
Terahertz birefringence and attenuation properties
of wood and paper
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The far-infrared properties of spruce wood are examined with a terahertz time-domain spectrometer. The
solid wood is shown to exhibit both birefringence and diattenuation. The birefringence properties are
sufficient for construction of a quarter-wave plate operating at 0.36 THz, and a half-wave plate operating
at 0.71 THz. The origin of the birefringence is attributed to preferential fiber orientation within the wood.
Similar birefringence is observed in lens paper in which the fibers are preferentially oriented in one
direction. © 2006 Optical Society of America
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1. Introduction

Many materials are transparent in the far infrared,
making it an interesting diagnostic wavelength
range for material inspection. The fact that far-
infrared radiation, at the levels typically present in
a terahertz time-domain spectrometer, poses no sig-
nificant health hazard1 makes it attractive for
many application areas such as in imaging2 and
security.3,4

It was recognized early on that there may be ap-
plications in the wood industry for pulsed terahertz
radiation.5,6 This is so primarily because pulsed tera-
hertz radiation offers access to a frequency range of
transparency in wood. Koch et. al.5 demonstrated
that transmission imaging of wood can be performed
with a resolution sufficient to allow annular rings to
be distinguished by a terahertz time-domain spec-
trometer. However, there has been little work in this
area since these early investigations.

In this paper the far-infrared properties of common
spruce wood are studied in detail, and it is demon-
strated that the wood exhibits both diattenuation and
birefringence. We demonstrate these properties by
constructing a wave plate from wood and also dem-

onstrate the potential for fiber-orientation analysis
with pulsed terahertz radiation.

Fiber orientation analysis has traditionally relied
on methods involving optical scattering measure-
ments,7 x-ray diffraction measurements,8,9 and the
use of fiber dyes.10 The electromagnetic methods for
the determination of fiber orientation rely on the
structure of the cellulose that makes up the fiber.7–10

In the present paper we present an alternative
approach to measuring fiber orientation by using far-
infrared radiation and the polarizing properties of
the fibers. This method has the advantage that it can
be operated in a transmission mode for samples as
much as 1 cm thick, which optical techniques cannot
do. Moreover, it also has the advantages that x rays
are not required and that the radiation used is non-
ionizing and safe.1

2. Experiment

The experimental setup used is shown in Fig. 1 and is
similar to that reported previously.11 A semilarge-
aperture photoconductive switch12 is used as a source
of terahertz radiation. The switch is formed from sil-
ver paint upon a Si–GaAs substrate with a minimum
separation of 470 �m and biased with a 250 V peak,
40 kHz sine wave. The switch is driven with 300 mW
of optical power from an 80 MHz, 100 fs Ti:sapphire
oscillator. The optical beam is split into pump and
probe beams. The pump is lightly focused on the pho-
toconductive switch, and the emitted terahertz radi-
ation, which is horizontally polarized, is imaged onto
a 1 mm thick �110� oriented ZnTe crystal that is used
to detect the radiation by means of the linear electro-
optic effect13 with four f�2, 2 in. �5.08 cm� diameter,
90° off-axis parabolic mirrors. The four mirrors form
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an intermediate focal plane in which the samples are
placed for the studies that follow.

Polarization-sensitive measurements are made for
which the ZnTe crystal is used as a polarization an-
alyzer for the terahertz radiation.13 The probe beam
is linearly horizontally polarized, and the �001� axis
of the ZnTe crystal is oriented to detect either verti-
cally or horizontally polarized terahertz radiation at
the detector.

Two samples of solid spruce wood, with thicknesses
of 8.3 and 3.025 mm, were studied. The samples were
purchased from a hardware store, cut to the desired
size, and given a smooth finish. The samples were
exposed to air and were therefore subjected to ambi-
ent humidity. The lens paper investigated in this
report was standard lens paper purchased from
Fisher Scientific.

3. Birefringence of Spruce

Birefringence is an interesting phenomenon in
single-cycle radiation when it is viewed directly on a
short time scale with pulsed radiation in the time
domain. We observed the birefringence of an 8.3 mm
thick piece of solid spruce wood directly in the time
domain by inserting the sample into the focal plane of
the parabolic mirror system at the position of the
low-pass filter in Fig. 1. The measured transmission
of the terahertz radiation is shown in Fig. 2.

We examined the time-domain waveforms of trans-
mitted terahertz radiation as functions of the orien-
tation of the grain with respect to the terahertz
polarization by rotating the wood sample. The angu-
lar dependence of the transmitted terahertz field is
shown in Fig. 2 with the detection set to detect hor-
izontally polarized transmitted terahertz radiation.

If the birefringent material is made sufficiently
long, and the pulse width of the electromagnetic ra-
diation sufficiently short, then the birefringence will
introduce a phase shift between orthogonal polariza-

tion components, and a corresponding propagation
delay in the time domain. Specifically, if the phase
difference corresponds to a time scale longer than the
pulse width of the radiation, two orthogonally polar-
ized pulses of electromagnetic radiation will result,
the magnitude of which will depend on the orienta-
tion of the input polarization and the birefringent
axes. When the angle between the input terahertz
polarization and the visible grain is approximately
22°, as shown in Fig. 2, the output radiation com-
prises two pulses, roughly equal in amplitude and
separated by approximately 2 ps in time with orthog-
onal polarization. The fact that the pulses have
roughly equal amplitudes at an angle different from
45° is a consequence of the diattenuation that is
present within the wood and is discussed later in this
paper.

Based on the observed time delay between pulses of
terahertz radiation propagating parallel and perpen-
dicular to the visible grain, an estimate of the
frequency averaged birefringence can be obtained di-
rectly from the time-domain data of Fig. 2. Assuming
that the birefringence is frequency independent, then
the average birefringence, �n, over the bandwidth of
the transmitted terahertz pulse is related to the time
delay between propagation with polarization parallel
and perpendicular to the grain, ��, by

�n � c���L, (1)

where c is the speed of light in vacuum and L is the
thickness of the wood.

We estimate �� � 2.2 ps from Fig. 2 and, using
L � 8.3 mm, obtain the frequency-averaged birefrin-
gence given by Eq. (1), �n � 0.08 � 0.01.

Fig. 1. Schematic diagram of the setup: BS, beam splitter; ��2,
half-wave plate; POL, polarizer; M’s, mirrors; ODL, optical delay
line; PLs, positive lenses; PMs, parabolic mirrors; LPF, low-pass
filter blocking the optical leakage and passing the far-infrared
radiation; ��4, quarter-wave plate; WP, Wollaston prism; PDs, are
photodiodes; LIA, lock-in amplifier; SLAPCS, semi-large aperture
photoconductive switch.

Fig. 2. Reference and transmitted terahertz time-domain wave-
forms transmitted through an 8.3 mm piece of spruce wood mea-
sured with the terahertz polarization making an angle � with
respect to the visible grain direction. Each scan is labeled by the
corresponding value of � used in the measurement, and the scans
are offset for clarity. tfast and tslow, time delay for propagation with
terahertz polarization perpendicular and parallel to the visible
grain, leading to fast and slow axes, respectively. ��, time differ-
ence between terahertz propagation polarized parallel and perpen-
dicular to the grain.
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As the terahertz radiation is pulsed and composed
of a broad frequency spectrum, a more precise way to
analyze the birefringence is to examine the index of
refraction, which can be obtained from the transmit-
ted spectrum. In fact, as the detection is coherent, we
can extract the frequency-resolved complex index of
refraction directly from the measured data. To do
this, we use the thick sample approximation of
Duvillaret et. al.,14 truncating the time-domain spec-
trum before multiple reflections occur, and write the
ratio of the measured transmission spectrum to the
reference spectrum as

Ewood���
Eref���

� t̂AWt̂WA exp��
i2��L

c �n̂W � n̂A��, (2)

where Ewood and Eref are the measured terahertz
fields in the frequency domain with and without wood
in the beam paths, respectively, � is the frequency, c
is the speed of light in vacuum, L is the length of the
wood sample, and t̂WA and t̂AW are the Fresnel trans-
mission coefficients of wood-to-air and air-to-wood
interfaces, respectively. The Fresnel transmission co-
efficients are given by

t̂ij �
2n̂i

n̂i 	 n̂j
(3)

for normal incidence.15 Writing the ratio of Eq. (2) in
Euler form; R exp�i
�, we may make use of the mea-
sured data to extract complex index n̂W. We take
n̂A � 1 and

n̂W � nW � ikW, (4)

with the approximation in the Fresnel coefficients
that k �� n, to obtain

R exp�i
� �
Ewood���
Eref���

�
4nW

�nW 	 1�
exp	�

2��L
c kW


� exp��
i2��L

c �nW � 1��. (5)

Solving for nW and kW in relation (5) and using the
equation �W � 4��kW�c, we obtain

nW � �

c

2��L 	 1, (6)

�W � �
2
L ln�R �nW 	 1�2

4nW
�, (7)

where �W is the absorption coefficient.
To improve spectral resolution, we used a sample of

spruce wood of 3.025 mm thickness to generate full
frequency-resolved transmission spectra. A reference

scan was taken, as well as transmission scans with
the terahertz polarization parallel and perpendicular
to the visible grain. The reference and transmission
data were Fourier transformed to the frequency do-
main, and we used Eq. (6) to obtain the frequency-
resolved index of refraction and absorption coefficient
presented in Fig. 3. As can be clearly observed, the
wood exhibits both birefringence and diattenuation.

A frequency averaged birefringence of 0.07 �
0.006 is measured for the frequency range 0.1–
1.6 THz, in reasonable agreement with the time-
domain estimate of 0.08 � 0.01, given that different
samples were used. The birefringence is also ob-
served to be roughly frequency independent, indicat-
ing that the time-domain method of measuring
birefringence should be valid.

Inasmuch as dry wood is not highly conductive, the
difference in extinction for terahertz radiation prop-
agating through the wood polarized parallel and
perpendicular to the grain is possibly related to scat-
tering. The cylindrical shape of the porous structures,
which have diameters in the range 80–140 �m for
spruce wood,16 may scatter more strongly when the
terahertz radiation is polarized parallel to the pores
than when it is polarized perpendicular to the pore
axis. For a single long, solid cylinder, the extinction
coefficient is greater for polarization parallel to the
cylinder axis, and the ratio of extinction coefficients
�Qext

� �Qext
� � grows with increasing frequency in the

range of interest,17 similar to that described in the
present paper.

Given that the indices of refraction for these
samples of solid wood are in the range 1.25–1.35, the
measured value for �n � 0.07 � 0.006 is a large
birefringence. We demonstrate this large birefringence
by constructing waveplates for use at far infrared fre-
quencies.

4. Investigation of Wave Plates Constructed
from Spruce

We investigated the operation of a 3.025 mm thick
piece of spruce as both a quarter- and a half-wave

Fig. 3. Frequency-resolved index of refraction (n) and absorption
coefficient (�) obtained in transmission spectroscopy of a 3.025 mm
thick piece of spruce wood. Measurements were taken with the
terahertz polarization parallel to the grain (solid curves) and per-
pendicular to the grain (dashed curves).
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plate for specific frequencies. First we computed what
is expected for such devices when diattenuation is
present. To do this we calculated the angular depen-
dence of the vertically and horizontally polarized
terahertz fields after their propagation through a
3.025 mm thick piece of spruce. Consider the geom-
etry shown in Fig. 4.

The field at the output of the wood parallel �E�� and
perpendicular �E�� to the grain structure is given
by

E�
out � Ein cos�
�exp�i��exp��½��d�,

E�
out � Ein sin�
�exp�i��exp��½��d�, (8)

where Ein is the incident electric field amplitude, � is
as defined in Fig. 4, � and � are the phase retard-
ances incurred along the grain and perpendicular to
the grain, respectively, d is the thickness of the wood
sample, and �� and �� are the power absorption coef-
ficients parallel and perpendicular to the grain, re-
spectively.

In Fig. 4 the output fields along the two grain axes
recombine to form horizontally and vertically polar-
ized THz fields at the output, to which our analyzer is
sensitive. The vertical and horizontal components are
given by

Evert
out � E�

out cos�
� � E�
out sin�
�,

Ehoriz
out � E�

out cos�
� 	 E�
out sin�
�. (9)

Using Eqs. (8) in Eqs. (9), we obtain the angular
dependence of the magnitude of the horizontal and

vertical components of the output field along the an-
alyzer axes:

�Evert
out �� �Ein�exp��½��d�

� �sin�
�cos�
��
� �1 � exp�i�� exp����d��,

�Ehoriz
out �� �Ein�exp��½��d�

� �cos2�
�exp����d� exp�i��
	 sin2�
��, (10)

where �� � ½��� � ��� and � � � � � are the
differences in absorption and induced phase for prop-
agation along the grain and perpendicular to the
grain, respectively.

Finally, taking Eqs. (10) with � � ��2 and
� � �, the expressions for the terahertz field mag-
nitudes as a function of the angular orientation of the
wood for quarter- and half-wave plate behavior are
obtained:

Evert
out, QWP � Ein exp��½��d��sin�
�cos�
��

� �1 	 exp��2����1�2,

Evert
out, HWP � Ein exp��½��d��sin�
�cos�
��

� �1 	 exp����d��,

Ehoriz
out, QWP � Ein exp��½��d�

� �sin4�
� 	 cos4�
�
� exp��2��d��1�2,

Ehoriz
out, HWP � Ein exp��½��d�

� ��sin2�
��1 	 exp����d��
� exp����d�2�½. (11)

Note that only specific frequencies will meet the
criteria for � � ��2 and � � �. We estimate the
matching wavelength using the desired phase retar-
dance and birefringence ��n� as

�match �
2�L
�

�n, (12)

where �match is the matching wavelength, �n is the
birefringence, and � is the desired phase retar-
dance. From Fig. 3 we have an approximately
frequency-independent birefringence of �n � 0.07
� 0.006, which gives matching wavelengths of
847 �m �or 0.35 THz� and 424 �m �or 0.71 THz� for
quarter-wave �� � ��2� and half-wave �� � ��
phase retardance, respectively, for a 3.025 mm thick
piece of spruce.

Taking terahertz time-domain scans as a function
of the angle � in Fig. 4, and Fourier transforming to
the frequency domain, we obtain a set of frequency
spectra. The amplitudes in specific frequency bins,

Fig. 4. Schematic diagram of the orientation of the wood with
respect to analyzer axes (vertical and horizontal) for the input
terahertz fields. Directions â� and â� are parallel and perpendic-
ular, respectively, to the wood grain.

20 April 2006 � Vol. 45, No. 12 � APPLIED OPTICS 2769



with a width of 40 GHz, are computed to form an
angularly resolved measurement for each frequency
bin. Both horizontally polarized and vertically polar-
ized transmitted terahertz fields are measured in this
way. The result is plotted in Fig. 5 for a frequency bin
centered at 0.356 THz. The solid curves show data
expected for the birefringence as given by Eqs. (11).

A similar result is obtained for operation of the
3.025 mm thick spruce wood as a half-wave plate. In
this case the best fit to the data is for the 0.71 THz
frequency bin, as expected based on the matching
wavelength calculated above. The angularly resolved
s- and p-polarized transmitted fields at 0.71 THz are
plotted in Fig. 6, together with the output predicted
when Eqs. (11) are used.

These results clearly demonstrate the behavior of
spruce as a wave plate for frequencies in the far
infrared: Whereas it is likely not a practical device
owing to significant attenuation within the wood, the
possibility of constructing birefringent elements from
wood is clearly demonstrated.

5. Fiber-Orientation Analysis by Terahertz
Time-Domain Spectroscopy

Paper products are derivatives of wood and therefore
contain wood fiber. The fiber of the wood is what leads
to the birefringence that was demonstrated above.
Therefore, depending on whether there is a preferen-
tial orientation of the fibers within a paper product,
one might expect paper also to exhibit birefringence.
Lens paper is a typical example of such a product, and
it is easily verified that lens paper has a preferential
fiber orientation, which one can most easily observe
by tearing the paper. One will find that the paper
preferentially tears along one fixed direction, while it
is difficult to tear the paper in any other direction.

The birefringence associated with this fiber orien-
tation is easily verified. A collection of 27 pieces of
identically oriented lens paper was put in the tera-
hertz spectrometer setup. It was immediately ob-
served that the position of the peak of the terahertz
pulse in the time domain (see Fig. 7) changed as a
function of the orientation of the lens paper with
respect to the polarization of the terahertz beam. This
is the time-domain manifestation of birefringence
outlined above.

In fact, the orientation of the fibers with respect to
the polarization of the terahertz beam is easily
mapped out by use of the change in time delay as a
function of the orientation of the lens paper. Consider
that the indices of refraction are n� and n� when the
polarization of the terahertz radiation is perpendic-
ular and parallel, respectively, to the preferential fi-
ber orientation; and the 27 pieces of lens paper form
a sample of thickness dlens. Then time delay �� as a
function of the orientation of the lens paper with
respect to the terahertz polarization is given by

�� �
dlens

c �n� cos�
� 	 n� sin�
��, (13)

where c is the speed of light in vacuum, � is the angle
that the linear polarization of the terahertz radiation
makes with the vector perpendicular to the fiber ori-
entation, and the quantity in brackets is the effective
index of refraction for propagation through the lens
paper at normal incidence for this polarization state.

This time delay is most easily measured on a por-
tion of the terahertz time-domain waveform that is
rapidly changing in time. Therefore we choose a rap-
idly varying linear portion of the terahertz time-
domain waveform as the operating point, as shown in
Fig. 7.

Once the optical delay-line is fixed at the operating
point shown in Fig. 7, the signal on the lock-in am-
plifier is zeroed. The resultant change in signal as the

Fig. 5. Measured THz transmission for the 365 GHz frequency
bin data as a function of wood orientation. The data for vertically
(squares) and horizontally (circles) polarized terahertz fields are
shown for transmission through 3.025 mm thick spruce, along with
the expected angular dependence for behavior as a quarter-wave
plate [Eqs. (11)]. The angle is defined as the angle that the grain
direction makes with the vertical axis.

Fig. 6. THz transmission for the 711 GHz frequency bin data as
a function of wood orientation. The data for vertically (squares) and
horizontally (circles) polarized terahertz fields are shown for trans-
mission through 3.025 mm thick spruce, along with the expected
angular dependence for behavior as a half-wave plate [Eq. (11)].
The angle is defined as the angle that the grain direction makes
with the vertical axis.
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orientation of the lens paper is changed is a direct
measure of ��. The result is plotted in Fig. 8.

The lock-in amplifier’s signal (time delay) is nega-
tive in Fig. 8 because the angle is defined as the angle
that the linearly polarized terahertz beam makes
with the fiber orientation. As the fiber axis is the slow
axis, as the angle is rotated by 90° �ETHz�n�� it falls
along the fast axis and therefore arrives earlier, lead-
ing to negative time delays and a decrease in signal
owing to the operating point chosen. Once the data
are taken over an angular range of 90°, it is possible
to determine the orientation of the polarization with
respect to the preferential fiber alignment at an ar-
bitrary position.

The important point for a practical application is
that a full terahertz time-domain waveform is unnec-

essary. A simple measurement of a relative lock-in
amplifier signal (time delay) is sufficient once the
indices of refraction are known and the operating
point is chosen.

Another important point for practical applications
is that the time required for obtaining data over a 90°
span is essentially limited by the lock-in time con-
stant. In this case a lock-in amplifier time constant of
100 ms was used, such that a 90° scan could take a
fraction of a second.

Finally, a single piece of lens paper, 21 �m thick,
was measured by use of a terahertz time-domain
waveform acquired in 3 s, limited by the speed of the
optical delay line, for each polarization orientation. A
reference scan is taken; then, a transmission scan
with the terahertz polarization parallel and perpen-
dicular to the grain. The complete frequency-resolved
measurement of the indices of refraction is computed,
and the data are presented in Fig. 9.

The frequency-resolved index measurements of
the single piece of lens paper demonstrate that bire-
fringence is quite large in the lens paper, with a
frequency-averaged value of �n � 0.10 � 0.03 in the
frequency range 0.2–1.4 THz. The data are fairly
noisy as a consequence of the short time scan for the
transmission measurements and of the fact that the
reference and transmitted signals are only slightly
different.

As a final remark, it should be pointed out that other
fibrous materials are expected to produce effects sim-
ilar to those observed in the present paper. This indi-
cates that there is potential for engineered fibrous
structures that could, for example, be made to reduce
diattenuation, which was observed to be large in solid
wood. Such structures may provide a unique opportu-
nity for studying and constructing polarization-
affecting materials.

6. Conclusions

It was demonstrated that solid spruce wood is bire-
fringent, with a birefringence of 0.07 � 0.006, which

Fig. 7. Operating point for mapping the time delay of terahertz
radiation to birefringence data. The figure shows a typical tera-
hertz time-domain waveform, and the orientation of the operating
point is shown in the inset. The lock-in amplifier (LIA) signal is
zeroed at the operating point, and the lens paper sample is rotated
about its surface normal to map the time delay to amplitude in-
formation.

Fig. 8. Lock-in amplifier (LIA) signal as a function of orientation
for transmission of terahertz radiation through 27 pieces of aligned
lens paper. The lens paper oriented with its fiber alignment ver-
tical corresponds to 0° here. The input terahertz field is polarized
horizontally. The measured signal corresponds to mapping time
delay to birefringence (see text for details).

Fig. 9. Index of refraction of a 21 �m thick piece of lens paper
obtained with terahertz polarization perpendicular (long-dashed
curve) and parallel (solid curve) to the fiber orientation. nf, ns, fast
and slow axes, respectively.
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is approximately frequency independent in the range
0.1–1.6 THz. The extinction coefficient was shown to
depend on the terahertz polarization and therefore
exhibit diattenuation. The birefringence was investi-
gated in detail for quarter- and half-wave plate
configurations centered at 0.36 and 0.72 THz, respec-
tively, showing more complex behavior owing to the
diattenuation. The fiber alignment in standard labo-
ratory lens paper was also measured by use of THz
radiation and served to demonstrate the possibility of
using pulsed terahertz radiation for fiber orientation
analysis of single sheets of lens tissue.
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cle of Research Excellence.
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