Time domain terahertz impulse ranging studies
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We present time domain impulse scattering measurements of freely propagating terahertz radiation
measured with subpicosecond resolution. This fast time response corresponds to a usable bandwidth
of over 1 THz. Measured scattered fields from thin wire targets agree well with the calculated
scattering for the early and late time response in both the time and frequency domains. Realistic
ranging from scale model aircraft is demonstrated. © /995 American Institute of Physics.

Freely propagating electromagnetic energy has been
used extensively to detect and identify objects at a distance.
Since the field scattered from all but the simplest of objects
cannot be exactly calculated, a wide variety of techniques
have been proposed to identify objects by the radiation scat-
tered from them.' It has been recognized since the 1950s that
the late time response to an impulse signal provides an intui-
tive and potentially simple way to identify targets.™ Impulsc
techniques have several experimental advantages over single
trequency methods for scale ranging including the elimina-
tion of interfering background signals and simultaneous ac-
quisition of many frequencies. Such advantages have led to
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several recent studies using both electronic™  and
L 69 ..

optoelectronic®™” methods to observe the response of simple

geometrical targets. All electronic methods have achieved a
bandwidth of 20 GHz (Ref. 5) while the fastest optoelec-
tronic results reported to date have a bandwidth of 140 GHz.°

In this letter we use optoelectronic techniques to gener-
ate single cycle pulses of freely propagating radiation with
tfrequency components extending beyond 1 THz, and demon-
strate ultrawide bandwidth scattering from simple geometri-
cal objects. These pulses are the best approximation to im-
pulse excitation ever used in ranging studies. The absolute
bandwidth is also larger than any other previously reported.
The relatively short wavelengths of the THz pulse permit
target features of less | mm to be observed, making this
technique ideal for scale ranging measurements since realis-
tic target to wavelength ratios can be maintained. Further-
more, the measurement window achieved by the optoelec-
tronic gating technique enables only the scattered signal
from the target to be detected, providing background free
measurements.

The optoelectronic technique used is similar to that pre-
viously employed for THz time domain spectroscopy.'” The
experimental setup is shown in Fig. 1(a). To measure scatter-
ing from objects. the system alignment is first optimized with
the flat deflecting mirrors removed from the THz beam
[dashed position in Fig. 1(a)]. The deflecting mirrors are then
inserted to direct the THz beam towards the target. The dis-
tances in Fig. [(a) are roughly to scale, but the target size has
been increased 20X for clarity. The focal length f of the
paraboloidal mirrors is 11.9 cm, the deflecting mirrors are 20

cm from the center of the paraboloidal mirrors, and the target’

is 64 cm from the deflecting mirrors. A helium neon laser
aligned coincident with the THz beam permits accurate po-
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sitioning of the targets. All THz components and associated
optics are on a breadboard 30 cm above the optical table to
avoid spurious reflections. Targets can be positioned up to
190 cm from the deflecting mirrors, limited by the size of the
airtight enclosure purged with dry air to mitigate absorption
by water vapor.

The THz beam has a Gaussian profile with a waist at the
face of the silicon lens.'" The oft-axis paraboloidal mirror.
located a focal distance f=11.9 ¢m from the surface of the
silicon lens. generates a second waist, whose diameter is pro-
portional to wavelength, a distance f beyond the mirror, as
shown in Fig. 1(a). At large distances beyond this second
waist, the divergence angle (FWHM) of the propagating THz
beam approaches 35 mrad, independent of wavelength. For
the 64 cm target distance the beam radius (1/e¢ points in
field) at 1 THz (0.3 mm wavelength) was 1.6 cm at the
target. To a good approximation frequencies above 0.5 THz
have a uniform distribution over the beam profile at the tar-
get. This well-characterized THz beam with a source to tar-
get distance of more than 1000 wavelengths at 0.5 THz of-
fers sigmficant advantages for ranging studies.

To measure the incident pulse a large flat aluminum mir-
ror was used in place of the target, permitting the response of
the receiver to be separated from the scattered field.” A typi-
cal pulse reflected tfrom the mirror is shown in Fig. 1(b) and
the corresponding amplitude spectrum, obtained by the nu-
merical Fourier transform of the time data, is shown in Fig.
1(c). The pulse has a double Gaussian shape with the posi-
tive part of the pulse having a FWHM of 0.6 ps. The ex-
tended structure following the pulse is due to residual water
vapor in the enclosure. As shown in Fig. 1(c), the measurable
frequency components of the incident pulse extended from
100 GHz to ~2 THz. The water vapor absorption is clearly
visible as sharp absorption lines in the spectrum.

To compare with the earlier, lower frequency work.® we
demonstrate THz impulse ranging with conducting cylinders
(wires) as targets. For a plane wave incident upon a conduct-
ing cylinder, the scattered field may be calculated exactly.'?
Unlike a sphere, the response of the cylinder is dependent
upon the orientation of the cylinder to the polarization of the
incident electric field, permitting different responses to be
achieved simply by rotating the target. Signal strengths are
larger for a cylinder since the scattered field has an inverse
square root dependence on the distance from the target, as
opposed to inverse distance dependence for a sphere. The
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FIG. 1. (1) Experimental setup used for THz ranging studies. (b) Pulse
incident on target, measured using a flat mirror. (¢) Amplitude spectrum of
pulse in (b) showing frequency components to 2 THz.

results presented here were obtained from bare copper wires
of 0.26. 0.51, and 1.02 mm diameter. The wire extended well
beyond the extent of the THz beam. The angle between the
incident and measured scattered wave was less than 7°. The
wire targets were located 64 cm from the centers of the de-
flecting mirrors.

Figure 2 shows the scattered pulse from a 0.51 diam
wire oriented both (a) perpendicular and (b) parallel to the
incident electric field. For the wire oriented perpendicular to
the incident field. the electric field of the THz radiation in-
duces a pulse of current on the wirc which propagates as a
creeping wave around the circumference of the wire."? After
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FIG. 2. Scattered field from 0.51 mm diam wire oriented (a) perpendicular
and (b} paralle! to the incident electric field. The data shown are an average
of 12 scans. The measured ratio [E ., { @) YIE o w)]? (dots) is plotted in (¢}
along with the calculated ratio (sohid line).

traveling fully around the wire the reradiated pulse propa-
gates back towards the detector. This reradiated pulse is iden-
tified by an arrow in Fig. 2(a). For a wire parallel to the
incident electric field the gencrated current pulse travels
along the wire, and is not seen by the detector [Fig. 2(b)}.
This intuitive picture illustrates why time domain scattering
measurements can often be more understandable than those
in the frequency domain. :

The scattered field in the frequency domain for a plane
wave incident upon an infinite perfectly conducting cylinder
may be calculated exactly for both wire orientations and is
given bylz’14

2 .
E0)=Eqd0) \/ kT TIT( B, (n
7T](()I'

where E (w) is the scattered field, Ej(w) is the incident
field, r is the distance from the scatterer to the detector. &
=24/\ is the wave vector, and T(¢) depends upon the tar-
get composition, polarization of the incident wave relative to
the wire orientation, and the angle ¢ between the incident
and scattered wave. For a perfect conductor and backscatter-
ing {(¢=0) the T terms for incident field both parallel and

perpendicular to the wire are':

%
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J, H'" are Bessel and Hankel functions respectively, with
the prime denoting the derivative with respect to koa. €,18
| for n=0 and 2 otherwise, and the wire radius is a. The
frequency and angle dependent scattering is often expressed
as a cross section, o(w) =4 T2 ky~|E @)} for fixed dis-
tance.
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FIG. 3. Response of (a) 0.26. (b)Y 0.51, and (¢) 1.02 mm diam wires oriented
perpendicular o the incident field. Measured (dots) and calculated (solid
line) results.

The scattering cross-section ratio of o, /o calculated by
a numerical summation to 7= 100 is plotted as a solid line in
Fig. 2(c). The measured scattered field. £, (w), is calculated
by applying a numerical Fourier transform to the time do-
main data in Figs. 2(a) and 2(b). The ratio |E, (w)|*/
|E ()] is equal to o /oy and is plotted as points in the
figure. normalized by a factor of 2. Oscillatory structure is
clearly visible out to 1.5 THz, with agreement between the
measured and calculated values to around 1 THz. The error
in amplitude is possibly due to angular misalignment of the
wire axis perpendicular to the plane of the incident THz
beam. or to the assumption of a pertectly polarized field. The
most signiticant source of error is the phase ditference of the
incident beam over the extent of the target due to the finite
radius of curvature of the THz phase front. This is especially
severe for the higher frequencies where the phase of the in-
cident beam varies more rapidly over the target. The phase
difference at 1 THz between the center of the beam (radius of
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FIG. 4. (a) Scattered field tfrom 1/200th scale MiG-29 aircraft model in
profile (see Ref. 15). tb) Scattered field trom model F-117A Stealth™
fighter aircraft in profile (see Ret. 15).
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curvature=78.6 cm) and the 1/e point (field) is approxi-
mately 7 radians at the target.

Given the incident pulse shape, the exact response of the
wire may also be calculated in the time domain. The scat-
tered field in the time domain E (), is calculated by inverse
Fourier transform of Eq. (1). Figure 3 shows the measured
and calculated pulse shapes in the time domain for three wire
diameters. All wires in this case are oriented perpendicular to
the incident electric field. There is good agreement between
the calculated and measured response (normalized to fit) in
all cases. The reradiated pulse due to the creeping wave (in-
dicated by arrows in Fig. 3) is delayed in time proportional
to the wire diameter. The other oscillations are due to re-
sidual water vapor in the enclosure.

To observe the response of realistic targets with a more
complex late time response, we used metal model aircraft
with target/wavelength ratios of practical interest. Two
17200th  scale model an MiG-29 Fulcrum and
F-117A Stealth,' were located 107 cm from the deflecting
mirrors and oriented in profile as shown in Fig. 4. The target
to wavelength ratio for the 1/200th scale model and the 100
GHz-2 THz frequency range correspond to measuring the
scattered field from 0.5 to 10 GHz of a full size target at 230
m distance. The time domain response for the MiG-29 has an
extensive signal after the initial specular reflection. The lack

aircraft,

of a scattered signal for the Stealth aircraft within our signal-
to-noise ratio indicates the etfectiveness of the aircraft’s ge-
ometry, designed to reflect energy away from the detector.

This work was partially supported by the National Sci-
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