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Abstract. We review recent progress in the field of tera-potentially much less expensive than the more traditional
hertz “T-ray” imaging. This relatively new imaging tech- approaches. One of the first and most interesting of these
nique, based on terahertz time-domain spectroscopy, has then-linear optical techniques israhertz time-domain spec-
potential to be the first portable far-infrared imaging spectroscopy or THz-TDS [7]. The key components of BHz-
trometer. We give several examples which illustrate the postDS system are a femtosecond laser and a pair of specially
sible applications of this technology, using both the amplitudelesigned transducers. By gating these transducers with ultra-
and phase information contained in thelz waveforms. We fast optical pulses, one can generate palbursts of THz
describe the latest results in tomographic imaging, in whicladiation, and subsequently detect them with high signal-
waveforms reflected from an object can be used to fornto-noise. Thes&@Hz transients consist of only one or two

a three-dimensional representation. Advanced signal processycles of the electromagnetic field, and they consequently
ing tools are exploited for the purposes of extracting tomospan a very broad bandwidth. Bandwidths extending from
graphic results, including spectroscopic information abouts 100 GHzto 2 or 3 THz are routine, and more th&THz
each reflecting layer of a sample. We also describe the aras been demonstrated [8]. Furthermore, although the aver-
plication of optical near-field techniques to thkelzimaging  age intensity of the radiation is quite low, the high spatial
system. Substantial improvements in the spatial resolution amherence produces a brightness that exceeds that of conven-

demonstrated. tional thermal sources. Finally, the gated detection is orders of
magnitude more sensitive than typical bolometric detection,
PACS: 07.57.Pt; 42.65.Re and requires no cooling or shielding of any kind. The design,

construction, and characterization oT Hz-TDS system, in-
cluding in particular the semiconductor transducers [7, 9, 10],
has been described elsewhere [11,12].
1 Terahertz time-domain spectroscopy Due to the high signal-to-noise and broad bandwidth, the
THz-TDS system is ideal for spectroscopic studies of many

The far-infrared, otterahertz region is one of the least ex- different physical systems. Many condensed-phase systems
plored ranges of the electromagnetic spectrum. Until relaexhibit interesting phenomena in tfélz spectral range, and,
tively recently, it was difficult to efficiently generate and in many cases, these are not yet understood. Indee@Hbe
detect terahertZI{Hz) radiation. MostTHz sources were ei- TDS system provides opportunities for spectroscopic studies
ther low-brightness emitters such as thermal sources, or curthat would not otherwise be possible. For example, the coher-
bersome, single-frequency molecular vapor lasers. Detectiaent detection permits the investigation of hot samples such as
usually relied on bolometric methods, which require cryo-flames. These would be impossible to study using any detec-
genic operation and generally provided low sensitivity. tion system that is sensitive to the radiation from the sample.

Recently, however, there has been a revolutioTifz ~ The coherent gated detection of thelz-TDS system is in-
technology, as a number of newly discovered or re-discoveresknsitive to incoherent radiation, and is therefore the only far-
generation and detection schemes have revitalized the fielthfrared system capable of flame spectroscopy [13]. A sec-
These techniques, based on frequency conversion using nasnd example is the class of experiments which exploit the
linear optics [1-6], are often simpler, more reliable, andextremely short temporal duration of thiélz pulses. A typ-

ical example is the ‘visible-pumHz-probe’ experiment, in

* Present addressElectrical Engineering Dept., Stanford University, Stan- Which & sample is optically prepared wittfsoptical pulse,
ford, CA and the evolution of the far-infrared spectrum is measured
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with a time-delayed Hz probe pulse. Numerous examples of THz waveform for each position of the object, one can build
this and similar techniques have been reported in the last fean image pixel by pixel. Focal-plane imaging has also been
years [14, 15]. demonstrated, using large-area electro-optic crystals for de-
Perhaps even more interesting than the spectroscopiection of theTHz radiation [18]. The image formed in this
uses, the potential technological applicationsTéfz-TDS  fashion may represent any desired aspect of the measured
have begun to attract considerable attention. This has beevaveforms, including amplitude [16, 17], phase [17], or any
spurred in large part by the development of imaging systemsombination [26]. In order to form images in a reasonable
based onTHz-TDS [16—18]. The value of a practical far- time, the waveforms must be digitized and the desired infor-
infrared imaging system has been recognized for some timepation extracted on the fly. This can be accomplished using
in a wide range of applications [19—-23]. Becalud¢z-TDS  a commercial digital signal processor in a PC, which synchro-
does not require any cryogenics or shielding for the detectonizes the motion of the object through the focal spot with the
it has the potential to be the fir§Hz imaging system that is waveform acquisition.
portable, compact, and reliable enough for practical applica- The list of possible applications of such a system is
tion in “real-world” environments. In this article, we describe quite extensive. Perhaps the most promising applications lie
several recent advancesTiiz “T-ray” imaging. in the area of quality control of packaged goods. Figure 2
shows aTHz image of a~ 2-cm-square portion of a small
(1-3/8 0z) box of cereal. The cardboard box in which the
2 T-ray imaging cereal is packaged is nearly transparent to Thiz radia-
tion. The dark areas in the image are raisins, which exhibit
The details of the T-ray imaging technique have been dea high contrast relative to the surrounding material due to
scribed in a number of recent publications [16,17]. Heretheir high water content. In this image, the thickness of the
we briefly review the highlights, and provide a few illus- sample £ 5 cm) is somewhat larger than the confocal param-
trative examples. In order to form images, thklz beam eter of theTHz beam & 1 cm); as a result, the raisins (which
is brought to an intermediate focus using a pair of lensewere not situated at th€Hz beam focus) appear larger in
or parabolic reflectors, which are inserted into the regiorthe image than their actual size. Since one can in principle
where theTHz beam is collimated. This is shown schemat-choose any set ofHz beam optics for an imaging system,
ically in Fig. 1, where the lens pair is mounted on a platethis effect should not substantially limit the utility of the
which can be moved into or out of the collimatédz beam. technique. This imaging tool is well suited for inspection of
High-resistivity silicon and high-density polyethylene are twosealed packages if the packaging is comprised of transparent
excellent choices for lens materials. The former has no abmaterials such as cardboard, most plastics, thin pieces of dry
sorption or chromatic dispersion over the whdldz range, wood, etc.
but has a high indexx{ 3.42) and therefore relatively large These types of applications are not limited to quality con-
Fresnel losses [24]. The latter has lower Fresnel losses, btrbl of consumer products. Figure 3 illustrates the usédf
has some small absorption abok/&Hz, and a measurable imaging for the inspection of artwork. Figure 3a is a visi-
resonance ate 2.2 THz [25]. ble image of a piece of parchment, upon which an inscription
One can place an object at the focus of Ttéz beam, has been written. The inscription is painted over with a thick
and measure the waveform that has traversed through the olayer of black paint. The parchment is then imaged with T-
ject. By translating the object, and measuring the transmittedhys, in an attempt to reveal the hidden writing. Because the
black paint overlayer is not lead-based paint, it is transpar-
ent to THz radiation. Depending on the writing implement
used to form the original inscription, theHz image may or

Scanning may not show the underlying writing. Figure 3b showEHz
Optical Femtosecond Laser image of one sample, in which the original inscription (“OK”)
reny, Delay Line was written with a charcoal pencil. The thin graphite layer of
‘I_ L writing on the parchment provides sufficient amplitude con-
i trast to be visible in th&Hz image. Not surprisingly, if the
inscription is written with conventional ink, one cannot detect

THz - it in the THz image, because the dye moIecm_JIes in the ink are
Betect z non-polar and thus do not absorb strongly in Tiéz range.
s’ Transmitter This test suggests the possibility of usifigz imaging for the

investigation of underdrawings beneath paintings. This could

be an excellent complimentary technology to the mid-infrared

and X-ray imaging systems currently used for such studies.

‘] More broadly, one can imagine that this new technique could

Chitteii be useful in a wide range of fields including art history, ar-
= —= A/D converter i i i i i i
p— .- chaeology, forensics, etc., in which one requires non-invasive
Preamplifier & DSP DC bias : . . S :
methods for imaging. In this context, it is worth emphasiz-

_ _ _ ' ing that the power generated in the T-ray beam is extremely

S'GII- 1-|,A SCTh:mat'C °f_aTHZ'TdDdS system, SIPOW'T‘G this laser, seanning _ Jow, roughly 20— 100 times less than the same power emitted
elay line, THz transmitter and detector, collimating optics, and associate i :

electronics. A lens pair separated bf 2an be inserted into the collimated rom a room temperature blac.kbOdy In the.f.requency range

region of theTHz beam, converting the system into a transmission imaging0—3 THZz. Thus, the risks to delicate or sensitive samples are

system with an intermediate focus minimal.
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As mentioned above, it is possible to form images based
on any aspect of the transmitt&tHz waveforms, not merely
the amplitude. Figure 4 illustrates this, showing tWdz im-
ages of a chocolate bar. In the upper image, the gray-scale is
determined by the peak-to-peak amplitude of Tiéz pulse
at each pixel, as in Figs. 2 and 3 above. The chocolate does
not absorb muciHz radiation, but several other features are
visible. First, the sample has a plano-convex cross-sectional
profile, and is therefore thinner at the top and bottom than
in the middle. Second, the embossed letters are visible only
because of scattering effects at their stepped edges, and as
a result are rather difficult to read. Finally, because almonds
absorb mor& Hz radiation than chocolate, they can be easily
detected using this technique; four almonds are visible in this
image. The lower image shows the same sample, except that
this image is formed using the arrival time (i.e., phase) of the
THz pulse rather than the amplitude. Here, the image primar-
ily contains information about the thickness of the sample at
0 1 each point, so the embossed letters and the overall thickness
Position (cm) variation are much more prominent. The almonds are nearly
Fig. 2. THz transmission image of & 2-cm square portion of a small box invisible, except for the very dark regions where 'Fhe Fransmlt_
of breakfast cereal. The false color scale is related to the transriitled  {€d pulse was too small for an accurate determination of the
amplitude. Thedark regionsare raisins. These appear somewhat distortedarrival time.
because the width of the sample 485 times larger than the confocal Figure 4 demonstrates one way in which the phase infor-
parameter of thdHz beam mation contained in th&Hz waveforms can be used to form
images that contain different information from those encoded
— based on amplitude alone. This technique becomes even more
(a) T ortey s ' powerful when the sample is imaged in a reflection geom-
etry, rather than in transmission [27]. In this mode, one takes
advantage of the pulse width (or, more precisely, the coher-
ence length) of th&Hz pulses to generate three-dimensional
representations of layered objects. The use of a reflection

Position (cm)

2

Fig. 4. Two THz images of a chocolate bar. Theper imageshows the
variation in amplitude of the transmitted waveform. Here, the embossed let-
tering is only visible because of scattering effects at the stepped edges of
the embossing, whereas the almonds are clearly visible due to their stronger
absorption of the radiation. THewer imageshows the variation in transit

Fig. 3. aVisible image and THz transmission image of a sample designed time of theTHz pulse, reflecting the accumulated phase. Here, the almonds
to mimic written text hidden beneath a layer of black paintb)nhe textis  are almost invisible, but the variation in the thickness of the sample is quite
written with a charcoal pencil; this thin layer of graphite on the parchmentclear, allowing the embossed lettering to be easily discerned.d@heest
provides sufficient contrast in transmittddiz amplitude to form a read- spotson thelower imagerepresent regions where the amplitude of the trans-
able image. The image in is approximately2.5 cmsquare, and covers the mitted pulse was too small to make an accurate determination of the transit
central portion of the painted region & time
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imaging system presents some unique challenges and capaloif-signal processing algorithms used for data analysis. Fig-

ities, which are explored in detail below. ure 5b shows the waveform reflected from a ball-point pen.

The pen is oriented such that its long axis is perpendicular to

the propagation direction of thEHz beam. Here, the eight

pulses originate from reflections off of each of the eight in-

terfaces which the beam encounters as it propagates through

. ) the two concentric plastic cylinders which comprise the pen.

3.1 Tomographic image reconstruction Because the sign of the dielectric discontinuity alternates (i.e.,
first from air to plastic, then from plastic to air), the polarity

An imaging system in which th€Hz beam is reflected off of of the eight reflections alternates as well. Using the Fresnel

the sample, rather than transmitted through it, can be used fapefficients for normal-incidence field transmission and re-

tomographic imaging [27, 28]. Suppose that the beam reflecffection, one can derive a good approximation to the reflected

off of the sample at nearly normal incidence, and that thevaveform from the incident waveforis, (t), Fig. 5a. For ex-

sample is thin compared to the confocal parameter. Then, &mple, the first pulse in the train is given by

the sample consists of several well-separated dielectric layers,

the interface between each pair of layers reflects a portion q.:t (t) = pFL

the THz beam in a confocal geometry. The reflected wave- 1" — n

form therefore consists of a series of isolated pulses. Each

pulse in this pulse train contains information about each ofind the second pulse is

the layers through which it propagated, as well as the inter-

face from which it originated. Given the shape of the incidentE (t) = yFt nz—ng  4m Ein () & 2mexa/cg®

THz pulse and the complex dielectric function of the materi- 2"~ — g Ny + N1 (N + Ngi2 " '

als comprising each of the layers, one can predict this output 2

waveform using conventional optics.

Figure 5 illustrates this using a ball-point pen as an exSimilar expressions can be derived for each of the eight re-
ample. Figure 5a shows the waveform obtained by placinlections. In (1) and (2)F ! represents the inverse Fourier
a mirror at the reflection point, and thus represents the incitransform, andsi,(w) is the Fourier transform of the input
dent wave. The smaller oscillations that follow the main tranwaveform Ej, (t). The refractive index of the material com-
sient arise from a number of effects, including water vapoprising the jth layer isn;, with ng = ngy. @ is a constant
in the THz beam path [29], electrical impedance mismatchphase factor which accounts for the difference between the
effects in the emitter and receiver antennas, and optical rgosition of the pen and the position of the mirror used to ob-
flections in the antenna substrates. These are entirely repetdin Ej,(t).  is a geometrical factor which accounts for the
able and do not substantially interfere with the measurementlifference in detection efficiency between Figs. 5a and 5b.
However, as discussed below, they can limit the effectivenesBhis results from the fact that in one case the reflector is

3 Reflection imaging with T-rays
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Fig. 5a—c. THz waveforms reflected off o& a ref-
erence mirror, andd a ball-point pen oriented so

1 that its long axis is perpendicular to tiélz beam

(‘) 2'0 4'0 6'0 propagation directionc A simulation of curveb,

. using curvea as the input wave, generated as de-
Delay (picoseconds) scribed in the text
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planar whereas in the other the reflections all arise from cylinthese values is motivated by the results displayed in Fig. 6,
drical surfaces. below; they are close to the known far-infrared refractive in-
One can estimate the size gfusing a ray matrix ap- dices of similar polymer materials such as Teflars{1.45)
proach. First, we assume that the input is a Gaussian beailmd polypropylenen~ 1.50) [31]. Clearly, the simulation re-
with a flat phase front and a5-mm-diameter beam waist produces the experimental result qualitatively, although the
atz= 0, the location of the focusing optic. We assume thaemplitudes of the reflections are somewhat overestimated,
the mirror, used in place of the sample in obtaining theand there is some pulse reshaping which is not accurately

data of Fig. 5a, is located at the focal spot of this lens, ateproduced.

z=d; ~ f — 73/ f. Here,zx is the Rayleigh range of the fo-

In principle, one could use the full wavelength-dependent

cused beam [30]. The beam reflects off of the mirror, andorm for 5 in (1), (2), and the other six similar expressions.

returns back t@ = 0, having traveled a distance afi2 The
beam must then propagate an additiodak: 0.5 m before

Further,n is different for each of the eight reflections, since
each has its own associated values Foand$. Also, n is

encountering an aperture, in the form of the lens which foin general a complex quantity, due to the effect of the Guoy
cuses it onto th&Hz detector. The collection efficiency is the phase shift on a focused beam [32]. However, these concerns
fraction of the initial field that reaches the detector. This cargo beyond the spirit of the paraxial approximation which is
be found by integrating the field amplitude at the aperturethe basis for the ray matrix formalism. The difficulties associ-
We perform this calculation for two cases: a planar mirror atted with using geometrical optics to describe scattering from

z=d; and a cylindrical reflector at = d; —§. If the sam-
ple is symmetrically placed with respect ze= d;, then the
convex front surface at = d; — § has a radius of curvature
of R=—-§ ~ —-3.5mm The parameten is the ratio of the
collection efficiencies of the electric fields in the two cases.
BecauseR is comparable ta. for some wavelength com-
ponents of théTHz pulse, diffraction effects are significant,
andn therefore depends an We calculatey for all wave-

objects of size comparable tare well known, and have even
been discussed in the contextldfiz-TDS [33].

One might be able to further improve and refine the simu-
lations of tomographic data using more sophisticated models.
However, we are more interested in developing methods for
extracting information about the sample directly from the
measured data. This is more relevant for the purposes of
many of the applications mentioned above. In order to pro-

length components within the bandwidth of the radiation, and¢eed along these lines, one must solve an inverse problem:
then calculate an average value weighted by the amplitudgiven the incident and reflecteiHz waveforms, determine
spectrum of the input pulse. Using this procedure, we findhe nature of the sample, particularly the refractive index pro-

a value ofy = 0.79 for the values oR ands specified above.

file. In the case under consideration, this profile is evidently

This value is used in the calculation of all eight reflectedstep-like, alternating between)astic andna;r. The fundamen-
pulses. The result is displayed in Fig. 5c, on the same vetal challenge is to develop an algorithm that locates the sizes
tical scale as Fig. 5b. In this simulated result, the refractiveand positions of the steps in this profile.

indices of the outer and inner plastic cylinders are taken to be

ni =n; = 1.5, andnz = ns = 1.4, respectively. The choice of

In an earlier work [27], we described a simple algorithm
for generating this index profile from measured data, based
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Fig. 6. a Impulse response of the sample derived
from the waveforms of Figs. 5a and 5b, using
E a procedure outlined in the texd.Refractive index
profile derived froma, using the method of [27].
¢ Refractive index profile derived directly from
the data of Fig. 5b, using the stabilized numerical

40
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T approach described in the text. The deconvolved
impulse response ad wasnot used in calculating
curvec
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on an iterative application of the Fresnel coefficients. This altem is used in the analysis. The deconvolved result is then de-
gorithm was only an approximate result, as it neglected bothoised using a wavelet thresholding with Haar wavelets [36].
absorptive and dispersive effects, as well as the finite band- The result of this procedure, in which the average value of
width of the THz pulse. It provided an average refractive n(w) is displayed for each of the layers, is shown in Fig. 6c.
index in each step, where the average was over all frequencigébese values also take into account the geometrical factor
within the bandwidth of the pulse. described above, since the measured reflected fields are all
One would ideally like to include absorption and disper-proportional to this factor. This index profile is evidently far
sion in such an algorithm, as well as a method for extractingnore realistic than the one derived using the earlier approach
thefrequency-dependeimidexn(w) of each layer, rather than (Fig. 6b), and the index values for the plastic layers are rea-
simply an average index. Also, a more numerically stable apsonable. Presently, we are working on improving the accu-
proach is required. This can be illustrated by applying theacy and stability of the procedure, in part by modifying the
simple algorithm of [27] to the data of Fig. 5b. To do so, oneprocessing to include the possibility of a non-zero absorp-
must first deconvolve the bipolar response characteristic dfon coefficient. Ifa(w) is not negligible, then the index at
theTHz pulses, using Fig. 5a as a reference. The result of thisach interface is no longer an analytic function of the win-
deconvolution represents the impulse response of the layereldwed, deconvolved pulses, and further numerical processing
medium, and ideally consists of a series of delta functionss required [37]. Even with this additional complication, the
of varying height and polarity. However, due to the ring- denoising threshold parameter is essentially the only aspect of
ing which follows the main transient, mentioned above, thighe analysis that requires “tweaking” on a case-by-case basis.
deconvolution procedure is somewhat complicated. It is neSo, the procedure holds great promise for implementation in
cessary to implement a wavelet-based denoising on both theereal-time processing package.
signal and the reference prior to the deconvolution, a pro-
cedure which is well suited for time-domain signals of this
type [34]. The result is again wavelet filtered to remove low-3.2 Tissue burn reflectometry
amplitude noise and a low-frequency background. This fi-
nal deconvolved waveform is shown in Fig. 6a. This appear¥he techniques described above are applicable to situations
to be a reasonable approximation to the ideal impulse rexvhere the sample under study consists of a number of dis-
sponse function, and one might anticipate that the algorithrarete, relatively well separated dielectric layers. Another pos-
of [27] might be sufficient to extract a useful index profile. sible use ofTHz reflection imaging is in the area of biomed-
However, the extended wings and ringing which appear oital diagnostics, where the samples may only consist of one
either side of each of the eight spikes lead to severe prolveflecting surface, but with far more complex morphology. An
lems. The index profile derived in this fashion is shown inexample of an application in this area is the study of surface
Fig. 6b, highlighting the numerical instability of this sim- or near-surface skin properties, such as in the diagnosis of
ple approach. burn depth and severity. A reliable non-invasive probe of burn
In order to deal with this difficulty, we have developed depth would be of great value to clinicians, who currently
a more numerically stable approach, which is also far mor&ave no such technology. The application of optical probes to
amenable to incorporation into an automated routine. Thighis problem has been an active research area recently [38].
approach does not make use of the deconvolution procedure Here, we present preliminary data using chicken breast as
mentioned above, and therefore does not require the interma-model tissue system. The tissue is burned using an argon
diate step illustrated in Fig. 6a. Instead, we first use a peaken laser, producing a series of circular burns of increasing
picking routine to identify the interfaces directly from the severity. Figure 7 shows a terahertz reflection image of one
reflected time-domain waveform (i.e., Fig. 5b). Thus, the in-
terfaces are necessarily abrupt, an immediate improvement
over the earlier technique. Then, using the Fresnel coeff 3
cients, the refractive index on one side of the interface i
related to the index on the other side. Given the index of the
initial layer (air), one can iterate through the waveform anc
solve for each layer’s index successively. Thisinvolvesawin’z 2
dowed Fourier transform of the particular pulse in questiong
followed by a deconvolution of the input pulse. This gives the
full frequency-dependent index of each layer, assuming th.S
the absorption coefficient(w) is negligible. =
The deconvolution of the input pulse is not simply a ratio
in the Fourier domain, as in Fig. 6a, above. Rather, it is nece:
sary to first ensure that the denominator in this ratio is stabl
and causal and thus invertible with a stable causal filter. W ()

m

1

I

use a cepstral analysis [35] to decompose the original syste 0 1 b
into two components. The first is minimum phase (having all
transfer function zeros inside the unit circle of thransform Position (cm)

pIane [35]) and thus is both stable and causal when in\/erteuig 7. THz reflection image of a circular burned region on a tissue sam
The S.econd IS allpass (h‘.i"'”g a transfer function with ﬂa.gle (chicken breast). The false color scale corresponds to the reflEeizd
magnitude response) and is neither stable nor causal when inpiitude in the frequency ran@es—1.0 THz. Darker shadesndicate less

verted. Only the magnitude-equivalent minimum-phase syseflected radiation
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Fig. 7. The waveforms at either end of the series are both reflected fror._a 4 Py |
undamaged tissue, and are thus nearly equivalent to one another. The c & [ ]
tral waveform thick ling) is reflected from the center of the burned region, Z °
and is strongly distorted by the damage-induced changes in the tiddde’'s < -6+ 4
optical properties _ o
-8 4
1 L4 ®
such burn; here, the reflect@tiz energy is displayed in gray 10+ 92— . , . - .
scale, with the center of the burn reflecting the least. Figure 02 0.4 0.6 08 L0
shows a series of waveforms obtained by translating the sar Frequency (THz)

ple relative to theTHz spot, in250-um steps. The central Fig. 9a,b. A comparison of the differences mamplitude and phase be-
waveformEgen(t) (thick line) was reflected off of the center tween the central and end waveforms in Fig. 8. In both casessdfie
of the burn, while the waveforms at either end of the serie§ircles representceny/ Eenas, and theopen squaresepresentEendz/ Eend .
(Eeras and Exno) originated from reflections off of undam- fere Eeen s e cenel ik ing wevelom o Fi. & conesporcing
aged tissue on either side of the burn. The distortions imposefinm respectively
upon Eceny, relative toEgng1 and Eengz, reflect the modifica-
tions in theTHz optical properties of the tissue as a result of
the burn. pulses barely exceedddrHz As a result, the average wave-
We may analyze the waveform distortions by compariength of the radiation is larger than in the cases shown in
ing Ecent to Eeng1 in the frequency domain. Figure 9 shows Figs. 2 and 3. Consequently, the spatial resolution is lower,
this comparison in both amplitude and phase. For referencenly 0.5 mm In the images presented above, this resolution
the two end waveforms are compared to each other as welk sufficient to show all of the important features in the im-
In Fig. 9a, it is clear thatEceny/ Eeng1l IS substantially less ages, but other applications may require higher resolution.
than one, and decreases with increasing frequency. This e©®ne route for improving the spatial resolution is near-field
plains the relatively restricted bandwidth of this measureimaging [40].
ment; abovel THz, the waveform reflected from the burnis ~ According to Abbe’s law the spatial resolution that can
attenuated to below the noise limit. Figure 9b shows that thbe achieved when imaging with electromagnetic waves is
relative phase of the two waveforms is also modified by thdimited by the wavelength of the employed radiation. Of
properties of the burned tissue, at least be®WTHz The  course, since the wavelength varies by more than one order
reasons for these modificationsmfv) anda(w) remain un-  of magnitude over the bandwidth of thEHz pulses, the
clear, although they cannot be attributed solely to changes iresolution in T-ray imaging depends on the spectral range
surface water content [39]. A number of chemical and morover which the integration is performed to obtain a pixel.
phological modifications occur when tissue is burned, an®ne obvious way to improve the resolution is to form the
any one or a combination of several factors could be resporimage based on the information contained in the highest
sible. The fact that distinct, frequency-dependent effects afeequency components of the measured waveforms. This
observable is an encouraging indication of the potential valuean be accomplished using the signal processing hard-
of this technology. ware mentioned above. For each pixel, a waveform is ac-
quired, an FFT is performed, and the high-frequency por-
tion of the resulting amplitude spectrum is integrated. The
4 THz near-field imaging ultimate limitation of this technique lies in the exponen-
tially decreasing signal amplitude at high frequencies, lead-
In forming the images shown in Fig. 4 above, larg@qum) ing to a trade-off between spatial resolution and signal-
THz antennas were used, so the spectral bandwidth of the-noise. For theTHz imaging setup described above, this
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has so far limited the resolution to abdu25 mm[16], as L - T
in Fig. 3b. I b ‘ ondard set-

In the following we show that the spatial resolution of AN S e b THy
the imaging setup can be considerably enhanced by applyir I S S 1.5-2.0 THz
the concepts of near-field microscopy [41, 42]. The basic ide Lo | ’ o with near-field tip
is to insert a near-field tip into the intermediate focus of the~ 05-11THz | |
imaging setup [40]. Essentially, the tip represents an apertu’s :
with a diameter that is smaller than the diffraction-limitedg ;
beam walist. & A :

In these experiments, the tips were produced by electrc z o5 !
plating severamm of Cr/Ni onto sharp aluminum tips. After !
pulling the aluminum tip out of the resultir@r/Ni cone, the !
cone is polished from its tip side until breakthrough. This N !
produces a funnel-likeCr/Ni cone which has an entrance : N
aperture larger than the diameter of the intermediate foc. 00p ., . . | ., , . | MA
and a near-field aperture of typicallOum or less. This tip -1.0 -0.5 0.5 1.0

is positioned in the intermediate focus, with the small aper
ture poin_ting toyvards the receiver antenna. Samples are th%p 11. Trav line-scans over a razor blade with near field ol lin
moved d'_reCtIy in fr_ont Qf the near-field aperture. . angd after rae)rlnov(ianchlhesti?)d(ztsﬁeda a?]dbd%?tid Iitn)as‘?'ﬁe hf)r?zgﬁtgl Iini)s

The first near-field image that has been taken is ShoWghow the10%-90% rise of the signals
in Fig. 10a. The dark rectangular shape in the middle shows
the two contact pads of a broken silicon-on-sapphire antenna.

Together they have a size of 0.5 0 mm The small gap drop in THz amplitude as a function of the position of the
between the pads and the striplines connecting to the dipoldade. These data are extracted by integrating the transmit-
are still too small to be resolved. The vertical structures tded waveform from 0.5 td.1 THz, a region with a (weighted)
the left and right represent the edges of the sapphire sulmean wavelength of 390pum. These data show a rise from
strate. The enhanced resolution of fiéz near-field image 10% to 90% within about200pum. This value corresponds
becomes obvious when compared with a conventional trange twice the aperture diameter d800um. For an integration
mission image. In this image (Fig. 10b), the contact pads areetween 1.1 an@.0 THz, the 10%-90% distance drops to
much less well resolved. 140um [43]. For comparison we remove the tip and slide

To demonstrate the enhanced resolution more quantitéhe razor blade through the empty focus. Two resulting line-
tively, a razor blade is translated across the beam profile, iscans for integration betwe@v5-1.0 THzand1.5-2.0 THz
front of the near-field tip. The solid line in Fig. 11 shows theare shown as dashed and dotted lines, respectively. Although
the average wavelength in these scans is substantially lower,
the 10%—-90% distance is larger tha&200m for both curves.
Moreover, both line-scans do not represent simple step func-
tions but show an “overshoot” for negative positions of the
razor blade. We attribute this additional feature to diffraction
of theTHz radiation at an edge. The introduction of the near-
field cone leads to a considerable reduction of the detected
THzamplitude. Yet, since we detect here the electric field am-
plitude and not the radiation intensity, the signal reduction is
not so severe as one would encounter in the equivalent opti-
cal near-field imaging experiment. The resulting signal is still
large enough for forming images.

Figure 12a shows @Hz waveform transmitted through
the tip in comparison with a reference waveform taken after
removing the tip. The transmitted waveform has been mag-
nified seventy-fold to roughly match the amplitude of the
reference waveform. The signal decrease by a factor of 70 ob-
served here corresponds to an intensity droj 6000, which
is a typical value for optical near-field microscopy [41, 42].
Smaller near-field apertures lead to a further lowering of the
THz amplitude. For an elliptical aperture 560 x 80 um, we
: find a signal reduction by a factor of 130 [40].

6% 59 a& b A close comparison of the transmitted waveform with
X (mm) t_he refe_rence reveals an additional effect of the near-field

tip. Obviously the transmitted waveform shows much faster
Fig. 10a,b. THz-images of two adjacent gold contact pads of a photocon-3nd more pronounced oscillations. This indicates that the

ductive antenna structure. near-field image using &00-um aperture as & e . .
described in the texty) standard T-ray transmission image. The use of theN€ar field cone acts as a high-pass filter. The filter effect

aperture dramatically enhances the spatial resolution of the imaging, permi@fiSes from the_ fact that the high-frequentiiz radiation
ting a much clearer resolution of the sample focuses more tightly than the lower frequency components.

Position (mm)

0.0 L——
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acts with the sample before it has had time to diffract. Wynne
and co-workers [45] have taken advantage of this to image
a metallic test pattern deposited onzamTe crystal used for
electro-opticTHz generation, and Hunsche et al. [46] mapped
out the extension of the near field of a photoconductive dipole
antenna.

In this regard one should also mention the early work by
Keilmann and co-workers who focused the radiation of a cw
methanol laser into a similar near-field tip to spatially resolve
the photoconductivity of a two-dimensional electron gas [47].
Yet, they did not take full images but determined the photo-
conductivity only at discrete spots on the sample. They also
introduced tips of coaxial design which avoid the cutoff ef-
fect and allow for higher transmission. Furthermore Davidov
et al. [48] used a specially designed resonant slit antenna for
non-contact imaging with millimeter-waves. These antennas
gave, however, a good resolution only in one dimension, mak-

Electric field (arb. units)

0 2 4 6 8 10

0.1

Spectral Amplitude (arb. units)

0.01

21 3 yaanl

s

~——o

\\\ 200 pm aperture

d 400 pm aperture

No aperture

ing multiple scans along various direction and numerical data
analysis inevitable.

5 Conclusions

We have described two important enhancements to the “T-
ray” imaging system. The firsfTHz tomography, will be
importantin the eventual commercialization of thidz imag-
ing technology, since the system will probably be configured

for a reflection geometry. As the speed of waveform acqui-
sition increases, it will become more challenging to rapidly
analyze these data for image formation. The development of
Fig. 12. aTHz waveform transmitted through the near-field tgol{d line ~ robust and reliable signal processing tools will be a necessary
and reference wavefornd@shed ling taken without the tip. The pulse re- step in addressing this challenge_ The results reported here
shaping is a result of the' high-pass filtering effect of the tip. The vyavefornuemonstrate that it is possible to combine tomographic imag-
transmitted through the tip has been scaled by a factor o Rormalized . - . . . P -

spectra ofTHz waveforms transmitted through metal pinholes, with diam- Ing with spectroscopic a”a'}’s'_s- Th's pO_SSIblllty epr0|ts _the
eters as labeled in the figure. These spectra are plotted on a log scale. L&Woadband nature of the radiation in two important ways: first,
frequencies are strongly attenuated as the aperture size decreases the short coherence length permits high-resolution tomogra-
phy, and second, the spectroscopic information contained in

: ._the reflected pulses can be used for materials identification or
As aresult, these high-frequency components are more likelyaracterization. The coherent nature of Tz radiation is

to transmit through a small aperture and reach the detectgfg,, key, as it would not otherwise be possible to detect it with
without substantial diffraction losses. These effects can b%n unshielded room-temperature detector.
observed in transmission through simple apertures as well. g application of optical near-field techniques toThéz
Figure 12b shows the normalized spectraléfz pulses on  imaging system is a nice example of the scale-invariance of
alog scale, demonstrating the high-pass filtering of the r""d!aE/\axwell’s equations. Aperture transmission and diffraction
tion. Similar pulse reshaping effects have been reported wit§,o phenomena which can be understood equally well, re-
slitfilters [44]. _ ardless of the wavelength of the radiation involved. As such,
Near-field imaging techniques generally rely on the factne results described here show improvements in spatial reso-
that the characteristic diffraction pattern of radiation transmity tion which are consistent with those achieved with similar
ted through a small aperture develops only after a distanc@chniques in the visible region of the spectrum. Because of
comparable to the wavelength of the radiation. In Tz he high spatial coherence of the collimatBdz beam, this
range this implies that samples for near-field imaging must bey stem produces the best spatial resolution of any far-infrared
thinner than a few hundred microns, and must be placed iy a4ing technique. This could be important in a number of
close proximity to the near-field tip. Although these require-, 655 such as the application of T-ray imaging to the study of
ments are not as stringent as the analogous situation in Opt'clﬁblogical systems [49].
near-field imaging, they are nonetheless important considera- The \work reported here represents only a small portion of
tions which might preclude the use of near-field techniques ig, o rapid progress that has occurred in this field during the

some applications. _ , last few years. This ultrafast pace holds great promise for both
Meanwhile two alternative approaches fidfiz near-field  ocearch and commercial applications.

imaging have been explored, both based on the idea that the
THz emission pointis itself much smaller than thez wave- AcknowledgementsiVe would like to acknowledge the contributions of

length. One can take ad\(antage of this fact by plac.ing th&tefan Hunsche, Igal Brener and Martin C. Nuss of Bell Laboratories, Lu-
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