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Terahertz (THz) air-biased-coherent-detection (ABCD) uses a local oscillator to enhance
THz-wave detection sensitivity by mixing an optical field, a THz field, and a biased electric field
(local oscillator) in air. The width of the electrodes providing the local oscillator, the longitudinal
distribution of the optical and THz waves, both play important roles in the overall detection
sensitivity. By analyzing the effect of the Gouy phase shift on the electric field distribution at the
mixing location, we determine the optimal electrode width and observe an enhancement of the
detection efficiency by a factor of two relative to the traditional THz-ABCD system using thin-wire
electrodes. © 2012 American Institute of Physics. [doi:10.1063/1.3682517]

THz-wave air photonics techniques such as air-biased
coherent detection (ABCD) can be used to perform THz-wave
time-domain spectroscopy with intense THz field strength
(>1 MV/cm) and broad frequency bandwidth (>30 THz)
using amplified laser pulses.'”> THz-ABCD is a heterodyne
detection™ method achieved through the nonlinear mixing of
two non-degenerate field-induced second harmonic photons in
a four-wave mixing process. The DC-biased field serves as a
local oscillator in this process, similar to electronic heterodyn-
ing. As with other nonlinear optical processes,“’5 THz-ABCD
is subject to phase matching constraints, and will be sensitive
to phase-modifying effects. Of particular importance is the
Gouy phase shift, since the technique utilizes focused laser
beam rather than perfect plane wave.’

To achieve broadband THz detection, destructive phase
effects such as dispersion, Gouy phase shift, and phase mis-
matching must be suppressed in the ABCD technique. Previ-
ous designs>*’ adopted thin electrodes (such as wire-shaped
or wedge-shaped electrodes) and approximated all fields as
plane waves. Thus, all phase and spatial distribution infor-
mation in the field-induced second harmonic (SH) wave was
omitted from the theoretical simplification. In addition the
THz field was treated as stationary relative to the optical os-
cillation. Hence, the THz field signal predicted by the theory
is assumed to be localized in the electrode area. However, in
practice the entire SH wave within the pulse duration and
along the full interaction length contribute to the measured
THz signal. A short electrode results in a short interaction
length, degrading the detection efficiency and significantly
affecting the detected signal strength. In this work, we seek
to improve the signal amplitude by exploring its dependence
on focus depth and electrode width.

We investigated the influence of electrode width on the
conventional THz-ABCD system by utilizing step-shaped
electrodes to vary the longitudinal distribution of the DC-
biased electric field. Increasing the electrode width provides
a larger four-wave-mixing interaction range, and subse-
quently a larger accumulation region for the DC-biased-
field-induced second harmonic. However, the Gouy phase
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shift introduces a phase inconsistency along the direction of
propagation, causing increased phase mismatch and lower
interaction efficiency. By adjusting the electrode width and
position relative the Gaussian beam waist, we have balanced
these two competing effects and optimized the four-wave
mixing interaction range achieving a factor-of-two improve-
ment in both signal-to-noise ratio and dynamic 1range8 for
broadband THz wave detection.

Our heterodyne detection scheme requires the genera-
tion of SH through nonlinear mixing. In a centrosymmetric
media, such as air or nitrogen, the second-order susceptibil-
ity is zero’ and the majority of SH generation is due to the
third-order nonlinear process of four-wave mixing. The non-
linear contribution to the electrical polarization at the SH fre-
quency can be expressed as Plzv(ﬁ = X<3>EwEw(EDc + Ern.).
Epc and Epy, represent the DC-biased field and the THz
field, respectively.

The THz beam and the fundamental beam can be repre-
sented as Gaussian beams, consistent with the lasers used for
related experiments.'®'! The electric field can be expressed as

E(x,y,2,0) = A, (%)

2+ o 2 4 y2
xexp(wzy+icz+ik ) +i¢G(Z)>,

2R(z)
ey
with R(z), w(z), and ¢(z) defined as
2
R(z) =z+?R, (2a)
2\ 2
w(z) =woq /1 + () , (2b)
ZR
dg(z) = arctami7 (2¢)
R

where wy is the minimum beam waist, zzp = nw(z,n/ A is the
Rayleigh length, n is the index of refraction, which we treat
as a constant for the THz beam and optical beam. R(z)
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represents the radius of curvature of the beam at z, w(z) rep-
resents the beam waist at z, and ¢;(z) is the Gouy phase.
The electrical field given in Eq. (1) can be expressed in a
compact form

Aw (42 2
. (x° +5°)

E(x,y,z,0) = 1+ iz (W(Z)(l + iZ/ZR)>

3)

For a tightly focused Gaussian beam, the beam waist reaches
its minimum at the focus with a value of wy = %, where D
is the beam diameter incident upon the lens.

After considering the nonlinear term, Maxwell’s equa-
tions for SH generation could be expressed as

O*En, % L
ne 8t20 = H@PZW. 4)

VZEZ o

Using the small-signal and paraxial approximations, the
THz-induced SH and biased-field-induced SH amplitudes

(ATHz and ADC) are described by the differential equation

below

dAYE idnowy® E2 Eqy,e™F )
dz  nc  (1+iz/zx)(1 +iz/zp)’

Ay, _ idnwy®) ELEpce™ ©
dz nc (1 +iz/zg)’

where Ak(= —119m™!) is the phase mismatch between the
fundamental and SH waves in nitrogen. Based on Egs. (5)
and (6), the SH amplitudes can be estimated by integrating
along the propagation direction.

The size of the biased field area constricts the nonlinear
mixing process. Thus, a longer electrode width provides a
longer interaction length, and should produce a larger accu-
mulation of second harmonic. However, when the interaction
length exceeds the THz Rayleigh range, the Gouy phase shift
causes a considerable phase change (over 7/2) which imparts
a phase-cancellation effect. By choosing a proper position
and width for the electrodes, the measured THz signal ampli-
tude (modulated SH intensity) can be optimized.

For simplicity, we assumed that the biased electric field
is restricted to the electrode area; thereby, the integral range
is equal to the electrode width. The integration of Egs. (5)
and (6) yield the electric field amplitude of the SH beam
147.“0%(3) Jwidth E%,EryzeiAkde o

ATHZ —
20 o (V+iz/z)(1 +iz/z7)’

nc

®)

ADC _ i47‘((1)}(<3) Jwidth E(ZUEDCeiAkde
2w ne

0 (1 +iz/zg) ~

For a heterodyne detection technique, the measured THz sig-
nal amplitude is kKASSATH= where the proportionality constant
K is determined by the detection scheme and electronics. To
estimate the optimal electrode width, we note the major phase
factors in Eq. (5) are ™Mz and 1+ iz/zr. We can, therefore,
roughly approximate the phase term as aAkz — fiz/zy = m/2.

After comparing with simulation results, we give a semi-
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empirical estimate of (—2Ak + 1/7zy) ™" for the desired elec-
trode width.

The experimental setup used was similar to that given in
Ref. 7 except for the method of detection. We will now
briefly describe the common portions of the setup. A Coher-
ent Libra HE Ti:Sapphire amplified laser system produced
800-nm (central wavelength), 50-fs (duration), 1.4-mJ pulses
at a 3-kHz repetition rate which were split into pump (1.3
mJ) and probe (16 wJ) pulses to generate and detect the THz
waves, respectively. The waves were generated by focusing
both the fundamental (800 nm) and the SH beams with a
150-mm lens to ionize air. The radiated THz wave was col-
lected and refocused by a pair of off-axis parabolic mirrors.
The probe beam was sent through a time-delay stage and
then focused by a 150-mm lens through a hole in the second
parabolic mirror. After this mirror, the THz wave and probe
beam propagated collinearly and were focused to the same
location in space. The polarizations of the fundamental
beam, the SH beam and the THz beam are all horizontal and
parallel to the DC-biased field.

Figure 1 illustrates the modified detection scheme for
THz-ABCD. To vary the biased electric field in the induced-
plasma region, a pair of parallel stair-shaped electrodes was
attached to a 2D translation stage moving in the y and z
directions. In the experiments, the electrodes were moved
along the z direction to reach the optimum position relative
to the THz beam, and translated in the y direction to change
the electrode width. The electrode biased field was provided
by a high-voltage modulator delivering a 50% duty cycle,
bipolar square wave with a frequency of 500 Hz and an am-
plitude of *1.5 kV. After exiting the interaction region, the
SH beam passed through a pair of 400-nm bandpass filters
and was detected by the Photomultiplier tube (PMT). The
PMT signal was sent to a current preamplifier, and the output
voltage signal was detected by a lock-in amplifier referenc-
ing the high-voltage modulator frequency of 500 Hz. The
entire system was purged with dry nitrogen to avoid water
absorption. With EO detection setup, we observed THz elec-
tric field magnitude in excess of 40 kV/cm.

The PMT measures the intensity of the SH beam, which
includes the interference between the SH beams induced by
both Epc and Ery.. This interference signal is linearly pro-
portional to Epc and Ery., and it can be extracted by a lock-
in amplifier. Thus, the signal detectd by the PMT is propor-
tional to the product of AT and ADC as given by Egs. (7)
and (8). Since Epc and Ery. are both pulsed electric fields,
the nature and state of their overlapping in space and time is
crucial.

By controlling the diameter of the collimated the THz
beam before the parabolic reflactor, we are able to obtain dif-
ferent THz Rayleigh ranges. The calculated Rayleigh ranges
for 35-mm and 20-mm collimated beam at a frequency of
1 THz were 1.6 mm and 4.8 mm, respectively, while the
Rayleigh range for the fundamental beam was 100 um.

Figure 2 shows simulation results and experimental data
demonstrating trade-off between long and short electrode
width. We simulated two different Rayleigh range conditions.
The upper curve (solid line) is the simulation for the THz
beam with a diameter of 35 mm and a Rayleigh range of 1.6
mm, while the lower curve (solid line) is for a 20-mm beam
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Filter

FIG. 1. (Color online) Schematic of stair-shaped electrodes for THz-ABCD.
A pair of parallel aluminum electrodes was separated by 1.5 mm. The elec-
trode width varies from 1 mm to 6 mm with a step of 1 mm. Translation of
the electrodes along the y-axis allows for adjustment of the electrode width
experienced by the plasma. PMT: photomultiplier tube.

diameter and 4.8-mm Rayleigh-range THz beam. Experimen-
tal results are plotted as red circles and squares for 35-mm and
20-mm beam diameters, respectively. The ratio of THz pulse
energy between the upper and the lower curves is (35 mm/20
mm)? or approximately 3. The dotted curve shows the result
of the simulation when the THz beam is treated as plane
wave. In this case, the Gouy phase shift was omitted and the
phase-cancellation effect is caused by the dispersion between
the fundamental beam and the SH beam.

The simulation predicts that the position of the peak
shifts from 2 mm to 3 mm when the THz Rayleigh range is
changed from 1.6 mm to 4.8 mm. This suggests that the com-
peting effects of accumulation and phase-cancellation reach
a compromise when the electrode width is close to the Ray-
leigh range. The experimental data (red points in the dia-
gram) seems to confirm the predictions, but diverges in the
narrow electrode limit. This is to be expected; when the elec-
trode width is narrower than the gap between the two electro-
des, which is 1.5 mm, the effective electric field applied by
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FIG. 2. (Color online) Experimental data (red symbols) and simulation
(blue curve) for THz field versus electrode width. The upper curve (circles)
shows data for a 35-mm-diameter THz beam while the lower curve (boxes)
was for 20-mm-diameter THz beam. The black dotted line represents a
plane-wave simulation, in which the Guoy phase shifts are ignored. Error
bars show the standard deviation of the measured THz signal strength for
each electrode width. The two spots on the left (0.5 mm) show the experi-
mental data for wire electrodes.
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FIG. 3. (Color online) Measured dynamic range, (left scale) and signal-to-
noise ratio, (right scale) versus electrode width for 35-mm-diameter THz
beam. The insets show a sample measurement of the THz field, the fluctua-
tions of the peak signal (noise curve in black), and the fluctuations of the
background (noise curve in red). The THz signal was scanned along the time
delay. Fluctuations were measured at a fixed time delay position for 20 s.

thin electrodes is wider than its actual width due to fringing
effects, which are not included in the simulation.

Figure 3 shows a comparison of dynamic range (DR)
and signal-to-noise ratio (SNR) for each electrode width
using the definition from Ref. 8. As before, the first point on
left represents the wire electrodes. The DR is obtained by
calculating the ratio of the THz signal peak and the standard
deviation of the noise in the absence of the THz signal; this
is accomplished by adjusting the pulse delay and recording
the noise floor 2 ps prior to the arrival of the THz pulse. The
DR generally reflects the background noise level related to
the signal, which influences the detectable bandwidth of the
frequency domain-measurement. The SNR can be obtained
by evaluating ratio of the THz signal peak and the SD of the
peak signal by keeping the delay stationary at the peak maxi-
mum. Hence, the SNR basically shows the fluctuation of sig-
nal, which in this case is due primarily to the fluctuation of
the laser. As with Fig. 2, the measurements also reveal a
trend showing a higher detected THz amplitude allows for a
higher signal quality, as measured by SNR and DR. For
measuring the fluctuation and noise.

10° ¢

Normalized Amplitude (a.u.)

0 2 4 6 8 10 12 14 16 18 20
Frequency (THz)
FIG. 4. (Color online) Measured frequency components of THz signal with
electrode width of 2 mm (black line), 4 mm (red dash) and 6 mm (blue dot),

respectively. The lower curves are the noise level (measured 2 ps before the
THz pulse).
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Bandwidth is another important consideration for THz-
ABCD systems. We found that increasing the electrode
width did not have a noticeable influence on measured THz
bandwidth, as shown in Figure 4. In the experiment, the
time resolution is related to the probe pulse duration (50
fs). Due to the dispersion, a longer interaction length will
cause a larger relative time shift between the probe pulse
and the THz pulse. Over long distances, this effect will
decrease the time resolution of the probe pulse. However,
for our experiment, the time shift Az = Anl/c is around 1
fs, which is much smaller than the pulse duration. Here,
An(107* ~ 107°) is the difference in index of refraction
between the THz and the probe beam, / (1-6 mm) is the
interaction length, and c is the speed of light in vacuum.

In conclusion, we have studied the THz-ABCD system
performance by investigating the optimum width for the
electrodes. The accumulation effect enhances THz detection
efficiency by increasing the linear mixing interaction length.
The phase-cancellation effect, caused by the Gouy phase
shift, arises from the phase inconsistency of the Gaussian
beam along its propagation direction. Experimental results
verify that it is possible to optimize the electrode width to
balance these competing effects. By doing so, we success-
fully demonstrated an enhancement of a factor of two in the
signal quality (SNR and DR) without impairing the THz
bandwidth.
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