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𝐀𝐩𝐩𝐞𝐧𝐝𝐢𝐱 𝐀

Miscellaneous Relations

𝐌
𝐈𝐒𝐂𝐄𝐋𝐋𝐀𝐍𝐄𝐎𝐔𝐒relations have been used throughout

the thesis. This appendix summarises some important re-

lations for the sake of reference. These include the relation

between optical and dielectric constants, and the Kramers-Kronig relations.
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Appendix A Miscellaneous relations

A.1 Relation between optical and dielectric constants

If n̂(ω) is the complex index of refraction and ε̂(ω) is the complex relative permittivity,

for dielectrics the relation between the two is given by

ε̂(ω) = n̂2(ω) . (A.1)

Expanding the relative complex permittivity into the dielectric constants gives

ε̂ = ε′ − jε′′ , (A.2)

and expanding the complex index of refraction into the optical constants gives

n̂ = n− jκ . (A.3)

The dielectric constants can be expressed in terms of the optical constants as

ε′ = n2 − κ2 , (A.4a)

ε′′ = 2nκ , (A.4b)

and vice versa, the optical constants can be expressed in terms of the dielectric con-

stants as

n =

{√
ε′2 + ε′′2 + ε′

2

}1/2

, (A.5a)

κ =

{√
ε′2 + ε′′2 − ε′

2

}1/2

. (A.5b)

Note that the absorption coefficient α and the extinction coefficient κ are used inter-

changeably. The relation between the two is

α = 2
ωκ

c
. (A.6)

Also note that the loss tangent, tan δ, is defined as the ratio of the imaginary part of the

permittivity to the real part of the permittivity, or

tan δ =
ε′′

ε′
. (A.7)
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A.2 Kramers-Kronig relations

A.2 Kramers-Kronig relations

The index of refraction and extinction coefficient are related via the Kramers-Kronig

relations. Given that a medium has a complex refractive index n(ω) − jκ(ω) and a

propagation length l, the transfer function of the medium relative to free space is given

by

H(ω) = exp
{
−j[n(ω)− jκ(ω)− 1]

ωl
c

}
. (A.8)

Take the logarithm to find

− c
ωl

ln[H(ω)] = κ(ω) + j[n(ω)− 1] . (A.9)

Because of the causality of the transfer function, the index of refraction and extinction

coefficient can be related through the Kramers-Kronig relations, or

n(ω) = 1 +
2ω

π
𝒫

∫ ∞

0

κ(ω′)
ω′2 −ω2 dω′ , (A.10)

κ(ω) =
2
π
𝒫

∫ ∞

0

ω′[n(ω′)− 1]
ω′2 −ω2 dω′ , (A.11)

where 𝒫 is the Cauchy principal value.
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𝐀𝐩𝐩𝐞𝐧𝐝𝐢𝐱 𝐁

Analytical Models for
T-ray Signals

𝐀
𝐍𝐀𝐋𝐘𝐓𝐈𝐂𝐀𝐋models for T-ray signals have been used in the

simulations in this thesis. The models that can closely re-

produce the experiments are of great importance, since they

strongly influence the simulation outcomes. This section briefly covers

the employed signal and spectrum models, based on the generation and

detection processes in PCAs. The original work was reported by Duvil-

laret et al. (2001). For further discussion of T-ray generation and detection

using PCAs, please refer to Chapter 2.
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Appendix B Analytical models for T-ray signals

B.1 Modelling for transmitting photoconductive antenna

The apparent photocurrent density in a transmitting PCA, Jtx(t), equals the convolu-

tion between the profile of the optical pump pulse and the impulse response of the

PCA, or

Jtx(t) = Popt(t) ∗ [qntx(t)vtx(t)] , (B.1)

where ∗ denotes the convolution operator; Popt(t) is the optical pump pulse; q is the

carrier charge, equal to 1.602× 10−19C; ntx(t) is the free-carrier density; and vtx(t) is

the free-carrier average velocity. The subscript ’tx’ represents the transmitter.

The optical pump pulse from a laser assumes a Gaussian temporal profile with a dura-

tion τlas, or mathematically

Popt(t) ∝
Ptx

τlas
exp

(
−4t2 ln 2

τ2
las

)
, (B.2)

where Ptx is the average laser power. The density of carriers generated via photoex-

citation exponentially decays as a result of carrier recombination and trapping. Thus,

the carrier density is described as

ntx(t) ∝ exp
(
− t

τtx

)
, (B.3)

where τtx is the free-carrier recombination time. The free-carrier average velocity,

vtx(t), is related to the applied electric field, EDC, by

dvtx(t)
dt

= −vtx(t)
δτtx

+
q

m∗
EDC , (B.4)

where δτtx is the carrier collision time and m∗ is the carrier effective mass.

Performing the convolution in Equation B.1 using the relations in Equations B.2, B.3,

and B.4 gives the photocurrent density in the transmitting antenna,

Jtx(t) ∝
PtxEDCδτtx

m∗tx

{
exp

(
τ̃2

las

4τ2
tx
− t

τtx

)
erfc

(
τ̃las

2τtx
− t

τ̃las

)

− exp

(
τ̃2

las

4τ̃2
tx
− t

τ̃tx

)
erfc

(
τ̃las

2τ̃tx
− t

τ̃las

)}
. (B.5)

Here, τ̃las = τlas/(2
√

ln 2) and 1/τ̃tx = 1/τtx + 1/δτtx.
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B.2 Modelling for receiving photoconductive antenna
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Figure B.1. Normalised pulse profiles in PCAs. The parameters used in the calculation are as

follows: the laser pulse duration τlas=120 fs; the carrier recombination times in the

transmitter and receiver, τtx = τrx =300 fs; and the carrier collision times in the

transmitter and receiver, δτtx = δτrx =30 fs.

A rapid change in the current density results in T-ray radiation from the transmitter.

The far-field T-ray signal is proportional to the first derivative of the photocurrent den-

sity, or

ETHz(t) ∝
dJtx(t)

dt
, (B.6)

which corresponds to the spectrum of

ETHz(ω) ∝
PtxEDCδτtx(τtx − τ̃tx)

2πm∗tx
× ω exp(−ω2τ̃2

las/4)
(1− jωτtx)(1− jωτ̃tx)

. (B.7)

The example profiles of the laser pulse, photocurrent density, and far-field T-ray pulse

are demonstrated in Figure B.1. Figure B.2 shows the far-field T-ray spectrum.

B.2 Modelling for receiving photoconductive antenna

Similar to the photocurrent density in the transmitting antenna, the photocurrent den-

sity in the receiving antenna, which is gated by the optical probe pulse, is given by

the convolution between the profile of the optical probe pulse and the PCA impulse
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Appendix B Analytical models for T-ray signals
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Figure B.2. Normalised spectra of T-ray pulse and photocurrent density. The parameters

used in the calculation are identical to those used for Figure B.1.

response, or

Jrx(t; Δt) = Popt(t) ∗ [qnrx(t)vrx(t; Δt)] , (B.8)

where the subscript ’rx’ represents the receiver, and the expressions for Popt(t) and

nrx(t) are equivalent to those for the transmitting antenna. For the receiving antenna

the current density Jrx(t; Δt) is a function of the delay time Δt between the optical

pump and probe pulses, since the carrier average velocity vrx(t; Δt) in this case is tied

to the dynamic bias or the incoming T-ray electric field ETHz(t + Δt). That is

dvrx(t; Δt)
dt

= −vrx(t; Δt)
δτrx

+
q

m∗rx
ETHz(t + Δt) . (B.9)

Due to a slower response of an electronic measurement system, the measurable cur-

rent at the output ports of the receiving antenna is proportional to the average of the
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B.2 Modelling for receiving photoconductive antenna

photocurrent. Hence,

Jrx(Δt) ∝

∫ +∞

−∞
Jrx(t; Δt)dt

∝
PtxPrxEDCδτtxτrxτ̃rx

m∗txm∗rx(τtx + τrx)(τ̃tx + τrx)

×
{
(τtx + τrx) exp

(
τ̃2

las

2τ̃2
tx
− Δt

τ̃tx

)
erfc

(
τ̃2

las − Δtτ̃tx√
2τ̃txτ̃las

)

+(τtx − τ̃tx) exp

(
τ̃2

las
2τ2

rx
+

Δt
τrx

)
erfc

(
τ̃2

las + Δtτrx√
2τrxτ̃las

)

− (τrx + τ̃tx) exp

(
τ̃2

las

2τ2
tx
− Δt

τtx

)
erfc

(
τ̃2

las − Δtτtx√
2τtxτ̃las

)}
. (B.10)

Fourier transform of the measured current Jrx(Δt) with respect to the time axis Δt gives

a detectable spectrum,

Jrx(ω) ∝
PtxPrxEDCτtxτrxτ̃txτ̃rx

2πm∗txm∗rx
× ω exp(−ω2τ̃2

las/2)
(1− jωτtx)(1 + jωτrx)(1− jωτ̃tx)

. (B.11)

Profiles for the measured current and its spectrum are depicted in Figure B.1 and B.2,

respectively.
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𝐀𝐩𝐩𝐞𝐧𝐝𝐢𝐱 𝐂

Uncertainty Propagation

𝐄
𝐕𝐀𝐋𝐔𝐀𝐓𝐈𝐎𝐍 of the uncertainty in THz-TDS measurements,

developed in Chapter 7, correlates the uncertainty in sources to

the uncertainty in measurands. A law of propagation of uncer-

tainty, which is required in the evaluation, is elucidated in this appendix,

together with a derivation for the propagation of the variance from the am-

plitude to optical constants.
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Appendix C Uncertainty propagation

C.1 Law of propagation of uncertainty

This appendix, referred to by Section 7.4.3, derives the formulae that are vital in de-

termining the variance (and covariance) of a measurand, which is influenced by the

variance and covariance of input quantities through a measurement function.

Typically, a measurand, Φ, is expressed by a measurement function containing input

quantities X1, X2, . . . , XM, or Φ(X1, X2, . . . , XM). If variances and covariances appear

at the inputs, they will propagate to the measurand through this function. For φl de-

termined from x1l, x2l, . . . , xMl, the first-order Taylor series expansion around the arith-

metic means x1, x2, . . . , xM is

φ(x1l, x2l, . . . , xMl) = φ(x1, x2, . . . , xM) +
M

∑
i=1

∂φ

∂xi

∣∣∣∣
xi=xi

(xil − xi) . (C.1)

Rearranging the equation yields

φl − φ =
M

∑
i=1

∂φ

∂xi

∣∣∣∣
xi=xi

(xil − xi) . (C.2)

For the sake of conciseness, from now on, ∂φ/∂xi∣xi=xi
will be represented by ∂φ/∂xi.

The empirical variance of φ calculated over N observations is defined as

s2
φ =

1
N − 1

N

∑
l=1

(φl − φ)2 . (C.3)

By substituting Equation C.2 into Equation C.3, it follows that

s2
φ =

1
N − 1

N

∑
l=1

[
M

∑
i=1

∂φ

∂xi
(xil − xi)

]2

=
1

N − 1

N

∑
l=1

[
M

∑
i=1

(
∂φ

∂xi

)2

(xil − xi)
2 + 2

M−1

∑
i=1

M

∑
j=i+1

∂φ

∂xi

∂φ

∂xj
(xil − xi)(xjl − xj)

]
(C.4)

where the above equation can be rewritten in terms of empirical variances and covari-

ances of the inputs,

s2
φ =

M

∑
i=1

(
∂φ

∂xi

)2

s2
xi
+ 2

M−1

∑
i=1

M

∑
j=i+1

∂φ

∂xi

∂φ

∂xj
sxixj , (C.5)

where

s2
xi

=
1

N − 1

N

∑
l=1

(xil − xi)
2 , (C.6a)

sxixj =
1

N − 1

N

∑
l=1

(xil − xi)(xjl − xj) . (C.6b)
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C.1 Law of propagation of uncertainty

If the input parameters are uncorrelated, Equation C.5 simplifies to

s2
φ =

M

∑
i=1

(
∂φ

∂xi

)2

s2
xi

. (C.7)

The above equation shows that, based on the first-order approximation, the variances

of the inputs propagate to the measurand through the sensitivity coefficients ∂φ/∂xi.

Now consider two measurement functions, Φ1 and Φ2, sharing the same set of input

parameters, X1, X2, . . . , XM. Similar to Equation C.2, the first-order Taylor series ex-

pansions of these two functions around the arithmetic means are

φ1l − φ1 =
M

∑
i=1

∂φ1

∂xi
(xil − xi) , (C.8a)

φ2l − φ2 =
M

∑
j=1

∂φ2

∂xj
(xjl − xj) . (C.8b)

By defining the empirical covariance between Φ1 and Φ2 calculated over N observa-

tions,

sφ1φ2 =
1

N − 1

N

∑
l=1

(φ1l − φ1)(φ2l − φ2) , (C.9)

it turns out that

sφ1φ2 =
1

N − 1

N

∑
l=1

[
M

∑
i=1

∂φ1

∂xi
(xil − xi)

M

∑
j=1

∂φ2

∂xj
(xjl − xj)

]

=
1

N − 1

N

∑
l=1

[
M

∑
i=1

∂φ1

∂xi

∂φ2

∂xi
(xil − xi)

2 + 2
M−1

∑
i=1

M

∑
j=i+1

∂φ1

∂xi

∂φ2

∂xj
(xil − xi)(xjl − xj)

]

=
M

∑
i=1

∂φ1

∂xi

∂φ2

∂xi
s2

xi
+ 2

M−1

∑
i=1

M

∑
j=i+1

∂φ1

∂xi

∂φ2

∂xj
sxi,xj . (C.10)

In case that no correlation among the input parameters, the above equation reduces to

sφ1φ2 =
M

∑
i=1

∂φ1

∂xi

∂φ2

∂xi
s2

xi
. (C.11)

It shows that a covariance between two functions is a result from the two functions

sharing one or more input variables.
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Appendix C Uncertainty propagation

C.2 Propagation of variance from the amplitude

This appendix, referred to by Sections 7.5.1 and 8.3, shows a derivation of the variance

in the optical constants that propagates from the variance in the T-ray amplitude. From

the amplitude in the time domain, the variance is transferred to the variance of the

magnitude and phase spectra in the frequency domain via Fourier transform. Then the

combination between the variances of sample and reference measurements produces

the variance in the transfer function of a sample. The variance eventually appears

at the optical constants. For general details about the propagation of variance and

covariance, please consult Appendix C.1.

The discrete Fourier transform of a time-resolved signal, E(k), is (Press et al. 1992)

E(ω) = ∑
k

E(k) exp(−jωkτ) , (C.12)

where k is the temporal index and τ is the sampling interval. If E(ω) = Er(ω)+ jEi(ω),

where Er(ω) and Ei(ω) are real, then

Er(ω) = ∑
k

E(k) cos(ωkτ) , (C.13a)

Ei(ω) = −∑
k

E(k) sin(ωkτ) . (C.13b)

Assuming that the amplitude at each time sample is statistically independent from the

amplitude at other time samples, the variances of the real and imaginary parts of the

spectrum are, respectively (Forniés-Marquina et al. 1997),

s2
Er
(ω) = ∑

k
cos2(ωkτ)s2

E(k) , (C.14a)

s2
Ei
(ω) = ∑

k
sin2(ωkτ)s2

E(k) , (C.14b)

where s2
E(k) is the variance of the time-domain signal E(k). Since the real and imagi-

nary parts of the spectrum share the same set of inputs, their covariance is then (Bich

1996, Forniés-Marquina et al. 1997)

sErEi(ω) = −∑
k

sin(ωkτ) cos(ωkτ)s2
E(k) = −

1
2 ∑

k
sin(2ωkτ)s2

E(k) . (C.15)

The magnitude and phase of the signal, determined from the real and imaginary parts

of the complex spectrum, are

∣E(ω)∣ =
√

E2
r (ω) + E2

i (ω) , (C.16a)

∠E(ω) = arctan(Ei(ω)/Er(ω)) . (C.16b)
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C.2 Propagation of variance from the amplitude

Correspondingly, the variances of the magnitude and phase are

s2
∣E∣(ω) =

1
∣E(ω)∣2

[
E2

r (ω)s2
Er
(ω) + E2

i (ω)s2
Ei
(ω) + 2Er(ω)Ei(ω)sErEi(ω)

]
, (C.17a)

s2
∠E(ω) =

1
∣E(ω)∣4

[
E2

i (ω)s2
Er
(ω) + E2

r (ω)s2
Ei
(ω)− 2Er(ω)Ei(ω)sErEi(ω)

]
.(C.17b)

Substituting the variances and covariance of the real and imaginary parts from Equa-

tions C.14 and C.15 simplifies Equations C.17a and C.17b to, respectively,

s2
∣E∣(ω) =

1
∣E(ω)∣2 ∑

k
[Er(ω) cos(ωkτ)− Ei(ω) sin(ωkτ)]2 s2

E(k) , (C.18a)

s2
∠E(ω) =

1
∣E(ω)∣4 ∑

k
[Ei(ω) cos(ωkτ) + Er(ω) sin(ωkτ)]2 s2

E(k) . (C.18b)

Some mathematical manipulations reduce the above pair of equations to

s2
∣E∣(ω) =

1
∣E(ω)∣2 ∑

k
ℜ2[E(ω) exp(jωkτ)]s2

E(k) , (C.19a)

s2
∠E(ω) =

1
∣E(ω)∣4 ∑

k
ℑ2[E(ω) exp(jωkτ)]s2

E(k) , (C.19b)

whereℜ2 andℑ2 denote the square of the real and of imaginary parts, respectively. Ac-

cording to Equation C.19a the amplitude variances of the sample and reference spectra

are given by, respectively,

s2
∣Esam∣(ω) =

1
∣Esam(ω)∣2 ∑

k
ℜ2[Esam(ω) exp(jωkτ)]s2

Esam
(k) , (C.20a)

s2
∣Eref∣(ω) =

1
∣Eref(ω)∣2 ∑

k
ℜ2[Eref(ω) exp(jωkτ)]s2

Eref
(k) , (C.20b)

and according to Equation C.19b the phase variances of the sample and reference spec-

tra are given by, respectively,

s2
∠Esam

(ω) =
1

∣Esam(ω)∣4 ∑
k
ℑ2[Esam(ω) exp(jωkτ)]s2

Esam
(k) , (C.21a)

s2
∠Eref

(ω) =
1

∣Eref(ω)∣4 ∑
k
ℑ2[Eref(ω) exp(jωkτ)]s2

Eref
(k) . (C.21b)

The sample and reference fields are independent from each other, resulting in the ab-

sence of a covariance term. The transfer function of a sample is calculated by dividing

the sample spectrum by the reference. In terms of the magnitude and phase, this oper-

ation is given by

∣H(ω)∣ = ∣Esam(ω)∣/∣Eref(ω)∣ , (C.22a)

∠H(ω) = ∠Esam(ω)−∠Eref(ω) . (C.22b)
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Appendix C Uncertainty propagation

The variances of Equation C.22a and C.22b are, respectively,

s2
∣H∣(ω) =

1
∣Eref(ω)∣2 s2

∣Esam∣(ω) +
∣Esam(ω)∣2
∣Eref(ω)∣4 s2

∣Eref∣(ω) , (C.23a)

s2
∠H(ω) = s2

∠Esam
(ω) + s2

∠Eref
(ω) . (C.23b)

The magnitude and phase of the signals are presumably treated as independent in-

put parameters, and consequently there is no covariance between the magnitude and

phase. Substituting Equations C.20 and C.21 into Equations C.23a and C.23b gives

s2
∣H∣(ω) =

1
∣Eref(ω)Esam(ω)∣2 ∑

k
ℜ2[Esam(ω) exp(jωkτ)]s2

Esam
(k)

+
∣Esam(ω)∣2
∣Eref(ω)∣6 ∑

k
ℜ2[Eref(ω) exp(jωkτ)]s2

Eref
(k) , (C.24a)

s2
∠H(ω) =

1
∣Esam(ω)∣4 ∑

k
ℑ2[Esam(ω) exp(jωkτ)]s2

Esam
(k)

+
1

∣Eref(ω)∣4 ∑
k
ℑ2[Eref(ω) exp(jωkτ)]s2

Eref
(k) . (C.24b)

From the measurement function, the refractive index and the extinction coefficient are

evaluated from the magnitude and phase of the transfer function via

n(ω) = n0 − c
ωl

∠H(ω) , (C.25a)

κ(ω) =
c

ωl

{
ln

[
4n(ω)n0

(n(ω) + n0)2

]
− ln ∣H(ω)∣

}
. (C.25b)

Thus, the variances of the refractive index and the extinction coefficient due to the

magnitude and phase variances are

s2
n(ω) =

( c
ωl

)2
s2
∠H(ω) . (C.26a)

s2
κ(ω) =

[
c

ωl∣H(ω)∣
]2

s2
∣H∣(ω) +

[
c

ωl

(
n(ω)− n0

n(ω) + n0

)]2 s2
n(ω)

n2(ω)
. (C.26b)
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C.2 Propagation of variance from the amplitude

Equations C.24a and C.24b are then combined with Equation C.26a or C.26b to produce

s2
n,E(ω) =

( c
ωl

)2
{

1
∣Esam(ω)∣4 ∑

k
ℑ2[Esam(ω) exp(jωkτ)]s2

Esam
(k)

+
1

∣Eref(ω)∣4 ∑
k
ℑ2[Eref(ω) exp(jωkτ)]s2

Eref
(k)

}
, (C.27a)

s2
κ,E(ω) =

( c
ωl

)2
{

1
∣Esam(ω)∣4 ∑

k
ℜ2[Esam(ω) exp(jωkτ)]s2

Esam
(k)

+
1

∣Eref(ω)∣4 ∑
k
ℜ2[Eref(ω) exp(jωkτ)]s2

Eref
(k)

+

(
n(ω)− n0

n(ω) + n0

)2 s2
n,E(ω)

n2(ω)

}
. (C.27b)

The models above explicitly express the variances of the optical constants in terms of

the variance in the signal amplitude.
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MÜLLER-H. S. P., SCHLÖDER-F., STUTZKI-J., AND WINNEWISSER-G. (2005). The Cologne Database

for Molecular Spectroscopy, CDMS: A useful tool for astronomers and spectroscopists, Journal of

Molecular Structure, 742, pp. 215–227.
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Glossary

The physical constants used in this thesis are in accordance with a recommendation of

the Committee on Data for Science and Technology (Mohr and Taylor 2005).

Quantity Symbol Value

Avogadro constant NA 6.022 1415(10)×1023 mol−1

Boltzmann constant kB 1.380 6505(24)×10−23 J/K

8.617 343(15)×10−5 eV/K

electron volt eV 1.602 176 53(14)×10−19 J

Planck constant h 6.626 0693(11)×10−34 J⋅s
4.135 667 43(35)×10−15 eV⋅s

speed of light in vacuum c, c0 299 792 458 m/s

vacuum permeability (magnetic constant) μ0 4π × 10−7 N/A2

vacuum permittivity (electric constant) ε0 8.854 187 817. . .× 10−12 F/m
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Acronyms

BIPM International Bureau of Weight and Measures, 181

CDMS Cologne database for molecular spectroscopy, 129

COC cyclic olefin copolymer, 59

CT computed tomography, 49

CVD chemical vapour deposition, 265

CW continuous wave, 83

DFG difference frequency generation, 17

DSP digital signal processing, 118

DTDS differential time-domain spectroscopy, 45

EHF extremely high frequency, 3

EO electrooptical, 21

FDTD finite-difference time-domain, 77

FEL free electron laser, 15

FIR far infrared, 3

FTIR Fourier transform infrared spectrometer, spectroscopy, 15

FWHM full width at half maximum, 131

GEISA Gestion et Etude des Informations Spectroscopiques Atmosphériques,

130

GUM guide to the expression of uncertainty in measurement, 181

HDPE high-density polyethylene, 58

HITRAN high-resolution transmission molecular absorption database, 129
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Acronyms

HOS human osteosarcoma, 166

HWHM half width at half maximum, 131

IEC International Electrotechnical Commission, 181

IFCC International Federation of Clinical Chemistry, 181

ISO International Organization for Standardization, 9

IUPAC International Union of Pure and Applied Chemistry, 181

IUPAP International Union of Pure and Applied Physics, 181

JPL Jet Propulsion Laboratory, 129

LDPE low-density polyethylene, 250

LOO leave-one-out, 167

LPC linear predictive coding, 74

LTEM laser terahertz-emission microscopy, 48

MCS Monte Carlo simulation, 180

MSE mean-square error, 153

NHB normal human bone, 166

NIR near infrared, 59

OIML International Organization of Legal Metrology, 181

PCA photoconductive antenna, 20

PE polyethylene, 82

PMMA poly(methyl methacrylate), 60

PP polypropylene, 57

PTFE polytetrafluoroethylene, 57

QCL quantum cascade laser, 17

QWP quantum well photodetector, 17
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Acronyms

SMO sequential minimal optimisation, 165

SNR signal-to-noise ratio, 154

SOS silicon on sapphire, 23

SVM support vector machine, 157

SVMAF spatially variant moving average filter, 118

TE transverse electric, 255

THz-TDS terahertz time-domain spectroscopy, 1

TM transverse magnetic, 256

UHMWPE ultra-high molecular weight polyethylene, 57

VIM International Vocabulary of Basic and General Terms in Metrology, 181

WBCAF wide-band cross ambiguity function, 161
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Index

absorption coefficient, 28, 309

absorption line, 55

collision broadening, 64, 131

line shape, 131

line strength and position, 129

linewidth, 130

Lorentz profile, 131

polar gas, 72

water vapour, see water vapour

absorption loss, 247

amorphous material, 66

analyte, see biosensing

Auston switch, see photoconductive switch

backward wave oscillator (BWO), 15

balanced photodiode, 40

basal cell carcinoma, 77

beam splitter, 19

Bell Laboratories, 21, 24, 48

biomolecular tissue, 76

biomolecule, 68

biopolymer, 68

biosensing, 78

birefringence, 38

wood and paper, 85

bolometer, 15, 18

building material, 57

Čherenkov-like radiation, 27, 38

characteristic matrix method, 252, 282

chemical vapour deposition (CVD), 265

chemometric analysis, 75

chiral molecule, 68

classification feature, 159, 161

Cole-Davidson, 62

Cologne Database for Molecular Spectroscopy

(CDMS), 129

Columbia Space Shuttle disaster, 84

commensurate echo, 65

communication

wireless, 58

continuum absorption, 135

coplanar transmission line, 32

covariance, 319

coverage factor, 188

crystalline material, 65

curse of dimensionality, 159, 161

cyclic olefin copolymer (COC), 59, 264

Debye model, 63, 77

Debye relaxation, 7

dental diagnose, 76

dielectric characterisation, 56

dielectric constant, 309

difference frequency generation (DFG), 17

discriminant function, see supervised learning

DL-phenylalanine, 148

DNA

mutagenesis, 69

nucleobase, 69

nucleoside, 69

Drude model, 61

drug detection, 82

electromagnetic spectrum, 3

electromagnetic wave propagation, 94

through dielectric slab, 96

electrooptic coefficient, 36–38

empirical standard deviation, 188

empirical variance, 188

equivalent temperature, 4

evanescent wave, 45

expectation in measurement, 188

explosive detection, 80

extinction coefficient, 309

Fabry-Pérot effect, 98

removal, 120
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Index

far-infrared (FIR), 3, 13

fluctuation ratio, 141

food assessment, 84

Fourier transform infrared spectrometer, spec-

troscopy (FTIR), 15, 18, 19

free electron laser (FEL), 15

free induction decay, 65

free spectral range, 99

frequency multiplier, 14

Fresnel’s law, 29, 45, 95

GaAs, 61

gas sensing, 65, 72

Gaussian beam, 43

Ge, 61

Gestion et Etude des Informations Spectroscopiques

Atmosphériques (GEISA), 130

glass characterisation, 57

Golay cell, 15

Guide to the Expression of Uncertainty in Mea-

surement (GUM), 181

Hall effect, 61

Hertzian dipole antenna, 23

Hertzian oscillator, see Hertzian spark gap gen-

erator

Hertzian spark gap generator, 13, 16

high-density polyethylene (HDPE), 59

HIgh-resolution TRANsmission molecular absorp-

tion database (HITRAN), 129

hydrogen bond, 64, 66, 69

IBM Watson Research Center, 25

interference, 19, 258

interferogram, 15, 19

interferometer

Michelson, 18

International Organization for Standardization

(ISO), 181

International Vocabulary of Basic and General

Terms in Metrology (VIM), 181

isomer, 68, 74

klystron, 13

Kramers-Kronig relation, 55, 112, 310

lactose, 46, 150, 213, 239

laser

gas laser, 15

mode-locked, 16, 19

quantum cascade, see quantum cascade laser

(QCL)

safety, 88

T-ray laser, 15

laser terahertz-emission microscopy (LTEM), 49

lattice vibration, 36

leave-one-out cross validation, 166

lens

Fresnel, 51

hemispherical, 25

hyperhemispherical, 32

ligand, see biosensing

liquid

inflammable, detection, 83

mixture, 64

non-polar, 63

polar, 62

relaxation process, 62

loss tangent, 309

magnetron, 13

Manley-Rowe relation, 18

material characterisation, 93

measurand, 187, 319

measurement function, 189, 319

measurement uncertainty, 46, 74

arithmetic combination, 190

evaluation in THz-TDS, 185

evaluation methodology, 186

expanded, 188

geometric combination, 188–190

model for THz-TDS, 202

propagation of uncertainty, 189, 317

resolution limit, 190

standard, 188

Type A, 186

Type B, 187
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Index

medical diagnose, 76

mercury arc lamp, 13, 18

microstrip line resonator, 78

microwave, 3

EHF, 3

millimetre wave, 3

molecular binding, 78

Monte Carlo simulation, 179, 189, 203

multilayer interference filter, 281

cascading scheme, 296

stop-band, 284

multilayer interference structure, 279

nitrogen purging, 41, 86, 125

nondestructive testing, 83

nonlinear crystal, 18, 26, 28, 36

off-axis parabolic mirror, 41

optical constant, 102, 104, 107, 110, 115, 184, 223,

309

alignment-related deviation, 198

amplitude-related variance, 194, 224

approximation-related deviation, 199

reflection-related deviation, 201

resolution-related variance, 196

thickness-related variance, 196

optical gating, 19, 55

optical rectification, 26, 37, 41

optically dense sample, 44, 107

optimisation

sample thickness, 224

optimum sample thickness, 227

osteosarcoma, 166

painting analysis, 84

parallel-plate metallic waveguide, 46

parameter extraction, 91, 183

paste radiator, 13

pellicle, 39

permittivity, 309

pharmaceutical assessment, 74

pharmaceutical coating, 75

phase matching, 18, 26

phase retardation, 39

phase unwrapping, 118, 133

photo-induced carrier, 32

photocarrier

density, 33

transport, 31, 41

photoconductive antenna (PCA), 15, 23, 31

bandwidth, 35

integration mode, 36

photoconductive gap, 32, 35

signal detection model, 314

signal generation model, 313

photoconductive mixer, see photomixer

photoconductive switch, 21

photoconductor, 32

photocurrent, 32

photomixer, 18

picarin, 59, 264

Planck’s law, 13

Pockels

cell, 26

effect, 27, 38

polar gas, 64, 72

polyethylene

high density (HDPE), 230

ultra-high molecular weight (UHMWPE), 57,

68, 234

polymer, 57, 263

polymorphism, 67, 74

polysaccharide, 68

polystyrene, 59

polyvinyl chloride (PVC), 228

protein, 68

quantum cascade laser (QCL), 17

quantum well photodetector (QWP), 17

quarter-wave plate (QWP), 40

quarter-wavelength antireflection coating, 256

optimal refractive index, 258

reflectance model, 259

transmittance model, 261

quarter-wavelength optical thickness, 283
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Index

Rabi oscillation, 7

random error, 188

reflection coefficient, 95

reflection loss, 247

refractive index, 28

air, 201

complex, 55, 93, 95, 309

relaxation process

water, 85

reststrahlen plate, 13

retection, 48

sampling

asynchronous, 47

chirped probe, 47

electrooptic, 20, 26, 30

non-collinear, 47

photoconductive, 35

second-order frequency mixing, 37

second-order susceptibility, 37

security screening, 80

semiconductor, 59

carrier density, 7, 59

carrier lifetime, 18, 22

carrier mobility, 7, 59

damping rate, 7, 59

DC resistivity, 61

Hall coefficient, 61

plasma frequency, 7, 59

recombination centre, 32

sequential minimal optimisation (SMO), 165

SiC globar, 18

signal

averaging, 115

denoising, 117

silicon

amorphous, 22

float-zone, 58, 61, 263, 288

high-resistivity, 21, 32, 267

spin coating, 265

standoff detection, 83, 86

strength-tuning algorithm, 139

limitation, 144

submillimetre wave, 3

superlattice structure, 17

supervised learning, 164

support vector machine (SVM), 163

synchrotron, 16

systematic error, 187, 188

T-rays, 3

contact spectroscopy, 28

continuous wave (CW), 17, 83

field distribution, 43

free-space coupling, 23, 56

imaging, 48

electrooptic, 48

raster-scan, 48

non-ionising, 55

safety, 86

tomography, 49

computed tomography (CT), 50

Fresnel lens, 51

time-of-flight, 50

terahertz, see T-rays

terahertz gap, 4

terahertz time-domain spectroscopy (THz-TDS),

5, 19, 25

attenuated total reflection, 45

differential time-domain spectroscopy (DTDS),

46, 78

dynamic range, 107, 205

functional spectroscopy, 69

mechanical-free, 47

reflection mode, 44, 82, 107

source of error, 191

transmission mode, 41, 100

waveguide spectroscopy, 46

thermopile, 15

THz-bridge, 7

transfer function

double-reflection geometry, 114

dual slabs, 103

sample in cell, 107

single slab, 101, 184

single-reflection geometry, 110
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Index

transition

interband, 17

intermolecular vibration, 6, 65

intersubband, 17

intramolecular vibration, 65

rotational, 6, 64, 72, 127

transmission coefficient, 95

variance, 319

water, 63

absorption, 85

liquid, 236

water vapour, 125

absorption and dispersion, 128

absorption line, 25, 56, 127

wavelet

application to T-ray signals, 160

decomposition, 161

denoising, 117, 160

multiresolution analysis, 162

transform, 162

weapon detection, 83

White cell, 73

wide-band cross ambiguity function (WBCAF),

161

X-rays

backscatter radiography, 84

computed tomography, 50

imaging, 77
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