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Generating Periodic Terahertz Structures in a Relativistic Electron Beam through
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We report generation of density modulation at terahertz (THz) frequencies in a relativistic electron
beam through laser modulation of the beam longitudinal phase space. We show that by modulating
the energy distribution of the beam with two lasers, density modulation at the difference frequency
of the two lasers can be generated after the beam passes through a chicane. In this experiment,
density modulation around 10 THz was generated by down-converting the frequencies of an 800
nm laser and a 1550 nm laser. The central frequency of the density modulation can be tuned by
varying the laser wavelengths, beam energy chirp, or momentum compaction of the chicane. This
technique can be applied to accelerator-based light sources for generation of coherent THz radiation
and marks a significant advance toward tunable narrow-band THz sources.

PACS numbers: 29.27.-a, 41.75.Ht, 42.65.Ky, 41.60.Cr

Generation of density modulation in relativistic elec-
tron beams with varying periods ranging from millime-
ters to Ångstroms is of fundamental interest in accelera-
tor physics. An x-ray free-electron laser (FEL) is an ex-
ample where the electrons are packed into micro-bunches
with equal spacing in the x-ray wavelength range from
the sustained electron-radiation interaction in a long un-
dulator [1–3]. This density modulation allows the elec-
trons to radiate in phase which leads to orders of mag-
nitude enhancement in the radiation power compared to
the spontaneous radiation, making FELs unique in pro-
viding tunable high-power short-wavelength radiation for
various areas of science [4, 5].

In the optical-to-ultraviolet wavelength region, the
classic way to introduce density modulation in an elec-
tron beam is through laser modulation [6–12]. In these
schemes, typically a laser is first used to interact with
the beam in a short undulator to generate energy mod-
ulation at the laser frequency; then the energy modula-
tion is converted into density modulation after the beam
passes through a dispersive chicane. As a result, the
beam density is modulated at both the laser frequency
and its harmonics. The density modulated beam can be
used for driving seeded FELs to generate fully coherent
radiation at high harmonic frequencies of the seed laser
[8–11], for phase-stable net acceleration in staged laser
accelerators [12, 13], and for amplifying a coherent seed
in the x-ray wavelength to generate mode-locked multi-
chromatic x-rays [14].

While the generation of density modulation at opti-
cal wavelengths through laser modulation has been ex-
tensively studied, generation of density modulation at
longer wavelengths remains largely unexplored, due to
the lack of high-power laser sources at THz wavelengths.
To meet the increasing demands of density-modulated
beams at THz frequencies (e.g. density modulated elec-
tron beams and proton beams may be used to resonantly
excite wake fields for advanced accelerators [15, 16], and
for generation of narrow-band THz radiation [17, 18]),

various alternative methods based on advanced beam
and laser manipulation techniques have been proposed
and demonstrated [15–22]. Recent studies show that it
is also possible to generate THz density modulation in
electron beams by modulating the beam energy distri-
bution with two optical lasers with different wavelengths
[23]. This scheme is analogous to the well-known dif-
ference frequency generation technique [24] which has
been widely used in the laser community for generation
of narrow-band THz radiation, with the relativistic elec-
tron beam being the nonlinear medium. In this Letter,
we report the first observation of density modulation in
an electron beam at THz frequencies generated through
down-conversion of the frequencies of two lasers. Fur-
thermore, we show that the central frequency of the den-
sity modulation can be easily tuned by varying the laser
frequencies, energy chirp of the electron beam, or mo-
mentum compaction of the chicane. We anticipate that
this demonstrated technique will have wide applications
in many accelerator-based light sources.

The principle of generating periodic THz structure in
the beam charge density by modulation with two optical
lasers is rather simple [23]. For an electron beam with
uniform density distribution, its longitudinal phase space

distribution can be written as f0(p) = N0(2π)
−1/2e−p2/2,

where N0 is the number of electrons per unit length,
p = (E − E0)/σE is the energy deviation of a parti-
cle normalized to the intrinsic beam energy spread σE ,
and E0 is the average beam energy. After interact-
ing with two lasers with wave numbers k1 and k2 in
two modulators, the beam energy is modulated with
the amplitude ∆E1 and ∆E2, and the final energy de-
viation p′ is related to the initial deviation p by the
equation p′ = p + A1 sin(k1z) + A2 sin(k2z + φ), where
A1,2 = ∆E1,2/σE is the dimensionless energy modula-
tion in the first and second modulator, z is the longitu-
dinal coordinate in the beam, and φ is the relative phase
difference between the two lasers. After further passing
through a chicane with momentum compaction R56, in
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FIG. 1: Schematic layout of the beamline for generation of THz density modulation in a relativistic electron beam through
laser modulation at SLAC’s NLCTA [25, 26].

general the beam density distribution will consist of mod-
ulations at the wave number kn,m = nk1 +mk2, where n
and m are integers. It is straightforward to see that with
n = 1 and m = −1 (or vice versa), a density modula-
tion at the difference frequency of the two lasers can be
generated. This allows the generation of long-scale den-
sity modulations in electron beams through short-scale
energy modulations.

An experimental test of this scheme was carried out
using the echo-enabled harmonic generation (EEHG)
beamline [25, 26] at SLAC’s Next Linear Collider Test
Accelerator (NLCTA). The layout of the beamline is
schematically shown in Fig. 1. The electron beam with
∼40 pC charge is generated in a 1.6 cell S-band (2.856
GHz rf frequency) photocathode rf gun and further ac-
celerated to 120 MeV with two X-band (11.424 GHz rf
frequency) linac structures. The main elements of the
beamline consist of 3 chicanes (C0, C1 and C2), 2 un-
dulators (U1 and U2), an rf transverse cavity (TCAV),
quadrupoles for beam matching and focusing, and sev-
eral optical transition radiation (OTR) and Yttrium Alu-
minum Garnet (YAG1 and YAG2) screens for measuring
the position and distribution of the lasers and electron
beams.

In this experiment we aim to generate density modula-
tion at 12 THz, corresponding to n = −1 and m = 2 for
two lasers with wavelengths of 800 nm and 1550 nm. In
Fig. 1, the chicane C0 is used to generate an orbit bump
to allow laser injection into the first undulator U1 where
the 800 nm laser (1 ps FWHM, Ti:Sapphire) interacts
with the electron beam to imprint energy modulation.
While chicane C1 is not necessary for generation of THz
density modulation, it is required in the current setup
for the injection of the 1550 nm laser (0.55 ps FWHM,
produced by an optical parametric amplifier (OPA) sys-
tem pumped with the 800 nm laser) into undulator U2.
In this experiment, the momentum compaction of C1 is

set at R
(1)
56 = 1.0 mm, the minimal value required for the

electron beam to bypass the laser injection mirror. While
the presence of chicane C1 slightly changes the optimal
values of the laser energy modulation for maximizing the
density modulation, the underlying physics is similar to
that described in the original proposal [23].

One important parameter that characterizes the den-
sity modulation is the bunching factor bn,m, which is de-
fined as 〈(N(z)/N0)e

−izkn,m〉 where the brackets denote
averaging over the longitudinal coordinate z. For our

experimental setup, the bunching factor is found to be,

bn,m = |Jm [(n+Km)A2B2] e
−

1

2
[nB1+(n+Km)B2]

2

×Jn{A1[nB1 + (n+Km)B2]}| , (1)

where Jn,m is the Bessel function of the first kind, K =

k2/k1, and B1,2 = R
(1),(2)
56 k1σE/E0 is the dimensionless

momentum compaction of chicane C1 (C2).
Given the momentum compaction of C1 at 1 mm and

that of C2 at the maximal value R
(2)
56 = 10.0 mm (lim-

ited by the aperture of the vacuum pipe), the bunch-
ing factor b−1,2 for various energy modulation amplitudes
from the two lasers is calculated using Eq. (1) and shown
in Fig. 2a. The energy modulations that maximize the
bunching are found to be ∆E1 ≈ 40 keV and ∆E2 ≈ 140
keV. In our experiment, the relatively low efficiency of the
OPA and low transport efficiency limited the energy of
the 1550 nm laser to ∼10 µJ which limited the achievable
∆E2. Simulation with ELEGANT code [27] using the
measured beam and laser parameters indicates that no-
ticeable density modulation at THz frequencies can still
be generated with this energy modulation, as illustrated
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FIG. 2: (a) Electron beam THz bunching for various laser
energy modulations; (b) Simulated beam density distribution
for ∆E2 = 50 keV (blue) and ∆E2 = 140 keV (red) with
∆E1 = 40 keV. The initial beam distribution without laser
modulations is shown in solid green.
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in Fig. 2b. In this simulation we assume ∆E1 = 40 keV.
Since the laser pulse is shorter than the electron bunch,
density modulation is only present for part of the beam.
The simulation indicates that about 10% density modu-
lation at 12 THz may be generated with ∆E2 = 50 keV.
While the modulation depth is about a factor of 3 smaller
than the optimal case at ∆E2 = 140 keV, it is sufficient
to demonstrate the principle of this technique.

To generate the density modulation, the two lasers
need to interact with the beam simultaneously, which re-
quires the lasers to overlap with the electron beam both
spatially and temporally in the undulators. The spa-
tial overlap is achieved by steering the laser beam with
two remote-controlled mirrors to the same position as
the electron beam on the OTR screens upstream and
downstream of the undulators. The laser and undula-
tor radiation generated by the electron beam is reflected
out by an OTR screen downstream of each undulator
and further guided to a fast photodiode for determining
the rough temporal offset of the laser beam and electron
beam. By referencing the signals to a fast external trig-
ger, the laser and beam can be synchronized to within 30
ps. A delay stage is then used to finely adjust the relative
timing until coherent radiation enhancement downstream
of the chicane is observed. The enhancement is produced
when the beam is energy modulated by the laser and fur-
ther bunched by the subsequent chicane. This method
has been routinely used to overlap the laser and electron
beam in space and time.

After setting the delay stages such that the two lasers
both interact with the electron beam, we first maximized
the energy modulation from the 1550 nm laser. The en-
ergy modulation is measured at the YAG1 screen (see
Fig. 1) downstream of an energy spectrometer with dis-
persion of 1.5 m. Three quadrupoles upstream of the
spectrometer were used to provide βx ≈ 0.25 m at YAG1,
where βx is the horizontal beta function at the screen.
Under this condition, the horizontal beam size at YAG1
is dominated by energy spread. The energy resolution is
estimated to be approximately 10 keV.

A representative beam image measured at YAG1 with
lasers off is shown in Fig. 3a. With laser modulation, the
horizontal beam size at YAG1 will increase due to the in-
creased energy spread. In our experiment, the beam en-
ergy, laser timing and the electron-laser spatial overlap
are finely adjusted to maximize the energy modulation
from the 1550 nm laser. A typical beam image at YAG1
with maximal energy modulation from the 1550 nm laser
is shown in Fig. 3b. For comparison, the energy distribu-
tions for these two cases are shown in Fig. 3c (the horizon-
tal axis is converted to energy). The FWHM of the pro-
jected energy distribution approximately equals twice the
energy modulation and the maximal peak energy modu-
lation from the 1550 nm laser is estimated to be about
∆E2 = 50 keV. Using a similar method, the power of the
800 nm laser is adjusted to provide approximately 40 keV
energy modulation to maximize the density modulation,
following the simulation result in Fig. 2a.
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FIG. 3: Raw images of beam transverse profile measured at
YAG1 with lasers off (a) and with 1550 nm laser on (b); (c)
Projected beam energy distribution with lasers off (blue solid
line) and with 1550 nm laser on (red dashed line).

The density modulation is measured at the YAG2
screen with a 27-cell TCAV (see Fig. 1), an rf struc-
ture operating in the TM01 mode. Its high-temporal-
resolution and simple calibration make a TCAV well
suited for the absolute measurement of beam density dis-
tributions [28–30]. When a beam passes through a TCAV
at the zero-crossing phase, the TCAV imprints a verti-
cal angular kick on the beam that varies linearly with
the longitudinal position (y′ ∝ t). After about 90 de-
grees of phase advance in the vertical plane, the angular
distribution is converted to a spatial distribution, and
the vertical axis on the YAG2 screen downstream of the
TCAV becomes the time axis (y ∝ t). The absolute time
measurement is calibrated by scanning the TCAV phase
and recording the vertical beam centroid motion on the
screen. The calibration coefficient is 170 fs/mm on the
YAG2 screen. With the TCAV off, the rms beam size
on the YAG2 screen is about 180 µm, corresponding to
a temporal resolution of about 30 fs in this experiment.

Representative beam images measured at YAG2 with
lasers off and lasers on are shown in Fig. 4a and Fig. 4b,
respectively. The density modulation is clearly seen in
Fig. 4b. Figure 4c shows the projected beam density
distribution, which is in good agreement with the simu-
lation shown in Fig. 2b. The number of periods of the
density modulation roughly equals the ratio of laser pulse
width to the wavelength of the modulation; about 10 os-
cillations are observed in this experiment. Because the
modulation bandwidth is inversely proportional to the
number of oscillations, using lasers with longer pulses will
provide more oscillations which will lead to a narrower
modulation bandwidth.

The bunching factor is obtained from a Fourier trans-
formation of the beam density distribution and is shown
in Fig. 4d. From Fig. 4d the central frequency of the den-
sity modulation is found to be about 13.6 THz, which
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FIG. 4: Raw images of beam density distribution (only part
of the beam distribution is shown for purpose of visualization)
measured with TCAV with the lasers off (a) and lasers on (b);
Projected beam current distribution (c) and the correspond-
ing spectrum (d).

slightly deviates from the theoretical value of 12 THz.
This discrepancy could be caused by the uncertainty of
the exact wavelength of the 1550 nm laser, of which the
wavelength was measured using a spectrometer with a
resolution of about 5 nm. The energy chirp (correlation
of energy and longitudinal position) of the beam from
wake fields and the X-band linac structures may also shift
the central frequency of the modulation, similar to that
in the EEHG technique [25, 31]. These effects could lead
to a different bunching frequency from that predicted un-
der ideal conditions. With an energy chirp h, the wave
number of the density modulation will shift to,

kn,m(h) = nC1C2k1 +mC2k2 , (2)

where C1 = 1/(1 + hR
(1)
56 ) is the compression factor of

chicane C1, and C2 = (1+ hR
(1)
56 )/(1+ h(R

(1)
56 +R

(2)
56 )) is

the compression factor of chicane C2.
To identify the cause of the the frequency shift, we

varied the momentum compaction of chicane C1, and
the central frequencies of the density modulation were
recorded and shown in Fig. 5. Fitting the data to Eq. (2),
the wavelength of the second laser was determined to be
about 1548 nm and the beam energy chirp about 5.1
m
−1, corresponding to 1.2 degrees off-crest acceleration

in the linac structure. This measurement also confirms

that one can vary the momentum compaction of the chi-
cane between the two modulators to change the central
frequency of the density modulation in an energy chirped
beam.
In fact, inclusion of a chicane between the two mod-

ulators allows the generation of THz structures in an
energy chirped beam even with two lasers of the same
wavelengths. This scenario can be understood as a four-
step process. First, the laser interacts with the beam in
U1 and generates energy modulation at the wave num-
ber k1; second, the modulation is compressed (or decom-
pressed) to C1k1 from the combination of energy chirp
and momentum compaction of chicane C1; third, the
energy modulation at C1k1 is superimposed with the
energy modulation at k1 from the second laser in U2;
last, the difference frequency of the energy modulation at
(C1 − 1)k1 is compressed (or decompressed) again with
compression factor C2, and is further converted into den-
sity modulation at (C1 − 1)k1C2 after passing through
chicane C2. This configuration may greatly extend the
applicability of the original proposal [23] and will make
narrow-band THz radiation accessible to more facilities.
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FIG. 5: Central frequency of density modulation for various
momentum compactions of chicane C1.

In summary, we have presented the first observation
of density modulation at THz frequencies in a relativis-
tic electron beam through down-conversion of the energy
modulations from two lasers. One of the many advan-
tages of the demonstrated technique is the flexibility it
offers to tune the central frequency of the modulation,
which can be achieved through tuning of laser wave-
lengths, beam energy chirp, or chicane momentum com-
paction. In principle, this allows one to generate density
modulation in the beam covering the whole THz range.
Once the density modulation is formed, it is straightfor-
ward to use the beam for generation of coherent narrow-
band THz radiation. Future plans at NLCTA are to up-
grade the OPA, which will increase the energy modula-
tion from the second laser, thereby increasing the depth
of the density modulation. The beam with strong density
modulation will then be used to generate intense narrow-
band THz radiation which will be characterized with
a Michelson interferometer and a cryogenically cooled
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