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Tunable Few-Cycle and Multicycle Coherent Terahertz Radiation from Relativistic Electrons
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We report the generation of tunable, narrow-band, few-cycle and multicycle coherent terahertz (THz)
pulses from a temporally modulated relativistic electron beam. We demonstrate that the frequency of the
THz radiation and the number of the oscillation cycles of the THz electric field can be tuned by changing
the modulation period of the electron beam through a temporally shaped photocathode drive laser. The
central frequency of the THz spectrum is tunable from ~0.26 to 2.6 THz with a bandwidth of ~0.16 THz.
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There is a growing interest in generating terahertz (THz)
radiation for both scientific and technological applications.
Intense single-cycle THz radiation from relativistic elec-
trons has been demonstrated using linear accelerators
[1-3]. The peak electric fields associated with these ultra-
short electromagnetic pulses can exceed 107 V/m, which
offers the possibility to investigate novel ultrafast and
nonlinear phenomena in the far-infrared frequency regime.
A major obstacle to the wide application of accelerator-
based THz sources is the lack of frequency tunability. This
comes from the fact that the THz radiation is generated
from a single electron bunch of ~1 ps duration, which
results in a single-cycle THz pulse with a broadband
spectrum. Tunable THz radiation with a narrow spectral
line width is of great interest for molecular spectroscopy,
remote sensing, and imaging. A variety of techniques have
been developed and applied to laser-based table-top THz
sources to generate tunable THz radiation from photocon-
ductive antennas and nonlinear media [4-7]. Recently,
tunable THz radiation has also been produced from the
laser-modulated electron bunches in a storage ring. An
adjustable sinusoidal intensity modulation is applied to
the laser that, in turn, interacts with relativistic electrons
in a modulator to produce a corresponding density modu-
lation on a submillimeter scale. Coherent THz radiation is
then produced as synchrotron radiation from a dipole
bending magnet [8,9]. To generate tunable THz pulses
from linear electron accelerators, several approaches
have been proposed but remained unexplored [10-14]. In
this letter, we demonstrate for the first time that, by using a
temporally shaped photocathode drive laser pulse, it is
possible to control and manipulate the longitudinal charge
distribution of a relativistic electron beam, and thereby
generate tunable, narrow-band, few-cycle and multicycle
coherent THz radiation. The result further widens the
potential of existing accelerator facilities as sources of
THz radiation.

The THz source presented in this paper is developed at
the Source Development Laboratory (SDL) [15] at
Brookhaven National Laboratory, and a schematic diagram
is shown in Fig. 1. A magnesium photocathode in a
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radio-frequency photoinjector is illuminated by a fre-
quency tripled Ti:sapphire laser amplifier at 265 nm to
produce photoelectrons with a 2.5 Hz repetition rate. The
~100 fs, 265 nm pulse is temporally stretched and chirped
using a pair of parallel diffraction gratings to ~6 ps
(FWHM), so that its instantaneous carrier frequency is
linearly swept in time across the pulse duration. The
chirped 265 nm laser pulse is split into two pulses by a
50/50 beam splitter (BS), and one pulse is delayed by a
variable interval 7 with respect to the other. The two
chirped pulses are then recombined. Consider a linearly
chirped optical pulse with a Gaussian envelope and a
quadratic temporal phase, which has an electric field,
E(t) = Eyexp(—at®) exp(i(wot + bt?)), where E, is the
amplitude, w( is the carrier frequency, \/L& is the pulse
duration, and b is the chirp rate. The superposition of
this chirped pulse with its time-shifted replica leads to an
output pulse [4]

I, 7)=|E@)+ Et+n?=10)+ It + 7)
+ 2VI0)I(t + 7)cos(wor + b7> + 2b7t). (1)

The time difference between these two pulses produces a
beat frequency, u = 2br, that is directly proportional to
the time delay 7 and the frequency chirp rate b. Therefore,
the resultant output pulse has a Gaussian envelope modu-
lated by a cosine function with a center frequency of 257,
which can be easily tuned by varying the time delay or the
frequency chirp of the input pulses. Figure 2 shows the
cross-correlation measurements of the temporal profiles of
the photocathode drive laser pulses for different time de-
lays. The modulation periods for Figs. 2(a)-2(d) are ~5.0,
3.36, 1.38, and 0.6 ps, corresponding to beat frequencies of
0.2, 0.31, 0.73, and 1.67 THz.

Since the photoelectron emission from the cathode is
prompt with respect to the laser light, the longitudinal
distribution of the electron bunch is primarily determined
by the temporal characteristics of the laser pulse. The
electron bunch generated from the 5 MeV photocathode
has an energy chirp. The electrons at the bunch tail receive
a higher energy gain and move faster than those at the head,
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FIG. 1 (color).

leading to compression of the electron bunch [16,17]. The
electron bunch length and longitudinal profile are mea-
sured by the zero-phasing technique [18], in which a
time correlated energy chirp is imposed on the bunch by
passing it through an accelerator cavity on the zero cross-
ing of the applied rf voltage (i.e., without net acceleration).
The bunch is then dispersed by a dipole magnet, which is
located after the last section of the linac, so that the differ-
ent time slices of the electron bunch are projected onto a
scintillating screen at different horizontal positions, and
thus the longitudinal profile of electron bunch is trans-
formed into a transverse profile. The compression factor
is measured to be ~1.3 for a ~100 pC bunch. The elec-
trons are then accelerated to the relativistic energy of
~120 MeV in two linac sections. The rf phase in the linac
L1 is set to 15° off crest to remove the energy chirp, while
the linac L2 is tuned for maximum acceleration. The
electron beam longitudinal measurements are made for
the different laser profiles shown in Fig. 2. The top row
of Fig. 3 shows the corresponding longitudinal distribution
for the temporally modulated electron bunches traveling
down the linac. Projection of this distribution onto the
longitudinal coordinate gives the electron density distribu-
tion, as shown in the bottom row of Fig. 3. Because of the
bunch compression, the modulation frequency of the elec-
tron bunch is ~1.3 times higher than that of the laser pulse.
Space-charge effects play a fundamental role in preserva-
tion of the temporal structure of the electron bunch.
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Schematic of a linac-based light source for tunable THz generation and characterization.

Although higher charge per bunch is desired for strong
THz radiation; the charge that can be contained in a short
bunch is limited by the space-charge force. At low charge,
the space-charge effect is minimized by the rapid accel-
eration of the electron bunch to a relativistic energy, and
the temporal structure of the electron bunch can be main-
tained through the acceleration. As shown in Fig. 3, with
~100 pC charge, the modulation frequency of the electron
bunch can be as high as ~2.6 THz, corresponding to a
modulation period of ~385 fs. As the bunch charge or the
modulation frequency increases further, the density modu-
lation is washout because the phase space of each electron
bunch grows in both the longitudinal and energy coordi-
nates, leading to the overlap of adjacent bunches.

As shown in Fig. 1, after acceleration, the electron beam
is incident onto a 2 cm diameter aluminum mirror oriented
at 45° to the beam direction which generates transition
radiation. The radiation spectrum is given by [19]

W(w) = Wo(@)(N, + N (N, = 1)f()), 2

where Wy (w) is the energy spectrum generated by a single
electron, N, is the number of electrons, and f(w) is the
bunch form factor, which gives the radiation spectrum and
is defined as the Fourier transform of the electron temporal
distribution. For the moment, we will ignore the bunch
compression effects. Since the electron temporal distribu-
tion follows the laser intensity modulation, it can be ap-
proximated by Eq. (1). The first two terms in the equation
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FIG. 2. Temporal profiles of the photocathode drive laser pulses for different time delays.
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FIG. 3 (color).
temporally modulated electron bunch.

corresponds to the slowly varying Gaussian envelope,
which gives the dc spectral component centered at
w = 0. The cross term, S(¢) = 24/I(0I(t + 7) cos(ur +
woT + b7?), contains the sinusoidual modulation. Its
Fourier transform determines the bunch factor. Since
woT + b7’ only defines the initial phase for each delay,
it can be neglected in this analysis. For a relativistic bunch
whose transverse dimensions are small compared to the
bunch length the form factor becomes

flw) =T [ S(1) expliwdt 12

(0 — #)2),

4a )

= dexp(—at?) exp(—

which indicates coherent radiation at the modulation fre-
quency u for each delay 7, and therefore the tunable
coherent THz radiation can be obtained by using the photo-
cathode drive laser to apply a quasisinusoidal modulation
on the electron bunch at THz frequencies. From Egs. (2)

Measured longitudinal distribution (top row) and projected electron density distribution (bottom row) for a

and (3), the form factor and radiation energy will drop with
increasing the time delay and the THz frequencies.

Since the accelerating charges induce a transient current
and generate an electromagnetic field, the electric field is
related to the transient current, i(r), by E(f) = aé(tt). For
coherent radiation from a single electron bunch having a
Gaussian longitudinal distribution, the induced transient
current has a Gaussian time-dependence. The electric field
of the THz radiation follows the temporal derivative of the
current, leading to a single-cycle THz waveform, as has
been demonstrated over the past few years [1-3]. However,
by using a quasisinusoidal electron bunch, few-cycle or
multicycle THz radiation can be synthesized while the THz
frequency is tuned.

As shown in Fig. 1, the coherent THz radiation is
extracted from the accelerator vacuum pipe through a
2.5-in. diameter z-cut crystalline quartz window. The di-
vergent THz radiation is collimated by a parabolic mirror
into a parallel beam which enters a far-infrared Fourier
transform spectrometer based on a step-scan Michelson
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FIG. 4. Measured field autocorrelation of THz radiation for time delay 7 = 0.4 ps (a), 0.7 ps (b), 1.8 ps (c), and 3.6 ps (d).The spectra
of THz radiation for time delay 7=0.4ps (a), 0.7ps (b), 1.8ps (c), and 3.6ps (d).
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FIG. 5. The spectra of THz radiation for time delay 7 = 0.4 ps (a), 0.7 ps (b), 1.8 ps (c), and 3.6 ps (d).

interferometer with a 25 um Mylar beam splitter and a
helium-cooled silicon composite bolometer as detector.
The field autocorrelation of the THz radiation is recorded
by varying the time delay of one arm of the interferometer
with respect to the other. Figure 4 shows the THz interfero-
grams obtained for different laser and electron bunch
profiles shown in Figs. 2 and 3. With dc offset subtracted,
the Fourier transform of the interferogram gives the power
spectra of THz radiation, as shown in Fig. 5. The THz
radiation is narrow-band with central frequencies at ~0.26,
0.4, 1.1, and 2.6 THz, consistent with the modulation
frequency of the electron bunch. The spectral bandwidth
for different central wavelengths is ~0.16 THz, as ex-
pected for the known macropulse length. The interfero-
gram exhibits an oscillation with a period of half the
radiation wavelength, which provides a direct and accurate
self-calibration of the measurement. A train of N electron
bunches whose amplitude is quasisinusoidally modulated
results in an interferogram with 2N — 1 peaks and gives
rise to N-cycles of the electromagnetic field. Figures 4(a)
and 4(b) indicate the THz electric field consists of essen-
tially 2 and 3 oscillation cycles. Figures 4(c) and 4(d) show
the formation of multicycle THz radiation with increasing
time delay 7 between the two chirped laser pulses.

The variation of THz frequency is linearly dependent on
the time delay 7, as shown in Fig. 6. The THz energy is
measured at different frequencies using a calibrated silicon
bolometer (IR-Labs), which has a reasonably flat response
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FIG. 6. Variation of THz frequency as a function of time
delay 7.

across the spectrum of interest, and is shown in Fig. 7. The
THz pulse energy decreases with increasing radiation fre-
quency. By focusing the radiation down to a ~2 mm spot
size, the THz electric field strength is estimated to be ~3 X
10-10° V/m within the tunable frequency range of
~0.26-2.6 THz.

In summary, we have demonstrated the generation and
characterization of tunable few-cycle and multicycle co-
herent THz pulses from ultrashort relativistic electron
beams. We temporally shaped the photocathode drive laser
using a chirped-pulse beating technique to produce quasi-
sinusoidal intensity modulation at a tunable THz fre-
quency, which in turn modulated the longitudinal density
distribution of the electron bunches. By varying the time
delay between the two chirped pulses, the modulation
period of the electron bunches can be controlled. With
less than ~100 pC in an electron bunch, the temporal
structure can be maintained through the acceleration, and
few-cycle or multicycle THz pulses can be produced while
the frequency of the THz radiation can be tuned from
~0.26 to 2.6 THz with the bandwidth of ~0.16 THz.
The frequency tunability is eventually limited by the
space-charge effect. Our results have extended the capa-
bilities of existing accelerator facilities as useful sources of
THz radiation. Our study also indicates that it is possible to
tailor the THz pulses and synthesize the THz waveform by
the temporal shaping of the relativistic electron beam,
which will open up new opportunities for studying the
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FIG. 7. THz pulse energy as a function of radiation frequency.
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coherent control of physical and chemical dynamics of
advanced materials [20].
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