24] and compared to the values obtained from
the hot electron spectra. Reasonable agreement between the
two estimates suggests that CTR in the terahertz range is a
creditable diagnostic for particle bunches generated during
laser matter interaction.

On the other hand, the contribution from the transient
dynamics of the expanding plasma sheath formed at the rear
surface is predominantly emitted in the noncollinear direc-
tion. The SR spectrum mostly contains frequencies below
2 THz.The plasma sheath expansion model considers the
expansion to be only in the z direction and is expected to
fail at accurately describing phenomena taking place in three
dimensions. However, the 1D model suffices in describing the
expansion for a time interval ¢ < t,., in which the radiation
is emitted by the accelerating uncompensated dipole, since
the 3D effects will not play a significant role for longitu-
dinal expansion zgone shorter than the lateral sheath size R
[47,55,56]. At t = f,, the plasma front propagates Zzgont ~
Ap =~ 0.53 um << R (*3.4 um), justifying the use of the 1D
model in the radiation generation mechanism.

Summing up the contributions from all processes, it can
be seen that the coherent THz radiation generated from the
target rear surface is mostly emitted in wide angles with
respect to the TN direction and is asymmetric for the oblique
angle of incidence of the interaction laser. Comparing the
experimentally observed THz beam profile [24], the angular
distribution of the THz radiation calculated from the particle
bunches agrees well. Further confirmation is also provided by
the measurements of the THz transients using electro-optic

measurements [24] exhibiting the presence of three THz
pulses of different amplitude and temporal duration. Radiation
due to other physical processes, such as the emission of
low-frequency (~1 GHz) electromagnetic pulses due to target
charging, as reported by [21,57], in which the electrons flow in
the radial direction toward the region where the fast electrons
escape the target, was not observed in the beam profile or
the EO measurement of the rear-side THz emission [24].
Moreover, the spectral analysis of the THz pulses consistently
showed similar frequency content independent of the target
foil size—revealing that target charging is not among the
dominant THz generation mechanisms at the rear surface of a
target irradiated by ultrashort intense laser pulses. Irrespective
of the laser parameters and interaction conditions, we clearly
show here with a complete picture of the THz emission
(spatial and temporal) and particle spectra (beam profile and
spectra) that there is more than one process responsible for
powerful, coherent, and broadband terahertz radiation.

Thus it is evident that based on the ion and electron spectra,
the spatial and spectral characteristics of the THz emission
from the target rear surface can be calculated and vice versa.
This provides a unique opportunity and an independent novel
diagnostic to investigate and understand the charge particle
dynamics during high-power laser matter interaction for vari-
ous laser and interaction conditions [9,10,27,30,32—-34,58-60]
where different absorption mechanisms may dominate, which
in turn will change the angular beam profile of the
THz.

In summary, our work presented numerical models that
explain several aspects of THz generation from the target
rear surface during high-power laser-solid interaction. Two
dominant physical processes that could give rise to coherent
THz emission were identified. In addition, analyzing the spa-
tial, temporal, and spectral properties of the terahertz pulses
reveals certain characteristics, such as the longitudinal bunch
length of the particle beam that generated them. This implies
that the coherent terahertz emission can be well characterized
without the need to describe in detail all the complex laser-
target interaction processes.
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