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Abstract

Laser-induced breakdown spectroscopy (LIBS) is a method of material analysis used to
determine the composition of a sample by ablating it with an ultrafast laser pulse. By
monitoring the light emission from the resulting plasma, the elemental composition of the
sample and the concentration of constituents can be determined from the spectral emission
lines. This makes it suitable for industrial applications where quick-standoff detection of
constituents is required, such as in agriculture. However, matrix effects arising from the
water content in soils complicate LIBS analysis for agricultural applications, making it more
difficult to determine constituent concentrations from the spectral lines. Proper calibration of
the LIBS spectra requires information regarding the water content. A possible optical means
by which to isolate water content is to use terahertz (THz) frequency band pulses. This is
because water molecule vibrational and rotational modes oscillate at THz frequencies and
are attenuated by the presence of water. In addition to possible applications as a probe for
water content in soil samples, it could also be possible to provide a direct means to measure
plasma conductivity with picosecond resolution. Thus, a hybrid THz-LIBS approach could
provide both water content information, plasma conductivity with picosecond resolution,
and elemental composition.
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In this thesis, the feasibility of using terahertz (THz) pulses to study laser-induced break-
down plasmas (LIBPs) produced in LIBS is investigated. Two approaches were used in this
work, the first being a transmissive approach (i.e., THz pulse is sent through the plasma
plume) and the second being an emissive approach (i.e., THz emission from a plasma plume
is monitored). Plasma formation in both cases was achieved using a copper (Cu) ring that
was ablated using a Ti:Sapphire laser of wavelength, A = 795 nm, a pulse-width, 7, = 70 fs,
and typical pulse energies of E, ~ 200 nJ. Both approaches were tested first using photoex-
cited (PE) semiconductors, as photoexcitation of a semiconductor results in the formation of
an electron-hole plasma (EHP) which has analogous behavior to the space-charge separation
in LIBPs. This benchmarked the two approaches.

While a measurable AT /7, was observed for the case of a PE semiconductor EHP,
there was no discernible AT /7Ty detected for the Cu-LIBP plume. The reason for this is
the difficulty encountered synchronizing the THz pulse arrival with Cu-LIBP evolutionary
timescales. The emissive approach yielded THz emission in both the photoexcited semicon-
ductor EHP and the femtosecond (fs) ablated Cu cases. To eliminate the possibility that
the THz emission in the latter was from a bulk nonlinear process (e.g., optical rectification),
the Cu sample was oriented to be at normal incidence with respect to the oncoming fs-laser
pulse. This resulted in subsequent frequency components vanishing, but THz emission was
still observed. This indicated that most of the THz emission arises from the rapid sepa-
ration and recombination of charge carriers in the plume, like the photo-Dember effect in
semiconductors. To understand this effect, a general model of the charge carrier separation
is proposed.

With regards to the development of a hybrid THz-LIBS approach, the results here indi-

il



cate that for the transmissive approach to work, proper timing between the ablation pulse
arrival, the plasma plume timescales, and the THz probe needs further development. While
for the emissive approach, it is yet to be determined if the water molecule vibrational and
rotational mode oscillations present in the THz pulse come from the ambient environment,
the sample, or both. If it solely comes from the ambient environment, the emissive approach
for THz-LIBS is non-viable. However, if it is from the latter two, the emissive approach is

potentially viable. Future experiments are proposed for both approaches.
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4.18

4.19

4.20

Schematic of the PL and spectrum collection setup. In this setup the fibre
optic with a telescope array (shown in fig. 4.17(b)) collects both the LIBP PL
and Legend reflection. To remove the Legend reflection, the light is routed
through the short-pass filter (shown in fig. 4.20) with a wavelength cutoff
of A\. = 650nm. The PL is then routed to both a photodiode (shown in
fig. 4.17(a)) and a spectrometer (shown fig. 4.17(c) and fig. [fig num]). The
LIBP PL signal is measured and recorded with the photodiode and oscilloscope
respectively. The spectra is measured and recorded with the spectrometer and

a desktop computer respectively. . . . . . . . ... Lo

The measured reflection from the Legend pulse used for ablation and PE
coupled to the fibre optic shown in fig. 4.17(b) over the range 720nm <
A < 880nm. Fitting the curve using a Gaussian gave a central frequency, A,
of A = 795nm, a pulsewidth, AX (taken here to be equal to the FWHM),
AX = 25nm. Given it’s relatively high count number, the legend reflection
drowns out the plasma PL. This necessitated the addition of a short-pass filter
shown in fig. 4.20 with a wavelength cutoff of A, = 650 nm to remove it. The
addition of the short-pass filter resulted in a signal indistinguishable from the
background (see fig. 4.21). These signals were measured using the Acton

SP2500 spectrometer. For this measurement the focusing lens was removed. .

The short-pass filter. Light from the PL passes through the short-pass filter
with a wavelength cutoff of A, = 650nm to remove the Legend A = 795 nm
light that has coupled to the fibre optic in addition to the plasma PL. Without
this filter, measurement of the LIBP PL is not feasible. After passing through
the filter, the PL emission is then coupled to a dual core fibre optic which
routes the light to both the photodiode (shown in fig. 4.17(a)) and one of the

two spectrometers. For this measurement the focusing lens was removed.
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4.21

4.22

4.23

4.24

4.25

The noise floor of the ambient background with the short-pass filter sampled
over the same range 720nm < A < 880nm. This figure shows that adding
the short-pass filter with a wavelength cutoff of A\, = 650nm results in a
signal indistinguishable from the noise floor. This figure demonstrates that
the filter shown in fig. 4.20 is successful at removing reflected A = 795 nm
light. This means in practice that any measured PL signal seen will not have
any contribution from the Legend, i.e., it is possible to decouple the Legend
reflection from the LIBP PL. See fig. 4.22 for demonstration of the filtration
with Cu-LIBP PL. . . . . . . ..

Filter with Cu-LIBP PL spectra. This figure shows that the addition of the
short-pass filter with a wavelength cutoff of A\, = 650nm (shown in fig.4.20)

does not remove the LIBP PL spectra. This proves that the Legend reflection
can be decoupled from the Cu-LIBP PL. . . . . ... ... ... ... ....

A GaAs based THz-SED. This THz-SED was placed along the THz collection
path to imitate a LIP source. The shiny surface shown here is PE by the
A = T795nm Legend pulse which releases photoexcited carriers which are then
driven across the surface by a bias voltage across it. For the calibration of the
emissive THz setup, the voltage across the THz-SED was set to V = 1.7V
with a current of I, =0.01mA. . . . . . ... ...

Time domain of the THz pulse from the GaAs THz-SED. The detection of
this pulse indicated that emissive spectroscopy scheme shown in fig. 4.26
worked. This THz pulse was obtained by fixing the EOS line while delaying
the PE line. The lock-in amplifier settings used to obtain this signal was a

time constant of 7, = 100 ms and a sensitivity of V;, =10pV. . . .. . . ..

The frequency domain of the THz pulse from the GaAs THz-SED shown in
fig. 4.24. The detection of this pulse indicated that emissive spectroscopy
scheme shown in fig. 4.26 worked. This THz pulse was obtained by fixing
the EOS line while delaying the PE line. The bandwidth of THz pulse is
Af~4THz. . ... . e
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4.26

4.27

4.28

4.29

A basic schematic of the emissive THz approach. In this approach it is as-
sumed that the LIP (either an EHP or LIBP) acts as a source of THz radiation.
In this setup, only the Legend Elite system was used. The PE/Ablation line
was delayed with respect to the EOS line. It was shown through the detection
of a THz pulse from a THz-SED (see fig. 4.24-4.25) placed along the THz

collection path that emissive detection is possible. . . . . . . . . ... .. ..

The setup used to study THz emission in semiconductors. In this setup,
the EOS beam was fixed with respect to the PE beam and the PE beam was
chopped at a rate of f. = 500 Hz. The polyethylene shown along the THz path
prevents coupling of the reflected PE beam to the ZnTe. The semiconductors
were set at an angle of = 45° with respect to the oncoming PE beam. The
half-wave plate and polarizer in addition to ND filters attached to the lens
attenuated EOS beam to prevent damage to the ZnTe crystal. . . . . . . ..

The orientations of the Cu-ring at (a) # = 20° and at (b) normal incidence.
The orientation shown in fig. (a) has the potential for THz generation from
optical rectification to couple into the signal, while in orientation (b) this
coupling is eliminated. Both orientations were tested over the course of the

experiment. . . . . ... L. Lo

A photo of the LabVIEW program used in the data collection of THz wave-
forms from the Cu-LIBP during a run. In this photo Cu-LIBP THz emission
peak is shifting by as much as Az ~ 0.05mm (5t ~ 0.3ps). This shifting
of the peak makes averaging the THz waveform infeasible. This could arise
to due to the position of the Cu-ring jutting into and out of the laser focus

slightly, irregularities at the surface of the Cu-ring, or both. . . . . . . . ..
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4.30 A schematic of the setup used for the detection of THz emission in a Cu-LIBP.

5.1

5.2

5.3

5.4

In this setup, the EOS beam was fixed with respect to the ablation beam and
the ablation beam was chopped at a rate of f. = 500 Hz. Note that the source
Cu-Sample holder was initially orientated at an angle shown in fig. 4.28(a)
and was later switched to the orientation shown in fig. 4.28(b). This resulted
in THz pulses with differing spectral features. As with the schematic shown in

fig. 4.27, the half-wave plate and polarizer in addition to ND filters attached

to the lens attenuated the EOS beam to prevent damage to the ZnTe crystal.

Cu-LIBP time integrated spectra centred around A = 530 nm collected with
the Acton SP2500 Spectrometer. The three main lines centred around A ~
520nm are the neutral transitions lines corresponding to bound-bound tran-

sitions within neutral excited Cu atoms [76]. . . . . . . . .. ... ... ...

A close up of the three main Cu-neutral lines centred around A ~ 520 nm
taken with the OceanOptics USB2000 spectrometer. These lines represent
bound-bound transitions inside excited neutral Cu atoms. The numbered
solid black lines correspond to the locations of the three main peaks and are

given in table 5.1. . . . . . ... Lo

Time integrated PL curves for various high fluences. The curves were fit to
eqn. 2.12 Fit parameters for each curve are shown in table 5.2. All the curves
here have 7y ~ 20ns. Varying the pump (and with it the fluence) power in

this range did little to increase . . . . . . . . . .. ..o

Time integrated PL curves for lower fluences. The curves were fit to eqn. 2.12.
Fit parameters for each curve are shown in table 5.3. These curves in general

are of poorer quality fit in comparison to the high-fluence results shown in fig.

D30 o
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5.9

5.6

5.7

5.8

The conductivity lifetime of an electron-hole plasma in PE-Si. Here —AT is
the negative differential transmission. Due to noise in the signal, a low-pass
type II Chebyshev polynomial filter of order, N, of N = 12 power, a cutoff
frequency, f., of f. = 12MHz and a roll-off, A, of A, = 85dB was applied
to the signal. This was done so an estimate of the conductivity lifetime could
be obtained by fitting to the filtered signal. The fit parameters are given in

table 5.4. Data was collected using an oscilloscope. . . . . . . . ... .. ..

Fig. 5.5 in the frequency domain. As is evident from the figure, past f. =
0.05 MHz, the bulk of the frequency components contribute to noise in the
signal. This motivated the use of th low-pass type II Chebyshev polynomial

The conductivity lifetime of an EHP in PE-GaAs. Fit parameters are shown
in table 5.4. Unlike the PE-Si shown in fig. 5.5, no filter was applied to the
signal. The fit parameters are given in table 5.4. Data was collected using an

oscilloscope. . . . . .

Measurement of the THz modulation in the presence of an EHP in PE Si for
varying optical pump power. Here — (AT) is the negative average differential
transmission obtained from a lock-in amplifier read-out. The error bars are
the standard deviation in the — (A7) signal and range from u (— (A7)) ~
+0.1 — 0.2. Uncertainty in optical pump power is constant and is u (P) =
+0.1mW. The black line is the fit given by eqn. 5.6. Initial linear behaviour
from P = 27.8 — 93.5mW (E, = 27.8 — 93.51J) implies an increase in the
free-carriers for screening. The saturation at P. ~ 93.5mW at which point,

indicates that the maximal number of free-carriers have been released and

110

more cannot be pumped. The saturation value is — (AT) = —AT; = 1.68+0.03.111
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5.9

6.1

6.2

6.3

6.4

A graphical explanation of the difficulties encountered with sampling a Cu-
LIBP. The timing diagram is on a 4 us scale. While it is not impossible to
detect the Cu-LIBP, shifting the arrival of the THz pulses requires a delay of
at least Ax = 3m which is not feasible with the setup used. Note that THz
pulses could arrive later or earlier with respect to the Ablation/PE pulses due

to the random phase between the Legend and VMRA systems. . . . . . . . .

The time domain of a single-cycle Cu-LIBP THz pulse measured with the
Cu-ring target orientated at an angle shown in the inset of fig. 6.2. Lock-
in amplifier settings used in the detection of this pulse were a sensitivity of

Vp =20V and a time constant of 7, =300ms. . . . . .. .. ...

The frequency domain of the Cu-LIBP THz pulse with the Cu-ring target
held at an angle, 8, # = 20°, to the oncoming ablation pulse during measure-
ment. Inset: the orientation of the Cu-ring target during the measurement.
Comparison to fig. 6.4 shows a loss of frequency components. This indicates
possible coupling between non-linear bulk processes, e.g., optical rectification,

into the signal. . . . . . .. ..o

The time domain of a single-cycle Cu-LIBP THz pulse measured with the
Cu-ring target orientated at normal incidence. The orientation is shown in
the inset of fig. 6.2. Lock-in amplifier settings used in the detection of this

pulse were a sensitivity of V, =20 4V and a time constant of 7, = 300 ms.

The frequency domain of the Cu-LIBP THz pulse with the Cu-ring target
held at normal incidence to the oncoming ablation pulse during measure-
ment. Inset: the orientation of the Cu-ring target during the measurement.
Comparison to fig. 6.2 shows a loss of frequency components. This indicates
possible coupling between non-linear bulk processes, e.g., optical rectification,

into the signal. . . . . . ...
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6.5

6.6

6.7

6.8

B.1

B.2

B.3

The time domain of the PE GaAs p-type 2n doped (110) sample THz pulse.
THz emission here is just above the background. The lock-in amplifier settings
used for the detection of THz emission in this sample are V;, = 2 uV sensitivity

and a time constant of, 7, =300ms. . . . . ... ... L. 121

The frequency domain of the PE GaAs p-type 2n doped (110) sample THz
pulse. Here it is evident that a few frequencies are above the background floor,
but the background still screens much of the THz emission from the sample.

The settings used for this sample were used as the upper calibration bound

for emissive THz detection in Cu-LIBPs. . . . . . . . . . . . . . . ... ... 122

The time domain of the PE InAs (111) p-type 2n doped THz pulse. THz
emission here is well above the background and is very strong. The lock-in
amplifier settings used for the detection of THz emission in this sample are a

Vi, = 200 ¢V sensitivity and a time constant 7, =300ms. . . . . . . . . . .. 122

The frequency domain of the PE InAs (111) p-type 2n doped sample THz
pulse. From this figure it is evident that the THz emission is strong. The
THz pulse here has a frequency bandwidth of Af ~ 4.5 THz. The settings
used for this sample were used as the upper calibration bound for emissive

THz detection in Cu-LIBPs. . . . . . . . . . . . . . 123

Pictorial representation of free-free emission. The electron’s trajectory is al-
tered by the atom resulting in a deflection which changes the kinetic energy

of the electron resulting in the emission of light with energy given by eqn. B.1.153

Pictorial representation of free-bound emission. In this picture, an electron
is absorbed by an ion AT at some outer energy level j > 1 leading to the

emission of light equal toeqn. B.2. . . . . . .. ..o 154

Pictorial representation of a bound-bound transition process. BBTs give rise
to the lines seen in a LIBS spectrum and correspond to intra-atomic transi-
tions. The energy emitted after some relaxation time, 7, by these intra-atomic
transitions is lw = Ej — E;, where j' is the upper energy level and j is the

lower energy level. . . . . . . ... 155



C.1

C.2

The real and imaginary components of the LIBP conductivity calculated ac-
cording to eqn.C.1 over the bandwidth of the ZnTe used in this thesis. These
results could then be fed into eqn.C.2 to obtain the dielectric constant over
the same frequency range. . . . . . . . . ... L
The real and imaginary components of the dielectric constant calculated ac-
cording to eqn.C.2 over the bandwidth of the ZnTe used in this thesis. These
results could then be fed into eqn.2.17 to obtain the refractive indicies over
the same frequency range. Note, how at the plasma frequency, f, the real

component over-takes the imaginary component. . . . . . .. . ... ... ..
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Chapter 1

Introduction

Laser-induced breakdown spectroscopy (LIBS) is an all-optical means of determining sample
elemental composition and the relative concentrations of those elements [1-6]. This proves
applicable in areas where quick stand-off detection of elemental constituents is required, such
as space exploration, mining, and agriculture [1-4]. A schematic of a typical LIBS setup is
shown in fig. 1.1. At its most basic, LIBS requires a spectrometer, some collection optics,
and a focused high power ultrafast laser with pulse-widths ranging from the femtosecond
(fs) to nanosecond (ns) duration [4—12].

The basic operation of LIBS is as follows: light from an ultrafast laser with pulse-widths
ranging from 7, ~ 10fs — 1ns duration is focused down to a spot-size, 2r(, on the order of
2rg ~ 10 pm — 100 gm on the sample [4-11]. Doing this induces optical breakdown in the
sample, resulting in plasma formation on the sample surface [4-6; 6-11]. Light from the
sample is then collected and routed to a spectrometer, and the resulting spectral lines corre-
spond to atomic and ionic lines which give the elemental composition of the material [4-11].
The intensity of these lines atomic emission lines are then proportional to the concentration
of constituents in the sample, however the presence of matrix effects complicates the picture
[3; 4].

Matrix effects are changes in the signal that arise when the components of the sample
(termed “the matrix”) alter the signal intensity of a particular constituent [3; 4]. For example,
the signals from silicon (Si) in water, steel, and soil vary in intensity quite drastically even

though the concentration of Si can be the same in all three matrices [4]. Historically the
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Figure 1.1: Schematic of a typical LIBS setup. A sample is ablated with a focused laser
pulse of femtosecond to nanosecond duration giving a fluence above the ablation threshold,
®, leading to plasma formation. Light emission from the plasma is then collected using a
fibre optic which routes the light to a spectrometer. After some internal spectrometer time
delay, the plasma spectrum can then be measured by the spectrometer and collected by a
computer.

presence of matrix effects and the difficulty associated with correcting them prevented LIBS
from being used extensively [3]. While many of the issues regarding matrix effects have been
addressed to the point where LIBS is viable, in agriculture specific applications, a challenge
remains in understanding matrix effects in soils [3]. Matrix effects in soils, broadly speaking,
have their origin in two sources: first, water content in the soil and second, in grain size [3].
Of the two contributions to matrix effects water concentration in a soil sample is by far the
greater contributor [3]. Knowing the soil sample water concentrations would make it feasible

to calibrate the soil plasma spectra for matrix effects [4].

For the identification of water, a technique is required that gives rise to a signature that
is unique to water molecules themselves, not their constituent elements. Such a signature
is seen in the terahertz (THz) pulses shown in fig. 1.2-1.3. Fig. 1.2-1.3 show THz pulses
from a lithium niobate source travelling through an enclosure under ambient lab conditions
(labelled in fig. 1.2-1.3 as the “ambient” pulse) and when the enclosure is flooded with
diatomic nitrogen, which removes water from the enclosure (labelled in fig. 1.2-1.3 as the
“purged” pulse). In the time domain, shown in fig. 1.2, the presence of water molecules
(the ambient pulse) gives rise to a “ringing” in the tail of the pulse that is absent when

the enclosure is purged with diatomic nitrogen. Fourier transforming these pulses gives rise



—— Purged
51 —— Ambient

Electric Field (a.u.)

-5 0 5 10 15 20
Time (ps)

Figure 1.2: The electric field of a single-cycle THz pulse from a lithium niobate source
travelling through an enclosure. The purged pulse was sampled when the enclosure was
flooded with diatomic nitrogen, removing the presence of water molecules in the enclosure.
The ambient pulse was measured without a diatomic nitrogen purge of the enclosure. The
oscillations in the ambient pulse tail correspond to a real signal arising from the “ringing”
of water molecule vibrational and rotational modes.
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Figure 1.3: The Fourier-transformed frequency domain of fig. 1.2. The first five labelled
dips in the spectra are the water molecule vibrational and rotational modes identified by
Van Exeter et al. in ref. [13]. The depth of these dips can be used to estimate water content
in the medium the THz pulse travels through.



to fig. 1.3 and reveals “dips” or “troughs” at certain frequencies in the ambient pulse that
are absent from the purged pulse. The troughs shown in fig. 1.3 are not random; they
correspond directly to water molecule rotational and vibrational modes like the ones shown
in fig. 1.4 [13-17].

It is specifically because the resonant frequencies of the water molecule rotational and
vibrational modes shown in fig. 1.4 lie within the THz band, a frequency range corresponding
to f ~ 0.1 — 10 THz, that THz band pulse light is a strong candidate for the detection of
water molecules [13-17]. More importantly though, the depth of the troughs shown in fig.
1.3 can be used to detect and measure water content in the medium the THz pulse travelled
through [13; 16; 17].

Even under extreme conditions, such as combustion of a propane flame, as was done
by Cheville and Grischkowsky in ref. [16], these traces still remain. While a LIBS plasma
might seem more extreme than a propane flame, and that water molecules would split under
the conditions of a LIBS plasma, it is worth noting that LIBS plasmas are not fully ionized
[18]. This necessitates in LIBS analysis the inclusion of a parameter termed the degree of
ionization, k;, given by [18; 19],

g = — 2L (1.1)
ng +nzi

Where nz,, and nyz are the number density concentrations for particles in states Z + 1 and
Z respectively [18; 19]. Thus, depending on the particular plasma value of k;, there could
exist a population of neutral molecular species, including water molecules.

There exists another more general application of the LIBS setup shown fig. 1.1. If the
plasma exists in a state called local-thermodynamic equilibrium (LTE) (see Appendix A for
details), the intensity of an emission line, I, then corresponds to the temperature according

to the Boltzmann method [6; 8; 11],

I\ E
| - 1.2
n<Aulgu) > kT’ (1.2)

where [ is the intensity of a given line, A the wavelength, A,; the atomic transition proba-

bility between the upper-to-lower levels, g, the degeneracy associated with the upper level,

and T the plasma temperature. From repeated measurements of multiple lines at different
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Figure 1.4: Examples of water molecule rotational and vibrational modes. The frequencies at
which these modes oscillate can lie within the THz range (f ~ 0.1 — 10 THz). Subsequently
this will cause THz band light to be absorbed in the presence of water molecules. This
gives rise to the “ringing” seen in the time-domain of the THz pulse (see fig. 1.2) and the
corresponding dips in the frequency-domain spectrum (see fig. 1.3). Based off of a similar
figure from ref. [15].



timesteps, T can be resolved on nanosecond (ns) timescales [6; 8; 11]. By measuring the
stark-broadended lines, one could also obtain a time-resolved electron density n. [6; 8; 11].
Alternatively, T' maybe obtained by comparing the intensities of two lines I and I’ through
the Saha-Boltzmann method [6]. However, the assumption upon which both the Saha-
Boltamann method and eqn. 1.2 are based upon relies on the existence of the LTE regime,
which tends to break down at both earlier and later times [6; 8; 11; 18; 20; 21]. THz pulses
could help in this regard, by acting as a secondary probe that could measure the conductivity,
&, with picosecond resolution [22-34]. From this, it should be possible to obtain information
on related optical properties (e.g., the dielectric constant, €) and n. [28-32]. As such, there
is great promise for combining the two methods for the study of laser-induced plasmas. For
not only would THz pulses provide a non-contact means of measuring &, it could in the
process, verify the LTE state. To understand why, consider that the DC conductivity is

given by [35],
2
oo = T (1.3)

Me

where 7 is some scattering time. Assuming that electron-ion collisions predominate, this
time is then given by [36],
1

ei — y 1.4
Te, NeSe (Ve) (1.4)

where s, is a scattering cross-sectional area and (v.) is the average electron velocity. Further-
more, (v.) & T [36]. Thus, by measuring oy it is then possible to estimate the temperature.
If T measurements from a THz probe match those obtained from a time-resolved LIBS spec-
trum, then the LTE state is verified. However, if there exists a strong discrepancy between
the THz probe measurements and the time-resolved LIBS measurements, then it would cast

doubt upon the LTE state existing within that particular time window.

To add more credence to the claim that THz pulses could be combined with LIBS;
THz pulses have been used to study electron-hole plasmas (EHPs) and inductively coupled
plasmas (ICPs) [22-30]. There have also been applications of THz pulses to the study of
liquid, gaseous, and solid target laser-induced breakdown plasmas, similar to those found in
a LIBS process, in ref. [31-34]. EHPs arise from photoexcitation (PE) of semiconductors
at or above energies greater than the band gap energy, Fg [37-41]. In the case of an EHP,
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holes act as the secondary species in a two-species plasma with their own temperature and
mobility, just as ions do in a gaseous plasma [26; 38; 42; 43]. The key difference here is that
holes, unlike ions, are “quasi-particles” [43]. Quasi-particles are not particles themselves but
arise from some intrinsic process in a physical system that gives rise to particle-like behaviour
[44]. In the case of holes, a hole arises when one considers the absence of an electron from
a valence band in a semiconductor, the empty state can be described as behaving like a

positively charged particle of mass my, and energy h?k?/2my, [43].

ICPs are created through the ionization of a gaseous target achieved via voltage break-
down [27-30; 45]. ICPs are then sustained by energy provided by electromagnetic induction
through an induction circuit element either adjacent to, or immersed in, the discharge region
[27-30; 45]. The validity of using THz pulses to study ICPs was affirmed by Ando et al. in
ref. [30]. Ando et al. found that the measured electron densities, n., they obtained using
transmissive THz approaches (specifically terahertz time-domain spectroscopy) matched the

measurements performed with Langmuir probes within error [30].

It is important to note though that both EHPs and ICPs are categorically distinct from
the plasmas found in LIBS; EHPs are created for example, through PE of a semiconductor
wafer and the material does not undergo any sort of optical breakdown [22-26; 39-41]. In
contrast to EHPs, LIBS plasmas are formed through optical breakdown of either a solid,
liquid, or gaseous target [4; 6-11; 11; 31; 34; 46; 47]. While ICPs are exclusively gaseous
targets and require an induction element, LIBS plasmas can be formed from, in addition
to gaseous targets, solids and liquids and there is no induction element to be found [4; 7—
11; 27-30; 45; 46]. Despite these differences, the results obtained from EHPs and ICPs do

demonstrate that plasma phenomenon can be studied with THz pulses.

As a last word on the comparison between EHPs and LIBS plasmas, it is important to
note that EHPs and LIBS plasmas are both induced using lasers [4; 7-11; 22-26; 38; 40; 41].
However, the term “laser-induced plasma” and “laser-produced plasma’” are typically used
within the LIBS literature to refer to plasmas arising from optical breakdown of materials
(see ref. [4; 7; 8; 10; 11]), however this nomenclature is confusing and cumbersome as both
laser-induced plasma and laser-produced plasma could also refer to EHPs arising from PE

(see ref. [41] for example) as both are technically “laser produced” or “laser-induced.”
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To avoid confusion, this thesis will opt to use the term laser-induced breakdown plasma
(LIBP) to refer exclusively to plasmas arising from the optical breakdown of matter, while
“electron-hole plasma” will refer exclusively to semiconductor EHPs arising from the PE
of semiconductors. If the term laser-induced plasmas (LIPs) is used in this thesis, it is in

reference to both EHPs and LIBPs.

Despite the previously mentioned differences, it has been shown prior that THz pulses
can be used to study plasmas arising from optical breakdown similar to those seen in LIBS
experiments [31-34; 48-55]. Of note is the work of Kim et al. who was able to obtain a quasi-
DC conductivity for a laser heated aluminum plasma using a reflection geometry [32]. Using
a single-shot transmissive THz approach, Chen et al. extracted a time-resolved conductivity
for gold warm dense matter formed with an extreme ultra-violet pulse [33]. Sagisaka et
al. and Hamster et al. were both able to detect THz emission from a solid target copper
(Cu) LIBP that was formed from an amplified stimulated emission pulse and pre-pulse, that
was subsequently driven by a proceeding fs-pulse [50-52]. Gao et al. claimed to observe a
coherent half-cycle THz pulse from a Cu-LIBP, informing the basis for emissive spectroscopy
[49]. Gao et al.’s results were later corroborated by Li et al. (ref. [55]), while THz radiation
detected from fs-ablated solid targets as measured by a bolometer, has been noted by authors
in ref. [50; 53; 54; 56]. For the transmissive approach, a noteworthy mentions are Mics et al.
in ref. [31] and Chen et al. in ref. [33]. Mics et al. performed transmissive THz spectroscopy
on a diatomic oxygen gas target LIBP using a fs-pulse pump laser and a THz probe [31].
More crucially gold warm-dense matter has been probed with THz pulses by Chen et al.
in ref. [33]. The success Chen et al. had in the probing of gold-target warm dense matter
indicates that the transmissive THz probing of solid-target plasmas is feasible or at the very

least, not that far fetched [33].

This brief overview of the literature presents two paths that a THz-LIBS approach could
take: transmissive and emissive. The transmissive approach is shown in fig. 1.5(a) and
follows the lead of Van Exeter et al. (ref. [13]) and Cheville at al. (ref. [16]) with the key
difference between this thesis and Cheville et al.’s work being that a LIBP plume replaces
the propane plume respectively. The emissive approach is shown in fig.1.5(b) follows the

lead of Gao et al. (ref. [49]) where THz emission from the plasma plume is monitored. The
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(a) Transmissive spectroscopy (b) Emissive spectroscopy
Laser-induced Laser-induced

breakdown plasma breakdown plasma

THz Pulse THz Pulse

e

Focus

Figure 1.5: Fig. (a) outlines a transmissive approach to the THz spectroscopy. In approach
(a) a THz pulse is sent through the LIBP plume and is attenuated by the plume. Fig. (b)
outlines an emissive approach to the THz spectroscopy. In approach (b) the LIBP plume is
the source of THz emission.

advantage of the emissive approach over the transmissive approach is that it is simpler to
implement and requires less synchronization. Whereas the advantage of the transmissive
approach over the emissive approach is that the spectroscopic methods for identifying and
determining water content are already developed (see ref. [13; 16; 17]). There is also the
possibility of retrieving a conductivity spectra, as is done for EHPs in semiconductors [57; 58].
For the emissive approach to be used in the context of detecting water content in THz-LIBS,
it must be shown that the water molecule rotational and vibrational modes appearing in the
frequency spectra such as those shown in fig. 1.3 arise from the target sample, not from the

ambient environment. As of writing, this remains to be proven.

In this thesis, the feasibility of using THz spectroscopy to study LIBPs for the develop-
ment of a hybrid all-optical THz-LIBS system is assessed. This hybrid THz-LIBS system
would be hypothetically capable of determining water content and measuring plasma con-
ductivity with picosecond resolution; in addition to element detection, and time resolved
measurements of the plasma temperature and electron density of LIBS. Furthermore, it
would open the possibility for the development of an all-optical in-situ device capable of
element detection and water content measurement in soil targets for agricultural applica-
tions. This will be done by implementing the two approaches illustrated in fig. 1.5 and

benchmarking both approaches against EHPs present in photoexcited semiconductors.

If the transmissive approach is viable, a differential transmission, AT, should be observed
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in a LIBP similar to that of what is seen in a semiconductor EHP (see ref. [22; 23; 25; 59]).
This AT = Tpump — Tret, is defined as the difference between the presence of photo-induced
effects (denoted Tpump) in the sample and the nominal THz transmission through the sample
in the absence of these effects (denoted Tger or To) [57; 58]. In the context of this thesis, Trer
would refer to the THz transmissivity in the absence of a LIBP, while a Tpyn,, would refer to
THz transmissivity in the presence of a LIBP. If such a transmissive approach like the one
shown in fig. 1.5(a) is possible for LIBPs, it would indicate that water content measurements
such as those done by Yang et al. in ref. [17] are indeed possible for LIBPs. In addition to
this, the same methods used to measure & in ref. [22; 23; 25; 59] would also be applicable

to LIBPs.

Conversely, if the emissive approach shown in fig. 1.5(b) is viable, THz emission com-
monly documented in photoexcited semiconductors (see ref. [60-66]) should also appear
in solid-target LIBPs. Caution should be exerted when studying THz emission from solid-
target LIBPs as THz emission can occur in photoexcited metal targets, due bulk nonlinear
processes (e.g., optical rectification), as opposed to the rapid charge separation in LIBPs
[67-69]. There is also the possibility of a photocurrent arising from free-electrons in the
metal being driven by the incident laser pulse as discussed by Fei et al. in ref. [54]. In this
thesis a solid-target Cu sample is mounted first at an angle to the oncoming photoexcitation
beam as per Gao et al. (ref. [49]) and then at normal incidence to the oncoming beam as
per fig. 1.6. This is because as noted by Liu et al., contributions from optical rectification
possess an angular dependence according to Eor = & cos (z6) where z is some fit parameter
and 6 is the angle between the sample plane and the oncoming beam [62]. Therefore, if
0 = 90° to the oncoming pulse, and a coherent THz pulse is still detected, this would imply
that the signal observed is from the LIBP plume, not from optical rectification (see fig. 1.6).
This eliminates the possibility of optical rectification, as a process. De-coupling a possible
bulk photocurrent from the THz emission is beyond the scope of this work, but should be

considered for future work.

To understand the reasoning for emissive and transmissive THz approaches for the study
of laser-induced plasmas in both LIBP and EHP cases necessitates a background regarding

the optical properties of both systems in the THz region and the picosecond dynamics
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Ablation Ablation

Line (b) Line

Cu-LIBP Cu-LIBP

Figure 1.6: Fig.(a) the orientation of a Cu-target sample at an angle to the oncoming ablation
beam used to induce optical breakdown. Fig.(b) the orientation of a Cu-target sample normal
to the oncoming ablation beam used to induce optical breakdown. The reason for the different
Cu-target sample orientations is to check if any THz emission arises from the laser-induced
breakdown plasma plume as opposed to nonlinear effects from the bulk. This is because one
such bulk process, optical rectification, has an angular dependency that can be eliminated
by changing the sample orientation. If coherent single-cycle THz emission disappears when
the sample is re-orientated between fig.(a) to fig.(b) it would imply that any THz emission
seen in fig.(a) was not from the plasma, but rather the bulk.

associated with them. To this end, chapter 2 of this thesis covers laser-induced breakdown
plasmas. This chapter covers how LIBPs form, descriptions of the charge carrier dynamics
as it pertains to notions of a plasma lifetime and picosecond scale phenomenon are given.
This is followed by a simple model detailing how rapid charge separation in a LIBP, similar
to the photo-Dember effect in semiconductors, can result in the emission of a single-cycle
THz pulse. The inclusion of this section is necessary as to motivate how THz emission can
occur in solid-target plasmas. Simulation results of the optical properties, particularly the
transmissivity, reflectivity, and penetration depths of a LIBP in the THz region assuming
the predominance of electron-ion collisions are also presented. The inclusion of this section is
necessary to understand why in conjuction with the aforementioned literature, it was thought

that transmissive THz approaches were feasible.

Chapter 3 discusses electron-hole plasmas and their applications to photoconductive an-
tennae. This chapter discusses their formation and descriptions of the charge carrier dy-
namics as it pertains to obtaining a A7 /7y measurement. This is followed by a section
on the various processes that occur in semiconductors that can give rise to THz emission.

This includes both linear processes such as, drift currents and the photo-Dember effect and
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briefly covers nonlinear processes, such as optical rectification. Branching off from the prior
discussion on linear processes, this chapter is concluded by a discussion on photoconductive
antennae theory and operation. The inclusion of this section is necessary as photoconductive

antennae were used for the generation of THz pulses for the transmissive measurements.

Chapter 4 covers experimental methods and materials used in this thesis. This encom-
passes descriptions of the lasers used, the photoconductive antennae, and the two spectrom-
eters used in this thesis. Electro-optic sampling (EOS) is discussed in detail as it is the
basis for THz detection in both the transmissive and emissive cases. Some material is also
provided on laser-induced breakdown spectroscopy. It should be noted though that for the
LIBS measurements performed here, no attempt was made to time-resolve the spectra col-
lected. The spectra displayed in this thesis were gathered for benchmarking purposes and for
estimation of the photoluminescent (PL) lifetimes presented in chapter 5. This is followed by
a section on the implementation of the emissive THz approaches and the chapter concludes

with a discussion on the implementation of the transmissive THz approaches.

Chapter 5 covers results from the THz transmission experiments for laser-induced plas-
mas. This includes a section on the PL lifetimes and the spectra from a Cu target. These
results were crucial in determining why there was much difficulty with the transmissive ap-
proach, and brings attention to difficulties that researchers in the future must be aware of
if they wish to pursue a transmissive style approach. A proposal involving a Herriot cell is
introduced to remedy some of the difficulties encountered in this thesis. It concludes with a

discussion of the results for THz transmission in semiconductors.

Chapter 6 covers THz emission experiments for laser-induced plasmas. This includes both
the results from a solid target Cu-LIBP and the semiconductor THz emission from EHPs. Of
note in this chapter is the disappearance of frequency components in the THz pulse when the
plane of the target sample is at normal incidence to the laser as per fig. 1.6. To the best of the
author’s knowledge, this has not been observed in literature before. After comparing these
results to prior work, the chapter concludes with a proposed future experiment for gauging
the feasibility of using THz emission in solid target plasmas to measure water content in the

target.

Finally, chapter 7 concludes this thesis. Summarizing what was covered in chapters 5-6
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and outlining possible directions for a hybrid THz-LIBS style device that engineers need to

consider.
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Chapter 2

Laser-Induced Breakdown Plasmas

In this chapter laser-induced breakdown plasmas (LIBPs) are introduced. This chapter is
intended to give a qualitative understanding of LIBPs, as such, it will cover how LIBPs
are formed, how they dissipate, and the processes that could possibly enable the probing of
LIBPs using THz pulses and THz emission from LIBPs. This is intended to prime the reader
for the author’s answer to two key questions; first, do standard theoretical and experimental
results permit the emission of THz band radiation from LIBPs? Second, can a THz pulse
be used to probe a LIBP?

To answer the first question, the literature surrounding how LIBPs are formed is intro-
duced using the work of Shen and Park et al. (ref. [70; 71]). While Shen’s model is rather
simple, it does motivate the processes involved in laser-matter interactions, including multi-
photon ionization (MPI) and avalanche ionization. Park et al. meanwhile presents insights
into experimental behaviour, which emphasizes multi-photon ionization and notes a satura-
tion effect in the measured ionic charge [71]. This is followed up by a brief discussion of Nolte
et al. and Furusawa et al.’s work which estimates that ablation thresholds for Cu, ®(, range
from 140mJ/cm? < &y < 460mJ/cm? [72; 73]. Hashida et al. meanwhile estimates that
for pulse-widths of 7, = 70fs the ablation threshold for Cu as, ®o = 18 mJ/cm? [74]. This
gives the range of fluences over which LIBP formation occurs for solid-target Cu. This is
then concluded by a simple model developed to motivate how a space-charge could give rise
to a single-cycle THz pulse. Note though, this model is not meant to be a complete picture

of the early-time picosecond dynamics and this section is accompanied by a brief discussion
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of the theoretical work done by J.P. Girardeau-Montaut and C. Girardeau-Montaut on the
Fowler-Dubridge model (ref. [75]) and Fei et al.’s proposal of a photocurrent effect in metals
(ref. [54]).

To answer the second question, previous work done by Ando et al. and others is high-
lighted. These results showed that THz spectroscopy has been successful for at least the
case of inductively-coupled plasmas, which while categorically distinct from LIBPs do show
that transmissive THz spectroscopy is feasiable for plasma phenomenon [27-30]. However,
there is a notable discrepancy in the orders of magnitude for electron density between what
is reported in LIBPs (n, ~ 10'® — 10%cm™2) vs what is seen in inductively-coupled plasmas
(ne ~ 10 — 10%em™3) [7; 8; 11; 27-30; 76; 77]. More suggestive is the work reported in
ref. [31-34]. For example, though different from a transmissive approach, Kim et al. used
a reflective THz probe to obtain a quasi-DC conductivity in a warm-dense aluminum target
[32]. Chen et al. measured the conductivity of a warm-dense gold target that was induced
by an extreme ultraviolet pulse with a single-shot THz pulse [33]. The experiments most
similar to the transmissive ones seen here, were those performed by Mics et al. in ref. [31]
and Tan et al. in ref. [34]. In both works a target had a fs-pulse incident upon it to induce
optical breakdown in the target leading to a plasma. This LIBP was placed at the focus
of two off-axis parabolics which focused an oncoming THz pulse probe unto the LIBP. In
both instances, the author’s reported seeing a —A7 /Ty and measured electron densities,
ne ~ 10 — 10%cem™3 [31; 34]. Mics et al. was able to obtain a dielectric spectra for the
diatomic oxygen plasma they were studying [31]. However, none of these previous works

have attempted to perform a transmissive THz approach for fs-ablated solid targets.

This means that literature alone does not provide enough precedent for whether or not
transmission through a fs-ablated LIBP is feasible at some fixed time; as the aforementioned
discrepancy could indicate that the electron densities are such that, the LIBP is too opaque in
the THz band. To remedy this, a simulation assuming a Drude-like LIBP slab of thickness
I = 1.5mm was performed for various electron densities to see if LIBPs are transmissive
within the THz range given typical LIBS densities. These simulation results indicated that
a transmission geometry is feasible for LIBPs on the order of n, ~ 10'% — 10'7cm~=3, with

strong attenuation occurring beyond these densities.
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The issue of synchronization is touched upon in the final section of this chapter, highlight-
ing plasma recombination and lifetime. Note that the term “plasma lifetime” is ill-defined
within the literature. In light of this, this thesis will use the photoluminescent (PL) lifetime
to estimate the duration of a Cu-LIBP. Keep in mind though, that this does not represent
the total duration of plasma effects, only the duration of light emission measured with a
photodiode. A notable example of how this is not sufficient for estimating the total duration
of a plasma is found in the ICCD imaging results of Wang et al., in ref. [11]. Wang et al.’s
results indicate that Cu-LIBPs could last longer and this will be further discussed in detail in
Chapter 5. However, PL lifetime is used in this thesis because of the ease of implementation
and the time over which PL lasts is the time over which the plasma state can be verified. It
is further justified when considering the fact that it is over the time that a LIBP is emitting
light, that there exists a large quantity of charge-carriers in an excited state that have yet

to complete recombination processes [78-83].

2.1 Optical Breakdown and Plasma Formation

Optical breakdown refers to catastrophic evolution by a strong laser field leading to ionization
and plasma formation in a target [70]. It is the basis of laser-induced breakdown spectroscopy
(LIBS), and is the means by which LIBPs are formed and hence a discussion of its principles
are worth examining. A myriad of processes occur when an ultrafast fs-pulse is incident
on matter, including multiphoton ionization (MPI), tunnelling ionization, and thermionic
emission, to name a few [70; 75; 84]. To establish a basis, it helps to consider the model
laid out by Shen in ref. [70]. Shen describes the production rate of charge carriers in a
solid as being dependent on three key parameters: avalanche/impact ionization rate 7, the
recombination processes 7, and multiphoton excitation contributions [70]. Altogether this

gives,

Here (On/0t)yp; is the multiphoton ionization rate. Note 1 and r are both assumed to be
constant over the period of observation [70]. In Shen’s model the charge carrier production

is due to two processes: (1) MPI (designated in eqn. 2.1 by the (On/0t)y;p; term) and (2)
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avalanche ionization (designated by the (n —r)n term in eqn. 2.1). Both (1) and (2) are
in direct competition with recombination processes. Since the pulsewidth Park et al. used
in their letter was 7, = 10ps, they claimed that contributions from avalanche ionization
are negligible over these timescales [71]. Subsequently, the (7 — r)n term in eqn. 2.1 was
dropped in their study of Aluminum (Al) and Cu-target LIBPs [71]. Park et al. writes a

form of eqn. 2.1 as [71],
dTLZ‘
dt

= wypr (N, — i) — N4 (2.2)

Here n; is the ion density, n,, the neutral atom density, wyp; is the probability of MPI which
is defined as [71; 85],

WMPI = Sjg2j = stI)j. (23)

Where, ® is the fluence, £ is the electric field, s; is some cross-sectional area and j is the

number of quanta sufficient for ionization which is found according to [71; 85],

, Ur :
Jj= <— + 1> where j € Z*. (2.4)
hw int

Where Uj is the ionization potential, which for Cu is UF" = 7.726eV [71]. Eqn. 2.4 gives
the minimum number of photons as j = 5 for the onset of ionization for the case of a ruby
laser with fw = 1.785eV [71]. For this thesis, the laser used for ablation is a Ti:Sapphire
laser which has parameters of 7, = 70fs, a pulse energy of E, ~ 2 x 107*J = 200 uJ, and
a wavelength of A = 795nm which maps to a photon energy of hw = 1.56eV giving the
minimum number of photons required for ionization as j = 6. Park et al. was able to further
simplify eqn. 2.2 by noting that the inter-pulse period, T, used in their work was T}, = 7ns
which is significantly shorter than their quoted recombination rate of r=! = 75 ~ 500ns
[71]. This means that Park et al. was able to neglect the recombination term (represented
by rn; in eqn. 2.2) and the decay during inter-pulse separation could be neglected (meaning
that rn; ~ 0) [71]. With this thesis assuming an equivalent recombination time, such effects

cannot be neglected due to the relatively long period between pulses 7}, = 1 ms.

Of particular note in Park et al.’s work is the existence of three distinct fluence regimes

which they term as low-fluence (which they defined as fluences between ® < 8.J-cm™?),
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intermediate fluence (which they defined 8 J-cm™2 < & < 50J-cm™? ), and high-fluence
(which they defined as ® > 50J - ecm™?) [71]. Park et al. found that these regions had differ-
ent cross-sectional areas, s;. For Cu in the low-fluence regime s; = 9.58 x 107*" cm!s*J 5

and in the high-fluence regime as s; = 1.48 x 107* cm!s*J=5 [71].

The astute reader will note that the ionization potential for Cu quoted by Park et al.
is much higher than the work function of Cu, W¢,, which is around W¢g, >~ 4 — 4.5eV
[86]. What this means in practice is that electron emission via the photoelectric effect
could be occurring concurrently with ionization [75; 84]. Anisimov et al. in ref. [84] and
J. P. Giradeau-Montaut and C. Giradeau-Montaut in ref. [75] discuss these contributions
in more detail. It is worth emphasizing that decoupling electron emission processes is a
non-trivial process [75; 84]. J. P. Giradeau-Montaut and C. Giradeau-Montaut for instance
discuss intermediary regimes between thermionic and multiphoton emission [75]. This effect
is sometimes called thermally assisted multiphoton photoemssion [75]. Decoupling these
individual processes is beyond the scope of this thesis. What is important to note is that

they could contribute to optical breakdown and ultimately plasma formation and that the

multiplicity of these processes present a formidable challenge to researchers.

To add to the difficulty of studying ionization in solids, Shen notes solid targets are far
more difficult to study than their gaseous counterparts because optical breakdown of solids
leaves permanent damage [70]. Furthermore, local deformities along the surface can lead to
strong deviations from what is predicted from eqn. 2.1 as the local field around a structure
could be significantly higher [70]. For example, dust particles can absorb the oncoming light
lowering the threshold required for optical breakdown and the coarseness of a surface can
create pockets of confined fields which can lower the threshold [70]. This explains in part
the wide variety of fluence thresholds for Cu that are reported in literature [72-74; 87].
This is in addition to the wide parameter space available to researchers which include pulse-
width, laser-wavelength, and even number of shots on a surface can raise or lower a fluence
threshold [72-74; 87]. This creates an issue of repeatability between measurements as the act
of optical breakdown destroys the sample being studied, thus a study of optical breakdown
requires a large chunk of material of similar quality, ideally very smooth and without surface

deformities [70].
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This is not to say that a means to decouple ionization processes does not exist. For
example, an explicit way of decoupling tunnelling ionization from MPI can be seen in the
work of Keldysh [88]. Keldysh defines a parameter ~ which is called the Keldysh parameter
and it is defined as [88],

f)/

U[ . w
A / 2—(]1) = a \V4 2m6U[. (25)

Where U, is the ponderomotive energy and is equal to [88],

202
e“&}

U = (4mew?)’

(2.6)

Where ¢ = 1.6 x 107! C is the elementary charge, n, is the electron density, and m, =
9.11 x 1073 kg is the electron mass. The Keldysh parameter defined in eqn. 2.5 can be used
to determine whether MPI or tunnelling ionization dominates [88]. For example, if v > 1
tunnelling processes are negligible and MPI dominates [88]. Conversely if v < 1 tunnelling
ionization dominates over MPI, and in the intermediate regime, v ~ 1, tunnelling and MPI

co-exist [88].

While there are many other pathways for both photoionization and electron emission,
decoupling them all is beyond the scope of this work. What is important for this thesis
is that regardless of how ionization occurs in solid targets, ionization is required for the
formation of a LIBP and that many pathways exist for a solid target to experience ionization.
Furthermore, even if the energy quanta within the laser is below the ionization potential
energy, Uy, ionization can indeed occur under the influence of a strong laser field as per eqn.
2.2 and 2.4. Lastly, from eqn. 2.2 it is apparent that for the formation of a plasma from a

solid target requires that wypr > r.

Having described the necessity of ionization and the ways in which it can occur briefly,
consider now how the transition between a solid and plasma happens. Such a transition in
solid targets can be best thought of as a two-temperature system, wherein energy from the
incident pulse is exchanged between the electrons in the solid target and the lattice of the

solid target [72; 73; 75; 84]. The energy transferred by electrons to the lattice of the metal
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per unit time is in 1-dimension [72; 73; 75; 84],

T2 mn,

02
AE =~.. (T, —T, h o = ——————— Ys
Ve.r. L) where 7.p 6 (roon) T

is the electron-lattice coupling coefficient, Where v, is the speed of sound in the metal, (7. ;1)
is the mean electron-phonon relaxation time, 7., is the electron temperature, and 77, is the
lattice temperature [75; 84]. The temperature evolution of the electrons-lattice system is

then described by the following set of coupled equations [72; 73; 75; 84,

or, 0 oT, OAE
Ceﬁ - 8_x < e%) - o —|—G<Ji,t) (27>
oty
CLE AFE; where G (z,t)=(1—- R)al (x,t). (2.8)

Where C, and ('}, are the heat capacities of the electrons and lattice respectively, R the
reflectivity of the solid target, a is the absorption coefficient, the K, the thermal conductivity
of electrons, and G (z,t) is the time-intensity pulse shape function [72; 73; 75; 84]. Such a
model is difficult to solve analytically without making a few assumptions, Anisimov et al.
for example approached the problem numerically focusing on a few limiting cases of physical

significance [84].

Nolte et al. were able to analytically solve the system of PDEs described by eqn. 2.7
- 2.8 by making a few simplifying assumptions about the material and are as follows: (1)
heat capacity of the electrons is constant, (2) electron relaxation time decreases rapidly
with increasing temperature and reaches a minimum at ~ a/vp, where a is the inter-atomic
spacing and vg is the Fermi velocity, (3) a/vp is broad which implies that at T, > T,
the relaxation time, 7, grows as 7 ~ To/2 (4) the diffusion coefficient D = K./C, is con-
stant throughout [72]. Furusawa et al., following Nolte et al.’s work later confirmed these
observations [72; 73]. The details of the derivation is given in ref. [72], what is pertinent
for this thesis is by using this modified two-temperature model given by eqn. 2.7-2.8 Nolte
et al. found two regimes for ablation in solid materials: (1) a skin-effect dominated regime
(o< §e7*/%) and (2) a bulk dominated one (ox le=*/!). By relating these two different regimes

to the fluence of the laser, Nolte et al. was able to estimate threshold fluences, ®,, in Cu
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Figure 2.1: Charge carrier separation in (a) photoexcited semiconductors via the photo-
Dember effect and (b) laser-induced breakdown plasmas. Both systems are alike in that they
induce a transient plasma where electrons advance before their positively charged counter-
parts (holes in the case of (a) and ions in the case of (b)).

for these regimes as ®3 = 140mJ/cm? & ®) = 460mJ/cm? [72]. By following Holte et al.’s
reasoning, Furusawa et al. obtained a threshold fluence in the bulk dominated regime for Cu
as @) = 430 mJ/cm? in their experiments [73]. This discrepancy can be explained in part by
Furusawa et al.’s observation that varying the pulse widths from 120fs < 7, < 800fs yields
a non-linear dependency of ®( on 7,; with smaller pulse-widths resulting in lower thresholds
for ablation and the subsequent formation of LIBPs [73]. For plasma ignition to occur the
fluence at the focus in this thesis must either exceed, or fall within, this range of fluences
(140 mJ/cm? < &y < 460mJ/cm?). Measurements done by Hashida et al. give the threshold
fluence for Cu to be at &y = 18 mJ/cm? for the case of 7, = 70 fs [74].

The formation of a LIBP leads to a charge separation of between ions and electrons
[89; 90]. With the electrons initially leading followed by slower ions [89; 90]. Since this
charge separation occurs over picosecond timescales, as it does in the case of the diffusion
dominated photo-Dember effect (see fig.2.1), this charge separation should give rise to a THz
pulse in the far field [61; 63; 91-93]. Further discussion of transient picosecond behaviour is
described in section 2.4.

After formation of the LIBP, the plasma itself has its own internal fields and collective
behaviour [42; 50; 91-94]. Modelling the behaviour after ignition in an LIBP is crucial for the
optimization of LIBS and interpreting results from it therein. The most common approach
used is the assumption of local thermodynamic equilibrium (LTE) [20; 21]. LTE is discussed
in greater detail in Appendix A. In brief though, LTE states that the temperature of the

electrons, T,, the ions, T}, and neutrals, T,,, in the plasma can all be described by the same
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temperature T, i.e., T, =T, = T; = T [20; 21; 83; 95]. However, the emitted photons from
the plasma are characterized by a different temperature, 7,,, hence the LTE assumption
asserts that T, = T,, = T; # T, [20; 21; 83; 95]. Under LTE, this implies that spatial and
temperature gradients are minimal, and that the plasma as a whole can be characterized

using a partition function from Boltzmann statistics [20; 21; 83; 95].

While there are concerns with the assumption, and even outright disagreement over
the appropriate timescale for its validity (see ref. [18; 20; 21; 96] and the discussion in
Appendix A section A.1). Despite these criticisms, in this thesis, the LTE assumption is
used in the calculation of the LIBP optical properties in section 2.3 for the ease of calculation.
This can be justified in that the concern with this thesis is not the interpretation of spectral
lines, but given typical orders of magnitude of 7" and n, is whether or not THz transmission

through the LIBP plume feasible.

In the following section, plasma evolution timescales with reference to recombination are
discussed. The reason for this is because the timescales over which recombination processes
occur in part contribute to the overall duration of a LIBP plume. The reason why plasma
evolutionary timescales are a concern, is that if the evolutionary timescales are too fast,
transmissive THz spectroscopy becomes difficult. For example, Verhoff et al. noted that
light emission becomes very weak after 100ns in the case of fs-ablated brass [8]. Taking
100 ns to be the order of magnitude where the bulk of the plasma dynamics occurs, means

that to properly sample the LIBP requires a stage delay of,

At 1
Ap — 02 _ (300mm/r2ls)( 00 ns) 15 % 10 mm — 15m.

This means that a stage delay of Az ~ 15m is required to even sample the plume, which is
not feasible using classical approaches for THz spectroscopy. What this back of the envelope
calculation shows, is that if the plasma lifetime is too short, transmissive probing with a THz
pulse becomes difficult. Thus in assessing the feasibility of transmissive THz approaches for
LIBPs, it is necessary to define and quantify LIBP plume duration which is the subject of

the next section.
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2.2 Charge Carrier Recombination & Plasma Lifetime

In the prior sections, the focus has been on how LIBPs are formed. How LIBPs dissipate is
through the process of charge carrier recombination (CCR) [79]. As stated by Shen ionization
and recombination are two competing processes which can exist simultaneously as per eqn.
2.1 [70]. Under the LTE framework, these processes should be balanced and dn/dt = 0 in
eqn. 2.1 [20; 83]. This balance is violated at the initial stages of optical breakdown and at
later timescales [18; 20; 96]. During the initial stages of optical breakdown, the reason for
this imbalance is because the presence of a strong electric field provided by the laser pulse
increases the likelihood of ionization events [88]. Under the influence of this strong laser

field, wypr > 7 and a LIBP plume is formed.

Recombination works in reverse, requiring the capture of a free particle [97]. As discussed
by Hemenway et al., the direct capture of an electron by a heavy ion is very unlikely [97].
This is because bound particles may possess only discrete values of energy and momentum
[97]. Free particles, meanwhile, may have any value of energy and momentum on a continuum
so the odds that they have the exact energy and momentum required to occupy a bound
state is very small [97]. This necessitates the presence of a third particle to aid in the
recombination process [97]. Naively, this might imply that recombination is a rare event and
ionized gases whether they are an arc discharge or a LIBP should be very long lived. This
is not the case however, because the density of electrons alone tends to be on the order of
ne ~ 10 —10%em=3 [7; 8; 11; 76; 77]. Furthermore, these numbers neglect ionic or neutral
atom density, meaning that the overall total density is much higher. Therefore, it follows
that what is a “rare event” then becomes substantially more significant just because of how
many interactions the plasma constituents have with one another. Thus, it is not a question

of if recombination will occur but when and how recombination will occur.

As with ionization, the possible routes for recombination are numerous in a LIBP, and
include radiative recombination, dielectronic recombination, and three body recombination
to name just a few [79; 83; 98-100]. Rumsby and Paul in ref. [100] separate collisional-

radiative recombination into radiative recombination and three-body recombination with
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the rates given respectively as,

dn, dn.
rR = ( ;; )R = —QRNN; T3 = ( ;t )33 = —aggnﬁni- (2.9)

Where,
ap =27 x 107022734 qup = 9.2 x 107023779/ m( 77 1 1),

are the recombination rates [100]. Rumsby and Paul observed that in collisional-radiative
recombination that n, = > Z;n; oc t73 while T; = T, o t~2 all the while collisional times
would remain constant as the expansion proceeds [100]. Rumsby and Paul ascribe this
phenomena to their observation that in the expansion of the LIBP, is does not exchange

heat with the environment i.e., it is adiabatic [100].

This strong dependence upon the temperature discussed by Rumsby and Paul implies via
eqn. 2.9 that as the plasma cools, recombination events become more likely leading to what
Kuznetsov and Raizer term “low temperature cascade recombination” [79; 100]. In this case,
electrons may move slow enough that they attach themselves to neutral atoms and molecules
forming heavy negative ions [97]. Regardless of the pathway taken for recombination, the

basic form of a recombination process is [97],

dn,
dt

= Vi — NN (2.10)

Where 7,; is the ion-electron pair production rate per unit volume and r is the recombination
rate [97]. If quasi-neutrality holds (implying n. = n; = n) and as v,; — 0 the solution to

eqn. 2.10 is [97],
o

nt)= o (2.11)

As to what a value r is in a fs-abalted Cu-LIBP is beyond the scope of this work. What is
pertinent is that from eqn. 2.11, it is apparent that as t — co = n (t) — 0. This means
that over a long enough timescale, the charge carrier density, and with it the plasma, does
dissipate. The task then is to determine over what timescales does the plume dissipate and
what the exact value of this lifetime is. However, for this thesis in the absence of detailed

knowledge or means to directly measure what r is, PL. emission duration is measured instead
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and is used as a proxy for the LIBP lifetime.

The reasoning for this decision is as follows: LIBPs can be a source of both continuum and
discrete sources of light [96]. While light emission is occurring, the LIBP is in a sufficiently
highly excited state such that it is emitting light [78-83]. Tt follows then, that when PL
ceases, there are not enough highly excited atoms undergoing relaxation processes, nor are
there enough collisional radiative or dielectronic recombination events for light emission to
be detected. Furthermore, while the processes that give rise to light emission in LIBPs are
vast and varied (for details see Appendix B) they all contribute to the bulk PL emission.
Thus, it is over the duration of PL emission that regardless of the recombination or emission
processes ongoing within the LIBP, that the existence of the LIBP can be verified to at least

a first order approximation.

A sketch of a typical LIBP PL curve is shown in fig. 2.2. It is evident from fig.2.2 that
the PL emission follows a mono-exponential decay. This implies that the PL signal, Ipy,, is
oc e ¥/70 where Ty is the 1/e lifetime of the PL. If the oscilloscope response is taken to be a
Gaussian, g (t), with a standard deviation, t,,, this means that the signal measured in total,
I(t), is,

Fo0 _G-r—t®
I(t)=g(t,7)*Ip, (1) = AO/ dre 2% e 00 (1 —t). (2.12)
Where 6 (1 — tg) is the Heaviside step function, Ag is a constant, and tg is the time at which
PL emission is detected. By numerically fitting the convolution integral given by eqn. 2.12
to LIBP-PL data acquired from a photodiode, one can estimate 7. Note though the integral
given by eqn. 2.12 can be solved analytically, and the solution is shown in full in Appendix D
and the answer is given later in chapter 5 section 5.1. For now what is important is that eqn.

2.12 provides a means to obtain extract a 7y from a PL curve similar to the one sketched

out in fig. 2.2.

The importance of 7y is that it forms the basis for the definition of a full PL lifetime. In
analogy to RC circuits which are said to be discharged after a period of five time constants
have passed [101], it is assumed that after a period of 5 x 7y all PL emission ceases. This
5 x 19 period is termed the full PL-lifetime and is designated here as tpy, and is equal to

tpr, = 579. Fig. 2.2 is a sketch of a typical LIBP-PL curve with 7y and tpr, labelled.
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Figure 2.2: A sketch of PL a curve with the 1/e lifetime, 79 and the full PL-lifetime, ¢pr,. In
this thesis, 7 is estimated by numerically evaluating convolving the Gaussian scope response
with the PL signal, Ipy, oc e /70,

In this thesis, the PL duration 7y will be used to estimate the lifetime of the LIBP plume.
The author does not claim that this metric represents the totality of plasma phenomena
duration (see ref. [11]). However, it is sufficient to use as a first order estimate to gauge
the viability of transmissive THz spectroscopy in LIBPs for the reasons stated prior. The
question of plasma duration and synchronization will be re-visited in chapter 5 section 5.1.
However, even if synchronization could be solved, there remains the issue of whether or not
the optical properties of the LIBP plume are such that they are transmissive over the THz

range. Which is the subject of the next section.

2.3 Terahertz Transmission in Laser-Induced Break-

down Plasmas

As mentioned prior, there were two experimental approaches which informed this thesis.
The first approach is a transmission geometry where a LIBP is probed with single-cycle

THz pulses that would lay the ground work for using transmissive approaches in conjunction
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with LIBS to measure and model LIBPs. The second approach is to use the LIBP itself
as an “antennae” which would produce THz radiation that would then be measured. The
reasoning for the former approach stems from van Exter et al. in ref. [13] and Cheville and
Grischkowsky in ref. [16]. Van Exter et al. showed that THz pulses were strongly absorbed
by water molecules [13]. Furthermore, the absorption coefficient can be used to estimate the

water content [17].

There was further precedent for this approach in the literature as THz pulses have already
been used to study inductively coupled plasmas (ICPs) in a transmissive geometry [27-30].
The electron density, n., measured using transmissive THz approaches when compared to
Langmuir probes, as done by Ando et al., showed strong agreement with the Langmuir
probes affirming the validity of this technique [30]. Just as significant, Mics et al. performed
transmissive THz spectroscopy on a diatomic oxygen gas target plasma using a fs-pulse pump

and a THz probe [31] and Chen et al.’s single-shot THz probing of warm dense gold [33].

However, this alone is not enough to indicate that transmissive THz approaches are
feasible. This is because in ref. [27-30] the plasmas are formed from gaseous targets which
are broken down by an RF arc discharge, with the notable exception of ref. [31] which
uses fs-pulses. This is an issue because the electron densities of gaseous targets such as
those reported in ref. [27-31] have electron densities ranging from n, ~ 10" — 10'%cm=3.
Electron densities from solid targets reported in LIBS papers are n, ~ 10 — 10¥%m=3
[7; 8; 11; 76; 77]. This large difference in the orders of magnitude could imply that densities
in LIBPs are simply too high for transmissive THz approaches. To investigate this claim,
a simulation was performed assuming a free-electron model and typical LIBS parameters

reported in ref. [7; 8; 11; 76; 77]. Assuming a free electron model entails that the plasma

behaviour is Drude-like and the plasma frequency is given by [35],

Nn.e2 1 n.e2
= ° _ = € 2.13
“p €0Me Tr 27 \/ €ome’ (2.13)

where e = 1.6 x 10712 C is the elementary charge, n. is the electron density, and m, =

28



AquTe ~ 3.9 THz

&

A 4

f. =~ 0.891 THz
: Af~3.11THz

* »

1018 4

101? J

1014 4 e

Electron Density; ns (cm™3)
=
(=]
&
|

1013_ =

10%2; -
0 2 4 6 8 10
Linear Plasma Frequency; f, (THz)

Figure 2.3: Graph of eqn. 2.14. These results hint that there should exist some THz
transmission in a LIBP. A fz,1. represents the approximate bandwidth of the ZnTe crystal
used in this work. f. is the frequency beyond which, the order-of-magnitude densities of
the plasmas seen in LIBPs appear. Af is the approximate bandwidth over which THz
transmission in LIBPs could occur. This Af covers the lower order band of typical LIBS
densities (n, ~ 101 — 107cm=3).

9.11 x 103! kg and is the electron mass. Re-arranging eqn. 2.13 for n, gives,
5 2
Ne = €9Me ( 7Tfp) . (2.14)
e

In analogy to solids, one can assert that at w, a LIBP becomes transparent [102]. To see if

the densities given in LIBS literature even permit transmission within the ZnTe detection
crystal bandwidth used in this thesis shown in fig. 2.3, amounted to choosing values of f,
such that they fall within the range f ~ 0.1 — 4 THz and back solving for the associated
densities using eqn. 2.14. For linear plasma frequencies of f, = 0.3,1,2,3 THz, this gives
electron densities of n, = 1.1 x 10'%,1.2 x 10%,5.0 x 106, 1.1 x 10" cm ™ which indicates
that for at least the lower bounds of typical LIBPs reported in literature, THz transmission

could be possible.
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To see how transmissive an LIBP is, the transmission coefficient, T}, reflection coefficient,
R, and penetration depth, d, over the THz range are plotted in fig. 2.4 - 2.6. The LIBP in this
case is treated as a slab of length [ = 1.5 mm, consisting of one ionic species and electrons,
is considered static in time, and under vacuum. In addition density and temperature are
isotropic, satisfying the conditions for LTE given by criteria A.6-A.7. The final assumption
is that electron-ion collisions dominate over other collision types (e.g. electron-electron or
electron-neutral collisions) if this is so, the Coloumb logarithm for electron-ion collisions,
I ; is [103],
ILJ:23—JH(ZV@§> where T¢ < T, < 102* V. (2.15)

7
Where n, is in units of cm™ and 7T, in units of eV in eqn. 2.15. The momentum scattering
time 7 is then estimated to be [103],

3/2

Te
T:&Mxlwnnl[ﬂ (2.16)

in eqn. 2.16, the units of T, are in K and n, are in m~3. The parameters for the simulation
are tabulated in table 2.1. For all cases the electron temperature is 7, = 1 x 10* K, an the
ion charge of Z = 2 and a cross-sectional length [ = 1.5 mm. The reasoning for the choice of
T, and [, is because these parameters are the order of magnitude for LIBP as measured by
LIBS experiments [7; 8; 11; 76; 77]. The choice of Z = 2 is arbitrary. While in truth there
could be multiple ionic species present in a LIBP, they are ignored here for both the sake of
simplicity and that changing the ionic charge did not cause significant deviations from the
results presented here. Note that the simulation was far more sensitive to changes in [ and

T..

Details outlining the simulation algorithm are shown in Appendix C. To summarize
briefly, after calculating n, and 7 from eqn. 2.14 and 2.16, the optical properties are then
calculated by propagating through the relations shown in Appendix C, with the imaginary

and real components of the index of refraction being given by [102],

L Jarara) L Jerao)”
- + + , —_ + — . 2.17
ny 7 ( €t + € (—:1) N2 7 ( €1 + € €1> (2.17)
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The results of 2.17 can then be used to calculate the reflectivity R and transmissivity 7}

[102],
(ny —1)* + n? (1—R)*e
R - ) 57 Tt - w. (218)
(n1+1)"+n3 e

Where « is the absorption coefficient. Note T} is the transmission through the plume ac-
counting for multiple internal reflections, while R is the reflectivity for both sides of the
plasma surface. Note that the form of T; used here is valid for when the coherence length,
l. = ¢/Af, is negligible in comparison to the cross-sectional length, [ [102]. For a typical THz
pulse from a photoconductive antenna, Af ~ 2 x 102 Hz giving an [, of [, = 1.5 x 107*m
which is significantly smaller than the cross-sectional length [ = 1.5 x 1073 m used here. This
means that the form of T, quoted here is a reasonable approximation [102]. To obtain the
penetration depth, §, and with it the absorption coefficient, «, requires only ny from eqn.
2.17 giving [102; 104],
1 c c

5=

o 2now - drno f

(2.19)

The plots of eqn. 2.18 - 2.19 are shown in fig.2.4-2.6. As expected, the higher n,. is, the
harder it is for a THz pulse to travel through the cross-sectional length of [ = 1.5 mm which
even at w, proves difficult for a waveform to traverse (fig. 2.6-2.6). This is further shown in

fig. 2.4 as higher n, entails a slower convergence towards 7; — 1.

fp (THz) n. (x10% em™) I.; 7 (ps)

0.3 1.1 4.8 65
1.0 12 3.6 7.8
2.0 50 2.9 2.4
3.0 110 2.5 1.3

Table 2.1: Simulation parameters for fig.2.4-2.6. For all cases T, = 1 x 10*K, Z = 2 and
[ =1.5mm.
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Figure 2.4: THz transmissivity (7;) spectra through a LIBP slab with densities varying
from n. ~ 10 — 10'® cm=3. This means, that transmissive spectroscopy is feasible for
at least the lower bound on the typical LIBP electron densities quoted in literature (n, ~
106 —10cm=3), while THz transmission would be strongly suppressed for n, > 10717 cm™3.

The dashed lines correspond to the linear plasma frequency, f, = w,/27 used.
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Figure 2.5: The reflectivity (R) spectra for a LIBP of n, ~ 10 — 101 cm™3 for a single
side of a LIBP slab surface. The dashed lines correspond to the linear plasma frequency,
fp = wp/2m used.
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Figure 2.6: The penetration depth, J, over the ZnTe frequency bandwidth. Coloured-dashed
lines indicate plasma frequencies, f, = w,/2m used. As expected, the higher the plume
density the harder it is for THz band light to traverse the LIBP plume.

Considering the case where the LIBP is weakly collisional or collisionless, in the space-
charge picture illustrated in fig. 2.1(b) the electrons precede the ions in the early times
within the first few picoseconds [91-93]. Li et al. for example, estimated based on the
hemispherical shadow that appeared in their work, that electrons were ejected at a speed
of v ~ 1.4 x 10"m/s [93]. J.S. Pearlman and G.H. Dahlbacka note that on average the
electrons lead the ions at the front of the expansion in the early time [89]. If this is so, this
would mean that within the first few picoseconds, a LIBP under vacuum is collisionless. In

light of this, 1/7 — 0 and the expression for the relative dielectric constant reduces down to

wQ

oW =1-- (2.20)

The reflectivity can then be calculated using eqn. 2.20 according to [102],

-1 & —26 +1
. _Goeveto (2.21)
n+1 €+ 2./ +1

where the relation n = /€, has been used. The transmissivity shown in eqn. 2.18 still holds,
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but the absorption coefficient is now re-defined as [15],

9 ST 2
a(w) = Vi e for w < wy. (2.22)
0 c b

Plotting eqn. 2.21 along with ¢ defined according to eqn. 2.22, and the transmissivity in
eqn. 2.18 using absorption coefficient defined in eqn. 2.22 gives fig. 2.9-2.9.
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Figure 2.7: The transmissivity in the collisionless limit. 7} here represents the transmissivity
through the plasma slab in the THz region. The absorption coefficient, o used in the cal-
culation of T} is given by eqn. 2.22. The collisionless transmissivity converges much faster
towards unity than the collisional counterpart shown in fig. 2.4.

These simulation results show an even greater degree of transmissivity in the THz band
than the previous simulation results which included the effects of collisions (fig. 2.4-2.6).
With the penetration depth rapidly approaching infinity in the case of fig. 2.9 and an even
quicker convergence to unity than it’s collisional counterpart shown in fig. 2.4. Regardless in
both the later-time collisional shown in fig. 2.4-2.6, and the earlier time collisionless cases,
shown in fig. 2.7-2.9 seem to indicate that some degree of transmissivity is feasible. In both
cases higher n. indicates slower convergence towards unity.

An implication of fig. 2.4-2.9 is that due to the higher n. at earlier times (see ref.
[7; 8; 11; 76; 77]), the THz pulse should experience a large —AT. This follows from the
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Figure 2.8: Reflectivity in the collisionless limit. The reflectivity here represents the reflec-
tivity of a single side of the plasma slab. The curves in this figure were calculated using eqn.
2.20-2.21.

definition of —AT, which states that —AT = Tpump — Tret [57; 58]. In the context of LIBPs,
Tpump Would refer to the THz pulse travelling through a LIBP, while the Tres would refer to
the THz pulse travelling through air. In light of this fig. 2.4-2.9 would indicate that LIBP
would totally screen the THz pulse in the early times resulting in a very large AT. However,
AT — 0, as the LIBP undergoes recombination and transmission would become feasible.
In practice though when performing the measurement, no A7 was observed. There are
two possible reasons for this: (1) lack of spatial overlap and (2) lack of synchronization.
Spatial overlap refers to the alignment of the LIBP plume at the THz focus. The lack of
spatial overlap comes from misalignment of the sample surface with the THz focus. Spatial
overlap can be solved with relative ease with the use of guiding lasers and a fine adjust
translation stage mount. Synchronization though requires careful consideration of the plasma
duration, the arrival of the ablation/PE pulse, and the arrival of the THz probe pulse. Issues
with synchronization arise if the LIBP dissipates before the arrival of the THz pulse, or
alternatively, if the THz pulse arrives long before the ablation pulse necessary for optical
breakdown. In this thesis the issues with synchronization proved difficult to surmount within

the period of investigation as the LIBP was both relatively short-lived (see chapter 5) and
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Figure 2.9: The optical penetration depth in the collisionless limit. The solid black line
represents the cross-sectional length of the LIBP plume. These results indicate that at
w = w), the penetration depth diverges quite quickly.

the asynchronicity between the two laser systems means that the arrival of the THz pulse
with respect to the ablation pulse was constantly shifting. It is for these reasons that the

transmissive approach was abandoned.

2.4 Terahertz Emission in Laser-Induced Breakdown

Plasmas

There are two main models of THz emission in LIBPs: the first of which is the pondero-
motive model proposed by Hamster et al. in ref. [51; 52] and the second model is the
photocurrent model proposed by Sagisaka et al. in ref. [50]. In the ponderomotive model,
THz emission arises from a ponderomotive potential under a strong electric field provided
by the laser pulse [51; 52]. This strong electric field drives charge carriers in the plasma
resulting in THz emission [51; 52]. In addition Hamster et al. posits, that in addition to the

ponderomotive driving force, difference and sum frequency mixing between the oscillations

inside the plasma and the laser pulse bandwidth contribute to a non-linear current density
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which in the far field gives rise to THz emission [51; 52]. In the photocurrent model, the
magnetic field of the optical excitation pulse produces a driving force on the photoexcited
electrons within the plasma or by electrons moving along the target surface [49; 50; 54].
Neither of these approaches are sufficient for the findings in this thesis. For in the both sets
of experiments, the authors used a pre-pulse and an amplified-spontaneous emission pulse
to make a preformed plasma which was subsequently driven by the proceeding main fs-pulse
[50-52; 54].

In this thesis the THz emission seen in fig. 6.1-6.4 cannot be sufficiently explained by
either model. For as noted in LIBS literature, for the case of femtosecond ablation, the fs-
pulse does not interact with the plasma [8; 10]. This means that in the absence of a pre-pulse
with sufficient energy to induce ablation, there can be no preformed plasma and therefore, no
ponderomotive effect. This means that any THz emission that is seen must arise either from
some nonlinear bulk process or from the LIBP plume itself. For this thesis, the experiment
performed for emissive THz detection of LIBPs, the only pulse used for the LIBP formation
was a A\g = 795nm femtosecond pulse with a pulsewidth, 7, of 7, = 70fs. However, even
assuming that there was non-negligable pre-pulse, for the Ti:Sapphire system used in this
thesis the typical contrast ratio between the main pulse and any pre-pulse is £,/ E, ~ 1/500.
This implies that the corresponding absorbed fluence (estimated here to be ® ~ 3.82 J/cm?
for the main pulse) would be ® ~ 7.64mJ/cm? for the pre-pulse. ® &~ 7.64mJ/cm? is well
below the minimum ablation threshold fluence found by both Nolte et al. (®5 = 140 mJ/cm?)
and Hashida et al. (®y = 18 mJ/cm?) for Cu [72; 74]. This indicates that there is a limited
possibility of a preformed plasma appearing before the arrival of the main pulse, and thus a

need for a different approach to understanding the THz emission shown in fig. 6.1-6.4.

The mechanism that the author proposes is a rapid space-charge separation occurring on
picosecond timescales in a manner analogous to the photo-Dember effect. This speculation
has grounding in that rapid space-charge separation in LIBPs has been documented before in
the literature [89; 91-93]. Femtosecond electron shadow imaging measurements in ref. [91-
93] even show rapid picosecond behaviour. In ref. [93] for example, Li et al. used femtosecond
electron shadow imaging to show that there appears a transient electric field within the first

~ 10 ps of the LIBP lifetime [93]. Li et al estimated based on the hemispherical shadow that
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appeared in their work that electrons were ejected at a speed of v, ~ 1.4 x 107 m/s with
electric fields up to £ ~ 2.4 x 10° V/m at a distance of around ~ 140 um from the Cu-target
surface under a vacuum of 1 x 1072 torr[93]. Such a rapid charge expulsion in the first few

picoseconds of the LIBP plume lifetime should give rise to a THz transient.

To account for the results seen here in fig. 6.1-6.4, the following toy model considers first

the density of incident photons from a Gaussian pulse in the ablation volume given by,

t? No 1 E
ny (t) = ng exp (_ﬁ) where ny = Vj = VA%po (1-R). (2.23)
p

Where 7, is the pulse duration on the order of ~ 107" s, V4 = 7w24 is the ablation volume
of the sample, and ¢ is given by eqn. 2.19, Ep the energy of the pulse, and hwy is the energy
of the central laser wavelength. There exists some relation between the photon density
described by eqn. 2.23 amd the charge carrier density, n., since the absorption of photons
corresponds to the production of charge carriers through either multiphoton-ionization, the
photoelectric effect, or thermionic emission is directly related to the initial laser pulse as it
provides the energy [75]. However, not all the photons in the distribution described by eqn.
2.23 contribute to the charge carrier production process. To account for this, assume that
there exists a constant of proportionality 7 such that the relation between n, (t) and n. (t)

is,

_ne) _ v
ne = (D) = . n. (t) = neny, (t) = neno exp (—7—102). (2.24)

Where 0 < e < 1 with ne — 0 corresponds to no charge carrier production, while ne — 1
implies that all the incident photons in the ablation volume contribute to charge carrier
production. This parameter is a direct analog to the quantum efficiency of semiconductors
(see ref. [105] for details regarding the quantum efficiency). In semiconductors, the quan-
tum efficiency is a dimensionless constant which indicates how good the semiconductor is at
emitting light [105]. Likewise, n¢ is termed the charge carrier production efficiency of the
sample and is a dimensionless parameter which indicates the degree of charge carrier pro-

duction that occurs in the ablation volume. The velocity of the charge carriers after plasma
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formation is assumed to be an exponential decay, i.e.,

7 (t) = T exp <—i>. (2.25)

v

Where vy = vgn is a constant velocity vector which is normal to the surface of the sample.
T, is a constant that corresponds to some velocity relaxation processes in the charge carriers.
The space-charge current density of the LIBP can then be calculated by the convolution of
eqn. 2.24-2.25,

. 400 _ (t—tg—-7)?
J=e(n.xv)(t) = ernCnovo/ dro(r —tg)e 7 e ™
. oo _(t-tg-m?
J=e(n.xv)(t) = povo/ dre 7 e = n where py= eAyncno. (2.26)

to

Where Ay is some arbitrary constant of integration and 6 (1 — ¢y) is the Heaviside function
and ty the time at which the light is incident upon the sample. The full evaluation of the
integral shown in eqn. 2.26 is nearly identical to that of the one performed for the PL seen
later with minor differences being the constants out front and that ¢ty = 0 at the end. The

derivation for the PL is given in full in Appendix D. For now, the result of eqn. 2.26 is,

T

2
. T _t 4 Tp t T .
J=ce (TLC * ’U) (t) = \/T—pOTpe ‘ru+47—3 |:]_ + erf (T_p — 2—2>:| Vo. (227)

The magnitude of eqn. 2.27 is shown in fig. 2.10. The THz electric field £y, can then be
related to the current density according to, Ery, o 0J/0t [60-63; 65; 66]. So taking the

derivative of eqn. 2.27 with respect to time gives a function,

- B
£ x % x poe_%vo — \gi:ppoe:v“fpg [1 + erf [i — i” V- (2.28)
Plotting eqn. 2.28 gives a single-cycle THz pulse shown in fig. 2.11. From this general
theoretical description, one can conclude that assuming ultrafast carrier dynamics in the
early times of a LIBP, THz emission can be expected. =~ What is sketched out here is not
a complete picture of the dynamics by any stretch. For example, the exact values for the

constants in eqn. 2.27-2.28 are not known. Furthermore, it is not clear as to what the actual
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Figure 2.10: A graph of the transient current density in a LIBP based on eqn. 2.27. This
transient current arises from a rapid space-charge effect. This space-charge effect gives rise
to a strong internal electric field inside the plasma which drives charged particle motion. The
fall time is determined by the velocity relaxation time, 7,, which in this figure is 7, = 1 ps.
The rise time is determined by, 7,, which in this figure is 7, = 100 fs.

(o))

Electric Field (a.u)
B

o]
L

o] k/

-2 -1 0 1 2 3 4 5 6 7
Time (ps)

Figure 2.11: A single-cycle THz pulse obtained by taking the derivative of current density
shown in fig. 2.10. This results confirms that a space-charge model can reproduce a THz
pulse.
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velocity relaxation processes are or how to decouple them. What the model outlined in eqn.
2.24-2.28 does demonstrate is that a space-charge effect can give rise to a THz transient in
the far-field. Furthermore, this is sufficient to explain results seen in fig. 6.1-6.4. To the best
of the author’s knowledge there has been no attempt to explain THz transients in terms of

a space-charge effect alone in the absence of a driving laser field.

Note that there could be other process from the bulk, that could contribute to THz
radiation that emerges from the interaction of solid-targets with ultrafast lasers. For exam-
ple, while Sagisaka et al.’s model is based on the assumption that there exists a preformed
plasma, it’s central argument is that there exists some free-charge that is driven by the on-
coming laser pulse [50; 54]. Sagisaka assumed that this free-charge comes from the magnetic
field of the fs-driven plasma which then drives the current in the Ti target [50]. Fei et al.
differs from Sagisaka et al. in that they ascribe THz emission to the flow of electrons along
the target surface driven by the laser field [54]. Fei et al.’s assertion the author speculates,
is based on the observation that electrons in metals are free-charges that can be driven by
an electric field, resulting in a current density J = 6& [35]. Fei et al. argues that the THz

emission is attributable to a photocurrent along the target surface [54],

J=J exp{—g}é(m, (2.29)

0

where Jy is directly proportional to the laser intensity, d (7) is the Dirac-delta evaluated at
some coordinate 7, and 7 is a constant depending on the laser-pulse width. A limitation of
Fei et al.’s approach though, is the total neglect of the aforementioned space-charge effect
which has been known to occur over picosecond timescales [54; 91-93]. Decoupling potential
photocurrents from the resulting space-charge effect is not within the scope of this thesis.
However, they are a possible contributor that the reader should be aware of. A specific non-
linear effect of note that could contribute to THz generation arising from the bulk in metals
is optical rectification [67; 68]. For more information on optical rectification see chapter 3

subsection 3.3.3.

Any future modelling of THz emission from solid-target LIBPs needs to take into account

the presence of the space-charge, which to the best of the author’s knowledge has not been
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made explicit as of writing. Such a model should be able to re-create something akin to fig.
2.10-2.11. A possible avenue to consider is the Fowler-Dubridge Model of Photoemission.
In this model, current density is represented by a superposition of partial current densi-
ties corresponding to thermionic, thermally assisted photoemission, and n-photon ionization
[75; 106; 107]. J.P. Girardeau-Montaut and C. Girardeau-Montaut attempted to develop
a theory of ultra-fast nonlinear multiphoton photoelectric emission from metals using the
Fowler-Dubridge formalism outlined in ref. [106; 107] in their own work [75]. However,
J.P. Girardeau-Montaut and C. Girardeau-Montaut claimed they were unsuccessful in their
endeavour because their extension did not justify the link between processes at the micro-
scopic scale and the macroscopic photoelectric response of the material [75]. While there
were subsequent follow up studies to J.P. Girardeau-Montaut and C. Girardeau-Montaut
neither J.P. Girardeau-Montaut and C. Girardeau-Montaut nor the later follow up studies
make any mention of THz emission [75; 108-110]. Though all of the previously cited studies

make reference to picosecond to sub-picosecond timescale phenomenon [75; 108-110].
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Chapter 3

Electron-Hole Plasmas

This chapter describes Electron-Hole plasmas (EHPs). While the idea for plasma-like effects
occuring within solids goes back to Kronig and Korringa in 1943 [111; 112] and Bower’s
makes reference to plasmas in semiconductors in particular in ref. [37]. EHPs started to be
seriously investigated in light of Van Vechten and R. Tsu’s proposal that an EHP could be
used to account for pulsed laser annealing in semiconductors which could not be explained
using thermal or simple melt models [38; 39; 41]. The annealing according to Van Vechten
and R. Tsu, was instead said to arise from the presence of an EHP [39; 41]. In this thesis,
EHPs are used to benchmark transmissive and emissive THz techniques. As such some
background on EHPs is required. This chapter begins with a discussion on EHP formation.
To describe EHPs, the Drude model is used as in the previous chapter. This is because the
Drude model features describe parameters of EHPs that can be measured using single-cycle
THz pulses [23; 25; 40]. The section proceeding the Drude model will then elaborate on
various THz generation mechanisms that can occur within semiconductors. With a focus on
the photo-Dember effect and surface currents in addition to a brief discussion on nonlinear
effects that could contribute to THz generation. This will lead into a section outlining the

theory of photo-conductive antennae which exploit surface currents to generate THz pulses.
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3.1 Electron-Hole Plasma Formation

The formation of EHPs begins with the creation of electron-hole pairs (e-h pairs) through
PE, described in fig. 3.1. When a semiconductor is PE by a photon of energy, hw, at or
above the band gap energy, Eg, an electron occupying the valence band is promoted into
the conduction band [113; 114]. This results in a vacancy within the valence band, which is
equivalent to the creation of a hole in the valence band [113]. Thus, every electron promoted
to the conduction band necessitates the creation of a corresponding hole in the valence band
[113; 115].

During PE, laser energy is absorbed by one of two mechanisms in semiconductors: (1)
electron-hole pair creation or (2) free-carrier excitation [41]. The energy absorption comes
from the imaginary part of the dielectric constant, e, [40]. This is a consequence of free-
carrier screening, where at frequencies above wy,, ny = €2/2n; and a x ny = a X €/2n,
[35]. There are two contributions to this absorption: the first is from EHP absorption and
the second comes from the creation of e-h pairs [40]. A rate of generation of e-h pairs can

be written explicitly as [40],
on  27eq

e 2

Initially, with few carriers present, the process (1) dominates so that near the surface the

photon absorption rate A of [40],

. 87’7/ . (1 — R) 82 72/5
Alhw) = 5y = om0 e (3.2)

Where Z, = 377 is the impedance of free-space, R the reflectivity, and ¢ is the optical
penetration depth given by eqn. 2.19 [40].

Qualitatively, the evolution of the electronic system during PE can be understood as
follows: the pulse is first absorbed over the penetration depth § (eqn. 2.19) and creates e-h
pairs with an exponential profile over § [40]. The sample will act according to eqn. 3.2 until
the surface e-h density reaches the plasma frequency density, n, [40]. At n, the real part
of the dielectric function becomes zero and consequently, the electromagnetic field changes

from a propagating wave to an exponentially decaying wave [40].
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Figure 3.1: A photoexcitation (PE) by a light pulse with energy Aw promoting an electron
to the conduction band resulting in the appearance of a hole in the valence band. For the
electron to be promoted to the conduction band, the energy of the light pulse Aw must be
such that, iw > Eg. This PE of a semiconductor results in the production of electron-hole
pairs.

The net result is the production of hot electrons and holes which then thermalize with
other carriers and eventually the lattice [38; 41]. The primary channels for energy relaxation
of these hot carriers are collisions with other carriers, plasmon production, phonon emission,

and electron-hole pair production via impact ionization [41]. For high carrier densities n >
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10" c¢m™3, the plasmon energy is typically greater than phonon energies [41]. Consequently,
plasmon-phonon coupling is weak and phonon production by plasmons is negligible [41].
This means that no energy is transferred to the lattice by the creation of plasmons and their
decay, the energy lost by the hot electrons remains in the carrier system [41]. Carriers though
may emit phonons thereby ensuring that the energy is transferred from the e-h plasma to
the lattice [41]. Beyond n, thermalization begins, and so to do thermal processes such
as diffusion and recombination [40; 41]. The description of some of the resulting optical
properties of the EHP can be encompassed by the Drude model which is discussed in the

next section.

3.2 Electron-Hole Plasma Evolution and Dynamics

The classical description of an EHP starts with the Drude-Lorentz model. In this model
the electrons are considered to be freely moving as they collide with the surrounding lattice.
The in this model, the equation of motion for the electrons is [35; 40],

27 14z €€ (1)

T (3:3)

Where 7 is the relaxation time and m* is the effective mass of the EHP defined as [40],

1

1
m* Me

B 1
= _—

The solution to eqn.3.3 is given by the ansatz 7 (t) = T exp(—iwt) [35; 40].1

d*z  1dx €€ (t) 9 it o . €E(t)
T rar s e o Wee = e = =
. t t
L (t) = xoe_“"’t = _LL - _LL
m* (w? +iw/T) m* (w? + iyw)

'For convenience sake the vector notation is dropped in the proceeding derivation as there is minimal loss
of generality.
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Recall that the polarization for a dipole model is ‘73) = P = nex [35; 40]. Substituting the

Ansatz derived solution gives the polarization as [35; 40],

P:nex:_ﬁ%:_neQ(i+i>( (1)

m* (w? + iyw me  my ) (W?+ iyw)

The displacement electric field which is defined as [35],
D= eog + 73fc + 73m = eoemg = £

Where P f¢ is the free carrier polarizability and P, is the bound electron polarizability before
the addition of dopants [35]. It is from the def. of D that the dielectric constant is derived
for the intraband contribution of an EHP, yielding [35; 40],

1 1 &
D=cE+P+P,=cené —ne® | —+ — ) ————
me  my ) (W? +iyw)
2 1
D = epem |1 — —= —_| ¢
€oemm* (W? + iyw)

ne? 1

— . €= €€m — ) €0€m {1 - (W—i} (34)

m* (W + iyw w? + iyw)

Where €, is the background permittivity accounting for the the polarizability of an undoped
semiconductor and w? = ne?/ (€pem*) is the plasma frequency [35; 41]. For a more elaborate
calculation of the dielectric constant using the random phase approximation (RPA) see
ref. [41]. The conductivity of the EHP follows a similar procedure to the one outlined for
the dielectric constant. The key difference being that the velocity of an e-h pair is under
consideration meaning that eqn. 3.3 becomes [35],

dd

e€ (t)
E +

m*

1
—U =
T

and the ansatz used is ¥ = Uy exp(—iwt). Through the definition of current density, J =

net = o€, one arrives at an EHP conductivity of [35],

nre 1 0o

m* 1 —iwr 1 —iwr
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Where o is the DC electric conductivity [35]. Splitting eqn. 3.5 into real and imaginary

components gives,

1 2
_ (o)) 227167’ . & oy = 0y wT 2:7167' wT . (3.6)
1+ (wT) m* 1+ (wr) 1+ (wT) m* 1+ (wr)

01

Using the results of eqn. 3.6 it can be shown that the dielectric constant real and imaginary

components are in terms of o7 and o,

G=1--2 & =L (3.7)
€ow €ow

As to how the dielectric constant and the conductivity described by eqn. 3.4-3.7 can be
measured and the existence of the EHP state verified, recall that the dielectric constant given
by eqn. 3.4 has an imaginary component. This imaginary component of eqn. 3.4 corresponds
to a damping process in the EHP and consequently, the absorption of an electromagnetic
wave [40]. If the PE is such that hw > FE¢, e-h pair production (process (1)) will quickly give
way to free-carrier excitation/absorption (process (2)) and any subsequent electromagnetic

radiation incident is then screened [35; 40; 114].

If a THz pulse is travelling through the sample sometime after the PE pulse induces
free-carrier production, the THz pulse will then be attenuated by the free-carriers giving rise
to a transmissivity of T, which differs from the initial transmissivity through the sample
in the absence of PE, Ty [26; 57; 58]. Taking this difference between free-carrier screened
pulse and the nominal pulse then gives rise to the —A7T which is defined for this instance as
—AT =To—Ts [26; 57; 58]. This change in the THz pulse arises from free-carrier screening
which can be represented as a change in the dielectric response given by eqn. 3.4 and through,
eqn. 3.7, the conductivity to the oncoming THz pulse. This hints at the existence of some
relation between —A7T /Ty and the conductivity, 6. The exact nature of that relation is given

by the Tinkham equation [57],

AT . Z0l6 . Zol (0'1 +i0’2)
76 N n1+1+Zol& N n1+1+Z0l(01+i02)

(3.8)

where Z, = 3772 is the impedance of free-space, [ is the thickness of a thin film, n; is the
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real part of the refractive index defined in eqn. 2.17 and is evaluated at THz wavelengths. If
under strong free-carrier screening, €5 > €; which implies via eqn. 3.7 that o1 > o5 reducing

eqn. 3.8 down to,

AT ZglO’l AT 1
- ~ = = = ~ ni+1
76 ni + 1+ ZOlO' 76 Zoloy +1

If (ny + 1) /Zploy > 1 one can write an expression for oy as [57],

o1 =~

Zl | T (3.9

Eqn. 3.9 implies that by varying the delay between optical-pump pulse and the THz-probe
pulse, it is then possible to obtain a time-resolved conductivity measurement [22; 24; 25; 57—
59]. Eqn. 3.8 and 3.9 form the basis for optical-pump? and THz-probe style experiments
[22; 24-26; 57; 59].

In this thesis, a optical-pump THz-probe scheme is used where a A = 795nm , hw =
1.56 eV pulse acts as the pump that is used to PE the semiconductors GaAs and Si. While
a THz pulse is used as the probe to monitor the resulting dynamics. For this thesis, the goal
is to simply obtain a —AT signal for LIBPs, for if such a signal can be obtained, it would
then show that techniques used in the study of EHPs can be applied to LIBPs. Finally,
the presence of an EHP should manifest as a spike in the —A7 signal. It will be shown in

chapter 5 section 5.2 that this spike in the —A7 signal does indeed occur (see fig. 5.5 and

5.7). For now the discussion will turn to how THz generation in an EHP occurs.

3.3 Terahertz Generation in Semiconductors

THz emission mechanisms in bulk semiconductors can be grouped into nonlinear and linear
processes [60]. Nonlinear processes can arise from some inherent asymmetry in the material
(e.g., the electronegativity difference between Zinc and Tellurium atoms in ZnTe gives rise
to an asymmetric potential along the chemical bond) or high intensity PE at, or above, Eg

[60; 116; 117]. Linear processes are explained in terms of the current surge model on the

20Optical refers to any non-THz band light that is photo-exciting the semiconductor.
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semiconductor surface induced by PE [60]. The current surge is thought to have two origins:
(1) the acceleration of PE carriers by the surface depletion region and (2) the photo-Dember
effect; where charge carriers diffuse into the semiconductor bulk [60-63]. Typically more than
one of these processes may exist within a semiconductor and are often difficult to decouple
from one another as they often co-exist [61-63]. To start, the discussion of linear processes
will proceed first. This will establish not only the means by which semiconductors typically
generate THz emission, but will serve as the basis for how photoconductive antennae used in
this experiment work. Nonlinear processes, particularly optical rectification, will be discussed

in brief.

3.3.1 Linear Processes: The Photo-Dember Effect & Surface Cur-

rent

In the photo-Dember effect THz emission arises from a diffusive current in the bulk of the
material [61; 63]. This occurs if two inter-related conditions are met: (1) the mobility
difference between electrons and holes in the semiconductor is very large, i.e., p. > uy, and
(2), the structural asymmetry within the material is significant [63]. Fig. 3.2 gives a pictorial
representation of the photo-Dember effect at various stages in time. In the initial stage (fig.
3.2 stage (i)), the PE creates a large number of e-h pairs [38; 40; 41; 63]. Since p > pp, the
electrons precede the holes and accelerate into the bulk of the semiconductor (fig. 3.2 stage
(ii)) [60; 61; 63]. This rapid charge separation then gives rise to a transient photo-Dember
potential, Vp (fig. 3.2 stage (ii)) [60]. Eventually, the charge carriers undergo recombination
and the semiconductor returns to equilibrium (fig. 3.2 stage (iii)) [63].

In the vicinity of a surface, reflection or capture of charges results in the centre of charge
for electrons and holes moving away from the surface [63]. A dipole subsequently forms
perpendicular to the surface, leading to THz emission [63]. Because of this diffusion into the
bulk, the photo-Dember effect is bulk dominated, changing the semiconductor doping from
n- to p-type has no effect on the sign of the polarity of the THz pulse [60; 62; 63]. Examples of
primarily photo-dember effect emitters include InAs and InSb; both of which have relatively

large electron mobilities in comparison to their hole mobilities (. = 7.6 x 10* cm?-V~'s™! vs

50



(i) Photoexcitation (ii) Diffusion into bulk

(6] @ @ ©o
e%o :.°0.°:.o° °
f &
Uh
o o500l S
a8 ) 0 %95 ogy o ©°
O Hole hw > Eg
@ Electron

(iii) Recombination

Figure 3.2: Diagram detailing the Photo-Dember mechanism. (i) PE with a laser of energy
hw, such that hw > Eg creates electron hole pairs. (ii) The mobility difference between
the holes and electrons results in the electrons diffusing into the bulk and away from the
holes leading to a transient photo-Dember voltage, Vp. (iii) Electrons and holes undergo
recombination.

pn = 8% 10%2cm? Vs~ for InSb and pe = 3 x 10*em? V" s7! vs py, = 2.4 x 102 cm?-V—1s~!
for InAs) [60].
As is implied by the fact that the carriers driving the formation of a THz pulse comes

from the bulk of the material, the photo-Dember mechanism is a diffusive process and the

current arising in the semiconductor is given in part by [61],
jD =€ (DeVne - thnh) . (310)

Where D, and D), are the coefficients of diffusion and are given by [61],

kT kgT,
De:,u B ’Dh:,UhBh‘
e e
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As shown in fig. 3.2, this diffusive action described by eqn. 3.10 gives rise to a photo-Dember
voltage, Vp, which can be related to the THz field according to, Erp, ~ Vp/J where 4 is the

optical penetration depth given by eqn. 2.19 [60].

Realistically though, the photo-Dember effect can co-exist with other THz generation
mechanisms [60-62]. As observed by Liu et al., higher doping concentrations can effect the
diffusion current [62]. For example, in n-type InAs, the doped electrons join the drift action
in the opposite direction of electron diffusion [62]. Thus, the total current can be thought of
as consisting of contributions from both diffusion action and the drift action meaning that
[61],

J=Je+Jp=¢ek, (Nepte + nppin) + € (D Vne, — Dy Vny,) , (3.11)

where the &, is the surface field [61]. This naturally leads to the question of whether or not
THz emission from drift current arising from surface effects and the photo-Dember effect in

bulk can even be decoupled from one another.

There is a very simple check that can be performed on the semiconductor: change the
dopant type between n-type (or p-type) to p-type (or n-type). If the pulse like the one shown
in fig. 6.7 maintains its polarity after the dopant has been swapped, then the semiconductor
can be considered to be a primarily photo-Dember emitter at that wavelength [60; 62; 63].
In contrast, GaAs is primarily a surface-field emitter so the polarity of the THz pulse seen

in fig. 6.5 is dopant dependent [61; 63].

As Heyman et al. pointed out though, which term dominates in eqn. 3.11 is wavelength
dependent and there do exist intermediate regimes where surface current and drift are co-

equal [61]. This can be seen by rewriting eqn. 3.11,

jg +Jp = €€, (Nepte + nppin) + € (D Vne — Dy Vny,)
= eneuegs + nh,uhegs +eD.Vn, —eD,Vny

= eneuegg +eD.Vn, + nh,uhegs —eDpVny,

L , Vn. . v
Je+Jp =n. (euegs +eD, " ) + ny, (uheé's —eDy, nh) ) (3.12)
n

e Np
Approximating, Vn,/n. = Vny,/n, = L™, where L is the optical absorption length and
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considering only the magnitudes of the vector quantities allows one to simplify eqn. 3.12 as

follows [61],

Vn. \v4
Je+Jp = n,. (eueé's +eD, n ) + ny, <,uh685 —eDy, nh)
n

e np

1 1
N Ne (e,uegs + eDe_) + np <,uh€£s - eDh_)

L L
kpTe 1 kgTy 1
~ne | epels + eM—B— + np | pre€s — ew—
e L L
kBT, ksT
~ neeels + neu Bre nppupe€s — nh'uh B h
L L
k
Je + Jp = (Nepre + nppin) €Es + (MepreTe — nppinTh) TB
J e — Ty, k
142D oy et nhfndn KB
Je Nefle + Npptp,  €EsL

Next recall that PE produces equal number of electrons and holes, this gives Jp/Je as,

Jp peTe — pnTh kg - ksT.

o~
~

Je e + pn €EL T eLE,

(3.13)

assuming that p. > py, [61]. Using eqn. 3.13 and estimating the carrier temperature accord-
ing to 3/2 kg1, ~ (hv — E¢), Heyman et al. were able to estimate regimes in GaAs where
drift currents dominate over diffusion [61]. Corroborating what they observed experimentally

when switching to the 2nd order harmonics of A = 800 nm [61].

The origin of the surface field, g s, that gives rise to the drift current described in eqn. 3.11
comes from dangling bonds present at the surface of a cleaved semiconductor [65; 66; 118].
A graphical representation of the dangling bonds is shown in fig. 3.3. If the electrons in the
dangling bonds shown in fig. 3.3 cannot pair with nearby atoms, these dangling bonds will
interact with each other giving rise to an electrostatic surface-field, & [118]. This surface
field is normal to the surface of the semiconductor and the strength of it is a function of the
Schottky barrier potential and the doping concentration (see eqn. 3.17) [64]. These dangling

bonds also possess their own Fermi-level E7 [118)].

If the dopant concentration at the surface exceeds that of the bulk, the surface field can

penetrate into the bulk, bending the band structure of the semiconductor [118]. The Fermi
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Figure 3.3: A representation of dangling bonds at the lattice-air boundary of an arbitrary
semiconductor.

levels in both the bulk and surface equilibrate; resulting in band bending in both n-type and
p-type semiconductors, changing the resulting band structure and subsequently “pinning”
the Fermi level of the bulk [64; 66; 118]. This leads to a permanent depletion/accumulation
region within the semiconductor (see fig. 3.4 - 3.5) near the surface [64; 66; 118].  This

nds} Al B ale)
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= . S——
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Figure 3.4: Fermi level pinning in an n-type semiconductor. Here an accumulation region [,
forms in response to the surface Fermi level E7 equilibrating with the bulk Fermi level EZ.
E, is the vacuum energy. Based on a similar figure found in ref. [118].

results in & driving electrons towards the surface (or bulk for n-type) and holes into the
bulk (or surface for n-type) [64—66]. These free carriers are swept across the depletion (or
accumulation) region Iy (or l,), the photocurrent flows in, and a transient dipole forms [64—

66]. This transient dipole is responsible for THz emission and is given by X.C-. Zhang as
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Figure 3.5: Fermi level pinning in a p-type semiconductor. Here a depletion region [/; forms
in response to the surface Fermi level E% equilibrating with the bulk Fermi level EE. E,, is
the vacuum energy. Based on a similar figure found in ref. [118].

[63; 64],

Erny (0) = 210 / gs — 1 4% (3.14)
S

" drec? ‘F—F"E'
Where 6 is the angle between observation direction and particle acceleration and the integral
in eqn. 3.14 is performed over the entire irradiated surface area S [64]. x in this instance
denotes the vertical distance between the air-semiconductor interface and the bulk [64]. The

surface current density at its most general is written by X.-C Zhang et al. as [65],

Js (1) = 6/000 de n(z,t)v (&, z,t) = e/ooo de n(x,t)p(Es,x,t) E (). (3.15)

In terms of the incident femtosecond pulse and the material parameters, J, can be written

more specifically as [64],

J(6)= 21— R (fy)] /0 Cdw &, (z) oo / dt p(t— )

—00

t/
X / dt" e~ () (3.16)

—0o0

Where « is the absorption coefficient (o« = 1/0) for the laser light, fiw is the incident photon

energy in eV, R (6,;) is the optical reflectivity at the surface with optical incident angle 6y,
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(1t is the time-domain response function of the carrier mobility, 7. the carrier lifetime, and I,
is the optical pulse per unit energy [64]. The rise time of this surface photocurrent density
is on the order of the laser pulse duration, and generally the decay time is the transit time
of the free carriers cross the depletion (or accumulation) layer (assuming that the carrier
lifetime is longer than the carrier transit lifetime) [66]. X.-C Zhang et al. gives explicit

expressions for both & (z) and I as [66],

£ (x) = l—2) & li= \/E {VS - kBT} (3.17)

€ eny e

Where n; is the impurity concentration and Vs is the Schottky potential barrier of semicon-

ductor [66].

3.3.2 Photoconductive Antennae Operation

Photoconductive antennas (PCAs) exploit the surface currents that arise in PE semiconduc-
tors but add to the semiconductor two biased electrodes [116]. Upon femtosecond PE, these
biased electrodes drive photocarriers in an identical manner to the surface field [64; 66; 116].
The difference being in this case an external voltage is applied that then gives rise to the
THz field dipole transient [64; 66; 116]. Under these conditions the equivalent to the THz
dipole transient given by eqn. 3.14 is [116],

; ol 1dL, . dl,
Emny (1) = 407rOF @ Uy

(3.18)

Where [y is the gap distance between two electrodes, I,. the photocurrent across the gap,
and t, = t — r/c the retarded time [116]. A cross-section of the emitter structure is given
by fig. 3.6. The speed and sensitivity of antennas are determined by three factors: (1) the
antenna geometry, (2) the photoconductor, and (3) the optical pulse duration [116; 119]. In
the case of (3), the photocurrent I,. is a direct consequence of this through the convolution of
optical pulse envelope, I,,, the charge carrier density, n (¢), and the speed of carriers across
the gap, v (t) [116]:

I (t)=e / dt Inp, (t —t)n (t) v (t'). (3.19)
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Figure 3.6: Schematic diagram of THz pulse emission from a PCA excited by a femtosecond
pulse. A fs-PE pulse of energy hw > FEg is incident upon the semiconductor substrate
resulting in photocarriers that are subsequently driven across the surface by the bias voltage,
Vp, giving rise to a current given by eqn. 3.19. This current is driven over picosecond
timescales resulting in a THz pulse in the far-field given by eqn. 3.18. Based on a similar
figure seen in ref. [116]
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Where n (t') and v (') arise from dynamics of the carrier density under an impulsive excita-

tion and the previously mentioned Drude-Lorentz model respectively giving [116]:

pelpc [L—e W], t>0 et t>0
v(t) = [ ) ne(t) = (3.20)

0, t<0 0, t<O.

Where p. = ers/m* is the electron carrier mobility, Epc is the DC electric field across
the bias junction, while 7, is the momentum relaxation time and 7. is the carrier lifetime
[116]. Experimentally, the free-carrier mobility p in the PCA can be determined according

to [116; 119],
hw  (Ipe)
e nVp(P)

1 1 1
5 where —=—+4 —. (3.21)

T = T T

Where 7 is the photocurrent decay time, n the illumination efficiency, and Vg the bias voltage
applied [116; 119]. As is apparent from this set of equations displayed here, the output THz
field strength is dependent upon the bias voltage and the optical pump pulse [116]. The
amplitude of the field increases linearly with the bias voltage and pump power, however
caution must be exerted when using a PCA as too high of a voltage and pump power can

permanently damage the PCA placing an upper limit on the field strength that can be
generated [116].

3.3.3 Nonlinear Processes: Optical Rectification

Optical rectification occurs when an applied electric field is incident on a material, which
then gives rise to a pulse that is electro-static and independent of the frequency components
of the applied electric field [120; 121]. What this means is that if the incident electric field
varies sinusoidally in time on a material that acts as an “optical rectifier”, a field with a
net time average polarization will develop from the interaction that is emitted from the
optical rectifier, called the “rectified pulse” [120]. If the polarity of the applied electric field
switches, the polarity of the rectified pulse does not reverse when the polarization of the
applied electric field is reversed [120; 122]. This process is the optical analog to that of

electrical rectification, where a sinusoidal waveform when passing through a rectifier, results
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in a DC signal [120]. The resulting optically rectified pulse has a polarization, P, resulting

from a second-order nonlinear process and is given by [116; 120; 121],

PE(0) =Y coxin (0w, —w) & (w) £ (W), (3.22)

Jk

where XZ(?J)C is the second-order nonlinear susceptibility tensor element [123]. Optical recti-
fication can generate THz pulses and is known to occur in semiconductors and nonlinear
crystals such as ZnTe (see ref. [62; 116]). For example as discussed by Liu et al., the peak

THz emission in InAs can be written as [62],
E = Epp + Eor cos (20) (3.23)

where Epp is the electric field arising from the photo-Dember effect and Egr cos (26) term
represents contributions due to optical rectification. In eqn. 3.23, @ is the angle between the
pulse and the surface normal and z is some fit parameter [62]. There are even documented
instances of optical rectification occurring at the surface of bulk metals such as gold, silver,
metallic thin films, metallic nanostructures and even gold nanoparticles [67—69; 124; 125].
Kadlec et al’s detection of THz emission arising from PE of gold and silver independent of
the laser polarization could indicate that similar processes can occur in bulk Cu [67; 68].
Thus, any THz emission from LIPs, including LIBPs, could have contributions from
optical rectification. However, the form of eqn. 3.23 indicates that these contributions
from optical rectification can be easily eliminated by simply changing the orientation of
the sample plane with respect to the oncoming pulse [60; 62; 116]. This was the main
motivation for changing orientation of the Cu-target from fig. 1.6(a) to 1.6(b), as the latter
eliminates contributions from optical rectification. Furthermore, the presence of optical
rectification could potentially account for the disappearance of frequency components seen

when comparing fig. 6.2 to fig. 6.4.
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Chapter 4

Experimental Methods

This chapter outlines the experiments performed to evaluate the feasibility of transmissive
and emissive THz techniques for LIBPs. It begins with a discussion of electro-optic sampling
(EOS), which is crucial for both the transmissive and emissive THz experiments to measure
the THz pulse. This chapter then covers transmissive THz experiments, discussing the laser
systems, the photoconductive antenna, the samples used and the implementation of the
asynchronous method used. This is then followed by the section on emissive THz approaches.
Finally, the chapter covers emissive THz approaches, explaining changes made from the
transmissive setup, describing the method and how the lock-in amplifier was calibrated using
semiconductor samples. The chapter aims to provide an understanding of the methods used

and the reasons behind the decisions made.

4.1 Electro-optic Sampling

The technique used in this work for the detection of THz pulses is electro-optic sampling
(EOS). EOS exploits the Pockel’s effect in a nonlinear crystal to measure THz fields [116;
126]. The Pockel’s effect states that there is a linear change in a material’s refractive index

with the electric field according to [117],

n(€)=mny =+ %rngé’, (4.1)
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where ng is the index of refraction at £ = 0 and r is the Pockel’s coefficient of the material.
The applied field, £, leads to a phase difference between what is termed the ordinary and
extraordinary rays [127]. The ordinary rays lag as the index of refraction increases for it,
while the extraordinary ray travels on ahead. This phenomenon is called “birefringence.” In
a material undergoing birefringence, the extraordinary ray does not “see” the change in the
refractive index experienced by the ordinary ray [127]. This means that by application of the
Pockel’s effect, a phase change, A, is induced in the incident light pulse on an electro-optic
crystal with an electric field across it [117; 127]. In the context of EOS this electric field
is provided by a THz pulse of magnitude, Ery,, incident upon a nonlinear crystal (in this
thesis the crystal used is ZnTe) prior to the arrival of an optical sampling pulse [126; 128].
This gives a phase shift, A¢, induced in the optical pulse of [128§],

3
_ 27lrgng

A (En,) = \ ETHz- (4.2)

Here r4; = 4pm/V and is the Pockel’s coefficient for ZnTe, [ is the length of the ZnTe crystal
that the optical pulse traverses, Ern,, is the THz electric field, and A is the wavelength of
the optical pulse [128]. In EOS, the THz field induces a phase shift, A¢, in the oncoming
optical pulse [116; 126]. This A¢ is measured with three components: a quarter-wave plate
(QWP), a Wollaston prism, and a pair of photodiodes, as shown in fig. 4.2 [116]. The QWP
circularly polarizes the oncoming the optical emerging from the ZnTe crystal (see fig.4.1 and
4.2). The Wollaston prism breaks the components of the light pulse into its horizontal and
vertical components which are then measured using a pair of photodiodes (see fig.4.1-4.3).

The photodiodes are calibrated in a scenario illustrated by fig.4.1(top). In this case, there
is no THz pulse to induce a phase-shift, so the optical pulse (in this thesis the optical pulse
is centred around A = 795 nm) is circularly polarized after passing through the QWP [116].
The horizontal and vertical components are subsequently split by the Wollaston prism shown
in fig. 4.1-4.3. If the photodiodes are properly calibrated, the contributions from horizontal

and vertical polarizations should be equal to each other, i.e.,

I
h:@:f. (4.3)
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Figure 4.1: Electro-optic sampling with an 800 nm optical pulse. (Top) When there is no
THz pulse, the optic pulse experiences no phase-shift and becomes circularly polarized after
passing through a quarter-wave plate. In this case contributions from the horizontal and
vertical components are equal to each other when measured by a photodiode. (Bottom)
When a THz pulse is introduced, the ZnTe refractive index changes and induces a phase-
shift in the optic pulse. After passing through the quarter-wave plate the optic pulse now
has an ellipticity. This ellipticity biases the measurement of either the vertical or horizontal
component of light by photodiodes after the pulse passes through a Wollaston prism. By
changing the time delay between the optic and THz pulse, At, it is possible to sample the
THz pulse at different points in time.

ZnTe crystal

A == 800 nm ]

Horizontal
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Figure 4.2: Light box enclosure of the main electro-optic sampling (EOS) apparatus. The
Light box enclosure was added to prevent pollution from ambient light. A lid (not shown)
with holes cut out for the photodiode connectors is placed on top. When balancing the
photodiodes the only optics that are adjusted are the quarter-wave plate and the alignment
of the mirrors used to guide light to the photodiodes.
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If a THz pulse is absent and condition 4.3 is not satisfied, it indicates that there is some
misalignment in the system or leakage from a non-THz source coupling to the photodiodes
which must be addressed before proceeding further. When condition 4.3 is satisfied, the
photodiodes are considered “balanced.” Once the photodiodes are balanced, measurement of
the THz pulse becomes possible. In the presence of a THz pulse a phase shift A¢ is induced
in the optic pulse resulting in the vertical and horizontal components having intensities
according to [116],

L,:%(lJrAgb) &Ih:%u—m). (4.4)

Where A¢ is the phase shift determined by eqn. 4.2 [116]. Eqn. 4.4 indicates that by
measuring the intensity of the horizontal and vertical components, it is possible to obtain
A¢, as (I, — 1) /Iy = A¢. Furthermore as per eqn. 4.2, A¢ x Erp,. In full, a typical
electro-optic sampling setup looks like fig. 4.3. The lock-in amplifier shown in fig. 4.3
and 4.4 is required for measuring the oncoming THz pulse. As such a brief discussion of the
lock-in amplifier is warranted considering how crucial it was in obtaining the THz waveforms
seen in this work. The lock-in amplifier is an amplifier and a low-pass filter in one contained
unit [129]. As shown in fig. 4.3, the signal from the photodiodes is wired into two channels
termed the “A-channel” and “B-channel” respectively. To measure the THz waveform, it is
required that the difference between these channels is measured, this mode is termed A — B
and it is in this mode in which sampling is done. Mathematically, the signal the lock-in

amplifier detects while in this mode is [129],

I, —1I
A—-B= .
L, + Iy

By eqn. 4.4 it can be shown that the above expression is equivalent to the phase modulation

of the optical probe by the THz pulse [116; 129],

I, —1
A—B= ° h :A¢O(€THZ (45)
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Figure 4.3: A schematic of a typical electro-optic sampling setup. A pair of balanced photo-
diodes measure the vertical (I,) and horizontal (I},) intensities of light. The signal from this
measurement is then sent to a lock-in amplifier, which calculates the difference between I,
and I to obtain the “A — B” signal. The A — B signal is proportional to the THz electric
field, Ery,, at a given time, t. By adjusting the arrival time of the optic pulse in the EOS
line relative to the THz pulse, it becomes possible to measure the THz pulse at different
time-steps.
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Figure 4.4: An example of an SR830 Lock-in amplifier unit used in this thesis. Settings for
the lock-in amplifier were adjusted according to the needs of the particular experiment. An
example of typical settings include a sensitivity of V, = 5mV, a phase of 6§, = —6.78°, a
frequency of wy = 5.077kHz and a time integration constant of 7, = 30 ms.

The A— B signal can then be represented as a series of sine and cosine waves as per Fourier’s

theorem, this signal is then multiplied by a sine wave provided by the Lock-in amplifier [129],

(A=B)(t) x L(t) = (% i cos (nwst + 95)) x Vpsin (wpt +6r). (4.6)

n=0
Here Vj is the internal lock-in voltage, V; is the voltage of the signal, T is the period of
the signal, w, the angular frequency of the signal, wy, is the angular frequency of the lock-in
amplifier [129]. In a lock-in amplifier, ws; must be set to some reference frequency at which
sampling occurs meaning that, ws = wy = wrer [129]. The phase of the lock-in amplifier
meanwhile, is locked to that of the signal, 8, = 6, and is chosen such that the DC term in
the series expansion of eqn. 4.6 is maximized [129]. When the series given by eqn. 4.6 is
expanded and the conditions of the lock-in amplifier imposed, a low pass filter, F'(¢) removes

higher frequency leaving only a term proportional to the signal, i.e. [116; 129],
(A—B)(t) x L(t) F(t) < Vi < Erp.

By adjusting the arrival time of the optic pulse in the EOS line relative to the THz pulse
(rep. as At in fig. 4.1), it becomes possible to measure the THz pulse at different time-steps
with the lock-in amplifier.

Measuring the THz pulse at a different time-step amounts to changing the delay, At,
between the arrival of the optic pulse and the THz pulse. This is accomplished by the use
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of electro-mechanical delay stages. In the transmissive THz experiments, the optic pulse
carried along the EOS line was delayed with respect to the photoexcitation line. While
in the emissive THz experiments, the PE line was delayed with respect to the optic pulse
carried along the EOS line. In both cases, the relationship between electro-mechanical stage
delay, Az, and the time delay between the optical pump pulse and the THz probe pulse is
given by,

Af — 2Ax _ Q(mf—xi). (47)

C C

Where ¢ = 0.3mm/ps, z; and z; are the final and initial positions of the delay in millimetres.

The factor of 2 comes from the fact that the electro-mechanical delays are retro-reflectors.

4.2 Methods of Transmissive Terahertz Characteriza-

tion in Laser-Induced Plasmas

In this work, transmissive THz was to be performed asynchronously using two different
lasers. The first being the Legend system firing at a repetition rate of fr = 1kHz —
T, = 1ms and an energy of E, = 200 xJ which would provide the PE/ablation beam. The
second system, the Verdi-Micra + Regenerative Amplifier (VMRA) firing at a repetition
rate of frp = 250kHz — T, = 4 pus and an energy of E, = 5.2 uJ provided both the THz
generation beam and the EOS beam. Note that the method outlined here of using two lasers

asynchronously is somewhat similar to the method outlined in ref. [130].

The parameters of both laser systems are listed in table 4.1. Note that all parameters
shown in table 4.1 were measured directly, with the exception being the pulse-width, 7,, for
the VMRA. The pulse-width for the VMRA was estimated according to,

)\2

~ 0.441 —. 4.
7, ~0 AN (4.8)

The derivation of eqn. 4.8 is given in Appendix D section D.2. The average power, (P),
measured with a bolometer, the pulse energy can then be obtained according to FE, =

(P)T, = (P) /fr. The wavelength bandwidth, A\ was obtained by fitting a Gaussian pulse
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Laser System A (nm) A\ (nm) 7, (fs) fr (kHz) (P) (W) E, (uJ)
Legend Elite 795 25 70 1 0.2 200
VMRA 805 45 21 250 1.3 5.2

Table 4.1: Summary of the laser parameters used in this work. Note the pulse-duration,
7, for the VMRA system was estimated using eqn. 4.8. The Legend system was used for
photoexcitation in semiconductors and ablation in the case of Cu-LIBPs. The VMRA system
was used for EOS & THz generation. All other parameters were measured directly. Both
systems are Ti:Sapphire based.

to central peak of the output spectra. The timing diagram detailing the operation of the
transmissive THz experiments using these two laser systems is outlined in fig. 4.5. As shown
in fig. 4.5 these experiments are contingent upon the formation of a LIP which attenuates
the oncoming THz pulses. This attenuation provides the 7Tpump signal, this occurs at what
is termed t, (see fig. 4.6). At ¢y, the THz pulse coincides with LIP formation. As the LIP
dissipates, the THz signal rises to Trer as the effect of free-carrier absorption dissipates, as
per fig. 4.6. Eventually the LIP would fully dissipate, returning to the Trer signal. Tgret

represents the absence of a LIP.

Determining the ¢y point in fig.4.6 for the transmissive THz experiments necessitated a
coarse delay (in contrast with the “fine” delay provided by the electro-mechanical stages)
that is held fixed throughout the duration of the experiment. The electro-mechanical delay
stage which controls the arrival of the EOS pulse, is swept over the length of the stage while
the PE/ablation line is blocked, and the ambient THz pulse like the one shown in fig. 4.8
is recorded. In the case of EHP, this measurement is taken with a semiconductor at the
THz focus, while in the case of LIBP experiments it is recorded when the Cu-ring is close
to, but not clipping the THz focus. For both cases this gives the t; exactly and the electro-
mechanical delay stage position is then fixed at the absolute maximum of the THz pulse

shown such as the one in fig. 4.8 to gurantee maximal —A7T.

The THz pulses used to probe the LIP were provided by a photoconductive antenna
(PCA) shown in fig. 4.7. The PCA shown in fig. 4.7, is a GaAs based THz-SED that was
fitted into a rotation mount. The PCA shown in fig 4.7 was operated at bias voltage of
Vg = 30V and was never exceeded resulting in currents of I ~ 13mA with an inhibit in.

The “inhibit” here refers to a piece of external hardware that is plugged into the PCA that
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Figure 4.5: Timing diagram of the transmissive THz experiments. In these experiments, the
legend was chopped at f = 500 Hz while the VMRA /THz pulses repetition rate was gated to
the lock-in amplifier frequency of fp = 5.077kHz initially with the inhibit in and was later
removed to match the repetition rate of the VMRA. The arrival of the chopped Legend pulse
would coincide with the formation of a plasma. This would attenuate the oncoming THz
pulses providing Tpump signal. As the plasma dissipated THz transmission would return
to it’s initial value, Trer. The difference between Trer and Tpuymp gives —AT. If this was
observed for LIBPs it would indicate that full time resolved spectroscopy would be possible.
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AT = ﬁ{ef - 7I:'ump
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Figure 4.6: Illustration of a AT trace on an oscilloscope. At ty the THz pulse overlaps with
the presence of a plasma. When this happens the signal drops to Tpuymp. As the plasma
dissipates, the THz pulse returns to it’s original value Tger. The difference between Trer and
Tpump gives rise to a AT for that time-step.

limits the current to prevent damage to the PCA. The for the choice of bias voltage, Vg, is
because exceeding 30V could result in damaging the THz-SED.

For the Transmissive THz probing of LIBPs, the THz-SED inhibit which limits both the
current and sets the on-off rate of the PCA to that of the lock-in amplifier (wpca = wp =
5.077kHz) was unplugged. This resulted in the number of THz pulses per second being
produced being equal to the period of the VMRA system (7, = 1/ fr = 4 us). This was done
to increase the number of THz pulses per second from N = 5077s7 1 to N = 2.5 x 10°s™ ! in
the hopes of obtaining a AT signal. For this instance the bias voltage across the PCA was
capped at Vg = 15V to prevent damage to the PCA. Values of the bias voltage and current
with the inhibit in and the inhibit out are tabulated in table 4.2.

The PCA produced single-cycle THz pulses similar to the one shown in fig. 4.8-4.9. From
fig. 4.91t is apparent that the maximum bandwidth achievable with this PCA is A f ~ 2 THz.
Theses pulses upon generation were then directed using gold coated off-axis parabolic mirrors
and gold coated mirrors to the focus of two off-axis parabolics (see fig. 4.10). At the focus
of the two off-axis parabolics, the spot-size of the THz pulse is g &~ 1.64mm. Assuming

that the LIP coincides temporally and spatially with the oncoming THz pulse, should result
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Figure 4.7: Top: a close-up of the PCA backside used in the THz transmission experiments
for LIPs. The black wire is connected to an external inhibit which limits current to prevent
damage to the PCA. The shiny surface, is the GaAs THz-SED that is PE by the VMRA
laser system. A bias voltage of Vg = 30V and was switched on-off at a rate of fpca =
5.077kHz. This fpca rate is low enough that Vg is essentially a DC-bias over the timescales
the experiment is running. Bottom: the PCA from the frontside and placed within a rotation
mount the position of the PCA was fixed throughout the duration of experimental runs.
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Ve (V) Iy (mA) I, (mA)

1 1.1 2.35
2.5 1.9 3.95
) 3.1 6.3

7.5 4.2 8.5

10 5.2 10.6
12.5 6.25 12.6
15 7.25 14.65

Table 4.2: Tabulated values for the bias voltage and the resulting currents for the inhibit
plugged into the PCA (I;,) and not plugged into the PCA (I,y). The inhibit is a piece of
external hardware that is plugged into the PCA to prevent damage to the THz-SED emitter
structure. The inhibit was unplugged during the experiments on Cu-LIBPs to increase the
number of THz pulses from N = 5077s~! to N = 2.5 x 10°s™!. The reason for this decision
was done to increase the likelihood of seeing a —A7T from a Cu-LIBP.

0.2

0.1

0.0

_0.1 4

Lock-in Signal; /; (a.u)

-0.21

-0.3

-6 -4 -2 0 2 4 6
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Figure 4.8: The time domain of a typical THz waveform emitted from the THz-SED shown in
fig. 4.7. These single-cycle pulses were used for the transmissive THz experiments. Negative
time in this plot corresponds to the time before the arrival of the THz pulse.
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Figure 4.9: The Fourier Transform of fig 4.8. From this figure it’s apparent that the THz
pulse bandwidth of the PCA shown in fig. 4.7 is approx. Af ~ 2 THz.

in attenuation of the THz pulse. EOS of the THz pulses like ones shown in fig.4.8 and 4.9
is achieved by fixing the THz generation and photoexcitation lines with respect to the EOS
line. The EOS line was delayed by At steps in time using an electro-mechanical delay stage

which is related to the physical delay through eqn. 4.7.
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Figure 4.10: A basic schematic of the transmissive THz approach. The THz pulses are
provided by a PCA, the THz pulses from which are then focused with a pair of gold off-axis
parabolics. At the focus of the gold off-axis parabolics, the THz pulse has a spot-size of
ro &~ 1.64 mm. The site of plasma production is placed (either an EHP or a Cu-LIBP) at the
focus, and the presence of a LIP there should result in attenuating the THz pulses. Black
polyethylene is placed to prevent coupling of non-THz bandwidth light into the photodiodes
emitted from a LIP.

74



4.2.1 THz Transmission through Semiconductors

Before proceeding with Cu-LIBPs it was necessary to benchmark the transmissive approach
using EHPs in PE semiconductors. This was done using the layout shown in fig.4.11 with the
optical chopper set to fo = 500 Hz. The lock-in amplifier meanwhile was set to a sensitivity
of Vi, = 1mV with a time constant of 7, = 30 ms with a relative phase of #;, = —6.78°. Note
the lock-in amplifier settings used in the PE semiconductor experiments were also used in

the Cu-LIBP experiments.

Before beginning the experiment, it was necessary to see if a THz pulse from the PCA
shown in fig. 4.7 could even be detected at all. To do this, required that the semiconducting
wafer shown in fig.4.11 be removed from the setup. Once this was done and the pulse
measured, the semiconducting wafer (either GaAs or Si) could then be added at the THz
focus. A scan over the delay stage was then performed again. As seen in fig. 4.12 the
addition of a semiconductor wafer could result in a shift of the THz maxima by as much as

~ 8 ps this is due to the thickness of the wafer being on the order of [ ~ 1.2 mm.

Upon detection of the THz pulse in the presence of a semiconducting wafer, the delay
stages between the THz generation beam and the EOS beam was fixed so that the THz
emission from the THz-SED shown in fig. 4.7 was maximized. This must be done in order to
maximize the —A7T arising from an EHP. Once the position of the delay stages were fixed,
the PE beam is unblocked and the semiconductor wafer is then PE. This PE results in the
emergence of an EHP. While the PE is occurring, THz pulses from the PCA shown in fig.
4.7 such as those shown in fig.4.8 travel to the focus of the off-axis parabolics shown in fig.
4.11. At this focus the THz beam has a spot-size of ry &~ 1.64mm. Once the THz pulses
are at the focus, the THz pulses are screened by the EHP giving rise to an oscilloscope trace
similar to what is shown in fig. 4.6. To observe the trace shown in 4.6 it is required that the
signal from the photodiodes was routed through a pre-amplifier with a high-pass frequency
of f, = 0.03 Hz, a low-pass frequency of f; = 100 kHz and a gain of G = 1 x 10? for both the

undoped Si and undoped GaAs samples.

Adding variable ND-filter to the PE line shown in fig. 4.11 enabled control over the

PE line fluence. This enables variable control over the A7 . Once the setup shown in fig.
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Figure 4.11: A schematic of the setup used to benchmark THz transmission with semicon-
ductors. The optical chopper on the PE line operated at a frequency of fo = 500 Hz. The
half-wave plate and polarizer along the EOS line was used to attenuate the EOS beam to
prevent damage to the ZnTe crystal. The semiconductor wafers used in this experiment
were set at an angle shown above so that A = 795 nm reflection from the PE line would not
couple into THz signal. The EOS optics was enclosed in a light box to prevent coupling
from ambient light sources. In this setup the EOS line was delayed with respect to the THz

generation and PE lines.
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Figure 4.12: THz pulse from the PCA shown in fig. 4.7 in the absence of Si-wafer at the
focus and in the presence of a Si-wafer. This shows that the THz pulse arrives later in time.

4.11 was calibrated and benchmarked to the semiconductor samples, it was then possible to

proceed with experiments involving THz transmission through solid target LIBPs.

4.2.2 Terahertz Transmission through a Cu Target Laser-Induced

Breakdown Plasma

To study THz transmission through a Cu-LIBP the setup was arranged according to fig.
4.14. The Legend provided the ablation beam shown in fig. 4.14. The settings for the lasers,
the lock-in amplifier and the optical chopper are identical to those used in PE semiconductor
case of fig. 4.11. The key differences between the setup shown in fig. 4.11 is the addition
of a convex lens of a focal length, F', of FF = 200 mm and a Cu-ring sample mounted on an

XYZ-translation stage shown in fig. 4.13.

The knife edge measurements gave an initial spot-size of D = 12.4mm which when

focused by the F' = 200 mm len in fig. 4.18, gave a spot-size at the focus, 2ry, of,

D

A\ (F> 4 (795 nm) (QOOmm

2rg = —
o T 12.4mm

) =1.63 x 10 nm = 16.3 um.

(e

7



When focused on the Cu-ring shown in fig. 4.13, this gave an absorbed fluence of ¢ =
3.82J/cm? well above the threshold fluences quoted by Nolte et al. and Furusawa et al.
which range from 140mJ/cm? < &, < 460mJ/cm? [72; 73]. Note that the fluence was
calculated according to,

o~ (1 p). (4.9)

ry
Where E, is the energy of the pulse and is equal to E, = (P) T, where T), is the period of

the laser pulse train and R is the reflectivity at the surface and is given by eqn. 2.18,

(1 — 1)* + n3

R = .
(n1 + 1)2 +n3

The addition of the (1 — R) term is necessary to account for the fact that at A = 795nm
Cu is highly reflective, with an R of R ~ 0.96 according to the data in ref. [131]. For the
fluence dependence measurements, a variable ND filter was added to the ablation line in fig.
4.18 to control the pump power, (P), with values ranging from (P) = 35 — 205 mW. While
lower fluences could be achieved, it was found that below (P) = 35mW (& = 0.67J/cm?)

there was no plasma ignition or ablation.

The Cu-ring was placed at the focus of the THz transmission path with the help of a
guiding laser (not shown in fig.4.14). To verify that it was at the focus, the delay between
the THz generation beam and the EOS beam was fixed such that the THz field from the
THz-SED shown in fig. 4.7 was at a maximum. The Cu-ring was then slid into the focus
until a noticeable dip in the lock-in signal could be detected and then was backed off slightly
using the micrometer adjust until signal was restored using the mount shown in fig. 4.13.
This was done to avoid losing signal strength and higher frequency components in the THz
pulse (see fig. 4.15-4.16).

Because of this loss of spectral information, it is not suitable for the Cu-ring to clip the
the THz focus. Upon finishing the alignment of the Cu-sample holder with the THz focus,
the ablation beam was then focused onto the Cu-ring as the sample holder rotated producing

a continuous plasma plume.

Initially the inhibit for the PCA was left in for the first few attempts. However, due
initial difficulties encountered with measuring a A7, the inhibit in the THz-SED shown

78



Figure 4.13: The sample mount and Cu ring used for the generation of Cu-LIBPs. The
rotation mount was attached to an XYZ-translation stage enabling millimetre positional
control. The mount was controlled electronically using a motorized controller and rotated
at an angular velocity of v = 0.06° /s to continually provide a fresh surface for ablation.

in fig. 4.7 was removed and the voltage was reduced down to Vz = 12V. This resulted
in the number of THz pulses per second being produced being equal to the period of the
VMRA system (7, = 1/f = 4 us); increasing the number of THz pulses per second from
N = 5077s7! to N = 2.5 x 10°s~!. This though did not yield any significant A7T. To
understand why, necessitated a further study of the Cu-LIBP PL duration the methods for

which are discussed in the next section.
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Figure 4.14: The setup used to study THz transmission in Cu-LIBP. The ablation beam
was focused down to a spot-size, 2ry, of 2ry ~ 16.3 um using a lens with a focal length,
F, of F = 200mm giving rise to a fluence, ®,, of &y = 3.82J - cm™~.
half-wave plate on the EOS line functions as a variable attenuator and is used attenuate
the beam to prevent damage to the ZnTe crystal. The Cu-sample holder was mounted on
an XYZ-translation stage with millimetre control and was placed at the focus of the THz
pulses. Black polyethylene was required to prevent the coupling of non-THz band light into

the photodiodes.
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Figure 4.15: Demonstration of the effects of clipping with a Cu-ring in the time domain on
a THz pulse. It is apparent from this figure that there is an immediate loss in signal due to
the Cu-ring intersecting the THz focus.
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Figure 4.16: Demonstration of the effects of clipping with a Cu-ring in the frequency domain.
From this figure it is apparent that there is a loss of higher frequency components in addition
to the signal loss when a Cu-ring intersects the THz focus.
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4.3 Photoluminescent Measurements & Spectral Char-

acterization

PL was collected with a fibre optic with a core of diameter, D., D. = 600 um with a
numerical aperture, NA, of NA = 0.5 [132]. This fibre optic covered a wavelength range of
400 — 2200 nm [132]. Initially, the fibre optic was clamped in place and placed near the site of
ablation on the Cu ring however, this proved to be detrimental for long running experiments
as Cu dust particulates accumulated on the fibre optic head. This coating of Cu dust limited
light collection and hence for the rest of this thesis, a telescope array was assembled to collect
light from the Cu plasma and coupled to the fibre optic and is shown in fig. 4.17(b).

The light collected by the fibre optic was routed first through the filter shown in fig.
4.20. This short-pass filter was added to remove any reflected A\ = 795nm light from the
Legend that coupled into the fibre optic. Using a bifurcated fibre optic with a diameter
D. = 1000 pm and numerical appeture of NA = 0.39 [133]. This bifurcated fibre optic
covered a wavelength range of 300 — 1200 nm [133]. This bifurcated fibre optic was used to
send light to both a Thorlabs DET210 photodiode with a rise time, t,, of ¢, = 1ns (shown
in fig.4.17(a)) and a spectrometer (either the USB2000 Ocean Optics shown in fig.4.17(c) or
the Princeton Instruments Acton SP2500) [134]. The light sent to the photodiode was used
to measure the PL time duration with an oscilloscope (see fig. 4.18). The oscilloscope was
triggered off of the Legend Elite system. The light sent to the spectrometers was used to
obtain the spectra for both the Legend pulse shown in fig. 4.19, the noise floor in fig. 4.21
and the Cu-LIBP in fig. 4.22-5.1.

The Legend pulse used in both PE and ablation was characterized using a Princeton
Instruments Acton SP2500 spectrometer and a knife edge measurement was used to estimate
the initial spot-size before being focused by the F' = 200 mm lens in fig. 4.18. The results of
spectral features are shown in table 4.1 and a Gaussian fit to the data collected in fig.4.19
gave a central wavelength, A\, A = 795 nm with a spectral bandwidth of A\ = 25 nm.

One major issue with performing PL and spectral measurements is that the reflection
from the Legend pulse does couple to the fibre optic shown in fig. 4.17(b), this means
the Cu-LIBP PL signal is initially polluted with Legend light. To resolve this, required the
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Figure 4.17: Fig. (a) The Thorlabs DET210 photodiode used in the collection of the PL
curves the model shown has a response time of ¢, = 1ns. Fig. (b) the fibre optic with a
telescope array used to gather light emission for the latter-half of the data collection. Fig.
(c) an Ocean Optics USB 2000 spectrometer; it is one of the two models of spectrometer
used in this thesis.

addition of a short-pass filter to remove the reflected Legend A = 795 nm light. In this thesis,
a short-pass filter with a cutoff wavelength of A\. = 650 nm was selected and is shown in fig.
4.20. Fig. 4.19-4.21 shows that the filter is so effective at removing the Legend reflection
that the spectra for the ambient vs the reflected pulse plus the filter are indistinguishable.
Furthermore, no spectral information regarding the Cu-LIBP is lost as the key spectral
features are clustered around A = 530nm (see fig.4.22 and ref. [76]). Thus, the short-pass
filter with A\, = 650nm shown in fig. 4.20 successfully decouples Cu-LIBP PL from the
Legend reflection and was subsequently used during the ablation process.

The position of the fibre optic shown in fig. 4.17(b) was calibrated by maximizing the
intensity of the Legend reflection spectrum off the Cu-ring shown in fig. 4.13. This was
achieved using the OceanOptics USB2000 spectrometer shown in fig. 4.17(c). To do this,
required the temporary removal of the short-pass filter with a wavelength cutoff of A\, =
650 nm shown in fig. 4.20 and the /' = 200 mm lens to prevent preemptive ablation. To
reduce the effect of ambient light, the lights in the lab were shut off. After the signal of
the Legend reflection was sufficiently maximized, the short-pass filter shown in fig.4.20 was
slotted back into the filter holder. The sample holder shown in fig. 4.13 was rotated at an

angular velocity of v = 0.06°/s to provide a fresh surface for ablation. Minor adjustments

83



Al (mm) D, (grooves/mm) A\, (nm) b (nm)
0.2 1200 0.33 750

Table 4.3: Settings of the Princeton Instruments Acton SP2500 used. The grating used in
the measurement of the spectra seen in fig. 4.19 and fig. 5.1 had an associated blaze of
b = 750nm and focal length of F' = 500 mm. A\, was calculated using eqn. 4.10.

were sometimes made to either the XYZ-translation stage or to the fibre optic position to
maximize plasma PL signal during the experimental run. Once a satisfactory spectra or PL
signal was collected, a beam block was flipped up to stop ablation and data was subsequently
collected from either the oscilloscope or the computer desktop.

Two spectrometers were used in this work: (1) a OceanOptics USB2000 spectrometer
(shown in fig. 4.17(c)) and (2) a Princeton Instruments Action SP2500 spectrometer. The
former spectrometer (spectrometer (1)) was used for calibration in-between ablation runs as
mentioned in the prior paragraph and to gauge the effects of the short-pass filter (fig.4.22).
All major measurements of the Cu-LIBP spectra, and the Legend pulse characterization
were accomplished with the latter spectrometer (spectrometer (2)). The spectral resolution

of a spectrometer is given by [135],

Al
FD,

g

AN =

(4.10)

Where A, is the spectral resolution, Al is the slit-width, F' the focal length, and D, the
dispersion of the grating in grooves per millimetre [135]. For this thesis the measurements
performed using the Princeton Instruments Acton SP2500 (fig. 4.19 and fig. 5.1) grating 2
was used which had a dispersion of D, = 1200 g/mm with a blaze, b, of b = 750nm. The

settings for the Princeton Instruments Acton SP2500 spectrometer are shown in table 4.3.
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Figure 4.18: Schematic of the PL and spectrum collection setup. In this setup the fibre
optic with a telescope array (shown in fig. 4.17(b)) collects both the LIBP PL and Legend
reflection. To remove the Legend reflection, the light is routed through the short-pass filter
(shown in fig. 4.20) with a wavelength cutoff of A. = 650 nm. The PL is then routed to both
a photodiode (shown in fig. 4.17(a)) and a spectrometer (shown fig. 4.17(c) and fig. [fig
num|). The LIBP PL signal is measured and recorded with the photodiode and oscilloscope
respectively. The spectra is measured and recorded with the spectrometer and a desktop

computer respectively.
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Figure 4.19: The measured reflection from the Legend pulse used for ablation and PE coupled
to the fibre optic shown in fig. 4.17(b) over the range 720nm < A < 830nm. Fitting the
curve using a Gaussian gave a central frequency, A, of A = 795 nm, a pulsewidth, A\ (taken
here to be equal to the FWHM), AX = 25nm. Given it’s relatively high count number,
the legend reflection drowns out the plasma PL. This necessitated the addition of a short-
pass filter shown in fig. 4.20 with a wavelength cutoff of A\, = 650 nm to remove it. The
addition of the short-pass filter resulted in a signal indistinguishable from the background
(see fig. 4.21). These signals were measured using the Acton SP2500 spectrometer. For this

measurement the focusing lens was removed.
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Figure 4.20: The short-pass filter. Light from the PL passes through the short-pass filter
with a wavelength cutoff of A\, = 650 nm to remove the Legend A = 795 nm light that has
coupled to the fibre optic in addition to the plasma PL. Without this filter, measurement
of the LIBP PL is not feasible. After passing through the filter, the PL emission is then
coupled to a dual core fibre optic which routes the light to both the photodiode (shown in
fig. 4.17(a)) and one of the two spectrometers. For this measurement the focusing lens was
removed.
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Figure 4.21: The noise floor of the ambient background with the short-pass filter sampled
over the same range 720nm < A < 830nm. This figure shows that adding the short-pass
filter with a wavelength cutoff of A\. = 650nm results in a signal indistinguishable from
the noise floor. This figure demonstrates that the filter shown in fig. 4.20 is successful at
removing reflected A = 795 nm light. This means in practice that any measured PL signal
seen will not have any contribution from the Legend, i.e., it is possible to decouple the
Legend reflection from the LIBP PL. See fig. 4.22 for demonstration of the filtration with
Cu-LIBP PL.
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Figure 4.22: Filter with Cu-LIBP PL spectra. This figure shows that the addition of the
short-pass filter with a wavelength cutoff of A. = 650 nm (shown in fig.4.20) does not remove
the LIBP PL spectra. This proves that the Legend reflection can be decoupled from the
Cu-LIBP PL.
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4.4 Methods of Emissive Terahertz Characterization

in Laser-Induced Plasmas

Results from the Cu-LIBP PL using the methods outlined in the section prior showed that
the duration of PL emission was relatively short lived. This made transmissive approaches
such as the one outlined in section 4.2 difficult and this forced the development of the emissive
approach. As mentioned prior, this approach was motivated by the work of Gao et al., who
claimed that they observed a half-cycle THz pulse from a fs-ablated Cu rotating sheet [49].
This required a re-design and re-tooling of the setups shown in fig. 4.10, 4.11, and 4.14.

To re-design and re-tool the setups shown in fig. 4.10, 4.11, and 4.14, a few features had
to be changed; first, the use of the VMRA system was abandoned completely. Everything
was triggered off of the Legend Elite system the parameters of which are shown in table 4.1.
This was necessary because in the Emissive approach shown in fig. 4.26 the LIP (either an
EHP or LIBP) acts as the source of THz emission and hence there is no need for an external
THz probe which was provided by a GaAs THz-SED pumped by the VMRA system. The
second major change is that another beam from the Legend was brought in to do the electro-
optic sampling. Because of the higher power, the Legend had to be attenuated using several
ND filters along the EOS line shown in fig. 4.26. The third major change was that the
coarse delay stage position for the Legend was moved. This was necessary as the EOS
and PE lines had to temporally coincide at the same point in time (termed the ¢y point).
This ty, was obtained initially with the help of the Thorlabs DET210 photodiode and the
oscilloscope used in the prior section for the PL duration measurements using the reflection
off a beam block just before the ZnTe crystal. This gave the rough estimate of where t, was
with a seperation of at least At, = 300 ps between the pulses. The final change between
the transmissive setup and the emissive setup shown in fig. 4.26, is that the pump line was
delayed with a fine delay stage while the EOS line was held fixed.

To pinpoint where ¢, was exactly, the GaAs based THz-SED shown in fig. 4.23 was placed
along the THz collection path shown in fig. 4.26 and a broad sweep across the delay stage
was performed with the lock-in amplifier running in R-mode. R-mode is a mode of the lock-

in amplifier where it measures just the amplitude of the signal, i.e., R = v/ X? + Y2, where
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Figure 4.23: A GaAs based THz-SED. This THz-SED was placed along the THz collection
path to imitate a LIP source. The shiny surface shown here is PE by the A = 795 nm Legend
pulse which releases photoexcited carriers which are then driven across the surface by a bias

voltage across it. For the calibration of the emissive THz setup, the voltage across the THz-
SED was set to V' = 1.7V with a current of [, = 0.01 mA.

X and Y are the vector components of the output signal [129]. Once a spike was detected in
R-mode, the lock-in amplifier was set back to A — B mode so a proper measurement of the
single-cycle THz pulse from the THz-SED could be preformed. The result of this calibration
measurement is shown in fig.4.24-4.25. The success of this calibration measurement indicated
that emissive THz spectroscopy scheme shown in fig. 4.26 worked and from here the next

step was to proceed to benchmark using PE semiconductors.
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Figure 4.24: Time domain of the THz pulse from the GaAs THz-SED. The detection of this
pulse indicated that emissive spectroscopy scheme shown in fig. 4.26 worked. This THz
pulse was obtained by fixing the EOS line while delaying the PE line. The lock-in amplifier
settings used to obtain this signal was a time constant of 7, = 100ms and a sensitivity of

Vi =10 V.
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Figure 4.25: The frequency domain of the THz pulse from the GaAs THz-SED shown in fig.
4.24. The detection of this pulse indicated that emissive spectroscopy scheme shown in fig.
4.26 worked. This THz pulse was obtained by fixing the EOS line while delaying the PE
line. The bandwidth of THz pulse is Af ~ 4 THz.
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Figure 4.26: A basic schematic of the emissive THz approach. In this approach it is assumed
that the LIP (either an EHP or LIBP) acts as a source of THz radiation. In this setup,
only the Legend Elite system was used. The PE/Ablation line was delayed with respect to
the EOS line. It was shown through the detection of a THz pulse from a THz-SED (see fig.
4.24-4.25) placed along the THz collection path that emissive detection is possible.
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4.4.1 Terahertz Emission from Semiconductors

To detect THz emission in semiconductors the setup was arranged according to fig. 4.27.
The PE beam was chopped at a rate of f. = 500Hz, and it was at this rate that the
lock-in amplifier was fixed to. The average PE-beam power was measured to be around
(P) ~ 102mW. To emulate the effect of a point source, the PE-beam was clipped using
an iris aperture. For the balancing of the photodiodes the lock-in amplifier was set to a
time constant of 7, = 30 ms and a sensitivity of V;, = 1mV. The semiconductor wafer was
mounted at 45° to the oncoming PE beam as shown in fig. 4.27.

To align the semiconductor wafer and laser to the THz focus, a white paper slip was placed
in a wafer holder and it was placed near the THz focus at a 45° angle to the oncoming PE
beam. The guiding laser emulated the path followed by the THz pulse, and was tightest at
the focus of the Off-axis parabolics. It is to this location that the paper slip in the wafer
holder was placed. The PE beam was then adjusted until the spot of the guiding laser
overlapped with the PE beam spot. Once the overlap between the guiding laser spot and
PE beam had been achieved, the wafer holder was clamped down to the optic table and the
paper slip was swapped out with the semiconducting wafer.

THz emission was then checked for by PE the semiconductor wafer and performing a
broad sweep across the pump delay stage in R-mode. If a signal was found, the lock-in
amplifier was immediately switched to A — B mode and a full scan of the pulse was done.
There were in total three semiconductors samples from which THz emission was checked:
Undoped GaAs, InAs (111) p-type 2n doped, and GaAs p-type 2n doped (111). The scan
settings of which are displayed in table 4.4. Of the three samples tested, only the InAs (111)
p-type 2n doped and GaAs p-type 2n doped (111) yielded any THz emission. The lock-in
amplifier settings from the GaAs p-type 2n doped (111) were used initially in the detection
of THz emission in Cu-LIBPs as it was the lowest sensitivity at which THz emission was
detected. However, when THz emission in Cu-LIBP was detected this saturated the lock-in

amplifier and the settings had to be subsequently changed.
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Figure 4.27: The setup used to study THz emission in semiconductors. In this setup, the
EOS beam was fixed with respect to the PE beam and the PE beam was chopped at a rate of
fe =500 Hz. The polyethylene shown along the THz path prevents coupling of the reflected
PE beam to the ZnTe. The semiconductors were set at an angle of § = 45° with respect to
the oncoming PE beam. The half-wave plate and polarizer in addition to ND filters attached
to the lens attenuated EOS beam to prevent damage to the ZnTe crystal.
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Sample Vi (uV) 71 (ms)

Undoped GaAs 10 100
InAs (111) p-type 2n doped 200 100
GaAs p-type 2n doped (111) 2 300

Table 4.4: Lock-in amplifier settings and samples used in the detection of THz emission from
semiconductors. Note that GaAs is an intrinsically n-type semiconductor.

4.4.2 THz Emission from Cu Laser-Induced Breakdown Plasma

The ablation beam was chopped at a frequency of f. = 500 Hz, and it was at this rate that
the lock-in amplifier was fixed to. The oncoming ablation beam light was focused using a
focal length of F' = 200mm as with the transmissive THz experiment in subsection 4.2.2

2. As with the transmissive THz experiment

giving an absorbed fluence of & ~ 3.82J/cm
in subsection 4.2.2 the Cu-sample holder was rotated at an angular velocity of v = 0.06°/s
to guarantee a fresh surface for ablation. As mentioned prior, there was no significant pre-
pulse to make a preformed plasma as was done in experiments done by Hamster et al. and
Sagisaka et al. [50-52]. This means that any THz emission seen must be arising from the

rapid expansion of charge into air alone, as the femtosecond pulse does not interact with the

plasma as it did in Hamster et al. or Sagisaka et al. [8; 10; 50-52].

Note that orientation of the Cu-Sample holder was at an angle of # = 20° with respect
to a oncoming vertically polarized ablation beam that was initially (fig. 4.28(a)). This angle
was chosen because of a similar experiment performed by Gao et al.. In the letter Gao et
al. orientated a rotating Cu-sheet at this angle with respect to the oncoming laser [49].
There is a danger by placing the sample at the orientation shown in fig. fig. 4.28(a) as there
is potential for coupling from optical rectification in the metal [68; 69]. To eliminate THz
generation due to optical rectification, the sample was orientated at normal incidence (fig.
4.28(b)). To prevent the coupling of the A = 795nm ablation beam to the photodiodes,
polyethylene was added along the THz collection path as shown in fig. 4.30.

While consistent and repeated THz emission was achieved from the ablation of the Cu
disk mounted on the smaple holder shown in fig. 4.13, an issue encountered was that the stage
position at which THz emission occurred drifted by as much as Ax ~ 0.05 mm (6t ~ 0.3 ps)

between scans. This made averaging of the THz waveforms infeasible, individual scans could
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Figure 4.28: The orientations of the Cu-ring at (a) # = 20° and at (b) normal incidence. The
orientation shown in fig. (a) has the potential for THz generation from optical rectification to
couple into the signal, while in orientation (b) this coupling is eliminated. Both orientations
were tested over the course of the experiment.

be collected, but not averaged waveforms during a run. The author suspects that this could
be due to the fact that the Cu-ring was jutting into and out of the focus slightly causing the
peak drift seen in fig. 4.29. This is because the Cu-ring is not totally centred on the sample
holder, and at times, the Cu-ring had fallen off and had to be re-attached. Another possible
contribution, is that irregularities at the surface of the Cu-ring could contribute to the peak
shift, for as noted by Y.R. Shen, local surface defects could change the resulting electric field
[70].

For the balancing of the photodiodes the lock-in amplifier was set to a time constant of
7 = 30ms and a sensitivity of V, = 1mV. The lock-in amplifier settings selected for the

scanning THz waveforms were a time constant of 7, = 300 ms and a sensitivity of V;, = 20 4V.
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Figure 4.29: A photo of the LabVIEW program used in the data collection of THz waveforms
from the Cu-LIBP during a run. In this photo Cu-LIBP THz emission peak is shifting by
as much as Az ~ 0.05mm (6t ~ 0.3 ps). This shifting of the peak makes averaging the THz
waveform infeasible. This could arise to due to the position of the Cu-ring jutting into and
out of the laser focus slightly, irregularities at the surface of the Cu-ring, or both.
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Figure 4.30: A schematic of the setup used for the detection of THz emission in a Cu-LIBP.
In this setup, the EOS beam was fixed with respect to the ablation beam and the ablation
beam was chopped at a rate of f. = 500Hz. Note that the source Cu-Sample holder was
initially orientated at an angle shown in fig. 4.28(a) and was later switched to the orientation
shown in fig. 4.28(b). This resulted in THz pulses with differing spectral features. As with
the schematic shown in fig. 4.27, the half-wave plate and polarizer in addition to ND filters
attached to the lens attenuated the EOS beam to prevent damage to the ZnTe crystal.
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Chapter 5

Results: Terahertz Transmission in

Laser-Induced Plasmas

As stated in the introduction, the goal of this thesis was to see if LIBPs could be investigated
using THz pulses. Initially, this was performed using an experimental setup suited for
transmissive probing. This approach was implemented using the setups shown in figures 4.11
and 4.14. Based on the success achieved in detecting THz modulation with semiconductors,
the hope was that this could then extend to solid target LIBP. This proved unfruitful for
two reasons: As shown by the results obtained here, the PL lifetime proved to be shorter
than anticipated (on the order 75 ~ 20ns (tpy, ~ 100ns)), a regime that for reasons stated

later proved inaccessible with our stage delays.

Presented in this chapter are the results of the time-integrated spectra, the PL lifetime,
and THz transmission in semiconductors. The latter two of which hinted that as the setup
stood, transmissive THz spectroscopy was not feasible the reasons of which will be elaborated
on within this chapter. The conclusions of this chapter then pushed this thesis towards more
emissive approaches based on the work of Gao et al. who showed that THz emission can
occur within an LIBP [49]. This changed the direction of the work towards monitoring THz

emission which proved successful in both the case of semiconductors and Cu-LIBP.
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5.1 Time Integrated Spectra and Photoluminescence
of Cu target Laser-Induced Breakdown Plasmas

To help gauge the viability of using single-cycle THz pulses for ambient probing of Cu-LIBPs
it is necessary to estimate the lifetime of the plume. However, such a metric is ill-defined
and there is no consensus on what constitutes the lifetime of a LIBP. As discussed prior in
section 2.2, the descision is made to use the PL lifetime. For it is over these time scales
that charge carriers have separated and are undergoing recombination (see fig.5.1-5.2) and
bremsstrahlung processes, emitting light in the process [12; 83]. Thus, it is over the time light
is emitted that the existence of a plasma state can be readily verified and for the purposes
of this work, the lifetime of the LIBP is taken to be the duration over which light is emitted.

To benchmark and qualitatively describe the Cu-LIBP PL emission, the spectra of the
Cu-LIBP were taken and are shown in fig. 5.1-5.2.

60 1

50+

ES
o

Intensity (counts)
w
o

)
o

10 +

460 480 500 520 540 560 580 600
Wavelength (nm)

Figure 5.1: Cu-LIBP time integrated spectra centred around A = 530nm collected with
the Acton SP2500 Spectrometer. The three main lines centred around A ~ 520 nm are the
neutral transitions lines corresponding to bound-bound transitions within neutral excited

Cu atoms [76].

From fig. 5.1-5.2 it is apparent that continuum emission is present and in the case of fig.

100



8001

=]
o
(=]

400

Intensity (a.u)

2001 1 2 3

500 510 520 530 540 550
Wavelength (nm)

Figure 5.2: A close up of the three main Cu-neutral lines centred around A ~ 520 nm taken
with the OceanOptics USB2000 spectrometer. These lines represent bound-bound transitions
inside excited neutral Cu atoms. The numbered solid black lines correspond to the locations
of the three main peaks and are given in table 5.1.

Line Ary (nm) Apyy (nm) % Difference

1 510.32 510.68 0.07
2 515.25 015.17 0.02
3 521.96 521.71 0.05

Table 5.1: Table comparing the experimentally measured values, Ay, in this thesis to those
of literature values, Ary, reported in ref. [76]. This indicate that the spectra shown in
fig. 5.1-5.2 match closely with what has been reported prior given the negligible per cent
difference between them.

5.2, it was so dominant that the main neutral transition lines reported in ref. [76; 136; 137]
were only partially resolved. Since the first ionization energy of Cu is relatively high, occuring
at Uy = 7.73eV — X\ = 160nm it is not possible with either the OceanOptics USB200 or
the Princeton Instruments Acton SP2500 spectrometer to detect the first ionization line at
A = 160nm [136; 137]. Barring possible X-ray contributions, the spectra in fig. 5.1-5.2
indicate that the light emission detected is dominated by bound-bound transitions, that is
by spontaneous emission of excited atoms and ions inside the plasma (see Appendix B and
ref. [10; 83] for details). These lines occur around A ~ 520 nm as the lines present in fig. 5.1

most closely match Cu I emission lines reported by ref. [76; 136; 137].
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As for the photoluminescence (PL), shown in fig. 5.3 and 5.4 it appears to decay expo-
nentially as Ipr, < e /™. Where 7y is the PL lifetime. The response of the scope is taken
to be Gaussian thus, any resulting curve can be thought of as the convolution of a Gaussian

and an exponential decay, which eqn. 2.12 gives as,

I(t)=g(t,7)* Ipy (1) = Ay /_:o dr6 (1 — to) exp [_%1 exp [_TLJ

Where 6 (7 — t) is the Heaviside step function, ¢, is the time at which the detector sees Cu-
LIBP PL, Ay is a constant, and t,, is the standard-deviation of the Gaussian scope-response.
It is related to the full-width-at-half-maximum according to, FWHM = 2,/21n(2)¢,. By
solving integral eqn. 5.1 numerically, an approximate 7y can be obtained. This is what is
done in the fits of the PL curves shown in fig. 5.3-5.4. It is of note that the integral given

by eqn. 5.1 can be solved analytically, and the solution is,

\/75 (t —tw2t0 - %)D 52)

I(t)=g(t,7)* Ipy () Zfoe_% <1+erf

Where, I is a constant defined as,

|27 to 12
Iy =/ —t,A — 4+ 2.
0 2 v 0&Xp [7‘0 + 273}

For the derivation of eqn. 5.2 see Appendix D section D.1. The overall result of fitting the
PL curves shown in fig. 5.3-5.4 show that for pump powers on the order of P = 135—205mW
yield 7o ~ 20 ns. Note that the full-width at-half-maximum (FWHM) was used in the fitting
process. At lower fluences the fitting routine used breaks down see fig. 5.4 giving Y¥? > 1

indicating poorer fit quality.

The fitting routine was implemented using a few in-house classes coded in python centred
around the scipy API (the documentation for which can be found in ref. [138]). The general

outline of the algorithm routine is as follows: data for the traces shown in fig. 5.3-5.4 were
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Figure 5.3: Time integrated PL curves for various high fluences. The curves were fit to
eqn. 2.12 Fit parameters for each curve are shown in table 5.2. All the curves here have
To =~ 20ns. Varying the pump (and with it the fluence) power in this range did little to
increase

retrieved using the in-house rtrvPLdata which performed the necessary pre-processing and
cleaning (e.g. removing noise and cutting off unnecessary zeros). rtrvPLdata then returned
the cleaned dataset and the standard deviation of the noise floor, sigma. The cleaned dataset
was then past to the scipy.optimize.curve_fit method; the bounds for the fit parameters
for the method were Ay € [0,10mV /ns], 79 € [0,30ns], FWHM € [0, 6 ns], and ¢, € [0, 2 ns]
the maxfev parameter was set to maxfev=6000 to allow sufficient passes for convergence.
The scipy.optimize.curve_fit method would then return two arrays: popt and pcov.
The former being the optimized fit parameters and the latter being the covariance matrix of
the parameters. To get the errors pcov was evaluated as, perr=np.sqrt(np.diag(pcov)).
The reduced chi-squared, %, was simultaneously calculated using the in-house redchisq
method which took the fitted signal trace and the sigma parameter as inputs. This process

was then repeated for the next trace.

What fig. 5.3 and tab. 5.2 indicates that for fs-ablation, the Cu-LIBP exists on the order
of 79 ~ 20 ns which is too short a time frame for THz probing to occur. To see why this is a

limiting factor consider that the length of delay needed for a THz pulse to sample Cu-LIBPs
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(P) (mW) Ay (mV/ns) 7o (ns) tpr, (ns) FWHM (ns) ¥
135 0.30+£0.01 192403 9642 3.0+0.1 1.04
147 0.20+0.01 23.7+0.3 11842 3.44+0.2 0.87
158 0.324+0.01 19.0£+£0.2 95+1 3.5+0.1 0.83
170 0.30£+£0.01 225403 113+1 3.44+0.2 1.21
182 0.29+£0.01 238+0.2 119+1 3.14+0.1 0.64
191 0.594+0.02 196+02 98+1 2.6=+0.1 1.00
205 043 +£0.01 202402 101+1 3.6 0.1 0.98

Table 5.2: Fit parameters and the ¥? value of each fit of the time integrated PL curves shown
in fig.5.3. Uncertainty in (P) is constant and is u ((P)) = £1mW. Varying the fluence here
did little to increase the overall PL lifetime, 7.

P= 35 mw

4.0

Signal (a.u)

357

3.09

-20 0 20 40 60 80 100
Time (ns)
Figure 5.4: Time integrated PL curves for lower fluences. The curves were fit to eqn. 2.12.

Fit parameters for each curve are shown in table 5.3. These curves in general are of poorer
quality fit in comparison to the high-fluence results shown in fig. 5.3.

(P) (mW) Ay (mV/ns) 7 (ns) tpy (ns) FWHM (ns) ¥
35 0.38£0.01 49+£01 245£0.5 3.3+0.1 2.94
95 0.50+0.02 59%+£0.1 29.5%£0.5 3.2x0.1 5.16
75 0.64+£002 74+£01 37+0.5 3.0£0.1 10.0

Table 5.3: Fit parameters and the ¥? value of each fit of the time integrated PL curves
shown in fig.5.4. The data presented here suggests more variation in the PL-lifetime with
the pump power, albeit with minimal improvement.
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is given by,

where ¢ = 300 mm /ns and is the speed of light in air to be able to probe the Cu-LIBP with a
duration on the order of, 7y ~ 20 ns implies that the delay is at least At = 20 ns this means

that the length of delay required is,

L R

At the time of writing and experimentation, we do not have access to a fine delay stage of
this length. This means that given the current limitations of space and material, it is not
possible to probe the dynamics of fs-pulse induced LIBP from solid targets. One possible
workaround that is hinted at in Mingareev et al., is to use a multi-pass delay stage called
a Herriot cell [139]. A Herriot cell consists of two high reflectivity mirrors which form a
cavity that traps the input light bouncing it back and forth for a number of N passes before
releasing it [139]. Mingareev et al. used a Herriot cell to perform shadowgraphy on a fs-
ablated Al and Cu [139]. The same concept could be extended to THz spectroscopy to
probe nanosecond-microsecond phenomena by delaying the THz generation line. There does
remain the issue of diffusion of solid target LIBP plume expansion into the ambient air.
For if there is not sufficient expansion into the focus of the plume at a time when there are
enough carriers to sample, the THz pulse will not be able to probe the LIBP as the plasma
will be too diffuse. Ideally, for THz probing the plume should at least be on the order of

[ ~ 1mm.

A brief survey of the literature indicates that this should not be too great a concern. For
example, Freeman et al. using ICCD measurements gave a typical fully extended plume a
lateral length of about [ ~ 2.5 mm under ambient conditions [140]. Though Freeman et al. is
unclear exactly when the image they gave was taken, so it is hard to gauge roughly how dense
the plume is. Electron shadowgraphy measurements performed by Centurion et al. indicate
that within the first ~ 30 picoseconds, there is rapid plume expansion to at least [ ~ 0.45 mm
under ambient conditions [92]. For the case of Cu-LIBP specifically, Wang et al.’s ICCD

measurements do give a plume at an extent of [ ~ 1 mm at a time of 800 ns after ablation
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with a corresponding density of approximately, n, ~ 7 x 101" cm=3 [11]. Wang et al.’s results
taken by themselves do seem to indicate that there is both sufficient length, and sufficient
electron number density for THz probing, given how THz spectroscopy was performed for

inductively-coupled plasmas, with densities on the order of n, ~ 10 — 10*cm=3 [27-31].

The main bottleneck for transmissive THz probing of LIBPs is then just the timing. Using
the results from fig. 5.3 and table 5.2 gives the full Cu-LIBP PL lifetime is on the order
of tpy, ~ 100ns. This makes it very difficult to probe using the setup outlined in chapter 4
section 4.2 as the EHP to which the setup was calibrated to have full conductivity lifetimes,

te, ranging from t. ~ 6 — 348 us. (For discussion on the relative timing see section 5.2)

Possible sources of error could come from one of two sources: (1) the stand-off distance
at which the fibre optic was placed (2) the angle at which PL was collected. For (1) there
is a noted dependency on the intensity of light meaning that slight changes to the fibre
position could result in significant reduction in the overall signal [47; 141]. For (2) the
angular dependency was neglected and this could also cause a loss of PL signal [141]. The
reason why the distance and angle of the fibre-optic matters, is as Lin et al. mentions, the
LIBP characteristics vary dramatically with distance from the target surface in all directions
[141]. Lin et al. observed very different spectral intensities at different fibre-optic angles and
polar distances, with optimal distances and angles being between 15mm < r < 35mm and
0 = 50° with respect to the sample plane [141]. Lin et al.’s results are not shocking. To
understand why this is so it helps to recall that the time-averaged intensity of light is [142],

1
I= 506052. (5.3)

Due to the rapid separation of charges at the early times in a LIBP, a distinct ion-front
and electron-front form in the LIBP at the early times [89-93]. This local separation of
positive and negative charge can be thought of as a transient dipole [143]. Thus, a model of
the Cu-LIBP electric field could be a dipole in the near-field. The electric field of a perfect

dipole, &,, in spherical coordinates is given as [143],

—

(c;d (T’, 9) =

[2 cos?(0)7 + sin(9)9] : (5.4)

4regr
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where p = qd is the dipole moment magnitude, with d being the separation between the

positive and negative charge clouds. Taking the dot product of eqn. 5.4 with itself gives ,

Ed-édzf,’j:( P )2(4cos2(9)+sin2(9)):( P )2(30052(9)+1).

4meqr3 4meqr3

Substituting this result into eqn. 5.3 gives the intensity of the Cu-LIBP as,

1 L, ek » \° ) ¢ (p\?(3cos*(f)+1)
I, = 20605 = ( ) (3cos*(0) +1) = 2 (477) p .

(3cos?(9) + 1)

(5.5)

What eqn. 5.5 indicates is that the intensity of light from a Cu-LIBP falls off as I; oc 1/r®
with the distance. While the exact dependency of LIBP light intensity may not be, Iy oc 1/75,
it illustrates why ref. [47; 141] all noticed variation with the collected plasma PL with
distance. This could translate to greater intensities, and possibly longer decay times if the
fibre-optic was placed closer. In this thesis, the distance between the fibre-optic tip and the
plasma was roughly [ ~ 40 mm — 50 mm. This was outside the optimal range mentioned by
Lin et al. (15mm < r < 35mm) [141]. Despite this limitation, the timescales over which
Ipr, decayed were on the order of tp;, ~ 100ns, which matches Verhoff et al.’s observation
that the emission intensity from fs-ablated brass, an alloy of copper and zinc, was very
weak after ~ 100ns [8]. Thus, the PL-intensity curves observed in fig. 5.3-5.4 are within
reason. In conclusion, taking these values as a lower order estimate of PL emission, indicate
that PL and by extension, the plasma is relatively short lived in comparison to the EHP
in semiconductors discussed in the next section. If 7y ~ 20ns the stage length needed is
Az = 3m to access those time scales, which was beyond our experimental capabilities. Even
if the plasma is longer lived than what is indicated here, these results still point towards the

need for proper time delays between the arrival of the THz pulse and plasma formation.
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5.2 Terahetz Transmission in Semiconductors

For the benchmarking of the asynchronous THz transmissive approach outlined in chapter 4
section 4.2, semiconductors GaAs and Si were PE to form an EHP analgous to the Cu-LIBP.
The goal with this experiment was to show that a AT could be obtained, for if this approach
worked in semiconductor EHPs, it should translate over to LIBPs. While a A7 was obtained
for both the cases of PE GaAs and Si (see fig. 5.5 and 5.7), both have conductivity lifetimes,
Te, on the order of 7. ~ 1 — 70 us which is substantially larger than the 7y ~ 20 ns PL lifetime

seen in the previous section. Making detection for the case of EHPs easier than Cu-LIBPs.

As with the Cu-LIBP PL, it was assumed that the —A7 shown in fig. 5.5 and 5.7 decays
exponentially —AT oc e ¥/7. If again, the response of the scope is taken to be Gaussian
any resulting curve can be thought of as the convolution of a Gaussian and an exponential
decay. The result is identical to eqn. 5.1 with the substitution 7y +— 7.. Furthermore, as
with the Cu-LIBP PL lifetime, we can define a full conductivity lifetime, ¢. which is equal
to five time constants of 7, i.e., t. = 57.. The resulting —A7T for Si and GaAs are shown in

fig. 5.5 and 5.7.

A type IT Chebyshev polynomial filter was applied to the Si conductivity lifetime shown
in fig. 5.5. This was done to get an approximate fit, otherwise the fitting routine developed
in section 5.1 proved to be infeasible as it would not converge or improperly fit the unifiltered
curve shown in fig. 5.5. This choice of filtration is further justified when the Fourier trans-
formed spectrum of fig. 5.5, shown in fig. 5.6, is considered. Fig. 5.6 indicated that the bulk
of the signal comes from lower-frequency components less than the cutoff frequency, f., of
fe = 0.05 MHz with higher frequency components contributing to the noise. The GaAs con-
ductivity lifetime required no equivalent filtration to perform the fit, and the fit proceeded
without the use of a filter. The results for the fits shown in eqn. 5.5 and 5.7 are given in

table 5.4.

By setting the delay stage such that the —A7T was maximized, it was possible to then
vary the average laser power, (P), used to pump the Si-wafer and observe changes in the
negative average differential THz transmission, — (AT). The results of which are shown in

fig. 5.8. Fig. 5.8 shows linear behaviour between the (P) and — (A7) until some critical
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Figure 5.5: The conductivity lifetime of an electron-hole plasma in PE-Si. Here —AT is the
negative differential transmission. Due to noise in the signal, a low-pass type II Chebyshev
polynomial filter of order, N, of N = 12 power, a cutofft frequency, f., of f. = 12 MHz and
a roll-off, Ay, of A, = 85dB was applied to the signal. This was done so an estimate of the
conductivity lifetime could be obtained by fitting to the filtered signal. The fit parameters
are given in table 5.4. Data was collected using an oscilloscope.
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Figure 5.6: Fig. 5.5 in the frequency domain. As is evident from the figure, past f. =
0.05 MHz, the bulk of the frequency components contribute to noise in the signal. This
motivated the use of th low-pass type II Chebyshev polynomial filter.
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Figure 5.7: The conductivity lifetime of an EHP in PE-GaAs. Fit parameters are shown in
table 5.4. Unlike the PE-Si shown in fig. 5.5, no filter was applied to the signal. The fit
parameters are given in table 5.4. Data was collected using an oscilloscope.

Sample Ay (mV/us) to (us) 7. (us) te (us) FWHM (ps) ¥
GaAs 35.5£0.8 1.079 £0.002 1.27+£0.01 6.35£0.05 0.30+£0.01 2.21
Si 0.12£0.01 1.3£0.1 69.6 £0.8 348 £4 7.1+£0.4 1.04

Table 5.4: Fit parameters and the ¥? value of the —AT fits shown in fig.5.8 and 5.7. The
Si results came from the fits to the filtered signal. Note that no filtering was performed on
the GaAs signal.
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Figure 5.8: Measurement of the THz modulation in the presence of an EHP in PE Si for
varying optical pump power. Here — (A7) is the negative average differential transmission
obtained from a lock-in amplifier read-out. The error bars are the standard deviation in the
— (AT) signal and range from u (— (A7T)) ~ £0.1 —0.2. Uncertainty in optical pump power
is constant and is w (P) = £0.1mW. The black line is the fit given by eqn. 5.6. Initial
linear behaviour from P = 27.8 — 93.5mW (£, = 27.8 — 93.5 1J) implies an increase in the
free-carriers for screening. The saturation at P. ~ 93.5mW at which point, indicates that
the maximal number of free-carriers have been released and more cannot be pumped. The
saturation value is — (AT) = —AT; = 1.68 £ 0.03.

power, P.. This P, was estimated to occur at P, ~ 93.5mW. Past P, the — (A7) became
saturated and was found to be equal to — (AT) = —AT; = 1.68 & 0.03. This behaviour can

be modelled according to the following phenomenological expression,

GoP + AT, for P<P,
—(AT)(P) = (5.6)
—AT, for P> P,,

where (3 is the slope and is 8y = (1.6 = 0.1) x 10>mW ! and A7, is the minimal differential
transmission observable and is A7, &~ 0.19 4+ 0.03. The fitting of eqn. 5.6 was implemented
using the scipy.optimize.curve_fit method from the scipy API (the documentation for

which can be found in ref. [138]).

The observation of a saturation behaviour in fig.5.8 can be explained as follows: when a
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semiconductor is being PE, electrons are promoted to the conduction band, while holes go
to the valence band as illustrated in fig. 3.1 [113; 114]. The probability of these transitions

between the conduction and valence band occur is given by Fermi’s golden rule [113],

2T i) g () (5.7

Wi—sf =

where, H', is the interaction Hamiltonian and g (Aw) is the joint density of states for electrons

and holes and is given by [113],

3/2
(o) = 5 (;—’“‘) (heo — Eq)"? (5.8)

Where hw is the incident photon energy such that Aiw > FE¢g and p is the reduced electron-hole

mass [113],
1 1 1

* * 7
H me my

where m? and mj are the effective electron and hole masses respectively. The under PE H’
is described semi-classically as an electric-dipole transition, H' = —er - go where r is the
position operator; this form of the Hamiltonian is called the electric-dipole approximation
[113; 144]. The derivation of this approximation is given in ref. [144]. What is important for
this thesis is to note that because & o is just a constant electric field from the laser, meaning

that eqn. 5.7 can be re-written as [113; 144],

—

(I 1 g (o) = 2| (1 (—ex) - Eoli)][ g (1)

sy = o (B0 1 e iy () (5.9

Wisf =

27T|
h

The task is to now relate the laser field, & to the laser power. To do this, recall that the
time-averaged energy flow through a surface with a normal at 2 is given by the time-averaged
Poynting vector [142],

(S) = %ceogg,% =12 (5.10)
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power, P in turn is related to (S) through the integral [145],

(P — / (S) - dA, (5.11)

where dA is the surface area under consideration, in this instance, dA = sdsd¢z which
corresponds to the an integration over the area the laser spot covers the semiconductor.

Evaluating eqn. 5.11 gives,

5 1 ro 27 72 2
p) — CdA = L2 _ Ty 2 _ TG 02
(P) /(S} d 206050/0 /0 sdsdo 5 cen&) 22050

27,
£ — - &8 =22(P), (5.12)

2

T
P)y=_—"
(P rd

27,

where 7 is the impedance of free-space and is Zy = 3770 and 7 is the laser spot-size radius.

Substituting eqn. 5.12 into eqn. 5.9 gives,

s =2 () ) el
wiy =2 (2—) (P {1 1i) o (iﬁ)/ (hw — Fa)”2. (5.13)

What eqn. 5.13 shows is that w;_, s o< (P); by increasing (P), the probability of a transition
between the conduction and valence band and thus, the likelihood of an electron-hole pair
being created as illustrated in fig. 3.1 increases. This explains the initial linear behaviour seen
in fig. 5.8, for by pumping the Si wafer at higher powers, the probability of a transition, and
with it, free-carriers being released, increases. These free-carriers then screen the oncoming

THz pulses travelling through the wafer, leading to a rising — (AT).

The onset of saturation at P, in fig. 5.8 can be explained using the Pauli exclusion
principle. The Pauli exclusion principle states that no two electrons can occupy the same
state [146]. For the case of semiconductors there exists a very large, but finite number of
states that the electrons can occupy in the conduction band [113]. Increasing w;_, s increases
the likelihood that the conduction band occupancy will be filled [113], thus past a certain
threshold, no new transitions can take place as the band is already filled and no two electrons

can occupy the same state. When this comes about, the maximum number of free-carriers
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capable of screening the oncoming THz pulse have been released, and subsequently — (AT) =
—AT,.

By being continually pumped, an EHP is sustained and the oncoming THz pulses are
attenuated as seen in fig. 5.5, 5.7, and 5.8. Varying the pump delay time and repeated
sampling of the THz pulse via EOS, the conductivity and collision times could be measured
using the Drude model as per ref. [22; 23; 25; 59]. For the purposes of this thesis though, the
interest lies not in re-creating the results seen in ref. [22; 23; 25; 59], but in observing a —A7T
like the ones shown in fig. 5.5 and 5.7 for the case of a Cu-LIBP. The significance of this is
that a figure similar to that of fig. 5.5 and 5.7 would mean that conductivity measurements
in semiconductors could just as easily apply to LIBPs. Therefore, no attempt was made in
this thesis to extract conductivities, o; and o5 from the Si and GaAs samples.

Furthermore, because the area of ablation is finite containing a finite amount of electrons
and ions, an analogous saturation behaviour given by eqn. 5.6 and shown in fig. 5.8 could
also arise. This conjecture is rooted in Park et al.’s experiments, which observed saturation
behaviour in charge measurements for ionized planar Cu samples at around ® ~ 1kJ/cm?
[71].

However, over the course of the investigation period, no such analogous results like those
shown in fig. 5.5, 5.7, and 5.8 were replicated in a Cu-LIBP. The reasoning as to why
this asynchronous technique worked in semiconductors but failed for Cu-LIBPs arises from
the orders of magnitude difference between the full conductivity lifetime, ¢., which is ¢, ~
6 — 348 s and the full PL lifetime, tpy,, which was found to be tpy, ~ 100 ns. This massive
difference in the lifetimes made it unlikely for Cu-LIBP to be probed using the asynchronous
methods outlined in chapter 4 section 4.2. This is because the period between plasma
formation in both cases is 7, = 2ms meaning that only every 2ms is there a LIP (either
EHP or LIBP) available for sampling and the VMRA responsible for THz generation, only
produces THz pulses T, = 4 us. This makes it more likely for the THz pulse to “see” the
EHP (with t. ~ 6 — 348 us) but not the LIBP (with tpy, ~ 100ns) (see fig. 5.9). To put it
another way, measurement of microsecond scale processes, such as the conductivity lifetimes
shown in this section, are just easier to measure with microsecond timing between the pulses,

than nanosecond scale process, such as the Cu-LIBPs.
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Figure 5.9: A graphical explanation of the difficulties encountered with sampling a Cu-LIBP.
The timing diagram is on a 4 us scale. While it is not impossible to detect the Cu-LIBP,
shifting the arrival of the THz pulses requires a delay of at least Az = 3m which is not
feasible with the setup used. Note that THz pulses could arrive later or earlier with respect
to the Ablation/PE pulses due to the random phase between the Legend and VMRA systems.
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Chapter 6

Results: Terahertz Emission in

Laser-Induced Plasmas

6.1 THz Emission in Cu target Laser-Induced Break-

down Plasmas

THz emission has been observed in gaseous target plasmas and solid target plasmas first by
Hamster et al. in 1993 [51]. Cook and Hochstrasser later refined the technique for gaseous
targets leading to the development of Four Wave Mixing (FWM) which is now a widespread
technique for THz emission [123; 147]. Coherent THz emission from a solid target though
was first detected by Yuan Gao in 2008 using EOS [49]. Strangely though, there was little
follow up to Gao’s observations with most of the work discussing detection of THz radiation
from a solid target plasma using a bolometer, but not the half-cycle or even full-cycle pulse
[50; 53; 54; 56]. Though there is the notable exception of Li et al. who was able to observe
a full cycle THz pulse using a relativistic laser [55].

Curiously though, neither Li or Gao are concerned with non-linear effects arising from
the interaction between light and the solid target [49; 55]. Both Li and Gao have their
samples mounted at an angle to the oncoming PE-beam, and at such an angle contributions
due to optical rectification are non-negilgable [49; 55; 68]. However as noted by Anisimov et

al. in their letter on ultrashort pulse interactions, thermionic emission and the photoelectric
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Figure 6.1: The time domain of a single-cycle Cu-LIBP THz pulse measured with the Cu-
ring target orientated at an angle shown in the inset of fig. 6.2. Lock-in amplifier settings
used in the detection of this pulse were a sensitivity of V;, = 20 4V and a time constant of
77, = 300 ms.

effect do not just disappear [84]. The same could also be said of other processes such as
optical rectification, which has been observed in metals [68; 69]. Still though this raises the
possibility that the THz waveform seen in the works of Li and Gao arise not from the solid

target LIBP as Gao and Li claim, but from a non-linear optical effect from the bulk.

To see if such contributions from non-linear bulk processes are present the Cu-ring mount
shown in fig.4.30 was set at an angle of § = 20° (see inset of fig. 6.2) to the oncoming laser as
per the work of Gao et al. [49]. This yielded the waveform shown in fig. 6.1 which resembles
the InAs waveform shown in fig. 6.7. This result has one of three possible interpretations:
(1) space-charge separation between ions and electrons in a LIBP produces a THz transient
in a manner analogous to the photo-Dember effect in InAs, (2) both the space-charge field
and nonlinear bulk processes (e.g., optical rectification) shown in fig. 6.1 contribute to THz
emission, (3) nonlinear effects in the solid target are solely responsible for the single-cycle
THz pulse shown in fig. 6.1. Of these three interpretations of fig. 6.1, the (3) can be ruled
out definitively. This is because, in the second part of this experiment, the angle between the

Cu-ring sample mount and the oncoming ablation beam was orientated at normal incidence
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Figure 6.2: The frequency domain of the Cu-LIBP THz pulse with the Cu-ring target held
at an angle, 6, # = 20°, to the oncoming ablation pulse during measurement. Inset: the
orientation of the Cu-ring target during the measurement. Comparison to fig. 6.4 shows
a loss of frequency components. This indicates possible coupling between non-linear bulk
processes, e.g., optical rectification, into the signal.

(see inset of fig. 6.4). By changing the orientation of the sample to be at normal incidence
to the oncoming ablation pulse, any signal contributions from optical rectification disappear
[60]. This means that any THz emission seen should arise from the rapid space-charge
separation in the LIBP plume alone, or at the very least, the bulk of the emission should
emerge from the space-charge separation documented in ref. [91-93]. The detection of THz
radiation at normal incidence as shown in fig. 6.3-6.4 indicates that the space-charge field is
responsible for the majority of THz emission. Given the absence of the frequency components
shown in fig. 6.2 in fig. 6.4, most likely interpretation of the physical mechanisms present
in fig. 6.1-6.2 is that of interpretation (2). Meanwhile, for fig. 6.3-6.4 (1) is the most sound
given how the orientation is set to normal incidence. Note though that this interpretation is
barring possible contributions from a hypothetical photocurrent arising from electron motion
in the metal (see chapter 2 section 2.4).

Some form of orientation dependency on the THz emission in a LIBP has been seen
before in the work of Du Fei et al. in ref. [54]. In their work, Du Fei et al. noticed that

depending on where the bolometer was placed, the THz energy per solid angle could differ

118



1.5

—— Lock-in Signal (a.u)
—— Background

1.0

0.5

0.0

_0.5 4

Lock-in Signal (a.u)

-1.0

—-1.57

-3 -2 -1 0 1 2 3 4
Time (ps)
Figure 6.3: The time domain of a single-cycle Cu-LIBP THz pulse measured with the Cu-
ring target orientated at normal incidence. The orientation is shown in the inset of fig. 6.2.
Lock-in amplifier settings used in the detection of this pulse were a sensitivity of V;, = 20 uV
and a time constant of 77, = 300 ms.
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Figure 6.4: The frequency domain of the Cu-LIBP THz pulse with the Cu-ring target held at
normal incidence to the oncoming ablation pulse during measurement. Inset: the orientation
of the Cu-ring target during the measurement. Comparison to fig. 6.2 shows a loss of
frequency components. This indicates possible coupling between non-linear bulk processes,
e.g., optical rectification, into the signal.
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by as much as a factor of 10 when sweeping over a 90° angle [54]. It should be noted though
that Du Fei et al. did not measure the THz waveform, only the THz energy dependency
at three different orientations of their bolometer with respect to the target; with the target
itself being held fixed [54]. Furthermore, a key difference between Du Fei et al. and this
thesis, is that in Du Fei et al.’s case, as with Sagisaka et al. and Hamster et al., there was a
pre-formed plasma which was then subsequently driven by a femtosecond pulse which is not
the case here [50-52; 54]. To the best of the author’s understanding, the vanishing of THz
frequency components from a solid-target LIBP, such as those shown in fig. 6.1-6.4 has not
been documented in the literature.

With regards as to how emissive approaches relying on the rapid space-charge separation
could aid in the detection of water content in a target, the author is inconclusive. For
classical THz detection of water content relies on transmissive THz techniques [13; 16; 17].
Furthermore, to the best of the author’s knowledge, no one has proposed emissive THz
approaches as a viable means of detecting water content. Thus, more work needs to be
done to develop emissive detection of water content. A possible experiment that could
be preformed is to ablate samples of varying water concentration and compare this to a
THz pulse fired from a PCA. The THz pulse from the PCA would serve as a measure of the
background humidity in the lab. If the depths of the THz waveform troughs in the frequency
domain become deeper (similar to what is seen in fig. 1.3) with samples of increasing water
content, it would show that emissive THz detection of water content is viable, especially if

the troughs persist after subtraction from the background PCA THz waveform.

6.2 Terahertz Emission in Semiconductors

THz emission in photoexcited semiconductors is a well established process and forms the basis
for PCA THz emitter structures like the one shown in fig. 4.7. The goal in this experiment
was to see if the experimental setup shown in fig. 4.27 could detect THz emission of any
kind and in the process corroborate literature observations such as those reported by ref.
[60-63; 65; 66].

There were in total four semiconductors samples from which THz emission was checked:
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Figure 6.5: The time domain of the PE GaAs p-type 2n doped (110) sample THz pulse.
THz emission here is just above the background. The lock-in amplifier settings used for the
detection of THz emission in this sample are V;, = 2 4V sensitivity and a time constant of,
77, = 300 ms.

Undoped GaAs, InP, InAs (111) p-type 2n doped, and GaAs p-type 2n doped (110). From
the undoped GaAs and InP no THz emission of any kind was detected. While THz emission
from PE GaAs p-type 2n doped (110) was found (see fig. 6.5-6.6) it was difficult to detect
and closer to the noise floor of the lock-in amplifier as seen in fig. 6.5-6.6. The lock-in
amplifier settings (see table 4.4) used for the detection of THz emision from PE GaAs p-
type 2n doped (110) were used to provide a lower bound for the detection of THz emission

in Cu-LIBPs shown in fig. 6.1-6.4.

In contrast to GaAs p-type 2n doped (110), InAs (111) p-type 2n doped showed incredibly
strong emission with a relatively large signal-to-noise as seen in fig. 6.7-6.8. The frequency
domain (fig. 6.8) of InAs (111) p-type 2n indicates that the THz pulse has a bandwidth of
Af ~ 4THz. The lock-in amplifier settings (see table 4.4) used for the detection of THz
emision from PE InAs (111) p-type 2n were used to provide an upper bound for the detection

of THz emission in Cu-LIBPs shown in fig. 6.1-6.4.

All samples under study were placed at a § = 45° angle (see fig. 4.27), at this angle optical

rectification within the sample is maximized [60]. So it is possible that the THz emission seen
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Figure 6.6: The frequency domain of the PE GaAs p-type 2n doped (110) sample THz pulse.
Here it is evident that a few frequencies are above the background floor, but the background
still screens much of the THz emission from the sample. The settings used for this sample
were used as the upper calibration bound for emissive THz detection in Cu-LIBPs.
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Figure 6.7: The time domain of the PE InAs (111) p-type 2n doped THz pulse. THz emission
here is well above the background and is very strong. The lock-in amplifier settings used

for the detection of THz emission in this sample are a V, = 200 4V sensitivity and a time
constant 77, = 300 ms.
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Figure 6.8: The frequency domain of the PE InAs (111) p-type 2n doped sample THz pulse.
From this figure it is evident that the THz emission is strong. The THz pulse here has a
frequency bandwidth of Af ~ 4.5 THz. The settings used for this sample were used as the
upper calibration bound for emissive THz detection in Cu-LIBPs.

in fig. 6.5-6.8 have non-negligible contributions from optical rectification [60]. As for the
predominant THz generation mechanisms in each of the samples used, GaAs is a primarily
surface-field emitter at wavelengths of A\ = 800 nm meaning that the resulting currents are
driven by a built-in static surface-field, E"S [61; 63; 65; 66]. This static surface-field arises

from Fermi-level pinning [118]. If this is the case, the surge current can be expressed as [61],

—

J~e (ene + pnnp) Es. (6.1)

InAs meanwhile is a primarily photo-Dember emitter [60-63]. In the photo-Dember effect,
electrons and holes diffuse into the bulk of the semiconductor forming a transient dipole due
to the large difference in mobility between the holes and electrons [60-63]. In the case of the

photo-Dember effect, the surge current can be expressed as [61],
7 _ pikpT;

J~e(D.Vn,— D,Vn,) where D;= . i=-¢e,h. (6.2)

Both of eqn. 6.1 and 6.2 are directly proportional to the THz field, i.e., Erp. ox 0J/0t [60—
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63; 65; 66]. What is significant for this thesis, is that the results shown in 6.5-6.8 is that they
show emissive THz detection using the approach outlined in chapter 4 section 4.4 worked for
at least the case of PE semiconductor EHPs. This established a basis from which it was then

possible to move unto monitoring THz emission from Cu-LIBPs; giving the results shown in

fig. 6.1-6.4.
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Chapter 7

Conclusions

In this thesis, methods for using single-cycle THz pulses for the study LIBPs were investi-
gated by one of two means: (1) transmissive THz aproaches (THz pulse is sent through the
plasma) and (2) emissive THz approaches (THz emission from the plasma is monitored).
Both approaches were implemented to asses the feasibility of an all-optical means by which
stand-off water detection could be preformed alongside LIBS. This is motivated by obser-
vations that THz pulses are highly sensitive to water molecule rotational and vibrational
modes [13; 15; 16]. Ideally, this would give rise to a hybrid THz-LIBS unit that could be
used in-situ to measure both target elemental composition and water content. To benchmark
both approaches, EHPs arising from PE of semiconductors were used.

Results from simulations assuming a vacuum, and the predominance of electron-ion col-
lisions and collisionless cases (fig. 2.3-2.9) in LIBPs and results from inductively coupled
plasmas in ref. [27-30], along with the work of Mics et al. and Chen et al. for gaseous and
solid-target LIBPS in ref. [31; 33] indicated that the transmissive THz approaches should
be theoretically possible albeit, heavily attenuated. The asynchronous transmissive method
outlined in chapter 4 section 4.2 was successful in producing a measurable —A7 conductiv-
ity spectra in PE Si (fig. 5.5) and GaAs (fig. 5.7). By fixing the fine delay stages to the
peak of the THz pulse from the PCA emitter shown in fig. 4.7, and subsequently varying
the average pump power, (P), a saturation behaviour in the average differential transmission
(AT) around (P) ~ 90 mW appeared (fig. 5.8) for the case of PE Si. The emergence of both

a —AT conductivity spectrum similar to the ones shown in fig. 5.5 and 5.7 and saturation
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behaviour in the (—A7T) with the pump power were subsequently expected to be found for
the case of a Cu-LIBP. The speculation for the saturation behaviour being based on the
findings of Park et al. who noticed that the ionic charge they measured from ps-ablated

planar Cu began to saturate around ® ~ 1kJ/cm? [71].

However, neither an equivalent —A7 spectrum or saturation behaviour analogous to
those seen in fig. 5.5, 5.7, and 5.8 were found for the case of Cu-LIBPs induced by fs-
ablation. This prompted an investigation of the PL lifetimes of the Cu-LIBP seen in fig.
5.3 - 5.4. The PL lifetime was chosen as the metric to gauge the overall duration of plasma
effects because it is the time frame over which the existence plasma effects could be readily
verified to at least a first order. Fits to the high fluence PL curves shown in fig. 5.3 gave
PL lifetimes on the order of 75 ~ 20ns. This value of 7y >~ 20ns is far lower than the
conductivity lifetimes found from PE GaAs and SI EHPs, which were around, 7. ~ 1 —70 us.
This discrepancy between the Cu-LIBP PL lifetime and the conductivity lifetime of Si and
GaAs EHPs indicates that it is highly likely that the Cu-LIBP is dissipating in between the
arrival of THz pulses. This means that a major limitation that must be overcome for the
development of transmissive methods for water detection in solid-target LIBPs is controlling
the relative timing between the ablation pulses, plasma ignition, and the arrival of THz
pulses. An appropriate delay needed to resolve this, in the case of this thesis, is a delay

stage of length Az = 3m, which was not experimentally feasible.

The difficulty surrounding transmissive THz approaches then pushed the direction of
this thesis towards emissive approaches. The basis for this was the work of Gao et al.
who observed THz emission from a fs-ablated Cu-LIBP [49]. Emissive approaches, while
untested for the detection of water content, were investigated in order to bypass the difficulty
associated with synchronization across picosecond to microsecond timescales the transmissive
approaches have. Hence, attention was shifted towards emissive approaches. In both the
case of PE semiconductor EHPs and fs-ablated Cu-LIBPs, emissive detection of single-cycle

THz pulse was seen (fig. 6.5-6.8 and fig. 6.1-6.4).

The results from Cu-LIBPs seen in fig. 6.1-6.4 could not be sufficiently explained by
the models proposed by Hamster et al. and Sagisaka et al.; this is due to the fact that

in both cases Hamster et al. and Sagisaka et al. use an amplified stimulated emission
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pulse and a pre-pulse to make a preformed plasma which they subsequently driven with
the main fs-pulse [50-52]. For the emissive experiments outlined in this thesis make no
use of such pulsse to produce a plasma. The ablation and subsequent plasma ignition was
accomplished solely through the use of a pulse of pulsewidth 7,, = 70 fs and central wavelength
of A = 795nm. Assuming there a non-negligible pre-pulse it would not be sufficient for
it to induce a pre-formed plasma in the case of this thesis. This is because for typical
contrast ratios from the Legend system used are E,,/E, =~ 1/500 the which for typical
absorbed fluences, of ®; = 3.82J/cm?, the absorbed fluence for any pre-pulse would be
®,, = 7.64mJ/cm? which is well below the threshold fluences quoted by Nolte et al. for
fs-ablated Cu (140 mJ/cm? < &y < 460mJ/cm?) and the threshold quoted by Hashida et
al. for fs-ablated Cu at pulse-widths of 7, = 70fs (P9 = 18 mJ/em?) [72; 74].

Instead, the author posits that the likely origin of the THz emission seen in, fig. 6.1-
6.4, arises from a space-charge effect analogous to the photo-Dember effect such as the one
seen in the InAs pulse (fig. 6.7-6.8). This motivated the development of a rudimentary
model, described in chapter 2 section 2.4 based off of the assertion that there exists some
proportionality constant, ¢, between the photon density, n,, and the charge carriers, n.,
which is termed the charge-carrier production efficiency (ne = ny, (t) /n. (t)). This toy model
successfully re-created a single-cycle THz pulse (see fig. 2.11). This theoretical speculation
is grounded firmly in prior experimental work, as a such a space-charge effect in LIBPs
is not only well documented, it has been shown to even occur over picosecond timescales

[89; 91-93]. However, a more complete model needs to be developed.

Another possible source to consider though of THz radiation could come from nonlinear
optical effects, such as optical rectification or alternatively, a possible photocurrent. Initially,
following the work of Gao et al. in ref. [49], the orientation of the Cu-ring was set at an
angle of 8 = 20° to the oncoming ablation beam. At such an angle, contributions to the THz
generation from optical rectification are known to occur, even in PE metals [67-69]. Kadlec
et al. even noted that for the case of PE gold and silver, that THz emission occured regardless
of PE beam polarization [68]. To verify that the THz emission seen in fig. 6.1-6.2 arises from
the suspected space-charge effect, and not solely from optical rectification the orientation was

changed so that the oncoming beam was at normal incidence, at this orientation no possible
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contributions from optical rectification can occur [60]. Thus, the continued persistence of
THz emission seen in fig. 6.3-6.4 lends credence to the interpretation that coherent THz
emission in LIBPs predominantly arises from the space-charge effect. To the best of the
author’s knowledge, the frequency component orientation dependency seen upon comparing
fig. 6.2 to fig. 6.4 has not been documented before in literature. Though it is worth noting
that Du Fei et al. noted that there was an orientation dependency upon the emitted THz
energy [54]. Though in the case of Du Fei et al., the sample orientation was not changed,

only the angle of the detector [54].

As for the feasiblity of a hybrid THz-LIBS standoff detector, there are two possible
directions future investigations must take: (1) solve the synchronization problem associated
with the transmissive approach or (2) further develop the emissive approach. Direction (1)
has the distinct advantage of that transmissive THz detection of water content already has
a basis in literature [13; 14; 16]. The disadvantage of trying to apply transmissive THz
techniques to LIBPs is that, unlike the ambient air or a propane plume used in ref. [16], a
LIBP is a rapidly disappearing target so more effort needed to resolve the synchronization
between ablation pulse arrival, THz probing, and plasma ignition. Direction (2) meanwhile
does not require the same degree of synchronization due to the fact that the source of THz
emission is the LIBP itself. For emissive THz approaches to be viable for application in a
hybrid THz-LIBS standoff detector, it must be shown first that the troughs in a LIBP THz
pulse are due to water content in the LIBP plume, not from the ambient environment. If
this can be shown, then emissive approaches would pave the way for an all-optical hybrid
THz-LIBS detection system capable of measuring both elemental composition and water

content in a target.

Neither the transmissive or emissive THz approach though has been fully ruled out by
the findings in this thesis. More work is needed to develop a firm conclusion vis-a-vis the
feasibility for an all-optical hybrid THz-LIBS detection system capable of measuring both
elemental composition and water content in a target. Furthermore, the disappearance of
frequency components between fig. 6.2 and fig. 6.4 warrants further investigation in of
itself. For there are many possible ultrafast processes that occur beyond optical rectification

and the space-charge effect that need to be decoupled from one another (see ref. [75; 84]
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for details) for a more complete understanding of photoexcitation, ablation, and plasma

evolution.
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Appendix A

Local Thermodynamic Equilibrium in
Laser-Induced Breakdown

Spectroscopy

Before discussing LTE in detail it helps to define what is meant by thermodynamic equilib-
rium (TE) first as LTE is a sub-case of TE. When a plasma exists in TE, the whole system
composed of electrons, atoms, ions, and radiation can be fully described by statistical me-
chanics, where the equilibrium distributions are characterized by the same temperature [20].
Under TE, the interactions in the plasma can be described by the Maxwell-Boltzmann dis-

tribution and the moments thereof [19],

me \*? mu?
fw)y=n (2%1{3 ) exp [_QkBT] . (A.1)

In a multi-species plasma eqn. A.1 holds for all species under TE [19]. If TE exists, then
the atomic state distribution function (ASDF), is described by the Boltzmann distribution

[20; 148,
g; exp(—BLE;)
- Z(T) (A2)

n; =mns

Where n; is the population of the j — th principle quantum number level, 5 = (kBT)_l, and
gj is is the quantum degeneracy of the j—th level, and Z (T') is the partition function of the
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atomic level system [20; 148]. Z (T) given by [148],
T) = gjexp(—BE;). (A.3)
J

Under TE, the population of different ionization stages, under typical LIBS conditions is
described by the Saha equation [20; 149],

n(%) 2 z(Z=1(T)

W@ AfgmﬁﬁfWQﬂEZ” AEZ]). (A4)

Te

Here (Z) and (Z — 1) refers to the (Z)-th ionization and the (Z — 1) ionization levels while
AEZ™ is the correction quantity for interactions in plasmas [20; 149]. While \; is the
thermal de-Broglie length [83],

2rph? | 2mh?

p— = )
¢ m mkgT

Eqn. A.4 gives a means by which two ionic lines (or one neutral line and an ionic line)
maybe related to one another and can be used to estimate the electron and ionic densities
within the plasma. Under TE, the photon energy is described by a Planck function given by

[144; 150],
w1

v T) = a1

(A.5)

As can be inferred from eqn. A.1 - A.5 and stated earlier, under TE the temperature of
the ions, electrons, atoms, and photons emitted from the plasma all can be described by a
characteristic temperature T, i.e., T, = T; = T'x = T,, [20]. This can occur provided that the
Principle of Detailed Balance (PDB) holds [20; 83].

The PDB states that for a dilute gas under TE, for every initial state ¢ and final state f,
each reaction i — f is exactly counterbalanced by its inverse reaction f — i [20; 83]. As J.
Oxenius describes in ref. [83] the PDB has the following corollaries: (1) global balancing in
both reactions and velocity ranges, (2) the reciprocity relations hold, and (3) sufficiently low
density of gas [83]. To elaborate further, (1) implies there is not just global balancing in the
reactions (e.g. H(2p) + e & H(3d) + e) but balancing in the velocity range of the particles
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involved [83]. Corollary (2) entails that the validity of the PDB depends on the validity of
the quantum mechanical reciprocity relation w (i — f) = w (f — ) [83]. Where w (i — f) is
the transition probability per unit time for the transition |i) — |f) between quantum states
i and f [83]. Corollary (3) stipulates that the density of gas must be sufficiently low enough
so that the particle quantum states are well defined and the state of the gas as a whole is
specified by the occupation numbers of one-particle states [83].

Provided that all three points are met the PDB is fulfilled, and the plasma can be said to
exist within a state of TE [83]. This enables one to use methods from statistical mechanics
to characterize the dynamics of the plasma. As noted by Cristoferreti et al, when photons
escape from typical laboratory plasmas, their energy deviates from the Planck function given
by eqn. A.5 [20]. However, if the energy lost by radiation is smaller than what is involved
in the other processes eqn. A.1-A.4 are still valid descriptions of the system and a new
equilibrium is established where-in T, = T; = Ty # T, [20; 83]. LTE in this regard can be
viewed then as claiming that the particles composing the plasma are in TE with each other
while the photons emitted are not in TE, thus LTE refers strictly to the particles within the
plasma but not the photons [83; 95]. This can be met provided that the following criteria

hold which is discussed in the next section.

A.1 Local Thermodynamic Equilibrium Considerations

The criteria for LTE in an inhomogenous transient plasma at its most general can be stated

as the following set of conditions [20; 95],

0 <1 o0 <1 (A.6)
[ (r) ;Tér)('r’ A, 1T(0) —Tz;gr + | (A7)

. Where d and 7 is the equilibrium length and equilibriation time-scale between two energy
levels defined in ref. [95]. What criteria A.6-A.7 imply is that variation in temperature and
electron density with time and distance are so minimal, that for all intents in purposes they

do not exist. Under criteria A.6-A.7 the plasma is in a temporal steady state that is spatially

148



uniform and the relationship between ion populations in the Z and Z — 1 states is given
by eqn. A.4 and is termed complete LTE (CLTE) [80]. In CLTE collisional depopulation
processes dominate over radiative depopulation processes ~ 10x [95]. For optically thin

plasmas CLTE occurs if the electron density is such that [95],

3
kT (Ey— E
ne 29.2x 10727 [Z2 (2] [em ™. (A8)
ED\ EY

Where Eg) = Z%e?/2ayq is the ionization energy of the hydrogenic ion [95]. Note criterion
A.8 could be further relaxed by an order of magnitude if that resonance line is self-absorbing

[95]. For optically thick plasmas CLTE occurs if the electron density is such that [95],

3
ksT (E,— E
ne 210777 (=5 | g | [em™]. (A.9)
EH EH

However, criteria A.8 - A.9 are fulfilled only for plasmas consisting of a singly ionized species

[81; 95]. To remedy this, John D. Hey introduced an effective gaunt factor (g) which he

defines as [151],
Ey — Ej oo muv? muv?
= it A ) . [ d i
(9) eXp< kT, ) /;mvg g eXp( 2kpT, ) \ 25T,

and re-wrote criterion A.8-A.9 as [151],

2.55 x 1017 [kgT, [ Fy — B \° _
"R VEH( En ) o A0

Hey’s formalism though neglects the possible existence of metastable levels lying between the

ground state and the upper level of the resonance line which occurs widely in many atomic
species [151] (in the same paper though he does generalize to metastable states see ref. [151]).
This list of criterion may seem rather strange at first glance as typically what is quoted in
the literature is not the names of Hey and Griem and their criterion but McWhirter. This is
because confusingly all three of the aforementioned criteria are all called McWhirter criteria

[18]. These McWhirter criterion tend to vary between authors (compare ref. [20] to [18]).
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Yet even if CLTE mentioned here fails to hold this does not mean that the LTE approx-
imation cannot be applied. The LTE model and eqn. A.1 - A.4 can still hold provided that
the majority of atoms occupy a set of sufficiently highly excited states. The critical quantum
number associated with the minimal state above which the excited atoms in a plasma must

occupy was derived by Byron et al is [80-82],

2 1/2 2 1/2
jo= (21) o (2B (A.11)
3kpT kT

Where Ry is the Rydberg constant and Ep is the ground state ionization energy of the

hydrogen atom. It is at jp (termed here as the “Byron level”) that rapidly colliding electrons
become comparable to the energy kgT [81]. If the majority of excited atoms are in a state
with principle quantum number j exist at or above jp then (i.e. if j > jp) there exists a
partial local thermodynamic equilibrium (PLTE) [80; 81]. Practically what this entails is
that for plasmas whom the majority of excited atomic species exist at or above the Byron
level the deviations from eqn. A.4 are only £10% [80; 81]. While there have been subsequent
corrections to Byron et al’s definition of what the critical principle quantum number is (see
ref. [80; 81]); it’s worth repeating here in the original form as it captures fundamentally the
same physics as later corrections and gives PLTE a definition that ties it back to atomic
transitions within the plasma. If a plasma is said to exist within PLTE the electron density

is such that [95],

7" (kgT

18 B -3

ne 2 7.4 x 10 i (E(Z)> [cm™?] (A.12)
H

. Criterion A.12 holds for helium, hydrogen and in hydrogenic atoms in states j > jp [81; 95].
It is worth noting though that Griem in his monograph (see ref. [81]) mentions that there
is still controversy surrounding a McWhirter criterion for PLTE [81]. Even if a criteria in
the style of Griem, Hey and McWhirter is agreed upon, there is no guarantee that the LTE

approximation even holds partially [20].

This is because the McWhirter criteria regardless of their form, are a necessary but not
sufficient condition for the existence of LTE, as the criterion listed in A.6 - A.7 must still

hold. It is fully possible to satisfy the McWhirter criterion but fail criteria A.6 - A.7. In the
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case of criteria A.6 plasma plume evolution could be too fast, resulting in electrons and the
atoms not reaching thermodynamic equilibrium, for this reason Cristoferreti has cautioned
against measurements with a detection delay-time shorter than 1.3 us for at least the case of
nanosecond ablation [20]. Lastly, for multi-element plasmas, there exists the bizarre case of
LTE holding for some elements, but not others [20]. It is for this reason that Griem defined
a diffusion length d that must be shorter than the variation length over the relaxation time
[20; 95]. If even one of the constituents of a multi-element plasma violates criterion A.7, the
plasma as a whole is no longer in LTE as the constituent is far exceeding the diffusion length
over the relaxation time , implying a non-thermal process [20; 95]. Even for the case of
homogeneous and stationary plasmas, high ionization degree of the plasma after breakdown
causes an imbalance between the ionization and recombination processes, violating the PDB,
resulting in strong deviations from eqn. A.4; forcing researchers to choose gating times on
the order of the relaxation time [20].

Thus, with regards to LTE the McWhirter criterion can only describe if it does not exist,
not if it does exist. Furthermore there are certain ranges over which LTE maybe an appropri-
ate description but breakdown at earlier and later times (see ref. [18]). The important thing
to note is that it is not sufficient to verify the LTE state with the McWhirter criteria, it must
be used in conjunction with other methods before the LTE approximation can be applied.
LIBPs spectra from later or earlier times and multi-element plasmas, should therefore be
approached with caution. To quote verbatim Cristoforetti in his 2010 review, “Considering
the characteristics of many laser-induced plasmas [LIBPs], the right question should be not

whether equilibrium conditions exist, but rather how far we are from equilibrium [20].”
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Appendix B

Light Emission Processes in

Laser-Induced Breakdown Plasmas

LIBPs have three main mechanisms by which emission of light can occur: free-free radia-
tion (FFRs) (i.e. Bremsstrahlung Emission), free-bound transitions (FBTs) (a.k.a Radiative
Recombination), and bound-bound transitions (BBTs) (a.k.a Spontaneous/Stimulated Emis-
sion) [12; 99]. Another prominent mechanism is dielectronic recombination [99]. However,
this process is similar to FBTs and is ommitted here for the sake of brevity; see ref. [99] for
details.

FFR is the radiation emitted by a light particle (typically an electron) is deflected by
another heavier particle (e.g. ions and/or neutral atoms). This occurs because a sudden
change in the particles momenta leads to the emission of light, hence it’s alternate name
Bremsstrahlung radiation which from German translates literally into English as “breaking
radiation” [99]. For the case of an electron interacting with a heavier particle the conservation
of energy reads [99],

1 1

§mevi2 = imevfc + hw. (B.1)

A FFR process has a reaction given by [99],
A+e(v;)) — A+e(vf) + hw where v; > vy.

Where A is some heavy particle (usually an atom) [99]. For a pictorial representation of
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FFR see fig. B.1. Under local thermodynamic equilibrium (LTE), FFR is balanced by its
inverse process: free-free absorption or Inverse Bremsstrahlung [99]. For free-free absorption

the process is [99]:

A+e(v;)+hw — A+e(vy) where v; > vy

FFR contributes to both broad spectrum continuum emission and X-ray radiation [96; 152

154]. Free-bound transitions or radiative recombination occurs when an electron recombines

Figure B.1: Pictorial representation of free-free emission. The electron’s trajectory is altered
by the atom resulting in a deflection which changes the kinetic energy of the electron resulting
in the emission of light with energy given by eqn. B.1.

with an ion forming a neutral atom resulting in the emission of a photon with an energy
given by [99; 154],
1 hewy

2

Where j is the the j—th energy level [154]. A FBT process has a reaction given by [99],

At +e(v) — A+ hw.

Under LTE, a FBT is balanced by its inverse process: photoionization. For photoionization
the process is [99]:
A+ hw — At +e(v).
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Pictorially, a FBT looks like fig. B.2. FBT emits light over a broad range of wavelengths

contributing to the continuum emission seen in many LIBS experiments [96; 154].

[a ]

; 1, 12
E; = 5m.v

" Kt

Figure B.2: Pictorial representation of free-bound emission. In this picture, an electron is
absorbed by an ion AT at some outer energy level j > 1 leading to the emission of light
equal to eqn. B.2.

BBTs in contrast to FFE or FBTs radiation emitted in a BBT is not continuous but
discrete [83]. This is because emission from BBT corresponds to transitions between some
excited energy level j' to a lower energy level j over some radiative lifetime of the excited
state 7 within atomic species [83]. In this description, BBTs are nothing more than stim-
ulated /spontaneous emission processes and the light emitted from them is given by the
difference between energy levels w = Ej — E; which occur within the excited atoms and
molecules inside the plasma [83]. For a pictorial representation see fig. B.3. Of the three
processes just described only FFE or FBT have the potential to produce THz emission as
they are both the primary contributors to continuum emission which by definition includes
THz radiation, while BBT maps to discrete atomic transitions within an excited atom. How-
ever based on spectral emission alone, one would not be able to detect THz radiation from
a LIBP because of the predominance of continuum emission as it would be “smeared out”
in the THz range and would be fundamentally indistinguishable from the background. Note

this does not mean though that THz emission cannot be seen from a plasma, just not using
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hw = Ejy — E;
A .
@ J

Figure B.3: Pictorial representation of a bound-bound transition process. BBTs give rise to
the lines seen in a LIBS spectrum and correspond to intra-atomic transitions. The energy
emitted after some relaxation time, 7, by these intra-atomic transitions is hw = E; — E;
where j’ is the upper energy level and j is the lower energy level.

LIBS.

Appendix C

Optical Properties of a Plasma Slab

Calculating the optical properties of the LIBP plume required first a calculation of the

conductivity which is given by [35],

2

0o . OQWT Ne€°T

(C.1)

= 01 + 109 where o9 =

o= +1
1+ (wr)® 1+ (wr)’ Me
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Where w is the angular frequency and 7 is the collisional time provided by eqn. 2.15-2.16

[103],
I, — 23 — 1n<z1 &) where T, <« T < 1022 eV
’ Te m;

3/2
e

T
T ~344 x 10°————.

Ne el

Once ¢ is known the real and imaginary components of the dielectric constant, €; and e,

respectively, can be calculated according to [35],

g g
F=1— 2 4i— =€ +ie. (C.2)
€W €W

From the results of eqn. C.2, it is then possible to calculate the indicies of refraction, ni & ns

2.17,
1 1/2 1 1/2
nl—ﬁ(\/ef—i-e%—l—el) : m-E(\/e%—l—e%—el) :

The results of 2.17 can then be used to calculate the reflectivity R and transmissivity 7}

given by eqn. 2.18 [102],

R (ny —1)* +n3 T (1—R)’e ™
(ni+1)°+n2 ' 1- Rl
The penetration depth, 0, is then [102],
c c 1

B 2now - 4dmns f T a

The plots of eqn. C.1-C.2 are shown in fig. C.1-C.2.
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Figure C.1: The real and imaginary components of the LIBP conductivity calculated ac-

cording to eqn.C.1 over the bandwidth of the ZnTe used in this thesis. These results could
then be fed into eqn.C.2 to obtain the dielectric constant over the same frequency range.
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Figure C.2: The real and imaginary components of the dielectric constant calculated accord-
ing to eqn.C.2 over the bandwidth of the ZnTe used in this thesis. These results could then
be fed into eqn.2.17 to obtain the refractive indicies over the same frequency range. Note,
how at the plasma frequency, f, the real component over-takes the imaginary component.
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Appendix D

Derivations

D.1 Derivation of The Plasma PL-response Signal (eqn.
5.2)

It was assumed that the time integrated PL shown in fig. 5.3 decays exponentially,
]pL X S_t/TO

The response of the scope is Gaussian in nature ergo, any resulting curve can be thought of

as the convolution of a Gaussian and an exponential decay, therefore,

. 202

= g (t)* IpL, (1) = Ag / o exp [—M] exp {—1] .

[(t) =g (t)* Ipw () = Ao /+<><> dr0 (T — t) exp [—M] exp {—1]

to 2t121]
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Here 0 (7 — ty) is the Heaviside step function & A, is some constant with units of mV /ns.

Performing the substitution 7/ = 7++¢y and centering the time window at ¢, gives the integral,

HO =00 I @ =4 [ ar'exp [_u] oxp[-Z21]

2t2
+oo N2 / +oo N2 /
t— —t t—
= AO/ dr’ exp [—( 5 2T) S Aoeto/”’/ dr’ exp [——( T) 1]
0 tw 70 0

oo 1 o2t2 ! oo (")
_ to/ / - N2 w _ to/T / b
= Age'® 0/0 dr exp{ o ((t )" 4+ - )]—Aoeo 0/0 dr exp{ 225%0}

Next, rewrite p (7') by completing the square,

2 -/

22 2t2 2t2
p(P)=(t—-7)+ ot 2y DT 2 gppr g ZT
7o 7o

2t2 1 22 1 212
=1 - 2t——w =(r+(2t—=2)) -~ (2t -2 +t2
2 T0 4 T0
(' < ) ( tf“f |
=(74+(t—2)) —(t—22) +¢
To 7o
2 2
. AN / _t12u _ _t%u 2
p(m)=(7"+(t—= t— =) +t
70 70

Substituting back into the integral gives,

“+o00 /
I(t)= Aoeto/m/ dr’ exp [—p—(T >]
0

212

400 2 2 2\ 2
:Aeto/m/ dr’ ex [ ! (( ! (t—t—w)) —(t—t—w> t2)
0 P|=57 T + +

0 Qtw T0 T0

1 £2\? 2
= Age!®/ ™ exp | — (t - —w) -

To 215121)

i 1 t2 t4 t2 +o00 1 t2 2
= Age'/™ 1 dr’ —— |+t
0€ exp 2t2 ( . + 7_02 27% ; T exp t?U T + 7_0
to ¢t 2] [t 1 2\
=A —_ — — 4+ — dr’ —— (7 t— 2
0 €Xp [ = + 27_0} /0 T exp [ 21% (T + ( .

t t 2
I(t)= Aoexp{—o——+—2 :|I(7'/)
To 7'0

/

+ 7_/2
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The task is to now evaluate I (7’) or cast it into the form of an integral that is a definition

of a known function. To do this, re-write the integral over the original domain from ¢y to co:

—+00 1 t2 2
](T’):](T—}-to):/ dt exp 5z (T—Fto—k(t—T—Z))
to w

This integral is similar in form to the definition of the error function,

exi(z 1__/+°° e—HQ:x/m VT (1 ().

By the definition above (using an appropriate substitution), the resulting integral is,

I(T+1) = ¢22_7T<1+ rf ?(i—%’-%)])

This means that altogether,

/o 2
I(t)= 22 Apexp [t—o— ! —i—t—} (1+erf

To To 27’0

Which is identical to eqn. 5.2.

D.2 Derivation of the Gaussian Pulse Bandwidth Re-

lation (eqn. 4.8)

The relationship between frequency and time in a Gaussian pulse is constrained by the
inequality [155],
T,Af > 0.441. (D.1)

Taking expression D.1 to be equal gives 7, as,

0.441

AP (D.2)

Tp =
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The task is now to determine the relationship between Af and AA. This is so that an
equivalent expression to eqn. D.2 in terms of AX maybe found. To do so consider the

relation, A = ¢/ f, taking the absolute value of the derivative with respect to f gives,

S

[

a df| — f

A d e\ e A dr| A
i 5) 1

Taking the limit as dA — oo and df — oo gives,

AN A AN Af 1 A A2
AR — _ s = D.3
Af  f A f TAf fAXN AN (D-3)
Eqgn. D.3 then allows one to write eqn. D.2 as,
0.441 A2
= —— =0441—— D.4
= Ay T AN (D-4)

Which is identical to eqn. 4.8.
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