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Impulse scaitering measurement front an alumina cylinder over a range of bistatic

angle from XXX to XXX degrees. The temporal and amplitude shifls of surface and transmitied waves are

clearly visible.
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Background-free THz imaging using
interferometric tomography

J.L. Johnson, T. Dorney, 1. Mittleman,
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Main St,, Houston, Texas 77005, USA; L-mail:
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Filz imaging is an emerging technology that
permits three-dimensional tomographic im-
aging of nonmetallic objects. Numerous appli-
cations have been demonstrated where T'Hz
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CThIR2  Fig. 1. Schematic of terahestz T-ray
imaging with interferometry.

imaging could be a valuable complement to
existing, technologies for noninvasive testing,
including the detection of faults or delamina-
tions in packaged integrated circuits and the
location of air bubbles or cracks within poly-
mer or ceramic parts.? Tn many of these ap-
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CThR2  Fig. 2. Tl waveforms with (a) a de-
Tay between the signal and reference reflections,
(1) the near cancellation of the two pulses, (¢} the
clfect on the non-interferometric signal of 50-
pm-thick adhesive tape, and (d) the effect on the
interferometric signal of the tape.
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plications, the feature one wishes to detect is
subtie, in the sense that its interaction with the
single-cycle 111z pulse imposes only a small
additional distortion on the wavetorm. A good
example is the detection of a delamnination or
dishbonding between two surfaces. Tn many
practical cases, the gap which opens up be-
tween the two surfaces is narvower than the
coherence length of the TH pulse, and the
waveform is little changed as a result.

Here we report on the use of interferometry
in combination with THz tomography, for im-
proving the detectabilily of such subtle fea-
tures, "Ihis idea has analogies to optical coher-
ence tomography, in which the signal pulse,
reflected off of the sample, is interfered with a
reference wave to provide enhanced sensitiv-
ity The experimental layout is shown in Fig,
I. The coltimated 'THz beam is directed into a
Michelson interferometer, in which one arm
(signal) contains a 10-cm polyethylene Tens.
Thus, the THz beam is focused onto the
sample at normal incidence. "The second arm
(reference) contains a planar mirror, mounted
on a transtation stage for variable delay. The
measured signal is the coherent superposition
of the electric fields from these two arms. Due
to the Gouy phase shill acquired by the signal
beam, itis 180° oul of phase from the refercuce
beam.* As a result, il the samyple reflects the
THz pulse without distortion, then the delay of
the reference army can be adjusted so that the
two pulses destructively interfere at the detec-
tor, and almost no signal is detected. Ligure
2(4) depicts a waveform in which the sample
and reference pulses are separated in time by a
few picoseconds. Figure 2(b) shows the wave-
form when the two pulses are overlapped in
time, producing a near cancellation of the
measured signal,

"This cancellation relies sensitively on the delay
and distortions acquired by the signal pulse when
itinteracts with the sample. Any small changes in
this waveform produce large fractional changes
in the measured signal. ‘This is demonstrated us-
ing waveforms reflected off of a mirror with a
piece of adhesive tape stuck on the surface, The
thickuess of this “defect” is approximately 50 mi-
crons, or L/6 of the coherence length ot the pulse.

Images comparing maximum peak-lo-peak amplitude of (a) the normal, noninter-

ferometric imaging and {b) interferometric imaging. 'The sample consists of two ~=50-pm Lhick picces of
adhesive Lape on a flat metal surface, Tn the upper image, only the edges of the two tape strips ave fainty
discernible. Tn the lower image, they are much more obvions; also, the Ltape strip on the right has two air
bubbles, only discernible in the interferometric image. A median filter was used on both images.



"The tapeis composed of a transparent, low-index
polymer, which has only a weak effecton the'1'1 1z
pulse. The wavelorms shown in Figs. 2(c) and
2(cl) represent comparisons between waveforms
measticed with and withoul the tape in the beam
spot, for conventional [Fig. 2(c)] and interfero-
melric [Fig, 2(d)] imaging. ‘Ihe contrast is evi-
dently enbanced through the use ol interferom-
clry.

Figure 3 shows lwo images of the mirror with
adhesive tape on ils surface, with and without the
use of interferometric imaging, The weak signal
trom the tape is substantially eahanced iu the
interferometric case [lig. 3(b)], as is evident
from these false-gray-scale images. Inaddition to
the enhancement of contrast, the use of @ back-
ground correction of this type can also suppress
the effects of laser amplitude flucluations or
athet tisise saurces. Vinally, by canceling out the
wavclorm reflected (rom a given surface, one can
substantially cuhance the detectability of o see-
ond nearby surface.
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Electro-optic-based two-dimensional THz
near-field imaging

Q. Chen, 7. Jiang, X.-C. Zhang, Department
of Physics, Applied Physics, and Astronomy,
Rensselaer Polytechinic Tnst., Troy, New York,
12180, USA; L-mail: zhangxc@rpi.edu

Since the first demonstration of 111z inaging
by flu and Nuss,' many different approaches
have been proposed to improve ils spatial reso-
lution, the data acquisition time and exlend its
application, such as T-Ray lomography,2 ['11%
near-tield imaging,® and real-time two-
dimensional (2D) "T'ilz clectro-optic imag-
g Among them, the last one shows a
unique 21(1‘.’;]1]1{218(: on the data acquisilion rate,
which is only limited by the CCD camera, With
our newly developed dynamic subtraction
technique with the frame vate as high as 70
frames per second, the signal-to-noise ratio
was improved by about two orders, Bui the
system spatial resolution of the usual 2£-24 20
inaging system is basically limited by aberra-
tion and diftraction of "I’ [z beany, because the
electro-optic (EQ) sensor is positioned at (he
conjugate plane of the object, which corre-
sponds (o the fac-field of the Tz beam.

THz near-field measurement is an effective
way Lo improve the spatial resolution of tmag-
ing system. It is obviously not possible to real-
ize near-field inmaging in the conventional
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CThR3  Fig. 1. Schematic illustation of the
real-time 21 Tz near-fleld imaging system,
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CThRR3  Fig. 2. The scan ol a vazor blade
through the THz bean (a) Razor blade scans
through the THz near (icld. (b) Razor blade scans
through the ‘'t [z [ocal point.

transmission 1O sampling geomelry because
the object put right in ront of the sensor will
block the probe beam, Therefore we change to
the reflection geometry. As shown in Vig, [, the
incidence of TTTz beanuis on the front surface
ol the BO crystal, whereas that ol probe beam is
on the back surface, The probe beam will be
reflected by the front surface of the BO crystal
and collincarly propagates with the T'Hz beam
in the scusor. [t has been proved experimen-
tally as well as theoretically that the THz wave-
form measured in this reflection geometry is
the samwe as that in the transmission geometry.
The reasont is that the EO signal from the
counter-propagaling THz bean and probe
beam & negligible. I'he object can then be lo-
cated vight in front of the O erystal, and real-
ize the near-field measuwrement of 1T field.

We first test the improvement of the spatial
resolution by applying the above rellection ge-
ometry in the conventional scanning 1112 im-
aging setup, ‘l'o measure the near-field 117z
bean size, a razor blade, which was almost in
contact with the Zn'l'e sensor in the above EO
sampling geomelry, was scanned through the
I'Hz beam. The same measurement was also
coarried out by scanning the raxzor blade
through the 'T'Hz [ocal point in the conven-
tiontal scanning winaging systemr. In this case,
the mcasured Tz heam size will be larger,
which is due to the diffraction effect, The result
is showa in Fig, 2, Prom the distance between
the 90% and the 109 of maximim signal level,
we can quanlify the spatial vesotution loc the
near-ficld measurement as 0.4 mm (curve a)
and 1.2 mm for the THz focal point {curve b).
We see the spatial resolution was improved by
three times and Lhe resolution in near-field
geometry is close Lo the related wavelength,

1 should be eonphasized that the above result
is from the scanning imaging system with the
focused 1Tz and probe heams on the KO sensor
and single detector, In principle, the spatial reso-
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CThR3  Fig. 3. Real-time 21 Iz pear-field
imaging of a metal word “Tlz.”

lution of the scanning imaging system and CCE
imaging system woulel have similar spatial reso-
lution ifsimilar 11 1z sovrces and system nameri-
cal apertures were used. However, by tking the
aberration and the difference on SNR into con-
sideration, the scanning system generally s bet-
ter spatial resolution. Compared with the con-
ventional 227 20 imaging system, the spatial
resolution of near-field imaging sctup (Lig, 1)
canitprove moreas shown by tollowing esperi-
mental resalts. We inaged a metal word “1112"
by positioning it ight in {ront of the Zay'T'e sensor
it the above near-fickd sctup. The image can be
displayed on the computer mornitor in real time
(Fig. 3), which is the unique capability of the
CCD imaging systean, The metal letters are
tormed by metul line with a width of'0.5 nin, the
size of the word is T em X 0.5 an. We can thus
estimate that the system spatial resolution is at
least 0.5 mmn, which can not be cealized in the
conventional 2£-2F imaging systen. In the above
experituent, a larger aperture antenna was used
as I Hzemilter, whose peak frequency is 0.3 Tz,
[fsuchan emitter were used in the 20-2F imaging
systemy witlt 0.5 system numerical aperture, tie
best system spatial resoluiion could be estimated
as about 2.5 mm in paraxial condition. Consid-
ering the systern aberralion, we can reasonably
conclude that the spalial resolution is improved
by about one order in this near-field COD inag
ing sctup {compared wilh the 2027 imaging sys-
tem). “The above resull also shows (e capability
Lo image moving and lite objects by such a sys-
tem,
Lo BB o, MG Nuss, Opt, Lel. 20, 1716
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Dielectric terahertz waveguides
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We believe we report the first demonstration
of waveguide propagation of sub-ps TIlx
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