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This article reports on the generation of narrowband coherent synchrotron radiation from an electron
storage ring. For the first time, this kind of radiation was now produced with continuously tunable
frequencies in the so-called “THz gap” (between 1.2 and 5.6 THz), whereas previous experiments were
limited to below 750 GHz. The experiment was performed at the DELTA storage ring in Dortmund,
Germany, employing the interaction of external intensity-modulated laser pulses with an electron bunch,
which causes a periodic longitudinal modulation of the charge density on a sub-millimeter scale.
Furthermore, a strong influence of third-order dispersion in the laser pulses on the bandwidth and peak
intensity of the THz radiation was observed. This effect is discussed in detail based on numerical
simulations of the laser pulse generation and laser-electron interaction, and a modification of the laser
system for compensating third-order dispersion is proposed.
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I. INTRODUCTION

Coherent synchrotron radiation (CSR) pulses in the
terahertz (THz) regime have become of increasing interest
for the study of beam dynamics and instabilities in electron
storage rings (e.g., see [1,2]) as well as for a growing
number of user applications (e.g., see [3–6]), since the
power of CSR exceeds the power of incoherent synchrotron
radiation by several orders of magnitude. CSR in the THz
regime occurs when sub-picosecond structures are present
in the longitudinal electron distribution, allowing the
electromagnetic waves generated by single electrons to
add up constructively at sub-millimeter wavelengths.
At electron storage rings, broadband CSR pulses in the

THz regime were first observed as spontaneous radiation
bursts (e.g., see [7–10]) due to the microbunching insta-
bility [11,12]. When the bunch length is reduced to a few
picoseconds, e.g., during low-α operation, stable broad-
band CSR emission in the 100-GHz regime is achieved
(e.g., see [13]).

Stable THz CSR can also be obtained by seeding the
electron bunches with an external laser. In recent years,
several facilities are employing a laser-electron interaction
in an undulator to imprint an energy modulation onto a
short central slice of a longer electron bunch (e.g., see
[14–19]). The main goal is to generate ultrashort pulses
at short wavelengths in the X-ray or vacuum-ultraviolet
(VUV) regimes based on the femtoslicing [20] or coher-
ent harmonic generation (CHG) [21,22] techniques.
Energy-dependent path length differences in the magnet
lattice of the storage ring then cause the off-energy
electrons to vacate the central slice. This leads to a
sub-picosecond dip in the longitudinal electron density
giving rise to broadband multi-THz CSR (e.g., see
[23–26]). With the dip broadening and slowly disappear-
ing from turn to turn, decreasing CSR emission in the
sub-THz regime has been observed for several revolutions
in the storage ring after the initial laser-electron inter-
action (e.g., see [27,28]).
Early on, it was proposed to manipulate the laser pulse

shape in order to generate tailored CSR pulses, e.g., to
employ an equidistant laser pulse train resulting in a
periodic electron density modulation and a narrowband
CSR spectrum [24]. First successful experiments of
generating continuously tunable narrowband laser-
induced CSR in the sub-THz regime were performed at
the UVSOR storage ring in Okazaki, Japan, using a long
intensity-modulated laser pulse [29]. The modulated laser
pulse was generated based on the chirped-pulse-beating

*peter.ungelenk@tu‑dortmund.de
†now at Deutsches Elektronen-Synchrotron DESY, Zeuthen

location, D-15738 Zeuthen, Germany.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW ACCELERATORS AND BEAMS 20, 020706 (2017)

2469-9888=17=20(2)=020706(12) 020706-1 Published by the American Physical Society

http://dx.doi.org/10.1103/PhysRevAccelBeams.20.020706
http://dx.doi.org/10.1103/PhysRevAccelBeams.20.020706
http://dx.doi.org/10.1103/PhysRevAccelBeams.20.020706
http://dx.doi.org/10.1103/PhysRevAccelBeams.20.020706
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


technique [30,31], at which a long chirped laser pulse is
sent through a Michelson interferometer. Recombining
the two chirped laser pulse copies with a small delay
leads to a beating effect, and the frequency of the
intensity modulation (and, thus, of the CSR) can easily
be tuned by the variable length of one interferometer arm.
Requiring only a few additional optical components in
the laser beamline, this technique can be adopted with
little effort by most facilities which already employ a
laser-electron interaction based on a short-pulse laser
system. The tuning range of the CSR generation based
on chirped-pulse beating is eventually limited by the
dispersive properties of the storage ring lattice, leading to
a range of about 75 GHz to 750 GHz in the case of
UVSOR [32].
This article reports on the generation of narrowband CSR

pulses at the electron storage ring DELTA in Dortmund,
Germany. For the first time, continuously tunable frequen-
cies between 1.2 and 5.6 THz were achieved with a
bandwidth ranging from 190 to 340 GHz, a repetition rate
of 1 kHz, and a pulse energy of 0.1 to 1 nJ. Furthermore, the
effect of a nonlinear chirp in the laser pulse on the intensity
and spectral shape of the CSR pulses is investigated and a
modification of the laser system is proposed in order to
counteract this effect.
Section II explains the principle of generating narrow-

band CSR including a review of chirped-pulse beating,
the emission of CSR, the laser-electron interaction, the
evolution of the longitudinal electron density, and the effect
of third-order dispersion. Section III presents numerical
calculations for the tuning range of the narrowband THz
radiation and the effect of third-order dispersion as well as a
start-to-end simulation. The experimental setup used at the
electron storage ring DELTA is described in Sec. IV.
Finally, the generated narrowband THz spectra are shown
and discussed in Sec. V.

II. GENERATION OF NARROWBAND CSR
BASED ON CHIRPED-PULSE BEATING

A. Basic principle

The general layout of the experiment is presented in
Fig. 1(a). A Ti:sapphire short-pulse laser system based on
chirped-pulse amplification [33] is employed for most of
the laser-seeding schemes. Here, an ultrashort pulse from
a laser oscillator (top left) is temporally stretched before
entering the amplifier gain medium. Following amplifi-
cation, the chirped laser pulse (colored waveform) passes
the internal compressor of the amplifier, which—in case
of chirped-pulse beating—is detuned to retain a nonzero
chirp. A Michelson interferometer is used to split and
then recombine the pulse with a variable delay,
which results in an intensity modulation with tunable
frequency in the GHz or THz regime. Inside an undulator
(called “modulator”), the intensity-modulated laser pulse
imprints a periodic energy modulation with a (sub-)
millimeter amplitude modulation onto an electron bunch,
and this energy modulation is converted into a (sub-)
millimeter density modulation by the subsequent disper-
sive magnet lattice. Corresponding to the Fourier trans-
form of the density modulation, a narrowband CSR pulse
in the 100-GHz or THz regime is emitted at a bending
magnet further downstream.
As an illustration and a main result of this article, a

modulated laser pulse shape (autocorrelator trace) and the
corresponding narrowband THz spectrum centered at
3 THz are presented in Fig. 1(b,c).

B. Chirped-pulse beating

A laser pulse with central frequency ω0 propagating
through an arbitrary dispersive optical setup is subject
to a non-linear frequency-dependent phase advance φðωÞ,
which can be expanded into a Taylor series

FIG. 1. Sketch of the chirped-pulse-beating setup used for the generation of narrowband laser-induced CSR at the electron storage
ring DELTA in Dortmund, Germany, (a) and examples of a recorded laser pulse shape (b) and the corresponding narrowband
THz spectrum (c).

P. UNGELENK et al. PHYS. REV. ACCEL. BEAMS 20, 020706 (2017)

020706-2



φðωÞ ¼ D0 þD1 · ðω − ω0Þ þD2 · ðω − ω0Þ2
þD3 · ðω − ω0Þ3 þ � � � : ð1Þ

Here, D0 ¼ φðω0Þ is the central phase advance, D1 is the
group delay, D2 is the group delay dispersion (GDD), and
D3 is a cubic phase modulation (all evaluated at ω0).
At full compression, the laser system is assumed to

generate a Fourier-limited or bandwidth-limited laser pulse
(i.e., zero chirp) with an electric field

E0ðtÞ ¼ E · e−a0t
2

· eiω0t ð2Þ

and amplitude E. The parameter a0 ¼ 2 ln 2=Δt20 is an
inverse measure of the pulse length Δt0 (FWHM), which is
given by the time-bandwidth product Δt0 · Δν ¼ 2 ln 2=π
for a Gaussian-shaped pulse with spectral width Δν
(FWHM). Taking dispersion into account only up to the
second order (the GDD D2), the electric field of a chirped
pulse exiting a detuned compressor is given by

E1ðtÞ ¼ E

ffiffiffiffiffiffiffi
Δt0
Δt1

s
· e−a1t

2

· eiω0tþib1t2 ; ð3Þ

with
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δt0=Δt1

p
accounting for the lower peak intensity

of the elongated pulse and a1 ¼ 2 ln 2=Δt21. Following the
work of Weling and Auston [31] and assuming a fixed
bandwidth Δν, the increased pulse length

Δt1 ¼ Δt0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

�
4D2 ln 2
Δt20

�
2

s
ð4Þ

allows for the chirp parameter to be approximated by

jb1j ≈
2 ln 2
Δt1Δt0

ð5Þ

for Δt1 ≫ Δt0. In Eq. (3), the zero- and first-order
dispersion have not been included, as they do not affect
the pulse shape or length. Introducing a delay τ within the
Michelson interferometer, the intensity of the recombined
pulse is given by

I ∝
1

2

����E1

�
tþ τ

2

�
þ E1

�
t −

τ

2

�����
2

ð6Þ

¼ E2

2

Δt0
Δt1

h
e−2a1ðtþτ=2Þ2 þ e−2a1ðt−τ=2Þ2

þ2e−2a1ðt2þτ2=4Þ · cosðω0τ þ 2b1τtÞ
i
: ð7Þ

The overall pulse shape in Eq. (7) is determined by the
sum of two Gaussian-shaped pulses shifted by �τ=2,
whereas the third term represents the intensity modulation
with frequency

fm ¼ jb1jτ
π

¼ 2 ln 2 · τ
πΔt1Δt0

≈
τ

2πjD2j
ð8Þ

and bandwidth (FWHM)

Δfm ¼ 2

π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln 2 · a1

p
¼ 2Δν

Δt0
Δt1

≈
Δt0
πjD2j

; ð9Þ

which is two times the optical bandwidth of the laser scaled
down by the stretching ratio Δt0=Δt1. The amplitude of the
intensity modulation drops with τ as expð−a1τ2=2Þ, leading
to a tuning range (FWHM) of

Δτ ¼ Δt1 or ð10Þ

ΔfΔτm ¼ 2 ln 2 · Δτ
πΔt1Δt0

¼ Δν; ð11Þ

which is identical to the optical bandwidth of the laser.
However, the tuning range for the generation of narrow-
band CSR is limited by dispersive properties of the storage
ring lattice (see Sec. II D).

C. Emission of coherent synchrotron radiation

With the single-electron power spectrum PeðωÞ and the
number of electrons Ne in a bunch, the total emission
spectrum of an electron bunch is given by [34,35]

PðωÞ ¼ PeðωÞNe½1þ ðNe − 1Þg2ðωÞ�: ð12Þ

The so-called form factor

g2ðωÞ ¼
����
Z

ρðtÞeiωtdt
����
2

; ð13Þ

which is the squared Fourier transform of the longitudinal
electron density ρðtÞ, determines the coherent emission
spectrum proportional to NeðNe − 1Þ ≈ N2

e .

D. Laser-electron interaction and evolution
of the electron density

The charge density of an electron bunch in a storage
ring before the laser-electron interaction may be described
by [35]

ρðRÞ ¼ ρ0 · exp

�
−
1

2

�
x2

σ2x
þ x02

σ2x0
þ z2

σ2z
þ ΔE2

σ2E

��
; ð14Þ

where R ¼ ðx; x0; z;ΔEÞ. The coordinates x and z are
the horizontal and longitudinal electron position relative to
the center of the bunch, x0 is the horizontal angle of the
particle trajectory, ΔE is the deviation from the central
beam energy E, σx and σx0 are the horizontal rms bunch
size and divergence, σz is the rms bunch length, σE is
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the natural rms energy spread, and ρ0 is the peak density.
The dependence on the vertical position y and angle y0 is
neglected as it has no influence on the following
considerations.
Assuming a sinusoidal transverse electron trajectory in

an undulator tuned to the wavelength λ of a collinearly
propagating plane-wave laser pulse, the electron energy
changes according to ΔWðzÞ ¼ AðzÞ sinð2πz=λÞ, where
AðzÞ is the amplitude of the energy modulation, which
is proportional to the laser field amplitude. This leads to a
modified charge density

ρmðRÞ ¼ ρ0 · exp

�
−
1

2

�
x2

σ2x
þ x02

σ2x0
þ z2

σ2z
þ ΔEmðzÞ2

σ2E

��

ð15Þ

with ΔEmðzÞ ¼ ΔE − ΔWðzÞ.
With the transfer matrix of linear beam optics for the

horizontal and longitudinal planes [35]

T ¼

0
BBB@

r11 r12 0 r16
r21 r22 0 r26
r51 r52 1 r56
0 0 0 1

1
CCCA ð16Þ

describing the lattice section between laser-electron inter-
action and source point of the THz radiation, the charge
density at the source point is given by [32]

~ρmðRÞ ¼ jTj−1 · ρmðT−1 ·RÞ: ð17Þ

Further following Evain et al. [32], a set of approxima-
tions is introduced in order to find an analytical expression
for the form factor gðνÞ [see Eq. (13)]: (i) The longitudinal
laser field amplitude and the corresponding energy
modulation amplitude AðzÞ vary slowly compared to the
oscillation sinð2πz=λÞ of the electrical laser field (slowly-
varying-envelope approximation). (ii) The finite electron
bunch length and laser pulse duration are neglected.
(iii) The chirped-pulse-beating technique is applied to
the laser pulse, leading to an energy modulation amplitude
of AðzÞ ¼ A0 cosð2πfmz=cÞ. (iv) The laser intensity and
the corresponding energy modulation amplitude A0 are
small so that r56 · A0=E ≪ λm=ð2πÞ, where E is the
nominal electron beam energy. In other words, the longi-
tudinal displacement r56 · A0=E of electrons with maxi-
mum energy modulation is much smaller than the inverse
wave number λm=ð2πÞ of the laser amplitude modulation.
Based on these approximations, a Fourier transform of the
charge density ~ρmðRÞ leads to the so-called gain curve [32]

g2ðfmÞ ∝
�
r56

σE
E

�
4
�
2πfm
c

�
4

· exp

�
−
�
2πfm
c

�
2
�
r251σ

2
x þ r252σ

2
x0 þ r256

σ2E
E2

��
:

ð18Þ

This gain curve is the envelope of all possible form
factors with individual modulation frequency fm and
depends only on parameters of the storage ring optics.
The shape gðνÞ of a single narrowband THz spectrum is
determined by the actual shape and finite longitudinal
dimension of the laser pulse and its intensity modulation.

E. Third-order dispersion

According to [36], the grating compressor depicted in
Fig. 1(a) introduces a GDD

D2 ¼ −2 ·
4π2cd
ω3
0g

2

�
1 −

�
2πc
ω0g

− sin γ

�
2
	

−3
2

; ð19Þ

where d is the grating separation, g is the grating constant
(distance between lines), γ is the angle of incidence, and c
is the speed of light.
Due to the nonlinear dependence of the beam path length

on the wavelength inside the compressor, also a third-order
dispersion is introduced [37]

D3 ¼ −
D2

2ω0

·
1þ 2πc

ω0g
sin γ − sin2γ

1 −
h
2πc
ω0g

− sin γ
i
2

; ð20Þ

which results in a quadratic chirp of the outgoing pulse [31]

E1ðtÞ ∝ eiαt
3 ð21Þ

and a linear chirp of the intensity modulation [31]

I ∝ cosð2πfmtþ 3ατt2Þ; ð22Þ

where αðΔν; D3Þ is a cubic phase coefficient depending on
the third-order dispersion D3 and the optical bandwidth of
the laser Δν. This chirp of the intensity modulation implies
an asymptotically linear increase of the modulation band-
width with α and τ [31], which decreases the peak intensity
of narrowband CSR spectra.

III. NUMERICAL CALCULATIONS

A. Gain curve for the setup at DELTA

Figure 2 shows the gain curve for the short-pulse facility
at DELTA (see Sec. IVA) calculated according to Eq. (18)
using the bunch properties (σx, σx0 , and σE=E) at the
modulator and the elements of the transport matrix from the
modulator to the THz beamline (“turn 0”). A multiplication

P. UNGELENK et al. PHYS. REV. ACCEL. BEAMS 20, 020706 (2017)

020706-4



of this turn-0 transport matrix with the one-turn matrix
starting at the THz beamline leads to a new set of transport
matrix elements, which have been used for calculating the
gain curves after one or more revolutions of the modulated
electron bunch in the storage ring (“turn 1”, “turn 2”,
“turn 3”). The bunch properties and matrix elements have
been extracted from a numerical simulation of the storage
ring lattice with the code ELEGANT [38], and a selection of
parameters is given in Table I. As a result, the chirped-
pulse-beating technique can be employed at DELTA to
generate coherent narrowband THz radiation with a tuning
range of about 1 to 7 THz for the signal directly after the
laser-electron interaction, or with a tuning range of about
10 to 300 GHz for the signal after one or more revolutions.

B. Effect and compensation of third-order dispersion

The effect of third-order dispersion on the chirped-pulse-
beating technique has been studied using an in-house
numerical simulation code, which starts with a Fourier-
limited pulse in time domain [Eq. (2)]. A series of fast
Fourier transforms is then applied to perform the phase
modulation [Eq. (1)] in frequency domain, the propagation
through the Michelson interferometer in time domain,
and a final calculation of the modulation frequency and
bandwidth in frequency domain.
Figure 3 shows the analytical dependence of fm andΔfm

on the interferometer delay τ based on Eqs. (8) and (9),
which only include second-order dispersion (D3 ¼ 0). The
numerical results are extracted from the simulation. The
parameters used for the analytical calculation as well as
the numerical simulation are λ0 ¼ 800 nm, Δt0 ¼ 40 fs,
Δt1 ¼ 11 ps (value chosen for the experimental study,

see Sec. IV B), g ¼ 1500−1 mm, and γ ¼ 51.3° (actual
values from the compressor installed at the DELTA short-
pulse facility, see Sec. IVA). The GDD D2 ¼ 0.159 ps2 is
calculated via Eq. (4), while g and γ are used to calculate
D3 ¼ −5.43 × 10−5 ps3 according to Eq. (20).
The third-order term D3 ≠ 0 neither affects the pulse

length after compression or stretching, nor does it change
the linear dependence of the modulation frequency fm on τ
[Fig. 3(a)]. However, the modulation bandwidth Δfm
increases with an asymptotically linear dependence on τ
[Fig. 3(b)], which is expected following Eq. (22).
In order to reduce third-order dispersion for a pulse

length of, e.g., 11 ps, an external compressor with different
gratings and angles may be designed and placed between
the Ti:sapphire amplifier and the Michelson interferometer
[see Fig. 1(a)]. Based on the parameters of the internal
compressor (see above) at full compression, Δtmin ≈ 40 fs
and d ≈ 0.265 m, it causes a GDD of D2 ¼ −1.45 ps2

and a third-order dispersion of D3 ¼ 4.95 × 10−4 ps3.
Assuming D2 ¼ D3 ¼ 0 for the fully compressed pulse,
a bypass of the internal compressor would yield an
uncompressed pulse with a GDD of D2 ¼ 1.45 ps2, a
third-order dispersion of D3 ¼ −4.95 × 10−4 ps3, and a
pulse length of 100 ps. With a parameter set of, e.g.,
d ¼ 0.2027 m, γ ¼ 44°, and g ¼ 1500−1 mm, an external
compressor would then lead to a pulse length of 11 ps with
a final third-order dispersion of D3 ≈ 0 and, therefore, no
broadening of the THz spectra [Fig. 3(b)]. If a tuning of the
pulse length is desired while keeping D3 ¼ 0, a different
compressor type offering independent control of both,
second- and third-order dispersion may be set up [39].

C. Start-to-end simulation

The process of laser-induced CSR generation has been
modeled from start to end using the code THzSMe [40]:
Based on the optical functions of the storage ring, a random

FIG. 2. THz gain curve for the short-pulse facility at DELTA
according to Eq. (18) for turn 0 to 3 (see text for details).

TABLE I. Parameters for the calculation of the turn-0 to turn-3
gain curves for DELTA (see text for details).

turn 0 turn 1 turn 2 turn 3

r51 (10−2) −4.92 −9.88 −2.25 8.26
r52 (mm=rad) 15.2 −147 −235 −137
r56 (mm) 18.1 581 1154 1728

σx (μm) 270
σx0 (μm rad) 103
σE=E 6.8 × 10−4

(a)

(b)

FIG. 3. Calculated modulation frequency fm (a) and bandwidth
Δfm (b) as function of the interferometer delay τ (see text for
details).
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electron distribution is generated and tracked stepwise
along the sinusoidal path in the modulator. In each step,
the work on the electrons provided by the laser pulse is
calculated (multiplication of the transverse velocity vector
with the temporal step width, the electron charge, and
the electrical field of the laser pulse). The laser pulse
is described by Gaussian beam optics and includes an
intensity modulation based on chirped-pulse beating with
optional linear chirp α [Eq. (22)]. The electron distribution
is then tracked through the storage ring using the code
ELEGANT [38]. Finally, the form factor for coherent
emission at the THz beamline is calculated based on a
histogram of the longitudinal electron distribution and its
Fourier transformation [Eq. (13)].
Figure 4 shows the form factor resulting from a start-to-

end simulation based on the electron bunch and laser pulse
parameters mentioned above (see Secs. III A and III B),
which represent the experimental setup at DELTA. The
modulation frequency was chosen to be fm ¼ 1 THz.
Neglecting third-order dispersion and, thus, a chirp of
the intensity modulation (D3 ¼ 0, α ¼ 0), a bandwidth of
58 GHz (FWHM) is obtained (Fig. 4). Using Eq. (9), the
bandwidth for the intensity modulation of the laser pulse
should amount to Δfm ¼ 80 GHz (FWHM). Assuming a
linear dependence between laser intensity modulation and
electron density modulation, a factor of 1=

ffiffiffi
2

p
in spectral

width has to be included, as the form factor g2ðνÞ is given
by the squared Fourier transform of the density modula-
tion. Thus, a theoretical bandwidth ofΔνTHz ¼ Δfm=

ffiffiffi
2

p ¼
57 GHz is obtained, which is in good agreement with the
numerical simulation result of 58 GHz.
Figure 4 also shows the form factor resulting from a

second simulation with a chirp parameter α ¼ 142 ps−3,
which was calculated based on a third-order dispersion
of D3 ¼ −5.43 × 10−5 ps3 (see Sec. III B). According
to Fig. 3(b), the intensity modulation bandwidth should
increase from 80 GHz to 164 GHz. Including the factor of
1=

ffiffiffi
2

p
, a theoretical THz bandwidth of 164=

ffiffiffi
2

p
GHz ¼

116 GHz is obtained, again in good agreement with the
numerical result of 113 GHz (Fig. 4). This increase in
spectral width from about 60 GHz to 115 GHz emphasizes
the importance of a third-order dispersion compensation
using an external compressor.

The start-to-end simulations with and without third-
order dispersion were repeated for different modulation
frequencies, and the resulting form factors and extracted
gain curves are shown in Fig. 5 (both sets of data were
scaled to provide the same maximum form factor).
The theoretical gain curve matches the simulation without
third-order dispersion (α ¼ 0) well, which supports the
validity of the assumptions discussed in Sec. II D. The
third-order dispersion then causes a shift of the extracted
gain curve towards lower frequencies due to the increased
spectral broadening for higher modulation frequencies
[see Fig. 3(b)].

IV. EXPERIMENTAL SETUP

A. DELTA and its short-pulse facility

DELTA is a synchrotron light source operated by the
Center for Synchrotron Radiation of the TU Dortmund
University in Dortmund, Germany. Following a 75-MeV
linear accelerator, a slow-ramping booster synchrotron
allows for full-energy injection into the 1.5-GeV electron
storage ring DELTA (Fig. 6). Key parameters of the storage
ring are given in Table II.
Since 2011, a short-pulse facility for ultrashort and

coherent VUV and THz pulses based on the coherent
harmonic generation (CHG) principle has been established
at DELTA [18,41,42].
The 800-nm Ti:sapphire seed-laser system at the begin-

ning of beamline BL3 (Fig. 6) comprises a mode-locked
oscillator and a chirped-pulse amplifier with a regenerative
multipass and a following single-pass stage. Up to 8 mJ per
pulse are provided at a repetition rate of 1 kHz, allowing a
laser-electron overlap with a single bunch in the storage
ring at every 2600th revolution. The minimum pulse length
is about 40 fs.

FIG. 4. Narrowband form factors resulting from start-to-end
simulations with and without third-order dispersion D3 (see text
for details).

FIG. 5. Top: narrowband form factors resulting from start-to-
end simulations with (dotted) and without third-order dispersion
(solid) for different modulation frequencies (see text for details).
Bottom: gain curves extracted from the simulated form factors
and according to theory (see Fig. 2).
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A refractive telescope with three adjustable lenses is used
to focus the laser pulses into the electromagnetic undulator
U250 (Fig. 6, period length 250 mm), which can be tuned
to 800 nm at full beam energy. Following the laser-electron
interaction in a first seven-period section (modulator), a
magnetic chicane at the center of the U250 transforms the
induced energy modulation into a periodic longitudinal
density modulation, i.e., a series of microbunches with a
distance of the laser wavelength. A third section of the
U250 serves as a radiator, in which ultrashort pulses are
emitted coherently at harmonics of the laser wavelength.
The in-air diagnostics beamline BL4 is used to find and
optimize the longitudinal and transverse laser-electron
overlap as well as to study the CHG pulses down to a
wavelength of 200 nm. The evacuated beamline BL5 is
used for CHG studies at shorter wavelengths, and it is
planned to perform time-resolved pump-probe experiments
employing the VUV pulses from the radiator as probe and a
fraction of each seed laser pulse as pump, which is sent
directly from the laser laboratory to the BL5 endstation via
a separate pump-pulse beamline.
Further downstream, a bending magnet serves as the

source for the evacuated THz beamline BL5a (Fig. 6)

[40,43,44], which comprises several in-air time-resolving
detectors and an evacuated Fourier-transform infrared
spectrometer with a liquid-helium-cooled silicon composite
bolometer. During CHG operation, the sub-picosecond dip
in the longitudinal electron density caused by the energy
modulation with a 40-fs laser pulse gives rise to broadband
pulses in the range of 1 to 5 THz [26,40,45].

B. Chirped-pulse-beating setup

For the generation of narrowband THz pulses at DELTA,
a temporary chirped-pulse-beating setup [Fig. 1(a)] was
installed at the seed-laser beamline BL3 (Fig. 6). With the
internal compressor of the Ti:sapphire amplifier detuned
to deliver pulses with a length of roughly 11 ps (FWHM),
a Michelson interferometer comprising a beam splitter
and two corner-cube retroreflectors (one fixed, one on a
remotely controlled linear stage) was used to induce an
intensity modulation with variable frequency. An external
compressor to compensate the third-order dispersion was
not available for this first test. Due to the Michelson
interferometer and limited reflectivity of the optical com-
ponents, about 3.5 mJ out of 8 mJ available per pulse were
sent into the storage ring. To monitor the pulse length and
modulation frequency, 1% of the power was split off and
sent into an optical intensity autocorrelator. Both, the
interferometer and the autocorrelator, were provided by
the Laboratoire de Physique des Lasers, Atomes et
Molécules (PhLAM), Lille, resulting in a similar configu-
ration as employed during previous experiments at
UVSOR, Japan [29].
The narrowband THz pulses were studied at the THz

beamline BL5a using the Fourier-transform infrared
spectrometer and the silicon composite bolometer. For a
background-free detection, a lock-in amplifier locked to
the 1-kHz repetition rate of the laser system was placed
between the bolometer and readout electronics of the
spectrometer. To calculate the squared form factor g2ðνÞ,
the acquired spectra were divided by a separately measured
spectrum of the incoherent THz radiation. Due to a low-
frequency cutoff in the transmission of the Mylar-multilayer
beam splitter employed in the spectrometer, spectral com-
ponents below about 1.2 THz could not be detected.

V. EXPERIMENTAL RESULTS

An example set of measured form factors is shown in
Fig. 7 (top). With an average laser pulse length of 11.7 ps
(FWHM) for this data set, the delay in the Michelson
interferometer was varied to produce intensity modulation
frequencies between 1.2 and 5.6 THz. These modulation
frequencies (dashed vertical lines) were measured by the
autocorrelator and coincide with the central frequencies
of the corresponding form factors of the coherent THz
radiation spectra. With a spectral width (FWHM) of about
210 GHz at a central frequency of 2 THz, the form factor

FIG. 6. Layout of DELTA and the short-pulse facility
comprising a linear accelerator (“Linac”), a booster synchrotron
(“BoDo”), the electron storage ring, the laser laboratory, the
seeding beamline BL3, the electromagnetic undulator U250, the
diagnostics beamline BL4, the THz beamline BL5a, the VUV
beamline BL5, and the pump-pulse beamline (see text for details).

TABLE II. Parameters of the electron storage ring DELTA.

nominal beam energy 1.5 GeV
circumference 115.2 m
revolution time 384 ns
multibunch current 130 mA (max.)
single-bunch current 20 mA (max.)
bunch length 100 ps (FWHM)
horizontal beam emittance 15 nm rad
relative energy spread 6.8 × 10−4

momentum compaction factor 5 × 10−3

CONTINUOUSLY TUNABLE NARROWBAND … PHYS. REV. ACCEL. BEAMS 20, 020706 (2017)

020706-7



is much narrower than a typical form factor with about
1.5 THz spectral width when seeding with an ultrashort
laser pulse [40]. Resulting from the different dispersive
properties of the DELTA storage ring, continuously tunable
narrowband CSR was generated for the first time at up to
5.6 THz, which is an increase in frequency by a factor of
about 10 compared to previous similar experiments.

A. Achieved parameters of the THz pulses

An overview of the parameters for the seed laser and the
narrowband THz pulses resulting from this demonstration
experiment is given in Table III. The laser pulse energy and
repetition rate were limited by the available laser system.
The laser pulse length was chosen as a compromise
between the resulting bandwidth—a longer pulse allows
for more periods of the intensity modulation and, thus, a
more narrow THz spectrum—and the energy modulation
amplitude, which is given by the peak power of the laser
pulse. As described by the gain curve (Fig. 7, bottom), the
tuning range of the generated THz pulses is primarily

limited by the dispersive properties of the storage ring
lattice. Pulses at 1 THz and slightly below from turn 0 as
well as pulses at several 10 to 100 GHz emitted after one or
more revolutions of the modulated electron bunch in the
storage ring (Fig. 2) were generated and could be detected
by a YBa2Cu3O7 detector [45,46], but their spectra could
not be recorded due to the limitations of the employed
spectrometer (Sec. IV B). The bandwidth is given by the
laser pulse length and the effect of higher-order dispersion
(see below). The value for the THz pulse energy in Table III
was not measured directly, as a calibrated detector or power
meter was not available. Instead, the pulse energy was
estimated based on the value for broadband THz pulses
[40] and a comparison of the absolute signal intensity for
broad- and narrowband pulses on the same spectrometer as
well as on a simulation with THzSMe (Sec. III C).

B. Discussion of pulse properties

The increase of the spectral width with increasing central
frequency is in general agreement with numerical predic-
tions for the case of third-order dispersion in the laser pulse
[Fig. 3(b)]. Considering the data shown in Fig. 7, the
spectral width increases from about 190 GHz at 1.6 THz
to 340 GHz at 5.6 THz. With the numerical simulation
[Fig. 3(b)] predicting bandwidths of about 170 to 560 GHz
(including the factor of

ffiffiffiffiffiffiffiffi
1=2

p
discussed in Sec. III C), the

amount of positive third-order dispersion is somewhat
smaller in the measurement as compared to the numerical
prediction. This smaller positive third-order dispersion in
the laser pulse after passing the detuned compressor
suggests a negative amount of third-order dispersion at

FIG. 7. Top: measured narrowband THz form factors (solid lines) and corresponding laser modulation frequencies (dashed, see text
for details). Bottom: gain curves extracted from the measured (top) and simulated form factors (see Fig. 5) and according to theory
(see Fig. 2).

TABLE III. Parameters of the seed laser and narrowband THz
pulses generated at DELTA. See text for details.

central laser wavelength 800 nm
laser pulse energy 3.5 mJ
laser pulse duration 11.7 ps (FWHM)
repetition rate 1 kHz
THz tuning range 1.2 to 5.6 THz
THz bandwidth 190 to 340 GHz (FWHM)
THz pulse energy ≈ 0.1 to 1 nJ at 5 to 15 mA
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full compression, which was confirmed later employing a
FROG device [47].
The form factors in Fig. 7 (top) show a non-Gaussian

shape with low-frequency tails. Comparing the measured
form factor at 3 THz central frequency to a Fourier
transform of the corresponding autocorrelation data
(Fig. 8), this asymmetric spectral shape is found to be
already present in the modulated laser pulse and might be
related to fourth-order dispersion or spectral distortions
caused by the optical components in the beam path.
A gain curve extracted from the peak intensities of

all individual form factors is shown in the bottom half of
Fig. 7 (blue). Contrary to the theoretical curve according
to Eq. (18) (green), the simulated curve (red) based on a
quadratic chirp parameter of α ¼ 142 ps−3 (see Fig. 5)
shows a closer match to the experimental curve. This
indicates that the primary effect for the shift of the gain
curve toward lower frequencies is the third-order
dispersion. The remaining discrepancy between simulation
and experiment is assumed to be caused by a different
amount of third-order dispersion (see above) and other
small deviations of the simulation parameters, e.g., a
limited mismatch between the simulated and actual storage
ring optics [40].

C. Comparison to other sources and options
for improvement

Alternative sources for coherent narrowband pulses with
continuously tunable frequencies in the multi-THz regime
are far-infrared or THz free-electron lasers (FELs) as well
as superradiant THz undulator sources, at which ultrashort
electron bunches emit coherent multicycle THz pulses
while passing an undulator tuned to the desired frequency.
In recent years, pulse energies up to 100 μJ have been
generated at repetition rates of a few 10 Hz [48,49]. Pulse
energies up to 1 μJ have been produced even at a few
100 kHz using superconducting accelerator technology,
and an increase to several 100 μJ at up to a few MHz is
expected [50]. Another alternative are laser-based table-top
THz sources such as photoconductive antennas [51] or
optical rectification [52]. Combined with a method like
chirped-pulse beating for intensity-modulated laser pulses,

tunable narrowband pulses with up to 1 μJ at 1 kHz or
10 μJ at 10 Hz have been generated in the THz regime [53].
The results shown in this article represent a first demon-

stration experiment for narrowband CSR from a storage ring
with continuously tunable frequencies in the multi-THz
regime. Although it is doubtful that this method will reach
the pulse energies and repetition rates of a dedicated
superconducting THz FEL or superradiant THz undulator
source, there are several options to improve the performance.
Employing a different laser system, the repetition rate and/or
laser pulse energy may be increased. A higher pulse energy
would in turn allow for a stronger electron energy modu-
lation leading to increased THz pulse energies, or for a
longer laser pulse with more modulation periods leading to a
decreased bandwidth and increased number of modulated
electrons. Compensating third-order dispersion (Sec. III B)
would also decrease the bandwidth significantly, allowing
for a higher peak power at a given frequency. Finally, the
THz pulse energy would benefit from increased electron
densities, which may be achieved by higher bunch currents
or reduced bunch lengths as they are available at several
electron storage rings. With these improvements, the achiev-
able parameters might be comparable to those of modern
table-top sources, which in turn suffer from a limited
tunability, e.g., due to two-phonon absorption in the antenna
substrate or nonlinear crystal [49]. Compared to the effort of
establishing a new dedicated superconducting linear accel-
erator serving a THz FEL or superradiant THz undulator
source, the presented method can easily be implemented at
several existing synchrotron radiation facilities broadening
the scope for user applications. Thus, it may prove to be an
alternative to the limited number of THz FELs or super-
radiant THz undulator sources when extreme pulse energies
or field gradients are not mandatory.

VI. CONCLUSION AND OUTLOOK

The method of chirped-pulse beating allows for the gen-
eration of coherent narrowband THz radiation pulses with
continuously tunable frequencies and can easily be imple-
mented at storage rings already employing a laser-induced
energy modulation. At DELTA, narrowband THz pulses were
generated at central frequencies up to 5.6 THz, extending the
accessible frequency range from previous similar experiments
significantly and almost closing the “THz gap”. A first
application of this source has been the study of the fre-
quency-dependent radiation detection mechanism in thin-film
YBa2Cu3O7 [45,46]. The significant effect of third-order
dispersion—broadened THz spectra with reduced peak inten-
sity especially at higher modulation frequencies—and further
deviations of the spectral shape emphasize the importance of
a more detailed knowledge and control of the laser pulse
properties. Parameters for an external pulse compressor to
reduce third-order dispersion have been suggested.
A permanent chirped-pulse-beating setup for DELTA

incorporating an optimized compressor is currently under

FIG. 8. Narrowband 3-THz form factor (also shown in Fig. 7)
and fast Fourier transform (FFT) of the corresponding laser pulse
autocorrelation trace.
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construction and will allow us to generate, study, and
provide tunable narrowband THz pulses for user experi-
ments on a more regular basis. Employing a Martin-Puplett
spectrometer which was recently commissioned [27], it will
also be possible to study sub-THz spectra emitted after one
or more revolutions of the modulated electron bunch in the
storage ring.
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