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Generation of tunable far-infrared radiation by the interaction of a
superluminous ionizing front with an electrically biased photoconductor
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Tunable radiation in the 0.1 THz to a few THz range by the interaction of a superluminous
photoconducting front with an electrostatic “frozen-wave” configuration in a semiconductor is
reported. The interaction converts the energy contained in the “frozen wave” into far-infrared
radiation, whose frequency depends on the energy in the laser pulse creating the superluminous
front and the wavelength of the static wave. 1®99 American Institute of Physics.
[S0003-695(199)01812-4

The THz far-infrared radiatiofFIR) region of the elec- volume and the generated wavelength consistent with a num-
tromagnetic spectrum has unique utility in characterizingber of the frozen waves involved in the interaction. Primary
electronic, vibrational, and compositional properties of sol-control of the radiation frequency is adjusting the plasma
ids, liquids, gases, flames, and flol’sThe availability of  frequency, which is a linear function of the energy in the
femtosecond lasers has recently led to the development ddser pulse. The radiation bandwidth is a function of the
new types of THz sources based on the principle of dc to aoumber of frozen waves contained in the photoconductor.
conversion. Powerful, broadband THz radiation was gener- The experimental configuration is shown in Fig. 1. It has
ated by the incidence of 100 fs laser pulses on large apertutaree components. The electrically biased ZnSe photocon-
monotonically biased photoconductors, such as GaAs. ductor radiating structure, a Ti—sapphire 100 fs laser, and a
The broadband radiation pattern generated by this techniquadiation detector. The carrier generation involves two pho-
has very little gain and its center frequency is controlled onlytons and the absorption depth is intensity dependent. This
by the laser pulse length and the relaxation properties of thallows for deeper penetration of the laser radiation and cre-
carriers. Two physical mechanisms have been advanced asion of a large volume of carriers resulting in a volume
the source of the radiation: photoconducfidrand optical  interaction of the front with the bias rather than the surface
rectification>* In the former case, the physics underlying theinteraction occurring in the large aperture antennas we re-
process involves transfer of the stored electrostatic energy tierred to previously.
radiation through interaction of the laser with the surface of  The crystal was placed between the two thin glass plates
the photoconductors. In the latter case, part of the laser enwith a multiple electrode structure made by deposition of an
ergy is converted to radiation through the interaction with theAl structure on the plates. The capacitor plates were 3 mm by
electro-optic crystal. 10 mm, separated by a distance of 3 mm. Thus, the initial

Generation of short bursts of radiation in the lower- static-wave wavelength was centered at 9 mm. The capacitor
frequency range between 5 and 20 GHz was recentlplates were extended over the crystal to create a uniform
reportec® The interaction of the subluminous front with the
frozen wave resulted in the emission of an upshifted radia-
tion. The process closely parallels the well-studied process of
the Doppler frequency upshift by the interaction of a moving
relativistic ionization front with an impinging electromag-
netic wave’®

In this letter we present a proof-of-principle experiment
of a radiation process whose underlying physics combines
elements of the approaches described previously. This is ac-
complished by using the volume rather than the surface in-
teraction between the laser and the charged photoconducting
configuration and generation of the transient radiation inside

Laser pulse
1mlJ, 100fsec, 0.8um

a plasma rather than in free space. These require that the QQJ/

emitted radiation frequency is consistent with the dispersion Capacitor Array g Detector
properties of the plasma generated in the photoconductor a*

¥Electronic mail: zigler@vms.huji.ac.il FIG. 1. Schematic diagram of the experimental setup.
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By a careful examination of Figs(® and Zb), the col-
9T E=o7m) lective nature of the interaction and the analogy with the
w| (D) 1 frozen-wave generator becomes apparent. It can be seen that
the first half-cycle peak of the emitted wave form is much
200 |- . .
narrower and sharper then the following peak. A possible
explanation of this effect can be that, in the time-domain
scan each half cycle can be considered as the footprint of one
of the capacitors, where the first one to be measured in free
space is the last one to be generated. The radiation created by
200 | the last capacitor is less affected by the plasma and by de-
structive interference, since it is radiated almost directly in
) ' o5 20 Te 20 free space. The following half cycles of radiation were origi-
Delay Time [psec] nally generated deeper inside the plasma and effected more
FIG. 2. Measured signals for laser energy@f0.1 mJ andb) 0.7 mJ. The by the p'as'.“a presence and .th.e interference bewv?en SOurces.
insets show the power spectrum of the corresponding signals. Their contribution to the radiation measured outside cannot
be considered as purely generated by one capacitor alone but
field inside the crystal. The capacitors were alternately biiS a result of the interference among the sources.
ased with a voltage of 50 V to form a frozen-wave configu- A plot of the measured frequency as a function of the
ration. laser pulse energy in the range between 0.1 and 1 mJ is
The THz radiation was generated by Sweeping a 100 f§hOWn in Flg 3. The eXperimental pOintS were derived fol-
laser pulse at an oblique angle of incidence on the crystal. Aowing the procedure outlined above. It is clear that the fre-
Ti:sapphire laser Operating at O/BW&VG'GI’]gth, whose en- quency of the radiation scales Iinearly with the energy in the
ergy was limited to 2 mJ, and with a repetition rate 10 Hzlaser pulse. As will be discussed later, the carrier density
was used. The wave form of the radiated electric field waglenerated, or equivalently, the plasma frequency, is propor-
measured using the standard pump and probe techhigue. tional to the pulse energy.
gated planar dipole antenna monitored the amplitude of the In interpreting and scaling the above results it is instruc-
radiated electric field. The antenna was constructed on Hve to refer to the traditional frozen-wave generator
heavily ion-implanted silicon layer on a sapphire substrategoncept:" Such a device consists of segments of transmis-
resulting in a subpicosecond temporal respdfisehis an- ~ sion line sections with one-way transit times equal to the
tenna was driven by the radiation from the capacitor arraylesired microwave half period arranged in series or parallel
and gated at different delay times by Varying the Optica| de.and connected with optically activated switches. The sec-
lay between the pump and probe laser pulses. The amplitud¥ns are charged alternatively positive and negative to form
of the induced, time-dependent voltage across the gap wasdc “frozen wave.” Radiation is produced when the opti-
determined by measuring the average current produced in tr@”y controlled switches are activated simultaneously. The
antenna circuit using a gated boxcar integrator_ The maxicritical differences in the phySiCS Contl’olling our device and
mum frequency response of the Configuration was approxithe traditional frozen-wave generator, is that the Shorting of
mately 2 THz, dictated by the carrier lifetime ef 0.5 ps.  the capacitor array is sequential, however, the resultant ra-
The profile of the radiation electric field was determined bydiation propagates inside the plasma which is generated at
monitoring the average current versus the time delay besuperluminous speeds. This has profound consequences
tween the pump laser beam and the probe laser beam.  since the frequency is upshifted to satisfy the appropriate
Two measured temporal scans of the emitted radiatioflispersion relation and phase-matching conditions. Follow-
electric field at different laser energies are shown in Figsing Lampe, Ott, and Walker it can be shown the generated
2(a) and 2b). The scan represents the measured signal interave must satisfy
sity versus the delay between the pump and the probe laser
pulse. The insets show the power spectrum of the corre- w
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where 8=1/sin6, ko= 7/d whered is the distance between the bandwidth is controlled by the number of capacitéizo
the capacitorsg is the incidence angle of the laserjs the that Aw/w=1/N. Besides using longer lengths, the band-
dielectric constant of the semiconducter, the plasma fre- width can be significantly decreased by implementing phased
quency, andy the phenomenological dephasing rate.is array concepts.
easy to see that in the absence of plasma,dg=0 (or w We have presented a proof-of-principle experiment of a
>w.), EQ. (1) reduces to the frozen generator one. Howeverradiation concept that can generate tunable, “narrowband”
for kocB<w Eq. (1) becomesw(w—iy)=w2eB%(eB?  generation spanning the range of 100 GHz to the FIR. The
—1). ltis clear that forw,> y ande?> 1, conditions easily use of photoconductors provides several advantages: the high
fulfilled in our experiment, the emitted frequeneyis near  breakdown threshold allows significant energy storage that
the plasma frequency and proportionalfo, wherenis the  may be converted to a substantial radiated power. The small
carrier density. The value ofis, of course, a function of the energy band gap reduces the required ionization energy. Fi-
laser energy per puldg It is easy to see that for two-photon nally, the short recombination time allows a high repetition
absorption, since the absorption lengthdd ™, wherel is  rate. The concept is fully scalable and has the potential for
the laser intensity and the two-photon absorption coeffi- providing powerful, tunable sources in a frequency range
cient, the average density is given by «E?/hvS?7, where  valuable for many spectroscopic applications.
h is the Planck constany; is the laser frequencys is the
lluminated arez.i of the CryStaI’. andthe laser pulse Ien_gth. 'D. Grischkowsky, S. Keiding, M. van Exter, and Ch. Fattinger, J. Opt.
Therefore, we find that the emltted frequ_ency scales linearly g .~ A B7, 2066(1990_ ’ ’ ’
with the laser pulse energy, consistent with the results showng, |. Greene, P. N. Saeta, D. R. Dykaar, S. Schmitt-Rink, and S. L.
in Fig. 3. Chuang, IEEE J. Quantum ElectralQE-28, 2302(1993. '
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