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Abstract

THz time domain spectroscopy (THz-TDS) is for spectroscopy
studies in THz ranges. In this work, THz-TDS is applied to characterize
refractive indices and absorption coefficients of normal and burned
porcine skin of 1.68 + 0.01 and 1.76 + 0.02, 12.4cm™ and 10.8cm™ at
0.6THz, respectively. All of the skin samples are dehydrated with
Acetone to reduce the water absorption in THz ranges. Birefringence
reduction of burned porcine skin has also been observed by this
technology. In addition, the spectroscopic information of powder and
thin-film porcine hemoglobin in THz range is acquired. Hemoglobin has
broadband absorption from 0.2THz,to_1.2THz. The measured refractive
indices and absorption coefficientstof powder and thin-film hemoglobin
are 1.86 + 0.01 and 1.61:* '0.05, 25¢m™ and 30cm™ at 1THz. Further
reflective type measurement can be‘implemented by THz-TDS. Interface
information is obtained from the measured THz waveform reflected from
stacked burned and normal porcine skins for simulating partial burned
skin. Reflective wave from surface, interface between burned and
unburned, back surface of unburned porcine had been correctively and
clearly observed. Waveform and time of flight matched well with the
original reflected waveform of normal and burned porcine skin. Clinical

burned depth detection will be possible from these initial experiments.
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1. Introduction

1.1 Introduction of Thermal Damage on Tissue Injury

Tissue injury due to thermal damage is very common in daily life.
Estimates related to the annual incidence of burns in Taiwan is
approaching two hound thousands cases in 2003 [1]. Traditionally, burns
have been divided into first-, second-, third-, and fourth degree injuries,

as shown in Fig. 1.1.
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Fig. 1.1 Schematic of classification of burns
First degree burns, which are limited to epithelial damage (average
depth < 0.735mm) [2], heal spontaneously and do not require treatment.
Third or fourth degree burns, which are complete full thickness
destruction of the epidermis and dermis ( > 2.535mm), are treated with an

autologous or transplanted skin graft. A second burns shows destruction



of the epidermis and partial destruction of the underlying dermis
(0.735-2.535mm). If the injury produces a superficial partial thickness
burn, then it is best to allow the wound to heal spontaneously from
surviving skin appendages. Conversely, if the injury produces a deep
partial thickness burn, then it would be wise to skin graft the wound as
soon as possible to avoid infection.

Non-invasive determination of the depth of tissue injury due to
thermal damage is very important. X-rays is a very common source for
diagnosing diseases, while it is harmful for human bodies for its high
photon energies in the range of keV. T-rays have several advantages over
x-rays, one being that they have low photon energies (For example, 4meV
at 1'THz) and therefore do_not subject a biological tissue to harmful
radiation. While microwave.‘and X-ray .imaging modalities produce
density pictures, T-ray imaging.also-provides spectroscopic information
within the terahertz frequency range. The unique rotational, vibrational
and translational responses of materials (molecular, radicals and ions)
within the THz range provide information that is generally absent in
optical, x-ray and NMR images. In principle, these transitions in THz
frequency are specific to the molecule and therefore enable THz wave
fingerprinting. This conformational information is closely related to
biological functions of the molecules in tissues and cells and is difficult to
access with other techniques [3].

Coherent THz wave signals are detected in the time domain by
mapping the transient of the electric field in amplitude and phase. This
gives access to absorption and dispersion spectroscopy. T-rays can also

easily penetrate inside most dielectric materials, which may be opaque to
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visible light and low contrast to x-rays, making T-rays a useful and
complementary diagnostic source.

A conventional method to determine burn depth is polarization
sensitive optical tomography (PSOCT) in the near infrared range [4] [5].
THz radiation was used to measure human skin tissue [6] and pork tissue
[7], but the measurement of burned sample of porcine skin has not done

to our knowledge.

1.2 Birefringence of Collagen in Biological Tissue

Collagen, a constituent of many biological tissues, is in rod-like
triple helix conformation, which, results in both linear and circular
anisotropic properties [8] [9]. . Thus; eollagen is a linearly birefringent
tissue constituent. The fundamental buildinig block The fundamental
building block of collagen fibers-is the tropocollagen molecule.
Tropocollagen is comprised of three left-handed a-helices that combine to
form a single right-handed super helix. The collagen fiber is formed from
a staggered array of the tropocollagen molecules. The molecular packing
structure of a collagen fiber is such that the refractive index along a
fiber’s length is greater than the cross-sectional refractive index [9] [10]
[11]. Thus native collagen type I has a uniaxial semicrystalline
conformation, where the refractive index parallel to the length of a tendon
is larger than the refractive index along any orthogonal axes in the plane
of the tendon’s crossection.

Yoshioka and O’Konski [9] reported the birefringence (An) is

1.2x10® for tropocollagen extracted from native rat tail tendon, in a



0.022¢g/L dilute solution of collagen in 0.0029 molar acetic acid. Naylor
found a lamellae birefringence of An = 3.0x10 from in vitro cat cornea
[11]. Stanworth and Naylor showed that bovine lamellae birefringence is
2.8x107,

Upon heating, the transition by collagen from a a-helix, which can
be viewed as rod-like, to a random-coil conformation is accompanied by
a loss of birefringence. Research shows that birefringence of collagen is
reduced by denaturation that takes place at a temperature between 56
-65 °C. The normal dermis is made up of irregular collagen fibers and
fibroblasts having an orientation roughly parallel to the skin surface.
Thermal injury will denature dermal collagen, resulting in a reduction of

birefringence, thus providing an ‘“optical:marker” for thermal damage.

1.3 Formal Works of Spectroscopy of Hemoglobin

Mammalian hemoglobin"(Hb) has molecular weights of about
64,500 [12]. Fig. 1.2 (a) shows the configuration of hemoglobin molecule.
It 1s composed of four peptide chains called globins each of which is
bound to a heme. The molecule of heme is shown in Fig. 1.2 (b).

Normal human hemoglobin is composed of a pair of two identical
chains. Iron is coordinated to four pyrrole nitrogens of protoporphyrin IX.
Hemoglobin responsible for the transport of oxygen from the lungs to
tissue is primarily contained inside red blood cells (RBCs) and can
reversibly bind up to four oxygen molecules to form oxygenated

hemoglobin (HbO,).



M. F. Perutz, The Hemoglobin Molecule

Heme
(Fe-protaporphyrin X}

(a) (b)

http://omlc.ogi.edu/spectra/hemoglobi

Fig. 1.2 (a) The mammalian hemoglobin molecule

(b) The I ol e

Hemoglobin is Vefy iniportan; for %he biomedical researches,
especially for the spectroséopy comparison among deoxyhemoglobin
(deoxy-Hb), HbO, and HbCO. Hb in normal human blood is coordinated
with dioxide. However, it will result in shock, stupor or dead if Hb is
coordinated with carbon oxide. Many researches focused on frequency
ranges from visible light (VIS) to near infrared (NIR). For example,
refractive index of HbO, and Hb are around 1.395 with anomalous
dispersion around 410nm, which represented the band edge absorption, as
shown in Fig. 1.3 (a) [13]. Absorption spectrum among deoxy-Hb, HbO,
and HbCO had also been performed [14]. As the content of oxygen
increased, the band absorption peak around 410nm and double peak

around 560nm and 540nm is blue shifted and more obviously with

respectively in the VIS range. The obvious peak around 720nm in case of
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deoxy-Hb, which is not observed in HbO, in the NIR range, can be used
as the fingerprint spectroscopy for distinguishing these two materials [13].

However, spectroscopy of Hb in THz range is not yet available from our

knowledge.
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Dirk J. Faber et. al, T. K. Das et. Al. Biochemistry 2000,
PHYSICAL REVIEW LETTERS, 93, 028102, 39,:14330-14340

Fig. 1.3 (a) Refractive index of Hb and HbO, in VIS-NIR region
(b) Absorption coefficient of Hb, HbO, and HbCO in
VIS-NIR region
Blood spectrum around THz range had been demonstrated [15].
The absorption coefficient of Blood and water from 0.5THz to 1.5THz is
gradually increased from 120cm™ to 240cm™ and 150cm™ to 250cm™, as
shown in Fig. 1.4 (a), Fig. 1.4 (b), respectively. However, blood contained
not only hemoglobin and water but also leukocyte and platelet. THz
radiation is not only possible for transmitting skin with less scattering

effect than NIR, but also can detect the blood spectrum directly.
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(b) Absorption coefficient of water etc. in THz range




2. Principle

2.1 THz Time Domain Spectroscopy

Terahertz waves, with a frequency range of 0.1-10 THz, are termed
‘T-rays’. They occupy a large portion of the electromagnetic spectrum
between the infrared and microwave bands, as shown in Fig. 2.1 [16].
The large terahertz portion of the spectrum has not been well developed
because there were neither convenient high-power convenient high-power
emitters to send out controlled terahertz signals nor efficient sensors to
collect them and record information until the development of THz time
domain spectroscopy (THz-TDS).

300GHz - 10THz

THz .

101° Hz 10'2 Hz 104 Hz 106 Hz 10" Hz
30cm 300pm 3um 30nm 0.3nm

A G Davis et al, Phys. Med. Biol. 47, 3679-3689

Fig. 2.1 A schematic representation of the electromagnetic spectrum
showing the THz region

THz-TDS was initially developed in the early 1980s. Auston and
Cheung used electro-optic materials to rectify fs optical pulses, thereby
producing THz radiation of approximately one cycle. The coherence
detection of the electric field of these THz pulses by electro-optic
sampling enabled measurement of the changes in the shape of the
waveform following reflection or transmission from materials. In this

way the dielectric response of semiconductor materials was measured. A



THz-TDS comprises a femtosecond laser source, the output from which
is split such that a part is used to produce THz radiation which passes
through the sample using an electro-optic sampling system (or PC
antenna detection system). Fig. 2.2 and Fig. 2.3 show the conventional

THz-TDS EO sampling system and antenna detection system [17].

A

@-}'{0

lock-in

Y. Cai et al, Appl. Phys: Lett. 73, 1998

Fig. 2.2 Conventional THz-TDS EQ sampling system

probe

EFS
THz emitt
pump
[ b
AOM 20x current lock-in

v preamp

Y. Cai et al, Appl. Phys. Lett. 73, 1998

Fig. 2.3 Conventional THz-TDS PC antenna detection system

The THz TDS system provides a direct measurement of the THz
electric field pulse E,, as a function of time t using a coherent time-
gating pulse form the same laser as the pump pulse. If the sample has a
transmission coefficient T, which is a function of frequency f, and

produces a phase shift ¢(f) then the time-domain waveform in

9



transmission geometry can be derived from the incident THz spectrum

Ein(f) by

E,, ()=[ E,(OT(fe* Ve df )

2.2 Generation and Measurement Principle of THz

Radiation

At frequencies up to approximately 0.5 THz, EM radiation may be
generated by electronic devices, including resonant tunneling diodes,
Gunn devices, field effect or bipolar transistors [18]. Another popular
approach is to use lasers to generates short pulses (of duration less than
100 fs) of near infrared radiation (output.wavelength of approximately
800nm) which are directed-onto a non-linear optical crystal (such as ZnTe)
or photo-conductive structure (such-as-photo conductive(PC) antenna).

Conventional detectors forTHz radiation rely on bolometers cooled
by liquid helium . These devices measure only the intensity of the
radiation and do not provide any phase information. The sensitivity of
these devices is also limited by background radiation. Thus a more

common approach called free-space electro-optical sampling is developed

by Wu and Zhang [19].

2.2.1 Generation of THz Radiation with PC antenna

When a femtosecond laser excites a biased semiconductor with
photon energies greater than its bandgap (Fig. 2.4), electrons and holes
are produced at the illumination point in the conduction and valence

bands, respectively. An electromagnetic field radiating into free-space

10



with the help of an antenna is produced by the fast changes of the density
of photocarriers and their acceleration due to the applied dc bias (V). The
production of ultrashort currents with a full-width half-maximum
(FWHM) of Ips or less strongly depends on the carrier lifetime in the

semiconductor [20].

Fig. 2.4 Schematie of PC antenna

The carrier density behavior in time is given by
dn/dt=-n/7, + G(¢) (2.2)

where n is the carrier density and G(¢)=n, exp(t/At)’ is the

generation rate of carriers due to laser pulse excitation, with A¢ the laser
pulse width and n,the generated carrier density at + = 0. The generated
carriers are accelerated by the electric field bias with a velocity rate given
by

dve,h /dt - _ve,h /Trel + (qe,hE)/meff,e,h (23)

where v, are the average velocity of the carrier, ¢, are the charge of the

11



electron and hole, 7 is the momentum relaxation time, and £ is the local
electric field, which is less than the applied bias E, due to the screen

effect of space charges. More precisely,
E=E —-P/3¢ (2.4)

where &, 1s the dielectric constant and P is the polarization induced by the
separation of electrons and holes. The polarization depends on time

according to the expression
dP/dt=-Plr +J (2.5)

where 7. is the recombination time between electrons and holes (7. =
10 ps for LT-GaAs) and J= env, + (—e)nv, is the current density. The

far-field radiation is given by
E, ocOJ /0t oc evon/ Ot-+enovi ot (2.6)

where v = v, — v,. The transientielectromagnetic field Ety, consists of two
terms: the first term describes the carrier density charge effect while the
second term describes the effect of charge acceleration due to the electric

field bias.

2.2.2 Measurement Principle of THz Radiation with EO Sampling
Fig. 2.5 is the schematic of EO sampling setup, which basically
consists of an EO crystal, a quarter-wave plate, a Wollaston prism, and a
balanced detector.
Electro-optic detection is a second-order nonlinear optical
process in which an applied electric field induces a refractive index
change in the EO crystal at visible-near IR frequencies that is

proportional to the applied field. This refractive-index change affects the

12



ellipticity of a circularly polarized, synchronized, ultra short laser pulse
that is co propagating through the same material. This change in
ellipticity is measured with the Wollaston prism that separates the two
orthogonal polarization components of the probe beam. The balanced
detector measures the intensity difference between the two components
and gives a signal that is directly proportional to the electric field. By
varying the delay between the THz pulse and the probe-laser pulse, one

obtains the complete time-dependent electric field.

Wollaston Prism

EO crystal

Quarter-wave plate
Balanced Detectors

Fig. 2.5 EO sampling setup

The calculation of THz radiation is dependent on the refractive
index ellipsoid that arises when an electric field is applied to the EO
crystal. This index ellipsoid defines the refractive index in the crystal that
is experienced by, for example, visible-near IR light propagating through
the crystal with a given propagation direction and polarization. For a
cubic crystal such as ZnTe, the only nonzero coefficient of the
electro-optic tensor is 4. If X, y, and z define the coordinate axes in the
crystal [21], with the z axis corresponding to the (001) crystal axis, the

refractive-index ellipsoid is given by

13



2 2 2

;;+%7+27+2Equdz+2Emﬂqu+2Emdnﬁy=1 (2.7)

where Ery,1, Etnzo, Ern.s, are the components of the applied THz field
Ety, along the x, y, and z direction, respectively. We assume the THz
wave propagate along the (110) axis (shown in Fig. 2.4), thus
ETHz,2:'ETHz,1 .

After rotating the (X, y, z) coordinate system around the z axis by

45°, the equation (2.7) becomes:

Z (001)

ZnTe crystal

Y (010)
X (100)

(110)

Fig. 2.6 Angles of the THz wave and probe beam polarization directions

1 1 1 1 ' 1 1
n—z(E\/_' \/_y) (E\/EX'JFE\/E)"Y+%+2ETHZ,1V41(§\/EX'+§\/§J/)Z'

4 N 1 I} 1
+2ETH22”41(5\/EX —E\/Ey )z +2ETH2,3”41(§X e

12 :1
Y )

12

, z
( +E Hz3r41)+y2( THz3r4l)+ +2\/_ETHzlr41yZ =1 (2.8)

Than the (x, y, z ) coordinate system is rotated around the x’ axis

14



by 6 :
X' =x"
V' =y"cosfd—z"sind
z'=y"sinf+z"cosl
The components of the electric field are expressed in terms of the

angle a ( the angle of the THz beam polarization with respect to the (001)

axis shown in Fig. 2.6) :

ETH

- =FE,, cosa

v4

E TH:

2 .
21— ETHZ 7 SIno

With these definitions and some calculations, the index ellipsoid of

(2.8) becomes :

1 1 .
N2 (— +Eppp.ry cOsQ) + Ya 5=k lcosa sin” @+ cos(@ +20)]}
n n

1 2.9)
+2"{— = Eppry[cosacos’ 0 —cosla+26)] =1
n

The refractive indices for visible-near IR light propagating along

the x” direction are :
n3
)
n,(a)~n+ ?ETHer[cosa sin” @+ cos(a +26)]

i (2.10)
n.(a)=n+ > E,,.r,[cosacos’ @—cos(a+26)]

The intensity detected by balance detector can be expressed as :

Nl (e, p) =1, sin[2(p—0)Jsin{"[n_(a)—n_ ()L}
on’E it L ‘

2.11)
=7

» (cosasin2¢+ 2sin a cos 2¢)

2c

where ¢ is the angle of the probe beam polarization with respect to the

(001) axis shown in Fig. 2.6.
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2.3 Calculated Method of Optical Constant from THz-TDS

As shown in Fig. 2.7, the sample is taken as a multi-reflection
structure for THz pulse [22]. The THz pulse before and after the sample
insertion are denoted as E.¢(t) and Eg,, (t), and their Fourier transforms

are BE.p (w) and B (w). If Eoof (w) can be expressed as follows:

* —ikd
E, =Eje (2.12)

then the first, second and mth transmitted THz pulse E," (0), E; (w), and

E. () are:

* 3 *kd * g okl K
E, =Ee™ (1, ) 15k, (2.13)
* o iQmnkdy,, Nom, *, *
Em _EOe (}/:va ) tas tsa
where n" is the complex refractive index of the sample, tys ot , and

* . . . .
I, are the real Fresnel coefficients for amplitude transmission and

*

. % * *
reflection at sample surfaces. n, t,, t, , and r, can be expressed as

follows:
n =n-ix (2.14)
A
us P (2.15)
y * 271*
sa 1 (2.16)
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Fig. 2.7 Schematic of multi-réflection structure of sample

Thus Egm () is the superposition all the transmitted electric fields.

The ratio of Egm (®) and E.¢ (@) can be given by n" as:

Eun (@) _, =, - exp(i (n" - l)a)dj
Eref (0)) c

. !
X Z((’”)z exp(i 2n od D (2.18)

=0 c

= T (o) expl(ig())

where d is the thickness of the sample, T(w) and ¢(®) are
experimentally obtained power transmittance and relative phase.

Since it is difficult to obtain the complex refractive index n' from

17



(2.18), the expressions for the real and imaginary parts of the complex

refractive index of the sample are denoted as:

C do * *I’I’H'l #\2 2n*d0)
n=—- ¢(a))+7+ar totey E‘,O((rsa) ex&—l ; ))2

c T'(w)
2dw . (2.19)
KtaS tsa > ((rsa ) exp(—z . ))Z‘
/=0 )

The value of the complex refractive index roughly estimated from

the THz pulse in the time domain before.and-after the sample insertion is
taken as a starting point for an.iterative loop wherein n and « are
calculated in a self-consistent manner. By performing this cyclic

procedure for only a few times, the value would lead to a convergence.
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1 Experimental Setup and Sample Preparation

3.1 Experimental Setup

The THz-TDS system is shown in Fig. 3.1(schematic) and Fig. 3.2

(real picture). Femtosecond pulses generated from a mode-locked Ti:
sapphire laser are divided into pump and probe beams by a beam splitter
(2). The pump beam is impinging on the THz emitter (6), dipole antenna
on a GaAs: As’ substrate to generate the transient current. Emission of
electromagnetic pulses, THz radiation, with about picosecond duration is
produced by the current. The THz radiation is collected and focused on a
high reflection mirror (12) by the gold-coated parabolic mirrors (7) before
passing through the sample (13) in freflected signal measurement.(In
reflected signal measurement, |the -high ‘reflection mirror is substituted
with the sample). The probe beam- with time delayed by motor stage (5)
and the THz pulse collinearly impinged on d nonlinear crystal (ZnTe) (8).
The transmitted laser pulse with polarization changed by electro-optical
effect is separated into two beams with orthogonal polarizations by
Wollaston beam splitter (10). The two beams are coupled to a balanced
detector (11) connecting to a lock-in amplifier. Signal from lock-in
amplifier can be easily analyzed by a computer.

To reduce the water vapor absorption of THz signal, an acrylic box
by continuously infusing pure nitrogen is set as a humidity controller in
THz optics. The humidity can be rapidly lowered to few percents in tens
of minutes. Furthermore, due to the stable atmosphere in THz optics, the

THz system becomes more stable.

19



v 2N
ZD

(3 .
(73 07
>
(6)

> X

X NN R W=

(11)

(10}

(7)

(9)

(12)

(7)

A/2 plate

beam splitter
chopper
translation stage
optical delay stage
THz emitter
parabolic mirrors
ZnTe

Acrylic box

9.
10.
11.
12.

13.

A4 plate

Wollaston prism

balance detector

high reflection mirror or sample
position of reflected signal
measurement

sample position of transmitted
signal measurement or nothing

Fig. 3.1 Schematic of THz-TDS system
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3.2 Sample Preparation

3.2.1 Preparation of Porcine Skin

The samples of porcine skins in the experiments are taken from
streaky pork.

The thermal damage of burned porcine skins are formed by
contacting normal skin using brass rod attached on welding machine or
illuminating normal skin using cw laser.

The brass rod heating setup is shown in Fig. 3.3. Before contacting
the porcine skin, the brass rod is preheated for 10 minutes with the
welding machine to make sure the heat is uniformly transmitted in the
brass rod. This method is a direct way to form the burned area, and it

gives the temperature informaﬁ&ﬁ Qf'nthq:ftﬁegmal source.

| ;I;n
= . i

h oy ¥ LN
M R .

L assdasesbaneda

ol & -
Fig. 3.3 The heating brass rod and welding machine
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Another method to form the thermal damage is to let porcine skin
be illuminated by the laser beam. The beam size of the laser is not large
enough to generate large area burns, which is needed in the measurement,
thus the beam need to be broadened before illuminating on the skin. Fig.
3.4 is the schematic of the simple setup to broaden the laser beam and
heat samples. The total measured power of laser beam illuminated on the
sample is about 3.3 watt, and the illuminated process is not terminated
until the back of the porcine been burned. The burned area is about 15mm

in diameter.

Laser beam

Parabolic mirror

Fig. 3.4 Schematic of setup to broaden laser beam and heat samples

As a result of water has quite large absorption coefficient
in the THz range (about 200cm™ at 1THz) [23], all the samples need to be
dehydrated to before measurement. All the porcine skins are dehydrated
with Acetone solution. The porcine skins are clipped by glass to maintain
the flatness of sample surface as immersing in Acetone solution for

about 2 days.
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3.2.2 Preparation of Hemoglobin
The porcine hemoglobin samples are bought from UNI-WARD
Corp. Two kinds of appearances of hemoglobin samples are made, as

shown in Table 3.1.

Type

Powder

Powder

Thin film

Thickness

320+10pm

960+10pum

350 pum=50pm

Table 3.1 Two kinds of hemoglobin samples

Sample Type I and samplé Typé:ll are powders of hemoglobin of
different thickness: 320pum=and 960um (thickness uncertainty ~ 10um).
This kind of appearance is:applied to get the pure spectra of hemoglobin.
Sample Type III is thin-film hemoglobin of thickness about 350um
(thickness uncertainty ~ 50um). The thin-film of hemoglobin, which is
used to model the under skin blood, is the product made by evaporating

hemoglobin solution.
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4. Experimental Results

4.1 THz waveform and spectrum

The measured THz waveform as the reference signal is shown in
Fig. 4.1. The nitrogen is continuously infusing to THz-TDS system to
reduce water vapor absorption of THz radiation. Fig. 4.2 is the spectrum
of the measured THz radiation. The signal to noise ratio(S/N ratio) is
about 10°, and the absorption lines of water vapor at 0.557, 0.752, 0.988,
1.097, 1.113, 1.163, 1.208, 1.229 and 1.411 THz are not existed.

B
o

N w

o o

) hd ) hd
e ——

Amplitude(10™%V)
=
o

_20 2 [ 2 [ 2 [ 2 [ 2 [ 2 [ 2 [ 2 [ 2
0 2 4 6 8§ 10 12 14 16 18

Time (ps)

Fig. 4.1 Waveform of THz radiation
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Fig. 4.2 Spectrum of THz radiation

4.2 Characterization Difference between Normal and

Burned Porcine SKkin

The preparation process and thickness of samples are shown in

Table 4.1.

Type Normal Porcine Skin Burned Porcine Skin

1.Heated with brass rod

, attached on welding
i Dehydrated with _
Preparation process machine

Acetone
(130° C for 30secs)
2.Dehydrated with Acetone
Thickness 1.03+0.02mm 1.13+0.03mm

Table 4.1 Preparation process and thickness of samples
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Fig. 4.3 shows the THz waveform of the reference signal and
measured signals after passing through the samples (normal and burned
porcine skin). From the time of flight of THz waveform, the refractive
indices can be roughly calculated. The refractive index of normal porcine
skin is about 1.65+0.01, while the burned porcine skin is about 1.74+0.02.
Burned porcine skin has larger refractive index than normal porcine skin.

Fig. 4.4 represents the Fast Fourier transform (FFT) spectrum of
the measured waveform in Fig. 4.3. In comparison with the reference
spectrum, there are broadband absorptions for both normal porcine skin
and burned porcine skin.

The transmittance (spectrum of sample divided by spectrum of
reference) of THz radiation through percine-skins is shown in Fig. 4.5.
From 0.2THz to 1.0THz, the transmittance decreases as the frequency
increases for normal and burned porcine skins.

The refractive indices and absorption coefficients of porcine skins
are shown in Fig. 4.6 and Fig. 4.7. In Fig. 4.6, the refractive index of
normal porcine skin is from 1.77+0.01 to 1.66+0.01, which is smaller
than the refractive index of burned porcine skin form 1.81+0.02 to
1.70£0.02 from 0.2THz to 1.0THz. In Fig. 4.7, the absorption coefficients
of normal porcine skin and burned porcine skin is 1.5cm™ to 24.2cm™ and
0.lecm”’ to 302cm” from 0.2THz to 1.0THz individually. The
uncertainties of refractive indices are calculated from the uncertainty of
thickness. The change of absorption coefficients does not as obvious as
refractive indices as the porcine skin is burned. The variation of refractive

index can be a feature to differentiate burned porcine skin from unburned
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Fig. 4.4 Spectrum of transmitted THz signal
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Fig. 4.6 Refractive index of porcine skin from 0.2 THz to 1.0 THz
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4.3 Denature of Birefringence of Burned Porcine SKin

The burned sample is made using cw lasers in the lab.
Diameter of the burned area on the sample is about 15mm, with a
measured power about 3.3 watts. The illuminated time is about 6 minutes.

Fig. 4.8 is the schematic of measurement mechanism. The sample
rotates around the rotating axis shown in Fig. 4.6 to a certain angle  for
each measurement from 0 to 360". THz radiation is measured after

passing through the sample.

AN
AN
\\
// N\ /O ‘/‘ ; :
7 NG \:\\ /,/ Rotating axis
NZ
N ’l
I . \\ <4
l \\ \ v \:\\
________ b — — o — — 2 -
RS & L1, Sample
\)( /
LEA N_ZZ
Ve AN SN

\/_/
THz radiation )
x

THz radiation
propagating direction

Fig. 4.8 Schematic of birefringence measurement

The transmitted THz radiation of normal porcine skin

(thickness~1mm) is measured. Fig. 4.9 shows the measured waveform of
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THz radiation.
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Fig. 4.9 Measured waveform of THz radiation of normal porcine skin

In Fig. 4.9 only one THz pulse is observed in the full waveform.
Inasmuch as the birefringence of collagen molecules in the dermis is
weak ( An ~ 2.8x107 of bovine lamellae) refer to former works [24], time
of flight caused by the birefringence (An times sample thickness and
divided by light velocity) is only about several one thousandth
picoseconds, which is rather small in comparison with the FWHM
(several picoseconds) of THz pulse. As a result, the measured waveform
is the superposition of e-wave and p-wave.

As shown in Fig. 4.10, the data of time of flight have a periodic
distribution for various angles. The angle difference from peak to peak of

time of flight is about 90", which is able to explain that the birefringence
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exists in the normal porcine skin, since the included angle between fast
and slow axis of a birefringence material is 90 .

Fig. 4.11 is the measuring results of relative time of flight versus
angles of burned porcine skin. The data here are not as regularly as those
of normal porcine skin, but there is still a little periodic distribution.

Fig. 4.12 and Fig. 4.13 demonstrate the refractive indices of
normal porcine skin and burned porcine skin from 0.2 THz to 0.8 THz. In
Fig. 4.12, the larger and smaller refractive indices correspond with the
maximum and minimum time of flight shown in Fig. 4.10. Again it
verifies the existence of birefringence of normal porcine skin. In Fig. 4.13,
the distribution of refractive indices is more disorderly than those in Fig.
4.12. The birefringence of percine skin denatures after suffering heating
process, but there is still a-little discrepancy of refractive index between

two orthogonal angles.
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Fig. 4.10 Relative time of flight of various angles of normal porcine skin
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Fig 4.13 Refractive index of buined porcine skin

There is a little difference of relative time of flight at 0" and 360
(represents the same included angle between sample and polarization of
incident light) in Fig. 4.10. This phenomenon may cause form
disturbance of the experimental setup. Fig 4.14 shows the maximum
disturbances of reference signals by measuring the reference signals
repeatedly. The maximum disturbance of time of flight is about 0.027ps.
As a result, several normal porcine skins are stacked to get a thicker
sample (thickness~11.53+0.2mm) to check the existence of birefringence.
The measured result is shown in Fig. 4.15. The angle difference from
peak to peak of time of flight is still 90°, and effect of disturbance (0.02ps)

is quite small in comparison with the maximum time of flight (0.6404ps).
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Fig. 4.15 Relative time of flight of various angles of thicker sample
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4.4 Transmission Spectroscopic Information of Hemoglobin

Fig. 4.16 is the transmission waveform of Hemoglobin (Hb)
samples. THz radiation amplitude is decreased to about half of the
reference THz waveform in case of the thin sample (320um and 350um).
It 1s decreased to about 1/3 in case of the thick sample (960um). Fig. 4.17
shows the FFT spectrum. Transmission spectrum amplitude is also larger
in thin sample compared with the thick sample. Broadband absorption
from 0.4THz to 2.0 THz has been observed in these deoxy-Hb samples.
No special absorption line is found for powder or thin film hemoglobin,
while broadband absorption from 0.4 to 2.0 THz is observed. THz
transmittance spectrum of these Hb .samples is calculated from spectrum
amplitude of samples divided by theireférence one, which is shown in Fig.
4.18. The transmission ¢fficiency -of thin® Hb samples is gradually
decreased as frequency increased - which-similar as the blood. However, it
is dramatically decreased after 0.4THz 1n case of thick sample. It is even
decreased to almost O after 1.4THz, which represents the strong
absorption. In Fig. 4.19, the refractive index of powder and thin film
sample is obvious different. Refractive indices of powders and thin film
are from 1.88+0.01 to 1.83+0.01 and 1.73+0.05 to 1.60+0.05 with
respectively from 0.2TH to 1.2THz. These are smaller than the blood case
[15]. In Fig. 4.18, absorption coefficient of powders and thin film are
from 3cm™ to 33cm™ and 8cm™ to 39cm™ with respectively from 0.2TH
to 1.2THz. It is obviously smaller than value blood because of the less

content of water absorption in these dry deoxcy-Hb samples.
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4.5 Determination of Interface of Stacked Porcine Skins

From the experimental results of section 4.1 and section 4.2, the
refractive indices of normal and burned porcine skins are different. This
characteristic difference between normal and burned porcine skins makes
it possible to detect the interface between burned and normal part of a
partial burned skin. If the interface exists, wave propagates in the skin
will be reflected and reflected signal can be detected to make sure the
existence of burned-normal interface.

The reflected THz radiation of two layers porcine skins (burned

porcine skin + normal porcine skin) is measured. The two layer structure
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is applied to simply model the partially burned skin.
4.5.1 Reflected THz Waveform of One Layer of Porcine Skin

The reflected THz radiation of a normal porcine skin and a burned
porcine skin 1s measured. The thicknesses of these two porcine skins are

listed in Table 4.2.

Normal Burned

Thickness 0.27mm 0.53mm

Table 4.2 Thickness of porcine skins

Fig. 4.21 shows the expected conformation of the reflected THz
waveform form single porcine skin. The measured waveform will be the

superposition of the first and second reflected-waveform.

Incident THz wave

~

I\ /'\_ _ First reflected wav
R B R T \ porcine skin

\ 'I \

\ / - ..
measured waveform -

Second reflected wave

Fig. 4.21 Schematic of reflected THz waveform

From the measured results shown in Fig. 4.22 and Fig. 4.23, the

reflected waveform is as expected as in Fig. 4.21. The times of flight
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from first reflection to second reflection are 3.0 ps and 6.2 ps. The
reflective indices of the normal and burned porcine skins are about 1.67

and 1.75 respectively.
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Fig. 4.22 The reflected waveform of normal porcine skin
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Fig. 4.23 The reflected waveform of burned porcine skin
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4.5.2 Reflected THz Waveform of Two Layers of Stacked Porcine
Skins
The normal and burned porcine skins are stacked to form the two
layer structures. Fig. 4.24 shows the expected conformation of the

reflected waveform from two stacked layers.

Incident THz wave

N\
AN

- - - — -

N/
First reflected wave
LY A .
_ I Sl / \
N TTT - PR
. o
measured waveform Second reflected wave

unjs auloiod pauing
upys auioiod [ewloN

Fhindreflected wave

Fig. 4.24 The Schematic of reflected THz waveform

In Fig. 4.25, the first, second and third reflection THz waveforms
are distinguished. The times of flight from first reflection to second
reflection and second reflection to third reflection are 5.7 and 3.2 ps,
which give the depth information about 488um and 287um respectively.
The values of time of flight are very close to the results in section 4.5.1.
There are several tenth um of thickness differences in comparison with
the measured thickness. The deviations of time of flight and thickness
may caused from the surface of porcine is not very flat. The depth
information of a simple burned-normal interface is detected from the

measurement result.
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Fig. 4.25 The reflected waveform of two layers of stacked porcine skins
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5. Conclusions and Future Works

In conclusion, the porcine skin has broadband absorption from 0.2
to 1.2THz. Difference in refractive indices of normal and burned porcine
skins is found. The refractive index of normal porcine skin is from
1.77£0.01 to 1.66+0.01, which i1s smaller than the refractive index of
burned porcine skin form 1.81+0.02 to 1.70+£0.02 from 0.2THz to 1.0
THz. The absorption coefficients of normal and burned porcine skins are
close. Furthermore, the reduction of birefringence between normal and
burned porcine skin is observed. In addition, the spectroscopy of powder
and thin-film hemoglobin is measured. Broadband absorption from
0.4THz to 2THz has been obseryed.in hemoglobin samples. Refractive
indices and absorption .coefficients:. of hemoglobin have been
demonstrated from 0.2THz “to 1.2THz, which is important for the
hemoglobin related biomedical-optics. - Further reflective type
measurement of the stacked burned’ and normal porcine skins for
simulating partial burned biological skin can be implemented by THz
-TDS. The waveform of THz radiation reflected from the surface,
interface and back of the stacked structure of burned and normal porcine
skins are resolved. Time of flight matched well with the original reflected
waveform of normal and burned porcine skin. Clinical burned depth
detection will be possible from these initial experiments.

In the future, THz-TDS will be further applied to the reflective
type measurement of partial burned porcine skin to obtain the depth
information. In addition, the spectroscopy of HbO, in the THz region will

be measured.
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