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Abstract
Weexperimentally characterize the generation of high-power terahertz radiation (THz) at the rear
surface of a target irradiated bymultiple laser pulses. A detailed dependence of the THz yield as a
function of laser pulse duration, energy, targetmaterial and thickness is presented.We studied the
THz radiation emittedmainly in two directions from the target rear surface, namely target normal
(acceptance angle 0.87 sr) and non-collinear direction (perpendicular to the target normal direction—
acceptance angle 4.12 sr). Independentmeasurements based on electro-optic diagnostics and
pyroelectric detector were employed to estimate the THz yield.Most of the energy is emitted at large
angles relative to the target normal direction. THz yield increases with incident laser intensity and
thinner targets are better emitters of THz radiation compared to thicker ones.

1. Introduction

High-power lasermatter interaction has been a subject of extensive experimental and theoretical investigations
over the last few decades. It has been effectively used to generate high frequency radiation [1], ultra large quasi-
static electric andmagnetic fields [2, 3], accelerated particle beams [4, 5] etc. In recent years we havewitnessed a
remarkable interest in utilizing this process for coherent terahertz generation [6–8]. This is due to the fact that
the plasma produced during such an interaction hasmany advantages over other well established terahertz
generationmethods due to their compactness, high damage threshold and high conversion efficiency [7]. In the
last decade terahertz radiation has attracted great interest, thanks to the availability of compact optical source
which could generate THz radiationwith greater efficiency compared to the electronic sources. Terahertz
radiation has the advantage over other wavelengths due to their low photon energywhich allows the radiation to
penetrate thoughmaterials with out altering thematerial properties [9] and the associated electric andmagnetic
fields can be employed to coherently controlmatter and influence the spin dynamics inmagneticmaterials
[10–17]. Furthermore, characterization of the radiation also provides invaluable insight into the spatio-
temporal dynamics of the generation process [18–20]. Thus, increase in demand of sources has led to numerous
studies which explored the possibility to generate broadband aswell asmonochromatic terahertz sources in a
multitude of schemes [6, 21]. Among the currently available compact and high-power pulsed terahertz sources,
short-pulse laser based schemes are themost efficient. Table-top short-pulse lasers are testedworkhorses of
todays university scale laboratories. Interaction of these focused laser pulses withmatter in solid or gaseous form
can easily ionize thematter and generate plasmaswhose dynamics is affected by the properties of the interacting
laser pulse aswell as themedium. Formany applications such as, high-harmonic generation, ion acceleration etc
[22] solid targets are preferred over the gaseous ones. Indeed in the case of terahertz generation also solid targets
have the upper edge due to high electron density and low re-absorption etc.
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2. THz generation at the target rear surface

During laser–solid interaction, terahertz radiation is generated from the target front (interaction) and rear
surface. Unlike terahertz emission from the target front surfacewhere theNIR laser pulse interacts with the solid
foil, the generation of coherent terahertz radiation from the rear surface is different. In the case of emission from
the target front surface, there are amultitude of physical processes responsible for terahertz generation from the
laser-plasma interaction region [23–28]which are directly dependent on the incident laser parameters
(polarization, ASE contrast, pulse duration, intensity) and targetmaterial etc.However, in the case of emission
from the rear surface [7, 8, 29–34] the THz dynamics has to depend on the hot electronswhich are generated at
the front surface during the interaction of laser pulsewith the foil and gain energy and accelerated back to the
target ballistically, travel through the target and exit the rear surface. This electron dynamics subsequently
generates a strong charge separation field comparable to the peak electricfield of the laser pulse, resulting in the
ionization of the hydrocarbon impurities at the rear surface and accelerating the positive charges to very high
energies.With currently available laser intensities, this is themainmechanismof ion acceleration and is also
called sheath acceleration process [35–39]. Fundamental laws of electromagnetism tell us that transientmotion
of charge particles leads to emission of electromagnetic radiation [40]. This radiation can be coherent and or
incoherent due to the collective and individualmotion of the charged particles. Further, the spectra of the
radiation depend on the energy and temporal characteristics of the particle bunch. In summary, one can identify
mainly two dominant processes (figure 1)which could lead to coherent emission from the target rear surface,
namely transition radiation (TR) and sheath radiation (SR). At the outset, is the TRdue to the fast electrons
exiting the target rear surface [41]. Next is the SR due to the transient dynamics of the plasma sheath formed at
the target rear surface which accelerates the positive charges.

However for understanding the experimental results presented herewe discuss the abovementioned
processes briefly. During laser-thin foil interaction, the electron energy spectra observed both in experiments
and simulations have quasi-thermal distribution and can be calculated from the ponderomotive potential of the
incident laser pulse [39]. Thus the thermal energy kBTe of the hot electrons generated at the target front surface
can bewritten as [36]
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2 is the restmass energy of the electron, IL the laser intensity (for a focal spot of radius r0 and pulse

duration τL and laser energyEL ) inW cm−2 andλL the central wavelength of the laser inmicrons respectively.
The radial dimension of the electron bunch exiting the rear surface is rrear and can bewritten as
r r d tanrear 0 q= + · , where d is the thickness of the target, θ is the half angle of electron emission and r0 is the
radius of the laser focus at the front surface. Based on the experimental parameters (r0=2 μm, d=5 μm,
θ=10°), we can calculate the total number of electrons (NB;ηEL/kBTe) accelerated into the target for the
duration of the incident laser pulse and exited at the target rear surface to formplasma sheath. First let us
consider the case of TR generated by the electrons exiting the target rear surface.

TR generation in the optical and high frequency regime during high-power laser plasma interaction is well
studied both experimentally and theoretically [41–47] and the angular distribution of the emission is very close
to the target normal direction.However, TR can also be generated in the longwavelength or THz regime. The
energy distribution of the hot electrons generated during laser-plasma interaction is broad and close to

Figure 1.A cartoon of the two possible dominant terahertz generation processes at the target rear surface: (a) transition radiation (TR)
and (b) sheath radiation (SR).

2

New J. Phys. 20 (2018) 063019 SHerzer et al



Boltzmann distribution [35, 36]. The radiation emitted per unit solid angle per unit angular frequency by the
particle bunch crossing the boundary is given by
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where f (p) is themomentumdistribution function andNB is the number of the electrons in the bunch.  is the
coherence function and and ̂ are the Fourier transforms of the electricfield in the parallel and perpendicular
radiation plane. First termon the right-hand-side is the incoherent spectral density (Incoherent TR or ITR) and
the second term is the coherent spectral density (CTR). The ITR is proportional to the number of the electrons
NB in the bunch summarized over individual particle contribution. ITR is independent of radiation frequencyω
and is just a function of emission angle θ. However, here we take into consideration only the coherent emission
due to the following reasons. Firstly, the electron bunch length (σz) is shorter than thewavelengthλ of the
emitted radiation.We assume further that the electrons are generated only during thewake of the laser pulse, i.e.
for a pulse duration of τL=30 fs corresponds to a longitudinal bunch dimension ofσz=cτL∼9 μm, then the
terahertz radiation generated below 30 THz should be coherent. Secondly, the incoherent emission (ITR) is
many orders ofmagnitude (∝NB)weaker than the coherent radiation ( NB

2µ ). TheCTR spectrumdepends on
both the particlemomentumdistribution p and the bunch form factor   = ^ in transverse ( p^( )) and
longitudinal ( z( )) directions. Figure 2(a) shows the directionality of the radial electric field created by the
simulated charge distribution of electron bunch for our laser parameters exiting the target rear surface. The
emission peaks at small angles with respect to the target normal direction (0°). Temporal duration of the
emission for an electron bunchwith 2MeVpeak energy is 274 fs (figure 2(b)).

The secondmechanismwhich could give rise to coherent terahertz radiation is the sheath acceleration
process that generates and accelerates the protons and ions toMeV energies (figure 1(b)). A simple description of
this process could be as follows. The hot electrons exiting the target rear surface excites a strong charge-
separation field (sheath field). Thisfield is strong enough tofield ionize the neutral atoms at the rear surface and
accelerates the positive charges forward in the target normal direction until they catch upwith the electrons in
the sheath front and co-propagate further. Thus the transient dynamics of the sheath field governed by the ion
motion give rise to strong non-collinear emission in the terahertz range. [7, 29, 30]. The radiation emitted by the
transient dynamics of the plasma sheathfield can be calculated using the Liénard–Wiechert potential [40]
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where, the source terms on the right hand side are the spatio-temporal distributions of the charge density ρ
( z t e n z t n z t, , ,e pr = -( ) [ ( ) ( )]) and plasma current J ( v et e t z z tJ r, ,f zd r= -( ) ( ) ( ) ( ) )which are calculated
for the incident laser intensities using the plasma expansionmodel [36]. Substituting the source terms for the
nonlinear wave equationwe can calculate the energy flux per unit time, given by Poynting’s vector

t t tS r E r B r, , ,c
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p
( ) ( ) ( ). The angular distribution of emitted radiation power for an incident laser

Figure 2. (a)Angular distribution of theCTR radiation emitted by the electrons exiting the rear surface for various energy distributions
and (b) the pulse duration calculated for an electron bunchwithMaxwellian energy distributionwith peak at 2 MeV.
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intensity IL∼1019W cm−2 is plotted infigure 3 and is evident that the radiation is emitted at large angles to the
target normal direction implying dipole like radiation pattern.Here an initial electron temperature
kBTe=2MeV and a density ne=5×1019 cm−3 [48] leads to a pulse duration τ≈400 fs.

The two terahertz radiation generation processes have different angular emission patterns and temporal
durations depending on the electron temperature. For example for an electron temperature of 2 MeV, the
angular distribution of TR is close to the target normal peaking at∼15° (figure 1(a))while in the case of SR the
emission the emission peaks at 90°. Indeed the low energy electrons (< 2MeV) escaping the rear surface and
generating TRwill have an angular distribution similar to the one generated by the plasma expansion.However,
theywill be emitted at different time frameswith respect to the interaction. In addition to the abovementioned
processes, other effectsmay also generate terahertz radiation coherently and incoherently during laser-plasma
interaction, such as electron-reflexes at the target rear surface and plasma thermal emission etc. However, those
contributions are insignificant compared to theCTR and SRdue to the fact that the latter are emitted coherently
within the time scale comparable to the incident laser pulse and also their spatial origin is very small compared to
thewavelength of emission.

In this paperwe present a detailed experimental study onTHz emission from the target rear surface.
Measurements were carried out for THz radiation in the target normal and non collinear directions as depicted
infigure 4 below.

Figure 3.The angular power distribution of the sheath radiation emitted by an adiabatically expanding sheath plasma.Here 0°
corresponds to the target normal direction.

Figure 4. Schematic of the experimental set up. Red and blue lines indicate the non-collinear and forward emission collection and
collimation path.

4

New J. Phys. 20 (2018) 063019 SHerzer et al



3. Experimental setup

The experiments were carried out at the JETI (JEna Ti-Sapphire) laser facility at the Institute ofOptics and
QuantumElectronics at theUniversity of Jena. A schematic of the experimental setup is shown infigure 4. JETI
delivers 30 fs (FWHM) duration pulses at 800 nm central wavelength, whichwere focused using 45° f/1.2 off-
axis parabola to 10±0.4 μm2 (FWHM) area generating intensities�5×1019W cm−2. Thin foil targets
consisting of Titanium (5 μm), Aluminum (2–10 μm), Copper (5 μm), Gold (5 μm) orCH (6.5 μm)were used
for terahertz generation. The foil targets were stretched using deep cooling and slow expansion technique and
mounted onto 5 cmdiameter Aluminum rings. The target holder rimswere 5 mmbroad so that the radiation
emitted from the front side of the target was blocked from entering the collection optics. Terahertz radiation
generated at the target rear surface were collected in two geometries.We define 0° and 90° corresponds to target
surface and target normal respectively. In the non-collinear direction (0° + 41°&180°− 41°) amodified
ellipsoidalmirror was employed. The entrance or front side of themirror was sectioned to let the interaction
laser shine on the target. The target was placed at the first focal point of the ellipsoidalmirrorwhichwas also the
focus of theOAP. The target normal direction andmajor axis of the ellipse lie on the same plane. The radiation
emitted from the target rear surfacewas collected by the ellipsoidalmirror andwas focused down to the second
focal point of the ellipse which lies at 24.1 cm from the first focal point along themajor axis. The radiationwas
then collimated using a 3 inch off-axis parabola (with a 3 mmhole in themiddle to let the ion beam through) and
steered out of the experimental vacuumchamber through aHighResistive Float Zone Silicon (HRFZ-Si) or a
TPXwindowusingmetallicmirrors. The collimated THz radiationwas then focused down using a 4 inch off-
axis parabolicmirror on to the THz diagnostics. THz radiation emitted in the forward direction (90°+37.5°&
90°−22.9°)was collected by replacing the ellipsoidalmirror with a 3 inch ( f/1), 90° off-axis parabola. A 3 mm
hole in the parabola allowed the simultaneous detection of the ion spectra. The asymmetrical collection angle of
forward emission is due to the geometry of the collecting parabola. The solid angle of each observation region
was estimated by taking into consideration the experimental geometry and it is calculated to be 4.21 sr and
0.87 sr respectively for non-collinear and forward directions.

3.1. THz diagnostics
Terahertz diagnostics consisted of a calibrated pyrometer operating at room temperature providing the actual
energy of the THz pulse falling onto the detector head. The detector ismade of LiTaO3 crystal coatedwith black
absorbingmaterial having uniform response in the THz band. The detector was suppliedwith calibration curves
for the spectral band 30–600 μmfor the factory settings of the readout electronics. It was then re-calibrated at the
host institute at wavelengths 30 μm, 532 nm, 800 nmand 1064 nm respectively. Calibrated bandpass filters
placed in front of the entrancewindowof the detector provided additional spectrally resolvedmeasurements.
Silicon based broadbandTHz attenuators were inserted in the beampath to avoid saturation of the detector
signal. Additionally,measurements were also takenwithHRFZ silicon, Aluminum sheets and dry paper to test
the leakage of any laser radiation onto the detector. Furthermore, the detector housingwas grounded to avoid
triggering of the acquisition system through electromagnetic impulses generated during the laser-matter
interaction. Total terahertz yieldwas estimated bymeasuring the peak voltage on the pyroelectric detector
multiplied by the transmittivity of thewindow and attenuators and calibration factor. For spectral
measurements using bandpass filters, the spectral density of each bandpass filter was calculated for their
respective bandwidth.

The THz radiationwas further characterized by an independent, single-shot, non-collinear electro-optic
(EO) pump-probe diagnostic. For this purpose, GalliumPhosphide (GaP) (100 μmthick) andZinc Telluride
(ZnTe) (500 μmthick) crystals cut in the 110á ñcrystal planewere employed. The Pyrometer was replaced by the
EO crystal at the focus of the THz beam. A schematic of the non-collinear EOdiagnostic is shown infigure 5. The
THz pulse incident normal to EO crystal generates transient birefringence in the x–y plane.Herewe specify the
incident plane as xy and the propagation direction as z axis. A portion (2%) of themain beamwas splitted before
the experimental chamber, collimated and temporally delayed using a remote controlled kinematic stage and
sent at an angle to the EO crystal. Due to the geometry of the scheme one side of the optical beam arrives earlier at
the EO crystal than the other end. Thus the temporal profile of the transient birefringence and hence, the
temporal dynamics of the THz pulse on the EO crystal can bemapped onto the spatial profile of the optical pulse.
The timewindow of the observation (T) is defined by the diameter (w) of the optical beam and the angle (α)
subtended between the optical andTHz pulse at the EO crystal [49].

T
w

c
tan . 4a= ( ) ( )

Temporal resolution and timewindowwere accuratelymeasured by varying the delay of the probe pulse and
observing the position of the image on theCCDcamera, providing 33 fs and 9 ps respectively. Initially linearly
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polarized optical pulse is elliptically polarized after traveling through the EO crystal with THz pulse. The induced
birefringencewasmeasured using the balanced detection scheme [50].The output signal of the balanced
detection scheme is directly proportional to the THz electric field and its Fourier transformprovides the spectral
content. Inherent birefringence, absorption and velocitymismatch in the EO crystal were taken into
consideration by estimating the crystal response function, which is divided in the Fourier domain to the detected
signal and performing the inverse process while estimating the THz field strength and spectrum.However, the
losses occurred in the THz transmission line is not taken into consideration. For a linearly polarized optical pulse
the phase retardation induced is given by [50]

n r E d
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1 3 cos

2
, 50

3
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2

q
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where d is the thickness of the crystal,ω is the frequency of the optical probe pulse, θ is the angle between the
electric field of the THz pulse and the [−1, 1, 0] axis of the EO crystal, r41 and n0 are the EO coefficient and
refractive index of the crystal respectively.

Asmentioned before, different types of crystals were employed for the EOdetectionmeasurements defined
by the THz signal strength provided by the pyroelectricmeasurements. For the non-collinearmeasurements, the
THz signal strengthwas high enough to generate strong birefringence in thinner crystals. However, for the
forward emission, thicker crystal was needed to generate significant birefringence signal above the noise level.
Hence, 100 μmthickGaP crystal was employed forNCmeasurements and 500 μmthicker ZnTe crystal was
used for the FEmeasurements. However, this limited the bandwidth of the detected signal [50]. Infigure 6 the
crystal response function of each of the crystal type employed is presented and it is clear that high THz
frequencies can be reached onlywith thinner crystals. In ZnTe crystal, the upper limit of detection is 4.5 THz due
to lattice resonance. ThinnerGaP crystals allowed higher frequency detection up to 9 THz.

3.2. Particle diagnostics
In addition to terahertz diagnostics proton and ion spectra from the target rear surface were also recorded
simultaneously. The 3 mmhole on the collimating parabola (figure 4) enabled the simultaneous recording of the
ion spectra. A classical ion spectrometer which employs parallel electric andmagnetic fields to disperse the
particles according to their energies and to deflect each species into specific trajectories defined by their energy
andE andBfield strengthwas deployed. The spectrometer was housed in a separate vacuumchamber attached
to themain experimental chamber looking towards the target normal direction at the rear of the target. A lead
and steel plate with 5 mmdiameter aperture placed at the entrance of the spectrometer chamber collimated the
particle beam. A second variable aperture placed behind the collimating aperture defined the energy resolution
of themeasurements. Amicro channel plate (MCP) detector with phosphor screen and aCCDcamera recorded
the ion spectra for every laser shot. Calibration shots were taken by exposingCR—39 plastic by placing in front
of theMCPdetector. The plastic was later etched and counted the ion damaged pitches to estimate the exact
number of particles of each species entering the spectrometer.More details on the spectrometer design and
calibration are given in Schwoerer et al [51].

3.3. Laser diagnostics
The temporal pre-pulse contrast and the pulse durationweremeasured during the daily operation. The pulse
energy ismeasured for every shot using a calibrated energymeter. The focal spot of the laser at the focus in
vacuumwasmeasured using a kinematic focal diagnostics which can bemoved in and out of the beampath

Figure 5. Schematic of the non-collinear electro-optic diagnostics.
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during themeasurements. Adaptivemirrors were installed to optimize the beamprofile and thereby the focal
spot by iteratively changing themirror voltages during daily operations. The foil targets were placed at the focal
spot using an alignmentHelium–Neon laser following the same beampath as themain beam after the last
amplification stage. A x-ray dosimeter placed outside the vacuumchamber looking in the target normal
direction alongwith the ion spectrometer enabled the optimization of the target focal position. The temporal
contrast (>10−3 with in 500 fs) and the pulse duration did not change significantly during the experimental
campaign thereby affecting the proton spectrum and x-ray dose.

The results presented here are carried out in a series of experiments at the JETI laser facility. THz diagnostics,
ion spectrometer and x-ray dosimeter were running in parallel during all the experimentalmeasurements.
Thereby, the THzmeasurements could be comparedwith the x-rays dose and ion spectra. During each
measurements the laser conditions, such as temporal pulse contrast, energy, and pulse durationwere also
recorded daily. The humidity and temperature of the laboratory was also recorded thereby any absorption lines
in the THz spectra could be taken into consideration.

4. Results and discussion

4.1. Spatio-temporal characterization of THz pulse
Asmentioned in the previous section, the terahertz radiation generated at the target rear surfacewasmeasured
for two regions, in the forward (FE or target normal direction—acceptance angle of 0.87 sr) and non-collinear
direction (NC—perpendicular to the target normal direction—acceptance angle of 4.12 sr). For both
arrangements, atfirst the space-time integrated energywasmeasured using the calibrated pyrodetector.
Calibrated bandpassfilters placed in front of the detector also provided an independent estimate of the spectral
content of eachmeasurements. Thereafter, the pyrodetector was replaced by the EO crystal tomeasure the
temporal characteristics of the emission.

The space time integrated energy of the terahertz radiationmeasured for an incident laser pulse duration of
30 fs from a 5 μmthick Titanium foil was 712 and 40 μJ in non-collinear and forward directions respectively.
This indicate that the FE is an order ofmagnitudeweaker than theNC emission. If we assume that the radiation
is emitted isotropically (i.e.TR due to hot electrons (�1MeV)) then onemay compare the THz yields in both
directions to their respective collection angles. Such an estimatewould have resulted in the detection of at least a
factor of 4more in the forward direction.However, the experimental results based on two independent
measurements presented infigure 9 indicate otherwise.

EOmeasurements provided the temporal dynamics of the THz pulses. Equation (5) states that the rotation
induced is directly proportional to the crystal thickness d and r41. The 100 μmthickGaP crystal
(r41=1 pm V−1) has a thickness five times less than ZnTe (r41=4.5 pm V−1) and r41 factor of four times

Figure 6.EO response function of the various crystals employed in ourmeasurements.
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smaller, the EO signal strength ofNC is saturated compared to FE. Thus the FEfield strength is at least two
orders ofmagnitude smaller thanNC, thereby confirming independently themeasurements based on
pyroelectric detector. Thefield strength ofNC emission is saturated and therebywemeasure theminimum field
strength of 3 MV cm−1 in theNCdirection. Based on the pyrometer data thefield strengths could be above 100
MV cm−1 indicating the highest field strength of THz available in the laboratory for any scheme of generation.
In the case of FE thefield strength is only 86 kV cm−1.

The temporal duration of the THz pulse is estimated from the electric fieldmeasurements. The signal from
the EOdetection scheme is Fourier transformed and divided by the crystal response function in the frequency
domain to obtain the spectra and inverse transformed to obtain the electric field. The electric field results are
presented infigure 7 and the corresponding spectral distribution is presented infigure 8. Asmentioned before,
theminimum temporal duration of themeasurements are affected by the crystal function, which are calculated
by taking into consideration, crystal thickness, velocitymatching of THz and optical pulse in the crystal and the
lattice oscillations (TO) in the crystal etc. The lowest TO frequency for ZnTe andGaP are 5.3 THz and 11THz
respectively, which sets themaximumTHz frequencies that can be detectedwith a particular type of crystal. For
the 500 μmZnTe crystal, the highest level reachable was 3 THz, and for 100 μmGaP it was 9.3 THz (figure 7). FE
measurements indicate that the duration of the THz pulse was 446 fs limited by the thicker ZnTe crystal. Based
on the TRmodel and hot electron generation process by ponderomotive scaling, the duration should be around
274 fs for FE emission.However, due to the lowTR signal thicker EO crystal was required for experimental
verificationwhich provided longer than theoretically expected value. For the 500 μmZnTe crystal, the
minimummeasurable pulse duration is 330 fs. NCmeasurements show extremely strong and saturated THz
pulsewithETHz>3MV cm−1. Herewe point out that the earliermeasurements using 200 μmthickGaP crystal
provided a pulse duration of τTHz∼ 570 fs. [30]. This suggests that the thinner crystal provided amore accurate
value of theNCpulse duration. The spectral content of the THz pulses shown infigure 8.NCmeasurements
suggest that radiation is broadbandwith spectral contents up to 9THz andmost of the energy is below 3THz
range. Spectral decay slope for FE is faster than theNC, indicating the emission process is due to the particle
bunch escaping the rear surface (TR)whosemomentumdistribution isMaxwellian.

4.2.Dependence on incident laser energy and pulse duration
Firstly, we discuss the influence of incident laser intensity on SR andCTR yield. The laser intensity was varied by
changing the laser energy while keeping the pulse duration and focal spot size the same. The results of
experimental and numerical studies are plotted infigure 9. In the case ofNC emission, the experimental data
indicate that the THz yield increases with incident laser intensity and follows a scaling law of I 2 1.45 0.12l ( ) , while
the results from the SRmodel varies less steeply with a scaling law of I 2 1.3l( ) . The FE yield increasesmore similar
toNC following a power law of I 2 1.45 0.13l ( ) and the TRmodel follows a power law of I 2 1.43l( ) . The small
discrepancy (with in the error bars) between the experiment andmodel could be due to the error infine
adjustment of the collection optics, beam relay system and the focusing conditions. For the yield estimation in
models we considered the geometricallymeasured solid angles for calculation.However, during experiments

Figure 7.EOmeasurements of the terahertz radiation generated in the non-collinear (a) and forward direction (b).
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there aremore degrees of freedom than in numericalmodels. Even though the results from analyticalmodels
and experiential data agreewell for FE and andNCwithin the error bars ofmeasurements, further investigation
is neededwithmore experiential data points with varying laser parameters.

Next, the laser pulse durationwas varied from30 to 90 fs thereby the incident intensity decreased from
5−1.6×1019W cm−2. Aswe can see fromfigure 10(b), the THz yield decreases for longer pulse duration,
albeit less steeply compared tofigure 9.Here the results are based on the EOmeasurements. This reduction in
the signal strength can be attributed to the fact that as the pulse duration increases, the intensity on target
decreases (figure 10(a)) and thereby the temperature of the hot electrons from5.5 to 2MeV. Even though the
reduction in hot electron temperature is compensated by the increase in the number of hot electrons (from

Figure 8. Spectrumof the terahertz radiationmeasured by EOdiagnostics (blue (FE) and red (NC) lines represent the signal fromEO
measurements) and pyro detector (broken blue line indicates themeasurements using bandpass filters (FE)).

Figure 9.THz yieldwith respect to incident laser intensity. Estimation frompyro electric detector and numericalmodel.
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1.1×1011 to 3×1011), the signal strength is greatly influenced by the electronmomentum and thereby the
temperature.

4.3.Dependence on targetmaterial and thickness
Similarly, the dependence of target thickness and targetmaterial onTHz yieldwas investigated. Results
presented infigure 11 point that, for the samematerial (Aluminum), thinner targets generate higher terahertz
radiation irrespective of the generationmechanism. These results are comparedwith themaximumproton
energymeasured and estimated numerically [39]. Similar to proton acceleration, thinner targets generate higher
peak energies resulting in stronger THz yields as the hot electrons endure less losses in themedium. Although
this tendency predicts reduction in target thickness can yield higher THz, ultra thin targetsmay not be suitable as
they can lead tomechanical instability and thereby generate lesser number of hot electrons [52].

Further studies based on different targetmaterials indicate that thinner, lowZmetallic foils are better
candidate for generating THz compared to high-Zmaterials (figure 12(b)). Although, caremust be taken in
interpreting the data as the results are not obtained for the same thickness, where lowZmaterials showhigher

Figure 10. (a)Hot electron temperature calculated from the ponderomotive potential as a function of incident laser pulse duration.
(b)THz yield as a a function of incident pulse duration.

Figure 11. (a)Maximumproton energy recorded for various target thickness. (b)THz yieldmeasured and calculated from the
numericalmodel for various target thickness.
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proton cut-off energy (figure 12(a)). Compared to dielectrics thinmetals foils are a better alternative for
terahertz generation. Although hydrocarbon impurities at the target rear surface aremostly accelerated during
sheath acceleration process, it is the hot electronswhich are generated at the front surface define thefield
dynamics at the rear. For comparable thickness,metals transport the electron beams from the front surface with
minimal disruption [53] affecting the sheathfield and thereby the acceleration process, resulting in higher THz
yield in the non-collinear direction. On the other hand, forward emission does not vary significantly for target
materials with comparable thicknesses.

4.4. Polarizationmeasurements
Polarization of the emitted radiation is a great indicator of the emission process. The radiation emitted by sheath
acceleration process and byTR should be radially polarized.We havemeasured the polarization using a
broadband (0.9–75 THz) high extinction ratio (10−4)wire grid polarizer [54] placed in front of the pyro detector.
The polarizer was rotated in steps of 15° and the transmitted signal was recorded using the pyrometer. The
results are plotted infigure 13. The signal strength of non-collinear emissionwas divided by a constant factor of
10 to plot the results in the same figure. In both cases the radiation ismostly radially polarizedwith small
depolarization due to the shot to shot fluctuations. Simultaneousmeasurements of the ion spectra indicated that
thefluctuations in the laser-target interaction process leads toweaker and less energetic ions as well as THz
radiation in the non-collinear direction.We know that the thermal background or incoherent radiation is
several orders ofmagnitudeweaker than the coherent emission it should not contribute significantly to the
measurements. Furthermore, calibrationmeasurements of the beam collection and relay system at 800 nm
provided the depolarization induced by the optics. Polarizationmeasurements again substantiate theory of two
main emission processes. TR and plasma sheath and ion acceleration process generating radially polarized THz
radiation.

4.5. THz beamprofile analysis—forward emission
The beamprofile of the terahertz radiation emitted in the forward directionwas recorded using aperture
scanning technique. Since there are no large area detectors for broadband terahertz radiation, we used a beam
profiler in the collimated terahertz beam and the transmitted energywasmeasured using the Pyrometer. The
beamprofiler consisted of a 10×10 cmmetal plate with 1×1 cmhole. It was placed in the collimated 3 inch
THz beam andmoved in horizontal and vertical directions (perpendicular to the beampropagation direction).
Multiple shots were taken at each position of the beamprofiler to correct for the shot-to-shot fluctuations. The
results are shown infigure 14(a). Here position (0°, 0°) is considered as the focus or target normal direction by
the alignment laser. The central part of the alignment laser is transmitted to the ion spectrometer while the outer
part was reflected by the THz collection and collimating parabola. For a perfect alignment, the laser propagation
direction should be (45°, 0°)which is not collected by theOAP. Error bar of the order of 3◦may arise from the
physical positioning of the beamprofiler with respect to the alignment laser. Although not symmetric with

Figure 12. (a)Maximumproton energy plotted against targetmaterial. (b)THz yieldmeasured in the forward and non-collinear
direction for different targetmaterials (CH—6.5 μm,Al—6.5 μm,Ti—5 μm,Cu—5 μm,Au—5 μm).
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respect to the target normal (0°, 0°) intense peaks due to TRof the electrons exiting the target rear are clearly
visible around the focus surrounded byweaker background emission. Another strong peak is visible around (7°,
7°) close to the laser propagation direction. It implies that a strong TR is emitted by the electronswhich are
pushed by the ponderomotive force of the laser in the propagation direction, similar to our observation in 2D
PIC studies published previously [29]. In such a scenario, the two lobes of the TR should be on either side of the
laser propagation direction.However, the other half of the peak is not collected by the forward emission
collection optics. It is also evident that this peak is extremely localizedmeaning, the radiation is generated by
highly energetic hot electrons.Moreover, the spectral content of this peak is dominated by high frequency
components close to 2ω as shown in thefigure 14(b). Further analysis of the EO signal in the FE should show the
presence ofmultiple peaks. Furthermore, if the radiation ismainly emitted by the hot electrons coming out in
the target normal direction, onewould have expected low or signal free area along the target normal direction.
However, we do not see a signal free area in themiddle. Secondly, the signal strength should be symmetric on
both sides of the target normal. Asmentioned earlier, in addition to the strongCTR emission by the
ponderomotively pushed electrons in the laser propagation direction, strong diffraction effects of the aperture
could also contribute to the observed beamprofile pattern.

Figure 13.Polarization of the the radiationmeasured usingwire grid polarizers. Blue squares—forward emission red circles—non-
collinear emission.

Figure 14. (a)Beamprofile of the forward emission. (b) Spectral distribution of the forward emitted (FE) radiationmeasured by
changing the aperture diameter in the collimated beam.
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Figure 14(b) presents the results of the spectrally resolved aperture scan. The aperture diameter was varied
from75 to 0 mmand in steps of 10 mm.The spectral content of the transmitted beamwasmeasured using
bandpassfilters and pyroelectric detector. Similar to the beamprofilemeasurements, strong emission is
observed at large opening diameters of the aperture, substantiating the strongCTR emission laser propagation
direction due to the ponderomotively pushed electrons. Furthermore, the spectral content is dominated by high
frequency components suggesting that the emission ismostly TR. Although earlier studies have reported CTR in
the optical regime [47], no THz radiation has been reported.However, the independentmeasurements based on
EO and pyrometer suggests that though there are strong high frequency components (2ωL andωL (laser
frequency)), most of the emission is in the THz regime.

4.6. Proton spectra: dependence on incident laser pulse duration, target thickness andmaterial
Even though proton accelerationwas not the focus of our study, proton spectrawas simultaneously recorded for
every shot. This allowed us to compare the terahertz radiation to particle spectra and to understand the charge
particle dynamics at the target rear surface during the interaction. The results presented infigures 11(a) and
12(a) are in agreement with previous studies published elsewhere [39, 55].

5. Conclusion

Wehave presented an extensive study on the high-power terahertz emission from the target rear surface during
high-power laser–solid interaction. Radiation emittedmainly at large angles to the target normal direction and
in the target normal directionwere collected and investigated. Space-time integrated energymeasurements and
temporal and spectralmeasurements were carried out providing the pulse energy, duration, spectral content,
polarization, angular beamprofile. The experimental results were comparedwith the numericalmodel for
terahertz generation. The space time integrated energy of the terahertz radiationmeasured for an incident laser
pulse duration of 30 fs from a 5 μmthick Titanium foil was 712 μJ and 40 μJ in non-collinear and forward
directions respectively. Themeasured spectral bandwidth of the forward emitted radiation is 275THzwhere
most of the energy is distributed in the high frequency regime. The pulse durationmeasurements using the non-
collinear EOdiagnostic indicated the generation of sub pico secondTHz pulses from the target rear surface with
field strength 100MV cm−1. THz yield is greatly affected by the incident laser intensity. Laser intensity on target
was altered either by varying the laser energy on target or by the pulse duration. The THz yield in theNC and FE
directions increasedwith laser energy with a power law of I 2 1.45 0.12l ( ) and I 2 1.45 0.13l ( ) .While the incident
pulse duration has less effect onTHz yield compared to energy for the same intensity range. This could be due to
the fact that laser pulse duration affects the electron bunch duration, indicating the same energy is distributed
over a longer electron bunch, thereby generating less THz. In both generationmechanism, the THz yield is
proportional to the square of the particle energy and number.Hence shorter pulses are better candidate for THz
generation using SR orCTR generation processes. Similarly lowZ thinner targets are better candidates for THz
generation like in the case of proton acceleration. EOmeasurements also validated the results fromPyroelectric
detector and the emission is not isotropic. These results are also supported by the beamprofilemeasurements
presented infigure 14, where a strong emission is observed in the laser propagation direction. The background
THz emission is generated by the electrons exiting the rear surface in target normal direction and a stronger TR
emission is driven by the ponderomotively pushed electrons in the laser propagation direction. Polarization
measurements in theNC and FE directions indicate that the THz generated at the rear surface is radially
polarized.

Beyond the potential as a secondary radiation source, THz generation from the target rear surface can be
employed as an inherent and non-invasive diagnostic to study the particle dynamics at the target rear surface
during laser–solid interaction. THz yield could be employed as a direct estimate on the energy conversion from
laser to the hot electrons. The non-collinear emission is proportional to the accelerated proton number and the
TR yield could be compared to the electron number if a simultaneousmeasurement of the electron spectra is
carried out. Future studies will focus on the detection of both electrons and ions from the rear surface. Nano-
structured targets can be utilized to increase laser to hot electron energy conversion and thereby increase in
proton number and energy resulting in higher THz yield.
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