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We present a model for a broadband terahertz (THz) system that employs electro-optic (EO) polymer films for
THz generation via optical rectification and THz detection using EO sampling. In this model, we take the laser
spectral bandwidth, pulse distortion, and the material properties of the EO medium into consideration, at both
the generation and detection sites, and investigate the roles they play in affecting the performance of the THz
system. This model provides us with a guide to select suitable EO materials and proper light sources for bright,
broadband THz systems. © 2006 Optical Society of America
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1. INTRODUCTION

The accessibility of ultrashort terahertz (THz) transient
waves and their associated broadband spectra from table-
top THz systems based on ultrashort lasers has led to
powerful techniques such as THz time-domain spectros-
copy (TDS)! and THz imaging? for the characterization of
condensed matter,3 molecular materials,4 and biological
tissues.’ To fully utilize the capabilities of THz TDS to ob-
tain linear spectroscopic characteristics across a wide
THz spectral range, a detailed understanding of broad-
band THz emission and detection processes is required.
For time-of-flight imaging or tomography based on THz
pulses, a high depth resolution requires a shorter pulse
width, which in turn also requires a broadband THz spec-
trum. Thus far, between the two types of broadband table-
top THz systems, the optical THz systemsﬁ’7 associated
with electro-optic (EO) crystals have demonstrated the
advantage of broader bandwidth over the optoelectronic
THz systems® associated with photoconductive antennas,
thanks to wide material selection possibilities and rela-
tively easy material processing for the former. Using a
20 um z-cut GaSe emitter, a 30 um z-cut GaSe sensor,
and laser pulses with a duration of 10 fs full width at
half-maximum (FWHM) and a 103 nm bandwidth cen-
tered at 780 nm, Kubler et al. have achieved >100 THz
bandwidth,’ although the THz components lower than
~7 THz were missing from their spectrum (possibly due
to the phonon absorption of GaSe). At present, phonon ab-
sorption associated with the lattice resonance of virtually
all inorganic (EO or photoconductive) materials used for
THz emitters and sensors is the main reason that the use-
ful range of most THz TDS systems are limited to only
3—-5 THz. Yet it is important to extend the continuous
spectral coverage range of THz TDS systems to ~10 THz,
as the counterpart of THz TDS—Fourier-transform infra-
red spectrometers—performs poorly in this range.
Because of their high EO coefficients, EO polymers
have been demonstrated to be alternatives to inorganic
crystals as efficient THz emitters.’®!® In addition, be-
cause of their instantaneous (electronic) response associ-
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ated with the extended 7 conjugation and the relatively
small dispersion, EO polymers have also been proposed’?
and demonstrated'* as better sensor materials for broad-
band THz detection via EO sampling. Recently,
we have successfully employed a pair of LAPC [an EO
polymer consisting of a guest-host mixture of 40% (3-(2-
(4-(N,N-diethylamino)-phenyl ) ethenyl )-5,5-dimethyl-1,2-
cyclohexenylidene)-propanedinitrile (Lemke) and 60%
amorphous polycarbonate] films to achieve a gap-free,
~12 THz response.'® Such broad and continuous spectral
coverage cannot be achieved from conventional inorganic
EO materials and accents the advantage of using EO
polymers as THz emitters and sensors. The preparation of
LAPC has been described elsewhere.''? EO coefficients
ras (the element with the highest value in the polymer’s
EO coefficient matrix) between 25 and 40 pm/V were rou-
tinely achieved at 800 nm, in comparison with ~4 pm/V
for ZnTe (the most common EO material for THz emission
and detection). Because of the present vertical poling con-
figuration, a Brewster-angle incidence for the pump beam
is required to achieve the maximum THz emission when
using a LAPC emitter.’? In this situation, the effective
nonlinear coefficient is approximately half of x33 (x33=
—n*rss/4), which is still much higher than ZnTe. With our
polymer emitter—sensor pair, the difference signal from
the detection photodiodes, defined as AI=(I1-15)/(I1+I5),
was found to have a maximum value of ~2.5X1073
where I; and I, are the photocurrent in two diodes of the
differential detection system. Considering the fact that an
amplified laser system was used in our experiments, this
difference signal is not extremely large. This is explained
by the polymer orientation issues at the detection site.
When the EO polymer film is used as the THz sensor in
EO sampling, the vertical poling configuration keeps us
from using normal incidence for the THz and probe
beam.'® For this reason, the EO polymer sensor sees only
the projected component (not the full strength) of the in-
cident THz field. Also, this sensor orientation
arrangement16 does not present the best figure of merit
(FOM) for EO detection. In contrast, for (110)-cut ZnTe

© 2006 Optical Society of America



Zheng et al.

sensors, it is easy to experimentally achieve the optimal
crystal orientation suggested by theory.17 Taking these
factors and the materials’ different EO coefficients into
consideration, we find that the sensitivity of the LAPC de-
tector is ~1 order of magnitude smaller than (110)-cut
ZnTe (not considering the effect of phase mismatching).
However, this issue can be solved by resorting to an in-
plane poling geometry. Fortunately, there are many novel
EO polymers'®!® possessing much higher EO coefficients
than LAPC. Recently, an EO polymer was reported with
an rg3>300 pm/V at 1310 nm.?>*! With many EO poly-
mers currently available and many more potentially
available, it is crucial at this point to develop a model to
guide our material selection for THz emitters and sensors
to construct THz systems possessing the required band-
width and brightness for customized THz applications.

Time-domain®? and frequency-domain23 modeling of
EO detection of transient THz waves has been performed.
Modeling work on the THz generation via optical rectifi-
cation (OR) has also been done to some degree. Xu and
co-workers?* have obtained an analytical solution for OR
in the time domain, neglecting the material dispersion
and absorption in both THz and optical regimes (yet these
factors are essential to accurately model a broadband THz
system). Faure et al. derived an analytical solution from a
simplified equation for OR in the frequency domain.?
They, like Xu and co-workers, assumed that the pump
pulse was transform limited and that the EO material ex-
hibited no dispersion or absorption in the THz region and
no group-velocity dispersion (GVD) in the optical region.
These assumptions are not generally valid, especially
when the EO medium has a lattice resonance in the THz
emission range and when the pump pulses are much
shorter than 100 fs. We note that from a practical stand-
point, it is difficult to achieve ideal pulse compression
where spectrally broad pulses are involved. With the
trend of using extremely short pulses to generate and de-
tect ultra-wide-bandwidth THz waves, the effects of using
non-transform-limited pulses with a broad spectral band-
width should also be taken into account. Also, when using
sub-50-fs pump pulses, it is possible that the generated
THz bandwidth is broad enough to cover the resonance
region of a crystalline EO material used as a THz emitter
and/or sensor.'® In this case, the corresponding dispersion
and absorption of the material in the THz region cannot
be ignored for accurate modeling. Finally, for sub-50-fs
pulses associated with a broad spectral bandwidth, the
optical GVD of EO materials gives rise to fast pulse
broadening, making it necessary to include this issue in
the model. Once all of these factors are taken into consid-
eration, an analytical solution for OR no longer exists,
making it necessary to use a numerical method to find a
solution.

In Section 2, we discuss the origin of pulse distortion of
a chirped pulse amplification (CPA) system to obtain an
expression for the laser field approximately representing
our real experimental conditions. On the basis of this ex-
pression of the laser field, we then derive a general propa-
gating nonlinear polarization in an EO material and nu-
merically solve the nonlinear wave-mixing equation for
OR in an EO polymer (THz emitter) with this nonlinear
polarization as the driving source. For the THz detection
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site, we modify a model presented by Gallot and
Grischkowsky23 by removing the assumption of
transform-limited laser pulses and using the expression
of the laser field derived in Section 2 as a more realistic
probe pulse. The completed model, presented in Section 3,
combines THz generation and detection. In Section 4, we
compare the simulation results with experimental results
for LAPC emitters with different thicknesses to examine
the accuracy of our model. In Section 5 we present our
conclusions.

2. PULSE DISTORTION IN A CHIRPED
PULSE AMPLIFICATION SYSTEM

Since ultrashort laser pulses play an important role in
table-top broadband THz systems, it is essential that we
understand the mechanisms that cause pulse distortion
during compression and propagation before we can write
down a suitable mathematical expression for the laser
field. The generation of ultrashort laser pulses always in-
volves some scheme of pulse compression. A CPA system,
which is what we use in our experiments, employs a com-
plicated method. Before a seed pulse is injected into the
amplifier, its duration is widened in time by going
through a carefully designed stretcher that introduces a
near-linear frequency chirp, so as to avoid damage to the
optics and nonlinear distortion to the pulse when it is am-
plified. The pulse then makes tens of round trips in the
amplifier with the pulse energy amplified by 5—6 orders of
magnitude. During this time the pulse experiences addi-
tional distortion due to the dispersion of the materials in
its optical pathway, including the amplifying medium and
EO crystals in the amplifier laser cavity. In the final
phase, the sufficiently amplified pulse has to go through a
compressor whose linear chirp has the opposite sign with
regard to the stretcher, such that it is recompressed to-
ward the duration of the incident seed pulse.

In the ultrashort laser community, the action of an en-
tire amplifier system is often described in the frequency
domain. The complex transfer function of the CPA system
is expressed by s(w)explid(w)], where s(w) describes the
frequency-dependent gain of the amplifier and ¢(w) is the
spectral phase with contributions from the stretcher, com-
pressor, and materials of the amplifier.® For an amplifier
system with an ideal compressor in the final phase, all of
the frequency components of the output pulse should be
in phase at the same time at some point in space; in other
words, ¢(w) should be a linear function of w. In such sys-
tems, a transform-limited seed pulse enters the system
and the amplified pulse comes out still being transform
limited. However, it is difficult to achieve ideal compres-
sion in reality. How does a nonideal compressor affect the
pulse duration? To answer this, we need to scrutinize the
spectral phase of an ultrashort pulse. Mathematically, the
acquired spectral phase from the entire system can be ex-
pressed as a Taylor expansion:

1
(l’)(ﬂ)) = d’(wo) + ¢,(wo)((v - wn) + 5(}5”((1)0)((1) - wo)z

1
+ Ed)’”(wo)(w —w,)+ (1)
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where ¢', ¢’, and ¢ are the derivatives of the phase with
respect to frequency and are known as the group delay,
group-delay dispersion (GDD), and third-order dispersion
(TOD), respectively. Each derivative is the sum of the con-
tributions from all the individual components including
the stretcher, optical materials, and the compressor in the
system. From Eq. (1), the group delay can be derived:

ﬁ(ﬁ(w)
T(w) = = ¢ (wo) + ¢H(wo)(w (1)0)

1
+ §¢,/,(wo)(w - wo)2 + (2)

This expression shows that nonzero ¢"(w,) and ¢"(w,)
cause different time delays across the spectral compo-
nents of the pulse and that the delay difference for the
two ends of the bandwidth is larger when the spectral
bandwidth (denoted by w—w,) is broader. This is the rea-
son why GDD and TOD play larger roles in a laser system
using a broader spectrum. For extremely short pulses
(<10 fs or so0), even higher-order dispersion has to be con-
sidered in the system design.

In an ideal amplifier where a grating-pair stretcher
and compressor are used, and there is no material disper-
sion, the system can be carefully designed and aligned in
a manner that the sign for the spectral phase of the
stretcher is opposite to the compressor for each order.
Such an arrangement is called a matched stretcher and
compressor. In reality, material dispersion has to be con-
sidered since it introduces GVD and higher-order disper-
sion. Therefore, the stretcher and/or compressor angle
and separation has to be offset from the matched arrange-
ment to compensate for the material dispersion. It is not
difficult to just compensate for the GDD introduced by the
material dispersion such that GDD=0 for the whole sys-
tem. This is accomplished by manipulating the separation
of either the stretcher grating pair or the compressor
grating pair. However, it is difficult to simultaneously
achieve GDD=0 and TOD=0 for the entire system. The
GDD and TOD of a grating pair are coupled through the
grating separation and angle such that when one offsets
the grating separation to achieve total GDD=0, unwanted
TOD might be introduced into the system, and vice versa.
Experimentally, the grating separation and angle need to
be adjusted iteratively to obtain the shortest pulse width
from the system. Often, residual cubic spectral phase
(TOD) exists even after the iteration procedure. This is
one of the major problems that keeps one from obtaining
<30 fs pulses from an amplifier system, not to mention
the gain-narrowing effect in the amplifier medium.?®

3. MODELING

We will model a THz system based on a CPA system and
an EO polymer emitter—sensor pair. We first consider
laser-related issues. Since it is always easier to compen-
sate the linear chirp in a CPA system, it is reasonable
that we assume that pulses from the CPA possess only
second-order chirp, or cubic phase. We need to derive a
mathematical expression of such a pulse. For this pur-
pose, we first assume a transform-limited Gaussian pulse
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with central frequency w,, half-width T, of the pulse at
1/e of the intensity, and amplitude E,, so its electric field
can be written as

E;.(t) =E, exp(- t2/2T§)exp(iwot). (3)

We can easily transform Eq. (3) to the frequency domain,
which is

Ein(0) = E,T, exp[- (0 - 0,)*T%2]. (4)

Then, to express the pulse with cubic phase from the non-
ideal CPA, we modify Eq. (4) by adding the cubic spectral
phase:

Ein(0) = E,T, exp[- (@ - 0,)*T5/2]expli73(w - 0,)°], (5)

where 73 is the residual TOD, obtained from the CPA,
with the unit of fs3. We dropped the spectral terms ¢ and
¢' because they give only a constant phase shift and a
shift in time of the maximum of the pulse envelope, re-
spectively, which does not affect the pulse width. When
propagating in a dispersive medium, such a pulse ac-
quires additional spectral phase terms contributed from
the medium, and can be described as

E@z,0) = E,T,exp[- (w— w0)2T§/2]exp[iT§(w - w,)?]

Xexp| i—(w - w,) + L?(w -w,)” |, (6)
c

where ng=n- Ao(dn/dN), is the group index of the me-
dium, z is the propagatlon distance, and By=d(1/vg)/dw
=d(ng/c)/dw= (}\3/277(: )(dzn/d}\2))\ is a parameter to de-
scribe the GVD of an optical medium. It should be noted
that B9z is the GDD defined in Section 2.

Now let us consider the THz generation site. The prob-
lem will become easier if it can be reduced to one dimen-
sion. The justification of a one-dimensional approxima-
tion requires that the emitter thickness be small with
regard to the divergence of both the laser beam and the
THz beam. Quantitatively, the Rayleigh length wwg/ \ (w,
is the minimum beam waist of a Gaussian beam and \ is
the wavelength) is used to determine the maximum dis-
tance that a Gaussian beam is collimated while propagat-
ing away from its minimum beam waist. For a laser
beam, if we consider an extreme case where the beam
waist of a focused 800 nm wavelength pump beam is only
~100 pum, the corresponding Rayleigh length will be
~39 mm. The emitter in our experiments is separated by
less than 20 mm from the pump beam waist. Thus, as a
first approximation, we can use the spot size of the pump
beam at the emitter, which is close in size to the pump
beam waist, as the beam waist of the generated THz
beam. For the THz beam, if we consider the frequency
component of 10 THz (30 um in wavelength), which is at
the higher end of our experimentally obtained spectra,
the corresponding Rayleigh length is ~1 mm, with lower
frequency components having longer Rayleigh lengths.
The emitter thickness in our experiments is usually much
shorter than 1 mm, so it is justified that we take a thin-
emitter assumption and solve a one-dimensional problem
accordingly. Neglecting the pump beam depletion due to
the conversion of optical pump power to THz power, the
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OR effect,?” which is actually a difference-frequency gen-
eration process, can be described by the following general
one-dimensional nonlinear wave equation:25

d2 2 44
Fhs E(Q)C—Z Ery,(2,Q) = 0—292PNL(2,Q), (7

where c is the speed of light, () is the THz frequency, ()
is the dielectric constant of the nonlinear medium (EO
polymer, in our case) in the THz region, E’THZ(Z,Q) is the
propagating THz field generated in the nonlinear me-
dium, and Pyi,(z,Q) is the nonlinear polarization propa-
gating along the z axis. Pyp,(z,() is the driving source for
the generation of the THz wave and is related to the
pump laser pulse and effective nonlinear susceptibility
Xetr (Q; 0, w—Q) through the following equation:

PNL(Z’Q)=J Xeﬂ(Q,w,w—Q)E(z,w)E’*(z,w—Q)dw (8)

If the pump beam is far away from the material’s elec-
tronic resonance region, x.m(Q;w,w—Q)=x.;(Q) is inde-
pendent of the pump beam wavelength, which is the situ-
ation in most THz generation systems. For this case, the
nonlinear polarization can be simplified:

Px1(2,Q) = xei(Q) f Ecz,0)E(z,0-0)do. (9)

Using the expression for the pump beam field E(z,) in
Eq. (6) and evaluating the integral in Eq. (9), the nonlin-
ear polarization is found to be

V2B Xeo )

VT2 -i3730

T20? (T2Q +iBy2Q — i37502)?
Xexp| - ex
P P 4(T? - i375Q)

Py () =

n.z Boz
X exp{i(iﬂ - %92 + Tgm‘)]. (10)
C

For the case of our polymer THz emitters, y.x(() is ap-
proximately a constant in the THz range as they have no
associated lattice structure. If the optical absorption coef-
ficient @ of the EO medium is also taken into consider-
ation, the nonlinear polarization is then given by

VIT2E2 o 2) 720
(T%Q + i B2 — i37502)?
Xexp{ A(T2—i370) ]

Py () =

n.2 Boz
Xexp[i(iﬂ - ?2()2 + 7§Q3>}exp(— az).
c
(11)

Obviously, from Eqgs. (10) and (11), the nonlinear spec-
tral phase of the pump pulses due to the nonideal com-
pression of the CPA and the material dispersion of the EO
medium contribute to the complexity of the spectral am-
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plitude and phase for the nonlinear polarization. The ex-
istence of the residual TOD (73, in our case) from the CPA
reduces the spectral amplitude of the nonlinear polariza-
tion. For larger TOD and (), the reduction is more, which
implies that the THz bandwidth is reduced. Similarly, the
GVD parameter By of a dispersive EO material also re-
sults in a reduction of the THz bandwidth. In addition, B,
and TOD also appear in the spectral phase of Py, so they
will also affect the phase-matching conditions for THz
generation. This effect varies with the THz frequency and
propagation distance in a complicated manner.

Because of the complexity of Py, there is no known
analytical solution for Eq. (7). Therefore, we numerically

solve Eq. (7) with boundary conditions Eqg,(0,0Q)=0 and

dEy,(z,Q)/ d2|2=0=0.25 In our method we do not assume
the slowly varying amplitude approximation that is fre-
quently taken to find analytical solutions for many wave-
mixing problems. It has been recognized, mostly through
experiments, that phase-matching conditions (the differ-
ence between n, and nr)?® and laser-pulse width dra-
matically affect the achievable THz emission bandwidth,
but little simulation work has been applied to such issues.
Recently, to investigate the role of phase mismatching on
optical generation, van der Valk et al. conducted system-
atic studies by using ZnTe emitters of different thick-
nesses and varying the wavelength of the pump beam
emitted from a ~150 fs optical parametric oscillator.%’ Be-
cause the achieved bandwidth was only ~2.5 THz in their
case, the lattice resonance [~5.3 THz (Ref. 30)] and the
corresponding dispersion and absorption of ZnTe in the
THz regime was not a concern. This led to good agree-
ment between their experiments and their simple model
on the minima of the oscillating THz spectra. To our
knowledge, no systematic study has been done to under-
stand the effect of pump pulse distortion and EO material
dispersion on THz emission. Yet complete simulation
work on THz emission is desirable for researchers who
want to predict the performance of a THz system so as to
select suitable EO materials and light sources. With our
numerical method, we can investigate the role each of
these parameters plays. The fact that x.(()) is approxi-
mately constant and e((2) zn%HZ(Q) is also approximately
constant in amorphous EO polymers, due to the lack of a
lattice resonance, makes such modeling work easy in com-
parison with crystalline EO materials. In the case of crys-
talline materials it is necessary to have an accurate model
describing dispersion in the THz regime, which, unfortu-
nately, is rarely available.

At the detection site, according to the model developed
by Gallot and Grischkowsky, where the slowly varying ap-
proximation was taken, the response function of an EO
sensor is given by23

f(d’Q) = Copt(daQ)Xeff(w;Q’w - Q)

Q
exp| i—d(ng—nmy,) | -1
c

X a , (12)

l;(ng - nTHz)
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where d is the thickness of the sensor, and C,y(d,()
=[* Ed,0)E"(d,0-Q)dw is the autocorrelation of the
electric field of the probe beam. In the original work of
Gallot and Grischkowsky,?® transform-limited pulses
were assumed, which was valid when they used ~100 fs
FWHM probe pulses. The effect of phase mismatching on
the measurement bandwidth of the EO sampling was dis-
cussed in detail in that work, so we will not discuss this
issue here. In our case, we employ the expression of the
electric field in Eq. (6) with Eq. (12), and the response
function f(d, ) is found to be
VT2 E? Yot 0;Q, 0 — Q)

o

VT2 -i3730

7202 (T2Q + i Bd ) - 1375022
X —
P P A(T?—i3230)

ngd Bad
x epoiQ - %02 + 7393”
C

fid, ) =

Q
xexp| i—d(ng —nyy,) — 1
c

(13)

i;(ng - rp,)

According to Kleinman’s symmetry®! yo(w;Q,0-Q)
=Xt Q; 0, 00— Q). In our specific case of EO polymers, they
are the same constant. Except for the last term represent-
ing the phase-matching factor, the expression of f(d,Q)) is
exactly the same as that of Py, [see Eq. (10)], with the
sensor thickness d replacing the emitter thickness z. This
can be explained by the use of a nonresonant EO and OR
effect where C,,; and Pyy, have the same form [neglecting
the constant y.u({)) term contained in Pyp]. The THz
spectrum obtained from the system is then Sty,(z,d,Q)
=Emu,(z,V)f(d,Q), where we have, for simplicity, ignored
propagation effects such as diffraction and overlapping
between the THz beam and probe beam at the sensor po-
sition (related to the alignment in real experiments). The
material absorption in the optical regime can be easily
added to f(d,(}), just as in the case of Pyz,. To focus on the
most important factors that affect the performance of a
THz system, we will not consider the optical absorption of
an emitter and sensor material in this section. However,
this effect, which itself is not frequency dependent, de-
creases the entire THz signal, leading to a lower band-
width above the noise level. Thus, in Section 4 we take
the optical absorption of the EO polymer films into con-
sideration so as to make the experimental and simulation
results agree.

To study the effects of laser pulses on the THz band-
width, we do simulations of two cases where transform-
limited and non-transform-limited pulses are involved.
For the first case, we assume two transform-limited
Gaussian pulses with the same pulse energy and spectral
bandwidths of 90 and 9 nm FWHM. For a transform-
limited Gaussian pulse, its time-bandwidth product fol-
lows AtFWHMA VEWHM = 0.44 1, where A VEFWHM
=(c/N2)ANpwaym. Once the spectral bandwidth is known,
the pulse width is known too. [It should be noted that
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Atpwan is related to T,—the half-width at 1/e of the am-
plitude of the laser intensity by Atpway=2(n 2)2T,.] In
our specific cases of 90 and 9 nm spectral bandwidths in
FWHM, the corresponding pulse durations in FWHM are
10 and 100 fs, respectively. Figure 1 shows the THz am-
plitude spectra that are obtained from these two pulses
(solid curves) using an 80 um thick emitter and a 100 um
thick sensor made of an EO polymer that has been as-
signed an optical group index n,=1.93 and a THz group
index nry,~1.73 (we will see in Section 4 that these val-
ues correspond to the EO polymer LAPC). As shown in
Fig. 1, the broader spectral bandwidth of the 10 fs FWHM
laser pulse results in a broader observable THz band-
width (black solid curve) in comparison with the band-
width corresponding to the 100 fs FWHM laser pulse
(gray solid curve) if the same minimum detection level is
assumed. Because of the presence of phase mismatching
(discussed below), the spectral dip around 15 THz is due
to the thickness of the LAPC sensor and the spectral dip
around 18.5 THz is due to the thickness of LAPC emitter.
In the case of the 9 nm FWHM transform-limited pulse,
no spectral dip can be seen above the assumed minimum
detection level.

For the second case, we consider the influence of the cu-
bic phase distortion of the pulses. The nature of the wave-
mixing processes for the OR effect makes it obvious that a
broader laser spectral bandwidth translates into a
broader THz wave bandwidth, which has already been
demonstrated by the simulation shown in Fig. 1. On the
other hand, we also know that a broader spectral band-
width does not guarantee a shorter pulse width if the
spectral phase distortion (GDD, TOD, and higher-order
dispersion) is not well taken care of. As shown in the ex-
pression of the nonlinear polarization Pyy, [see Eq. (10)],
the presence of Tg in a pump pulse should result in a re-
duction of the THz spectrum. To show this effect by simu-

= 90-nm, transform-limited pulse (~10 fs FWHM)
=== 90-nm, TOD = 1000 fs’ (~19 fs FWHM)

= 9-nm, transform-limited pulse (~100 fs FWHM)
-==- 9-nm, TOD = 1000 fs’ (~100 fs FWHM)

3
«
&
)
8
o
g' 3 _| minimum \ / s ‘1'
g 10 detection \ -
level \
4 \

o|

0 5 10 15 20
Frequency (THz)

Fig. 1. Simulated THz amplitude spectra corresponding to a
transform-limited pump pulse with 90 nm FWHM spectral band-
width (black solid curve), a non-transform-limited pulse with
90 nm FWHM spectral bandwidth and 1000 fs?® TOD (thick
dashed curve), a transform-limited pulse with 9 nm FWHM spec-
tral bandwidth (gray solid curve), and a non-transform-limited
pulse with 9 nm FWHM spectral bandwidth, and 1000 fs® TOD
(thin dashed curve). In all the cases, an 80 um thick EO polymer
emitter and a 100 um thick EO polymer sensor are assumed. For
comparison, the same hypothetical minimum detection level (de-
termined by the detection scheme of the system) is also assumed.
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lation, we assume T§= 1000 fs® for the two Gaussian
pulses. The simulated THz amplitude spectra are shown
as the dashed curves in Fig. 1. The TOD plays an impor-
tant role for the pulse with a 90 nm FWHM spectral
bandwidth: We observe a lower amplitude and narrower
bandwidth (thick dashed curve) compared with the spec-
trum corresponding to the transform-limited pulse with
the same spectral bandwidth (black solid curve). Intu-
itively, the TOD-induced pulse widening in the pulse with
a broad spectrum causes a decrease in the pump inten-
sity, leading to a decrease of the THz signal amplitude.
On the other hand, the TOD has no apparent effect on the
pulse with only a 9 nm FWHM spectral bandwidth: The
two THz spectra overlap well when TOD is and is not
present in the pulses. Considering the quadratic relation-
ship between the TOD-induced pulse widening and the
bandwidth [see Eq. (2)], with TOD=1000 fs?, the duration
of the pulse with the 90 nm FWHM spectral bandwidth is
estimated to be broadened by ~9fs (using AT
~TOD(Aw/2)%/2, where Aw is the spectral bandwidth ex-
pressed in radians); whereas the pulse with the 9 nm
FWHM spectral bandwidth widens slightly, which ex-
plains qualitatively why THz generation is not affected by
the existence of TOD in this case. In these simulations,
the EO polymer is assumed to have no optical dispersion
(B2=0).

OR is an interaction between a light pulse and an EO
medium. So far, we have discussed the influence of the
pump laser pulses. How do the properties of an EO me-
dium affect THz generation? This is an important ques-
tion as the answer will provide us with a guide to mate-
rial selection. For this purpose, we first consider phase
mismatching® (the phase velocity of the THz wave differs
from the group velocity of the pump pulse when n,
# nTH,), which is a highly important factor that affects the
THz emission. All of the inorganic EO crystals that are
commonly used for THz generation and detection possess
lattice resonances in the THz range. For example, ZnTe
has a transverse-optical (TO) phonon resonance around
5.3 THz,® GaAs has a TO phonon resonance around
8.0 THz,* and the inability of all the existing broadband
THz systems based on GaSe to exhibit a signal below
~7 THz might be due to the existence of single or mul-
tiple lattice resonances in this range that have not yet
been characterized. Because of these lattice resonances,
the THz indices nty,(Q) change significantly in the THz
emission—detection range in any crystalline EO medium.
As a result, there is not a single optical wavelength at
which the material has the optical group index perfectly
matched with the whole range of THz frequencies. For ex-
ample, at 800 nm, ZnTe has good phase matching only for
a narrow range around ~2 THz.?® A lattice resonance also
results in a fast varying y.()) in the region around it. On
the other hand, amorphous EO polymer materials are ex-
pected to have approximately constant nty,(Q2) and
Xet(Q) in the whole THz emission—detection frequency
range because of the lack of a lattice structure. Our nry,
measurement of LAPC based on THz TDS demonstrates
this, as shown in Fig. 2. The thickness of LAPC under in-
vestigation was ~400 um. This can be considered to be
optically thick because the travel time of each round trip
for Fresnel reflection inside the sample, or the separation
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Fig. 2. THz index nry,(Q) of LAPC, measured using THz TDS.
For a wide range between ~1.5 and ~8 THz, nyy,(Q)) is approxi-
mately constant. Because of the low dynamic range for the fre-
quency components below ~1.5 THz in our THz TDS experi-
ments based on a LAPC emitter and sensor pair, the extracted
THz indices in that range are not reliable and are not shown in
the figure.

between the THz transient echoes, was ~4.5 ps (deter-
mined by 2¢n,/c, where ¢ is the sample thickness and n, is
the group index of the THz wave, which is close to nry, in
our specific case of EO polymers) while we only com-
manded our optical delay line to travel a limited distance
such that the first THz transient echo did not appear. To
prepare such a thick sample, we used a casting method
followed by a film pressing process. The achieved surface
flatness is ~5%, so the thickness of the whole area of the
sample was 400+20 um. The uncertainty of the sample
thickness affects the accuracy of the extracted nrypy,
through the following relation:*?

Ax At
Anx7+|nTHz_1|7’ (14)

where Ax is the resolution of the delay line (1 um in the
experiments), and At¢ is the uncertainty of the sample
thickness. In our case, the first term is much smaller than
the second term and can be neglected. Because of the
presence of A¢, An has a magnitude of ~0.04.

The feature of a constant nry, makes it quite easy to
see the effect of phase mismatching by using different val-
ues of nyp, in the simulations. If we imagine two different
EO polymers, 1 and 2 (both have the same EO coefficient),
EO polymer 1 is the material (n,=1.93, nry,=1.73) used
for the above simulations, while EO polymer 2 is assigned
with the same n, as EO polymer 1, but with ny,=1.91. In
Fig. 3 our simulation results show that the emitter—
sensor pair made out of EO polymer 2 (thick dashed
curve) provides a much broader and flatter THz spectrum
than a pair made out of EO polymer 1 (thin dashed
curve). For the above simulations, we have assumed
80 um for the emitter thickness, 100 um for the sensor
thickness, and a transform-limited 10 fs FWHM Gauss-
ian pulse with TOD=0. It is expected that when perfect
phase matching can be achieved, the THz bandwidth will
be limited only by the spectral bandwidth of the pump
pulses and the minimum detection level of the system.

In addition to a broader achievable bandwidth, from
Fig. 3 we also see that the good phase matching leads to a
brighter emission (the area under the amplitude spec-
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trum). What is more, with good phase matching it is pos-
sible to get even brighter THz emission by increasing the
thickness of the emitters. Figure 3 shows the changes of
THz emission brightness when the thickness of emitters
is changed for both EO polymers. For the emitters made
of EO polymer 1, increasing the thickness from 80 (thin
dashed curve in Fig. 3) to 600 um (thin solid curve in Fig.
3) does not provide an obviously brighter THz emission,
and even worse, it causes several spectral dips due to the
existing phase-mismatching situation; in contrast, for EO
polymer 2, increasing the thickness from 80 (thick dashed
curve in Fig. 3) to 600 wum (thick solid curve in Fig. 3) does
lead to a brighter THz emission. If we can find a perfect
phase-matching material and this material possesses SB;
=0, the THz amplitude should linearly increase with the
emitter thickness. As an alternative to the approach of ac-
cessing bright THz sources by seeking EO materials with
extremely high EO coefficients, we can use thick emitters
made out of EO polymers with reasonable EO coefficients
and good phase-matching properties. For this purpose,
polymer engineering has shown potential that cannot be
expected from inorganic materials. Many EO polymers
with impressively high EO coefficients have become avail-
able, driven by the telecommunication industry’s desire
for inexpensive EO device integration. With the well-
developed THz TDS technique we can select from the
available EO polymers those possessing good phase-
matching properties (for suitable light sources) and make
long waveguiding THz emitters. This is one of the notice-
able advantages for using EO polymers as THz emitters.

We now consider another important yet frequently ne-
glected material-related issue—GVD. According to Sec-

= EO polymer 2 (ng = 1.93, nyy; = 1.97), 2 = 600 ym
== EO polymer 2 (ny=1.93, npy, = 1.81), 2= 80 um
— EO polymer 1 (ng = 1.93, nqyy, = 1.73), z = 600 ym
=== EO polymer 1 (ng = 1.93,ny, = 1.73), 2 = 80 ym

Amplitude (a.u.)

i minimum detection level W
107 7 T T T T

0 5 10 15 20 25
Frequency (THz)

Fig. 3. Comparison of simulated THz amplitude spectra for
emitters made of EO polymers with different phase-matching
conditions and thicknesses when we used a laser pulse of 10 fs
FWHM in duration and a 100 um thick sensor made of the same
material as the emitter. Because of the better phase-matching
property of EO polymer 2, the 80 um thick emitter (thick dashed
curve) shows a broader bandwidth and brighter emission (the
area under the spectrum) than the emitter made of EO polymer 1
(thin dashed curve). When the thickness of the THz emitter
made of the EO polymer 2 is increased from 80 (thick dashed
curve) to 600 um, (thick solid curve), there is an apparent
brighter THz emission, denoted by the increase of the area under
the amplitude spectrum. However, for the emitter made of EO
polymer 1, when the thickness is increased from 80 (thin dashed
curve), to 600 um (thin solid curve), the THz emission brightness
is not increased, but spectral dips, due to the phase mismatching,
also appear.

Zheng et al.

tion 2, GVD effects broaden a shorter pulse more seri-
ously than a wider pulse because the former is associated
with a broader spectral bandwidth. As many ultrabroad-
band optical THz systems have routinely employed pulse
with a duration <15 fs FWHM, it is important to study
how the pulse distortion due to GVD in an EO medium
affects the performance of such systems. In parallel with
the phase-matching study we just presented, this study
can provide us an additional guide to select suitable ma-
terials and light sources. As we did in the study of pulse
distortion on the performance of an optical THz system,
we do simulations for two cases where 10 and 100 fs
FWHM transform-limited pulses are used. In both cases,
we use EO polymer 2 because it has good phase-matching
properties and studying the GVD effects in this material
can clearly show the importance of this additional consid-
eration for material selection. We assume that EO poly-
mer 2 has 8,=1.859 fs?/ um, which is the actual value for
our EO polymer LAPC at an optical wavelength of
800 nm. Assuming 7'%:0 fs? for the nonlinear polarization
Py1,(z,Q) [see Eq. (10)] and the response function f(d,Q)
[see Eq. (13)], we can immediately see that the inclusion
of B, causes reduced THz emission strength—detection
sensitivity and bandwidth. The reduction is worse when a
broader THz bandwidth (higher () resulting from a
broader laser spectral bandwidth is involved. Our simula-
tion results using 10 fs FWHM pulses, shown in Fig. 4(a),
demonstrate this. The THz bandwidth corresponding to
the 80 um emitter made of EO polymer 2 with B, taken
into consideration (thin dashed curve) is significantly nar-
rower than the THz bandwidth corresponding to the same
emitter with By neglected, (thin solid curve); when the
emitter thickness is increased to 400 um, the bandwidth
with B considered (thick dashed curve) is still much nar-
rower than that with 85 neglected (thin solid curve). It is
also interesting to observe from Fig. 4(a) that, even for
the 80 um emitter, the reduction of bandwidth and
brightness is significant with the consideration of 3,, and
that an increase of emitter thickness from 80 to 400 um
only slightly changes the THz spectral amplitude, in con-
trast to the case where B; is neglected. On the other hand,
when 100 fs FWHM pulses are used, the GVD effect does
not play an observable role, as shown in Fig. 4(b). For the
simulations above, a 100 um thick sensor is assumed. In
addition to the frequency-domain explanation, we can
also understand the influence of GVD effects in the time
domain by investigating the pulse widening in a disper-
sive medium using the following equation:**

(ﬁ22)2 1/2
Tout = Tin| 1+ 16 > (ln2)?2| , (15)

where 7, is the incident pulse (transform-limited) dura-
tion in FWHM, and 7, is the exiting pulse duration in
FWHM from a dispersive medium. In the case where a
10 fs FWHM transform-limited pulse passes through EO
polymer 2, the pulse duration becomes 42 and 206 fs in
FWHM at an 80 and 400 um distance, respectively; for a
100 fs FWHM transform-limited incident pulse in the
same material and at the same distances, the pulse dura-
tions are 100 and 102 fs in FWHM (very slight change).
According to this simple calculation, clearly, in the same
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Fig. 4. GVD effect on the performance of the emitter—sensor
pairs made of EO polymer 2 when (a) 10 fs FWHM transform-
limited pulse is used and (b) 100 fs FWHM transform-limited
pulse is used. In (a), the inclusion of GVD, or B,, causes signifi-
cant reduction of the THz spectral bandwidth and brightness for
both 80 um (thin solid curve for B,=0, thin dashed curve for B,
=1.859 fs3/um) and 400 um (thick solid curve for B8,=0, thick
dashed curve for B,=1.859 fs?/um) emitters. In (b), GVD does
not play an observable role for both 80 um (gray thin solid curve
for B,=0, black thin dashed curve for B,=1.859 fs?/um) and
400 um (gray thick solid curve for B,=0, black thick dashed
curve for By,=1.859 fs3/um) emitters.

dispersive medium a very short pulse is broadened much
more than its wider counterpart. Using Eq. (2), we can
also estimate the pulse broadening (AT~ GDDAw, where
GDD=5z). The results from the two methods are not ex-
actly the same, with Eq. (15) being more accurate, but the
discrepancy is less than 20%. The pulse broadening elimi-
nates part of the achievable THz bandwidth and bright-
ness that is potentially offered by an extremely short
pulse. Therefore, low dispersion is another requirement
for an EO medium used as a THz emitter—sensor pair in
addition to good phase-matching properties to achieve
high-brightness and broad-bandwidth THz emission.

4. COMPARISON OF THE SIMULATIONS
WITH EXPERIMENTS

To test our model, we need to investigate the agreement
between our simulation and experimental results. In our
experiments, we used a CPA emitting a 1 kHz, ~45 fs
FWHM pulse train with a spectral bandwidth of ~23 nm
centered at 800 nm and LAPC emitter—sensor pairs. By
fitting the data of the refractive index measurement on
LAPC to a Sellmeier dispersion formula, the dispersion of

Vol. 23, No. 7/July 2006/J. Opt. Soc. Am. B 1345

LAPC (its birefringence is so weak that it can be ne-
glected) can be expressed as n2=2.3045+(0.33636
X )\gpt)/ (Agpt—0.5122),15 where A\, is the optical wave-
length in micrometers. The peak absorption wavelength
for LAPC is 0.512 um. Using the formula, the optical re-
fractive index n of LAPC at 800 nm is calculated to be
1.70, the optical group index n,~1.93, and the group-
velocity parameter By=1.859 fs?/um. The THz index of
LAPC nty,~1.70+0.04 was obtained by THz TDS (de-
scribed above). To have LAPC emitters with different
thicknesses, we prepared four layers of freestanding
LAPC films using a 75 um thick spacer to control their
thicknesses. The obtained films were ~75 pum thick with
an inaccuracy of +10%. We then stacked them up for vari-
ous emitter thicknesses. We also prepared a LAPC film
using a 120 um thick spacer for the THz sensor, leading
to the real film thickness of 120+12 um. Considering the
poling geometry and the p polarization of the pump beam
in the expelﬂiments,15 we oriented the polymer emitter
away from the normal incidence by ~59°, the Brewster
angle corresponding to the optical refractive index of
LAPC (1.70 at 800 nm), for the highest THz emission.
With this incidence angle, the refraction angle inside the
polymer is ~30°. The effective thickness of each film used
as an emitter is 75/c0s(30°)~87.0 um plus the thickness
uncertainty of £+10%. It should also be noted that a small
incidence angle deviation from 59° in the experiments
also contributes to an error of the effective thickness esti-
mation. For example, if the real incidence angle is ~55°,
the effective thickness should be ~85.7 um instead of
~87.0 um. Similarly, with the orientation for the sensor
(~45°), we estimate our sensor with an effective thick-
ness of 132 um plus the uncertainty of +10%. Experimen-
tally obtained spectra are shown as dashed curves in Fig.
5 for one-, two-, three-, and four-layer emitters. In the
case of three- and four-layer LAPC emitters, spectral dips
are observed. We then did simulations to fit these experi-
mental spectra. With perfect pulse compression, a 23 nm
spectral bandwidth can support a transform-limited
~41 fs FWHM pulse. In our experiment, we had ~23 nm
spectral bandwidth and ~45 fs FWHM pulse duration,
which implies that the pulses were not transform limited.

Using our Grenouille, a pulse characterization instru-
ment employing the scheme of frequency-resolved optical
gating,z’)4 we identified evidence of cubic phase distortion
for the pulses out of the CPA. Considering the measured
pulse width and spectral bandwidth, we estimated TOD
~5000 fs® for the laser pulses in our experiments and
took this into consideration in our simulations. To fit our
simulations to the experimental results, we found that
nou,=1.73 delivers the best results (this value of nyy, is
still within a reasonable error range for LAPC). We also
found it necessary to slightly vary the effective thickness
of our emitters and sensor in reasonable ranges (due to
the uncertainty of the film thicknesses and incidence
angle) to best fit the experiments.

The simulated THz spectra are shown as solid curves in
Fig. 5 to be compared with their corresponding experi-
mental results. For the best fitting, the 85, 165, 255, and
350 um emitters and 120 um sensor thicknesses were
used. The optical absorption coefficient of LAPC at
800 nm was measured to be 22.7 cm™!, and this value was
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Comparison of the simulation (solid curves) with experimental results (dashed curves) when a 120 um (effective thickness)

LAPC sensor and (a) 85 um, (b) 165 um, (c) 255 um, and (d) 350 um (effective thickness) LAPC emitters are used. TOD=5000 fs? is
determined from the pulse width and spectrum measurements using our Grenouille and spectrometer. The error of the effective thick-
nesses of the emitters and the sensor is less than 10%. nty,=1.73 is selected such that the frequency locations of the phase-mismatching-
induced spectral dips and the overall THz bandwidths have the best agreement between the simulations and experiments.

used in our simulation. Using these parameters, we can
achieve good agreement between the simulations and ex-
periments: All of the spectral dips in the experimental re-
sults are also present at the same frequency locations in
the simulation results. For simplicity, we did not consider
diffraction effects, and we also ignored water absorption
(in our experiments, the air is not completely dry). The
former assumption can explain the discrepancy in the
low-frequency range and the latter can explain the
higher-frequency discrepancies. In the cases of two-,
three- and four-layer emitters, the discrepancies are rela-
tively large in the low-frequency range. This is possibly
due to the method by which the multiple samples were
stacked—they were simply held in one corner by a plastic
clamp. Because of this, they were not perfectly parallel
nor completely contacting each other. Generally speaking,
our model can quite successfully predict the performance,
such as the overall bandwidth, frequency roll-off, and
phase-mismatching-induced spectral dips, of a THz sys-
tem based on an EO polymer emitter—sensor pair, since it
is relatively easy to measure EO polymer properties in
the optical and THz region. If accurate models for the di-
electric response and nonlinearity of EO crystals can be
obtained in the THz region, our model will work equally
well for the materials.

5. CONCLUSIONS

We have developed a model to predict the performance of
a THz system, including the brightness and bandwidth,
using the OR effect of an EO medium for THz generation
and EO sampling for THz detection. Most of the discus-

sion has been focused on THz generation. On the basis of
an LAPC emitter—sensor pair, we have investigated the
effects of both nonideal laser pulses and dispersive mate-
rials in an EO medium. Our model shows that transform-
limited ultrashort pulses with broad spectral bandwidth
and an EO medium with good phase matching for the op-
tical pulses and the THz pulses, as well as low material
dispersion, are essential to achieve bright and broadband
THz emission. The simulation work based on this model
fits well with our experimental results, demonstrating the
validity of this model. The model can be used as a guide to
select suitable EO polymers for THz generation and de-
tection and may be helpful for the simulation of inorganic
crystalline EO emitters as well, provided that an accurate
description of the dielectric function €(Q) and x#(Q) can
be found for the material. Further improvement for this
model should include the diffraction effect of the optics in
the THz propagation path, as low-THz-frequency compo-
nents, or longer wavelengths, can be lost due to this ef-
fect.
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