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Terahertz Imaging via Electrooptic Effect

Zhiping Jiang and Xi-Cheng Zhan&enior Member, IEEE

Abstract— In this paper, we describe and discuss three
electrooptic-based terahertz imaging systems: the point scanning Laser 1 |
system, a two-dimensional charge-coupled device (CCD) system >,

and a one-dimensional spatio-temporal chirped pulse imaging
system. A complete comparison between the scanning system
and CCD systems is given. We emphasize on the CCD systems
that provide high acquisition speed by taking the unique —
advantages of parallel measurement. Possible improvements
are also discussed.
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|. INTRODUCTION Fig. 1. Schematic of the scanning terahertz imaging system.

HE accessibility of electromagnetic waves in the terahertz ; f the CCD Wi hasize th .
range has opened an avenue for scientific researchP&§©rMances o the system. We emphasize the emerging

well as practical applications. Historically, terahertz pulséQCkE':r(‘:gCD' which C(?L_”d supprers],s the n(|)|se dr_amatlgally 'E
were first generated and detected by photoconductive (FI&? system, and increase the signal-to-noise ratio to be

antennas. Using PC antennas as both the emitter and dete&Parable with the scanning system. Section VI presents a

terahertz imaging was realized by scanning the object [1], [ﬂgnclusmn.
The imaging speed is obviously limited by the scanning speed,
depending on the number of the pixels and integral time it Il. SCANNING TERAHERTZ IMAGING SYSTEM
may take (i.e., minutes or hours) to get one imaging picture, The scanning terahertz imaging system described here is
thus, it is difficult to realize real-time imaging. Howeversimilar to that described in [1], except that both the emitter and
free-space electrooptic (EO) sampling [3]-[11] provides amceiver are based on the optical rectification and EO effect,
alternative method. It has the advantages of easy alignmeat,shown in Fig. 1. The emitter is a 2-m{t10) ZnTe crystal
wide bandwidth, high sensitivity, and most importantly, thevith a silicon ball attached to it to collimate the radiation;
capability of parallel measurement. In this paper, we withe receiver is a 4-mm110 ZnTe crystal. Four parabolic
describe and compare three terahertz imaging systems basédors with the numerical aperture of 0.5 are used to focus
on EO effects and study the possible improvements for tkiee terahertz beam. The dynamic range of this system can be as
charge-coupled device (CCD) systems. Throughout this papeigh as 5x 10%, the central frequency is around 0.8-0.9 THz.
the laser used is the Coherent Ti:sapphire amplifier Red/e scanning area can be 2020 cn? with 1-;:m resolution.
9000, which produces 1-W power, 250-fs pulses, 830-nWe also placed a galvanometer controlled time-delay stage in
wavelength, and repetition rate of 250 kHz. the pump beam, which allows us to do fast temporal scanning.

This paper is arranged as follows. In Sections II-1V, thre& more detailed description can be found in [12]. Fig. 2(a)—(d)
imaging systems (the scanning system, two-dimensional (2-§jows, respectively: (a) the typical temporal waveform and (b)
CCD system and chirped pulse measurement system) asefrequency distribution, the knife edge scanning of the focal
described and typical images obtained by these systems spet gives: (c) 1.5-mm full width at half maximum (FWHM),
given. We introduce new detection geometry: crossed aadd (d) the peak stability is about 0.3%.
balanced detection for EO sampling. To have a better un-In this system, we normally use the modified detection
derstanding of the scanning system and the CCD imagiggometry for EO sampling instead of the standard balance
systems, a complete comparison is given in Section V. Hetection. Besides the balance detection, EO sampling can
Section VI, we describe some techniques that can improve tigo be done with the two crossed polarizers. For the balance

detection, it works at the linear point of the transmission curve,
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Fig. 2. (a) Typical terahertz temporal waveform and (b) its frequency
distribution. (c) Knife edge scanning of the focal spot (dashed) and it .
derivative (circle). Gaussian fitting gives 1.5-mm FWHM. (d) Stability of
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U Fig. 5. 2-D real-time terahertz imaging system via EO effect.
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A imaging system can resolve the fifth fiber, the fifth mass, and

the fourth speck group, indicating very good spatial resolution.
Fig. 3. “Crossed and balanced” detection for EO sampling. The transmission P 9 P 9 Y9 P

axis of the polarizet”2 is perpendicular to that aP1. The beamB1 alone

is the standard cross detection. Be&, which has no terahertz signal, is

used to cancel the laser fluctuation noiseBi. A variable attenuator is

used to adjust theé32 intensity. Iil. 2-D CCD IMAGING SYSTEM

Fig. 5 shows the detection portion of a free-space EO
Fig. 3. The polarization of polarizeP2 is perpendicular to :)ir?gittiznlren?r%lggi:g.sﬁi:l V:ggﬁ eft:zc E etgrit ir;a; éggrgﬁe%atsytg
that_of P1, thus, beam51 is the standard cross geometry|arge aperture photo-conductive switch triggered by the pump
Obviously, we can use another beaBt to balance. the beam. A polyethylene lens is used to form the image of the
common laser fluctuation. Here, we use attenuado adjust et onto the 110)-oriented ZnTe crystal. An optical readout
the intensity of B2 to be equal to that oB1. As B2 has no (yrone) heam with a diameter larger than that of the terahertz
terahertz signal, it helps to reduce the laser fluctuation nogage probes the electric-field distribution within the crystal
without changing the signal at all. If we get the bed i3 the Pockels effect. The 2-D terahertz field distribution in
after the EO crystal, and with the help of a compensator, Wee sensor crystal is converted into a 2-D optical intensity
can have a negative signal 2, therefore, the signal can bemodulation after the readout beam passes through a crossed
increased by a factor of two. polarizer (analyzer), the optical image is then recorded by a

To illustrate the possible applications of this system, wgigital CCD camera. Unlike the conventional EO sampling,
show a terahertz image of a mammographic phantom in Fig.where the linear optical bias is used, two polarizers with nearly
This phantom is used to evaluate the X-ray imaging systegtossed polarizations are used (nearly zero optical bias) to
It contains five nylon fibers, five masses, and five groups @icrease the modulation depth.
specks. All these structures are invisible to the naked eye. AFig. 6 shows an example of the terahertz images taken by
good X-ray imaging system can see the third speck group, tims system. This system is capable of noninvasive imaging of
fourth fiber, and the third mass. The scanning of the terahenwving objects, turbulent flows, or hidden objects [13]-[15].
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Fig. 8. Spatio-temporal terahertz imaging of a quadrupole.
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not right at the imaging plane, then we are able to observe

ceD Fig. 9.
‘% the interference of these two dipoles, and the result is shown
Fig. 7. Spatio-temporal terahertz imaging by a chirped probe pulse. in Fig. 9. We can see the interference fringes and the polarity
change alongy-axis. In the experiment, the spatio-temporal

distribution can be measured in real time. When we move the
IV. ONE-DIMENSIONAL SPATIO-TEMPORAL IMAGING terahertz lens or the emitter, we are able to observe the spatio-
fiemporal distribution dynamically on the computer screen. We
%?ve made some movies of the terahertz field while changing

alternative method is to use the chirped pulse technique, dR8 IMaging optics or moving the emitter. We should also note

8
the realization of spatial-temporal terahertz imaging is possikﬂ%at no mgchanlc movement for the temporal delay and spaual
even without the mechanic time delay [16], [L7]. Fig. 7 showi-anning is needed. Actually, we are even able to obtain the
the schematic illustration of the chirped pulse technolog{2d€ in a single-shot since every probe pulse contains the
where the frequency of the probe beam is chirped and tmormatlo_n of the whole te_raher_tz pulse. .
pulse duration is stretched by a grating pair. When the chirpe,dThe chirped pulse technique is the only possible way for

probe beam and a terahertz pulse co-propagate in the qgle shot.spatio—t.emporal' imaging of the tgrahgrtz electric
crystal, the different wavelength components of the chirp ¢ d. It will fmd apphcatpns in some extreme situations where
pulse are modulated by different portions of the terahertz pul f:on'venn(')nal techniques are not abI.e to apply. Possible
through the Pockels effect. Therefore, the terahertz wavefofal'i:}pl'Cat'OnS include the study of t_he eml'Fter breakdown, the
is encoded onto the wavelength spectrum of the probe beamg_asureme.nt of the unsynchronlzed. microwave and other
A spectrometer and a detector array (CCD) are used gsynchromzed phenomena, and nonlinear optical phenomena
measure the spectral distribution. We measured the specE 5]

distributions with and without terahertz modulation, and the
difference is proportional to the terahertz electrical field.
Fig. 8 is an example showing the spatio-temporal imaging To get a better understanding of the CCD terahertz imaging
of a quadrupole terahertz emitter, the characteristic bipolsystem, the discussion and comparison with the scanning sys-
structure for each dipole is clearly seen, and the two badlem are necessary concerning the speed, detection geometry,
to-back dipoles have different polarities. If the EO crystal isignal-to-noise ratio (SNR), sensitivity, and uniformity.

Time (pS)

Interference pattern between two back-to-back dipoles.

Although the setup in Fig. 5 has real-time imaging capab
ity, it can only obtain one image per time delay. An interestin

V. DIscUSsSION
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1) Speed:For the point scanning system, the object under 0
imaging is scanned mechanically and the speed is ultimately 0 5 10 15 0 5 10 15

limited by this mechanic scanning. The upper limit may be on Time Delay (ps) Time Delay (ps)
the order of 100 .plxels per second, no ma_tter hOW strong tEﬁ 11. Terahertz spatio-temporal distribution taken by scanning the EO
terahertz source is. For the CCD terahertz imaging system, Higtal. The gap between two electrodes is about 8 mm. (a) 5 cm from the
upper limit is the CCD frame rate in continuous wave (CWgmitter. (bf)Zf—%]f ilrjnaging plakf]le withf = 5 (EFQ (© Difffactcifn OfaCircu_laff

. . . . erture, from the bottom to the top curve (the aperture diameter varies from
detection mode, and I_aser_pulse durat|9n In Smgle'ShOt_moé 0 12 mm with 1-mm step). The top one is without aperture. (d) Spatial
Therefore, the CCD imaging system is the only applicabl&pendence (the aperture diameter is 8.5 mm).
system if the events are faster than tens of milliseconds.

2) Detection Geometryin the scanning system, terahertz . - .

. . . 5 well known, but hard to demonstrate with visible light;
is focused down onto the object to a point as small as possible ;

. . L . . eJahertz provides a easy way.
by nonimaging parabolic mirrors, and a single detector is use

. ) X . 3) SNR: In the scanning system, a lock-in amplifier is used
while scanning the object. In the CCD system, a colllmatﬁg depress the noise, therefore, the SNR is about three orders

terahertz beam is illuminated onto the object, and an 'mag'bagher than that in the CCD system where the conventional

lens is used to form the image of the object onto the E ; o o
: : ck-in amplifier cannot be used. The sensitivities of the
crystal. A large probe beam with plane wavefront is use .
' C T scanning and CCD systems are about 1 mV/m and 1 V/m,
to readout the field distribution inside the EO crystal. If the . ;
L . ) . L respectively. Note that in the CCD system, the terahertz beam
object is the emitter itself, this geometry is ideal to measuré . . .
!9: large and collimated, thus, the electric field is smaller

the spatio-temporal distribution of the emitted terahertz fie an in the scanning system. This makes the SNR even

Several examples are given in [12]. This geometry with wi v(\e/?rse. However, the measurement is parallel in the CCD

oo s e o oy et o sbefbiem, wieh llows & much onger ey me. Possie
y 9 provements are discussed in Section VI.

and scanning a small EO crystal. In this experiment, the . . . . .
. : 4) Uniformity: In the scanning system with a single detec-
CCD is replaced by one photodiode, and the probe beq , there is no uniformity problem for a 2-D imaging because

|ts IﬁcuEgj ont(t) Ithg detectqr. A:[hsmall at\pertured 'E gttach same detector is used for all the pixels. However, with a
o the crystal. By scanning the aperture an Cys@cp system, there exist several sources that could influence

perp.endicullar to the p.robe bgam, thg spatial distribut_igq e uniformity, including the profile of the laser probe beam,
obtained without changing the timing (Fig. 10). The sensitivity quality of the CCD, and the homogeneity of the EO crystal.

is much h'g_hef tha_ln that using CCD. Fig. 11 shows the SPaliPre first two can be easily corrected, but the EO crystal needs
temporal distribution of a large aperture emitter 5 cm fro%ore consideration

the e”.‘“ter [see Fig. 11(a)] an_d at th& . 2f _imaging plane The origins of the inhomogeneity of the EO crystal are
[see Fig. 11(b)]. Both the amplitude distribution and wavefro fie residue birefringence and scattering. Letbe the probe

(phase) are obtained'. We also measurgd the diffraction o &am intensityy the scatteringl’, the optical bias caused by
circular aperture. In Fig. 11(c), the on-axis terahertz Waveforme residue birefringence, ardthe phase proportional to the

is measured while changing the diameter of the aperture. Tl}é?ahertz signal, then the transmitted lighis given by the
aperture is 6.7 cm away from the emitter and the measuriﬂgmwing relation [20];

plane is 1.2 cm from the aperture. The position of the negative

peak after the main peak has the quadratic behavior to the — j, |+ sin?(Tg + )| &~ Io|n + T2 + 206 + 2], (1)
diameter of the aperture, which can be explained by the

boundary diffraction wave [19] in time domain. Fig. 11(d) The background light is given by

shows the spatio-temporal distribution at the measuring plane

when the aperture diameter is 8.5 mm. The boundary wave Iy = Iy(n+13) (2)
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Fig. 13. Schematic of the CCD system with dynamic subtraction. A Wollas-
2 (c) ton prism splits the probe beam into two beams. These two beams are nearly
identical, except for the intensities.
4
6 " 5) Resolution and Aberrationin principle, the spatial res-
8 & olutions of both the scanning system and CCD system are
- i determined by the wavelength and numerical aperture of the

2 4 6 8 10 2 4 6 8 10 imaging system. Both systems would have similar spatial
Fig. 12. Correction of the inhomogeneity of the EO crystal. (a) Teraher[?SOIl‘ltlc_)n if a similar terahertz source and numerical gperture
signalI,. (b) Background lights. (¢) Is//Ts. (d) I, /I». The uniformity of Of the imaging system are used. However, by taking the
the corrected image [Fig. 12(c)] by (5) is much better than the uncorrectgherration and SNR into consideration, it turns out that the
one [Fig. 12(a)]- scanning system has a better spatial resolution. If the point-
spread function is characterized (e.g., by using the setup in

and the terahertz signal is given by Fig. 10), it is then possible to enhance the spatial resolution
by using deconvolution in the scanning system. In the CCD
I, = (2ol +T?). (3) system, this is much harder to realize due to the inhomogene-

ity. Besides, since a large numerical aperture has to be used
Since the scattering light and the residue birefringencei” order to increase the spatial resolution, the imaging may

I', are normally dependent on the spatial position, differeﬁf’t obey.the paraxial condition; it inevitably brings aberration
EO crystal positions therefore give different background lighft© the image.

and signal. This inhomogeneity deteriorates the image quality
and needs to be corrected. It can be seen that there exists the VI. IMPROVEMENTS
following relation between the signal and background light: As discussed in Section V, the SNR of the CCD system
is lower than that of the scanning system; this is the main
N N I, drawback of the terahertz imaging by using a CCD system.
L~ 2ollo ~ 2\/%”() ) Below we will discuss several possible methods to improve
the SNR in a CCD system.
under the conditions ofy < I' and [I'| < |[o|. In the 1) Dynamic Subtraction:The major noise of the terahertz
right-hand-side term of (4), only the background lightis imaging comes from the laser intensity fluctuation, both spa-
position dependent. Therefore, the signal can be correctedtigyly and temporally. In the conventional EO sampling, the

the following equation: spatial fluctuation does not contribute to the noise because the
whole probe beam is focused onto the detectors. However,
c I, with a CCD camera, the spatial fluctuation does contribute
I 5) . . ) )
VI, to the noise. It can only be corrected if an identical reference

picture of the same probe laser beam is taken. We have studied
wherel? is the corrected signal. Equation (5) is used to correttte capability of using a reference image to suppress the
the inhomogeneity of the EO crystal. spatial and temporal fluctuation. Fig. 13 is the setup schematic.

The uniformity of the EO crystal can be mapped out byhe image is split into two nearly identical images by a

scanning the EO crystal perpendicular to the probe beaWiollaston prism. The detection configuration is the “crossed
Fig. 12(a) and (b) shows the 2-D position dependence of thad balanced” setup, as shown in Fig. 3; therefore, one beam
terahertz signal; and the background lighk,, respectively. is the signal beam and another beam is the reference. The
There is a strong similarity between these two pictures, begelarizer after the Wollaston prism is used to attenuate the
cause both inhomogeneities are dudtp Fig. 12(c) and (d) reference beam. The results are shown in Fig. 14. Fig. 14(a)
are I,/y/I, and I,/I,, respectively. Fig. 12(c) demonstrateshows two nearly identical imageg!, s split from one
much better uniformity than the original terahertz signal imagebject obtained at time; . Fig. 14(b) is the difference image
[see Fig. 12(a)] and the ratio of Fig. 12(a) over Fig. 12(b¥.'ﬁ — I’E of two successive images. Ideally, if there was no
This shows that the inhomogeneity of the EO crystal mainfuctuation, Fig. 14(b) would be all zeros. However, there do
comes from the residue birefringence and that (5) is effectiegist temporal and spatial fluctuations. The spatial fluctuation
in compensating for this inhomogeneity. is not completely random, but there exists spatial coherence.
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Fig. 14. Suppression of the laser fluctuation by real-time reference. (a) Twﬁ’ &
identical images are split by a Wollaston prism. (b) Noise picture without and 2]
(c) with correction using real-time reference. el Pl ' R N ST
0 4 8 12 0 4 8 12
Time Delay (ps) Time Delay (ps)
0.5F H © d)
1k 5 é Fig. 16. Simulation of the software CCD by one single detector. (a) Photo-
- E— S| e diode output of the probe beam; the terahertz modulation is buried in large
’g 1.5¢ — D e o B 2. laser noise in long time scale. (b) Expanded time scale. The square wave is
g e Jelavine) the chopper synchronization signal; the small sine-like curve is for the probe
b 2+ = 7 beam. Terahertz modulation is clearly seen, but there exists large drift. (c)
. Terahertz waveform measured with this simulated software lock-in with the
25F * | chopper operating at 63 Hz. (d) The same as in (c), but with the chopper
5L = operating at 1.8 kHz. In (a) and (b), the pump/probe timing is located at the

5 4 6 3 10 12 main peak of the terahertz waveform.
Time Delay (ps)

. . - . S . a high frame-rate CCD. However, a CCD with 2-kHz frame
Fig. 15. Spatio-temporal terahertz imaging of an optical rectification emitter

taken with a CCD operating in the “lock-in" mode. The horizontal lines comEAte and greater than 12-b dynamic range is not qvailablg.
from the inhomogeneity of the EO crystal. The inset is the waveform along To check the frequency dependence of the noise, a single

the solid horizontal line. detector is used to simulate the work of the CCD. The
pump beam is mechanically chopped, therefore, the terahertz
The spatial coherence is the basis for the correction beca§8&m is modulated. One photodiode is used to measure the
although the two split images look quite similar, it is not possRrobe beam that is modulated by the terahertz signal at the
ble to get two identical images. Nevertheless, one image candh®pper frequency. Both the chopper synchronization signal
a good reference of the other, thanks to the spatial cohererféed photodiode output are digitized by an A/D card and sent

Mathematically, (6) is used to correct the fluctuation to the computer. The phase detection is done in the computer.
Fig. 16 plots the simulation. Fig. 16(a) shows the photodiode
It output of the probe beam; the terahertz modulation is buried
Ip — I I% (6) in large laser noise in long time scale. With the expanded
R

time scale, the terahertz modulated probe beam is seen in the
ine function-like curve of Fig. 16(b). The drift of the probe
eam is also seen. The signal of the chopper driver is used
that the “crossed and balanced” geometry can also be use msynchronize the computer simultaneously [square wave in
the imaging system ig. 16(b)]. The terahertz signal can be extracted by proper
2) Software Lock—in CCD:The CCD can be operated in thecorrelation with the chopper signal. Fig. 16(c) and (d) shows
' jerahertz waveforms measured with this simulated software

“lock-in" fashion, i.e., it is synchronized to the chopper. Th ; . ) .
: : : . . . : ck-in detection with the chopper operating at 63 Hz and
signal image is obtained by subtracting the image without t 8 kHz, respectively. The noise level at 1.8 kHz is much

ahertz modulation from the image with terahertz modulatiof:
The SNR is improved by averaging. Fig. 15 plots the spatigfnaller than that at 63 Hz.

temporal imaging of an optical rectification emitter obtained

in the dynamic subtraction with a CCD, which has a 26-Hz VIl. - CONCLUSION

frame rate and average over 200 cycles. The SNR is greatlWWe have described three EO-based terahertz imaging sys-

enhanced. Due to thk/f property, it is highly desired to usetems. Each system has its own advantages and disadvantages.

In Fig. 14, the corrected picture [Fig. 14(c)] is indeed mor;
uniform than the uncorrected picture [Fig. 14(b)], indicatin
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A rather complete discussion has been given concerning the z. G. Lu, P. Campbell, and X.-C. Zhang, “Free-space electro-optic

main issues. We should note that while the scanning system is sampling with a high-repetition-rate regenerative amplified laggugl.
hni h . il . | Phys. Lett. vol. 71, pp. 593-595, 1997.
a mature technique, the CCD system is still at its early stages; _ " “«Conherent detection of intense freely-propagating terahertz ra-

The main problem with the CCD systems is the poor SNR. diation and its imaging applicationsJ. Chinese Inst. Elect. Engvol.

i i i i 44, no. 33, pp. 227-238, 1997.
The S_NR can be Increased b_y either mcrea_smg the SOUL&% Z. Jiang and X.-C. Zhang, “Electro-optic measurement of THz pulses
intensity or decreasing the noise level. The increase of the" with a chirped optical beamAppl. Phys. Lett.vol. 72, pp. 1945-1947,
source intensity is limited. A more powerful laser may help, ~ 1998.
but that will inevitably increase the cost and size of the systeM?l

Major efforts should be made on decreasing the noise. [18]

, “Single-spot spatial-temporal THz field imagingJpt. Lett,
vol. 23, pp. 1114-1116, 1998.
, “Chirped pulse measurement technigues of spatio-temporal
distribution,” IEEE Trans. Microwave Theory Teclig be published.
[19] M. Born and E. Wolf,Principles of Optics6th ed.. Cambridge, U.K.:
Cambridge Univ. Press, 1980, ch. 8.
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