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Abstract

At the 1.5-GeV synchrotron light source DELTA oper-
- ated by the TU Dortmund University, a short-pulse source
¢ employs the coherent harmonic generation (CHG) scheme.
§ Here, a laser pulse interacts with a stored electron bunch
2 forming a microbunching structure to generate ultrashort
E synchrotron light pulses at harmonics of the laser wavelength.
& As an upgrade of the short-pulse facility, the echo-enabled
g harmonic generation (EEHG) scheme will be implemented,
é which requires a second laser-electron interaction to yield
= much higher harmonics compared to CHG. In a study to-
£ wards twofold laser seeding, the possibility of seeding at
é undulator harmonics with a crossing angle between laser
% and electron beam was investigated.
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THE DELTA SHORT-PULSE SOURCE

At DELTA, a 1.5-GeV synchrotron light source operated
« by the TU Dortmund University, a short-pulse source em-
£ ploys the coherent harmonic generation (CHG) scheme to
E generate ultrashort pulses in the vacuum ultraviolet (VUV)
E regime [1]. As depicted in Fig. 1 (top), the concept [2] is
‘i based on an interaction between an electron bunch and a co-
5 propagating external ultrashort laser pulse in an undulator
N (modulator) which results in a sinusoidal modulation of the
= electron energy. In a following magnetic chicane, the energy
g modulation leads to a density distribution with the periodic-
§ ity of the laser wavelength. While preserving the duration
§ of the laser pulse, this microbunching structure gives rise to
= coherent emission in a second undulator (radiator) tuned to
o a harmonic of the laser wavelength.

E In a planned upgrade, a more sophisticated seed-
S ing scheme known as echo-enabled harmonic generation
2 (EEHG) [3] will be implemented at the DELTA short-pulse
% source [4]. This scheme comprises two laser-electron in-
g teractions in undulators (modulators), each followed by a
8 magnetic chicane, as well as a third undulator (radiator). As
g shown in Fig. 1 (bottom), the strong chicane after the first
_qg energy modulation leads to stripes of small energy spread
£ in longitudinal phase space. The second modulation and
'3 chicane converts the stripes to a density distribution with nar-
= row structures resulting in the coherent emission of higher
> laser harmonics compared to the CHG scheme.

£ In addition to coherently emitted VUV pulses, the energy-
% dependent path length along the storage ring causes a lon-
E gitudinal displacement of the modulated electrons leaving
= sub-ps dip in the temporal charge distribution. Like an
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Figure 1: Top: Setup for CHG, corresponding longitudinal
phase space distributions (energy deviation vs. longitudinal
position) and final longitudinal electron density. Bottom:
Setup for EEHG and corresponding distributions.

equally short bunch, the dip gives rise to coherent emission
of THz radiation, which is detected at a dedicated beam-
line [5] and provides information on the quality of the laser-
electron interaction. Temporal modulation of the seed pulse
allows to control the THz spectrum, e.g., a periodically mod-
ulated laser pulse leads to narrowband emission [6,7]. Cur-
rently, CHG is performed by seeding with 50-fs pulses from
a Ti:sapphire laser system at a wavelength of either 800 or
400 nm and a repetition rate of 1 kHz. Experiments are
usually performed with a single bunch in the storage ring at
a maximum current of 20 mA and a revolution frequency of
2.6 MHz. Modulator and radiator are parts of an electromag-
netic undulator with 250 mm period length and 7 periods
each. Three rewired undulator periods between them are
used as a chicane.

LASER ELECTRON INTERACTION

The change AE of the electron energy in the electric field
EL = (&L, 0, 0) of the laser pulse with horizontal polarization
is given by

AE:—e/éL-wtz—e/SL-vxdt, (1

where v, is the horizontal component of the electron veloc-
ity v in a planar undulator. The key for an optimum energy
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transfer over all undulator periods is the condition, that the
electron lags behind one laser wavelength Ay, per undulator
period Ay. Since the same condition holds for spontaneous
emission at the fundamental undulator wavelength, the un-
dulator is usually tuned to the laser wavelength.

Another way to describe the laser-electron interaction
is an interference between the laser pulse with energy Ep,
and the spontaneous undulator radiation with energy Eg.
Assuming spectral overlap between the two radiation fields,
the change of the electron energy is given by [8]

f A
AE =2 ELERﬂ cos ¢,
ALUR

where Awy,/Awg is the bandwidth ratio between laser and
undulator radiation and ¢ is the ponderomotive phase of
the electron in the laser field. In essence, a laser-induced
energy modulation requires overlap of the laser field with
spontaneous undulator radiation coinciding in wavelength,
emission angle, and polarization.

@

OFF-AXIS SEEDING

Usually, seeding with the laser path being collinear with
the electron beam axis in the modulator yields the optimum
energy modulation. However, seeding with a crossing angle
between the laser and electron path can be useful under
certain circumstances.

One example is seeding with two laser pulses in the same
straight section, which is the case in the EEHG scheme but
also in seeding with multiple harmonics to create a sawtooth-
shaped energy modulation [9, 10] or in a two-wavelength
scheme to generate attosecond X-ray pulses [11]. Bringing
two laser pulses onto a common axis requires one of the
pulses to pass through a mirror reflecting the other pulse.
The mirror passage degrading the laser pulse quality can be
avoided by introducing a crossing angle.

Another example is a modulator with insufficient period
length Ay and field parameter K to reach the laser wavelength
for a given electron beam with Lorentz factor y. Since the
spontaneous undulator wavelength is given by

A K?
U (1+—+02 2)

A
R0 2

3)

a nonzero angle 6 of the laser beam with respect to the un-
dulator axis allows to match undulator and laser wavelength
ifAR <AL atd =0.

Yet another example is energy modulation with tilted laser
wavefronts to achieve a higher bunching factor in seeding
schemes like CHG [12, 13]. An additional motivation to
investigate off-axis seeding at DELTA is to experimentally
test the statement underlying Eq. (2) that energy modulation
scales with the intensity of spontaneous undulator radiation
overlapping with the laser field. The code SPECTRA [14]
was used to calculate the spatial and spectral distribution of
radiation emitted by the modulator.
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Seeding at the Fundamental Undulator Wavelength

In first experiments, variation of the laser-electron cross-
ing angle was investigated with fundamental radiation of the
modulator tuned close to the laser wavelength [15]. For each
angle, a scan of the undulator wavelength was performed to
find the optimum modulation indicated by the THz signal.
As Fig. 2 shows, the results (blue) are consistent with a mod-
ulator wavelength being blue-shifted by Ay62/2 such that
the undulator radiation matches a fixed laser wavelength of
795 nm at emission angle 6. Furthermore, it was found that
the emission angle of CHG radiation follows roughly half
the value of the crossing angle, which was attributed to the
curvature of the seed laser wavefronts.

modulator wavelength (nm)

700
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crossing angle (mrad)

08 05
Figure 2: On-axis wavelength of the modulator tuned for
maximum THz signal for different laser-electron crossing
angles [15]. Red curve: Expectation for Ap, = 795 nm.

Seeding at the Second Undulator Harmonic

Recent seeding experiments were performed with the off-
axis second harmonic of the modulator matching the seed
wavelength [4]. Here, a crossing angle is required since the
second harmonic of an undulator has zero on-axis intensity.
The setup at DELTA allows the modulator to be tuned close
to 800 nm while the laser pulses are frequency-doubled to a
wavelength of 400 nm. The calculated angular distribution
of 400-nm emission for an undulator tuned to 775 nm in the
left part of Fig. 3 shows red-shifted radiation of the second
undulator harmonic. For a realistic estimate of the spatial
overlap, the laser divergence has to be taken into account.
The right part of Fig. 3 shows a convolution of the undula-
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Figure 3: Left: Angular distribution of 400-nm radiation
from an undulator tuned to 775 nm (left) as calculated with
SPECTRA [14]. Right: Convolution with a 2-dimensional
Gaussian includes the effect of laser beam divergence [4].
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§ Figure 4: Normalized THz signal (dots) under variation of
5 the horizontal crossing angle at zero vertical angle together
o with SPECTRA calculations without (orange) and including
g (blue) the laser divergence (see Fig. 3). Inset: THz signal
g under coarse variation of the horizontal and vertical crossing
angles 0, , [4].

tor radiation with a 2-dimensional Gaussian representing a
divergence of 0.15 mrad (rms).

In the experiment, the zero laser-electron crossing angle
g was found by tuning the modulator to the seed wavelength
= +% of 400 nm and maximizing the energy modulation indicated
3 by coherent THz emission. Tuning the undulator to just be-
4: low 800 nm and varying the crossing angle by moving the
B electron beam axis results in the THz signals shown in Fig.
8 4. In a coarse 2-dimensional scan (inset), the acquired THz
D signals resemble the expected distribution according to the
2 SPECTRA calculation. A finer scan of the horizontal cross-

T ing angle matches the calculation if the laser divergence is
é included (green curve). A small observed asymmetry in the
& THz signal may result from unwanted vertical displacement
§ due to nonlinearities of the beam position monitors since
© the electron beam is moved by several millimeters.

ust maintain attributi

5]

§ Seeding with Vertical Polarization
Z  The second harmonic of a strong planar undulator (K > 1)
;j with a horizontal midplane has a vertically polarized radia-
m tion component. This is due to the longitudinal motion of
u the electrons at twice the frequency of the horizontal mo-
£ tion, leading to a figure-8 trajectory in a frame moving with
average velocity. Seen from a vertical elevation, the longi-
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Figure 5: Angular distributions of 400-nm emission with
horizontal (left) and vertical (right) polarization from a hor-
izontal planar undulator tuned to 775 nm. In both figures,
the effect of laser beam divergence is included. Note the
different intensity scales.

 TUP080
248

Q
[a)
2 =1
a 4 -
s 1.50 _ 81007 &resyg Ab-e
8 - B E 0.751 ) e d
< £ 1251 E g - &
= = 2 —= 0.50 ~
= 2 1.00 2 El . .
E} = a 5 0251 y, «’
« = w -~
= §~ 075 03 e, ?rgrad] 05 T 0001 . . : . . .
S N 050 . 0 30 60 90 120 150 180
o E_: ’ laser polarization angle (°)
S 0.25 1 , o .
5 / (N Figure 6: Scans of the laser polarization at crossing angles
0.00 . ; : . : ‘ . . .
,é: 15  -10 -05 0.0 0.5 10 chosen for maximum horizontally polarized (orange) and
: herizontal crossing angle (mrad) maximum Vertically polarized emission (blue).
%2}

tudinal motion appears to have a vertical orientation. As
shown in the SPECTRA calculations (Fig. 5), horizontally
polarized emission is mainly in the midplane while vertically
polarized light is emitted with much lower intensity above
and below the midplane. Nevertheless, a nonzero energy
modulation is expected from seeding with vertically polar-
ized laser pulses at a vertical crossing angle even though
the electrons perform only horizontal motion in the planar
undulator.

In the experiment, the polarization angle of the seed pulses
was varied using a half-wave plate while recording the THz
signal. The results are presented in Fig. 6 for two crossing
angles at the maximum of horizontally and vertically po-
larized emission, respectively. In both cases, horizontally
polarized seed pulses (polarization angles 0° or 180°) result
in the highest THz signal. However, for vertically polarized
seed pulses (90°) the THz signal drops to nearly zero at a
horizontal crossing angle (orange dots) while a significant
signal (more than 10% of the maximum) persists at a ver-
tical crossing angle (blue dots). In this case, the electric
field of vertically polarized light has a component parallel to
the undulator axis which, according to Eq. (1), changes the
electron energy. The undulator is tuned such that an electron
lags behind the laser field by about 800 nm per undulator
period and experiences two 400-nm cycles. The longitudi-
nal electron velocity also performs two cycles per undulator
period and is thus in resonance with the 400-nm laser field.
Depending on its ponderomotive phase, energy gain/loss of
an electron at maximum longitudinal velocity exceeds the
energy loss/gain at minimum velocity.

CONCLUSION

Successful off-axis seeding has been demonstrated giv-
ing further insight into the laser-electron interaction process
and confirming the notion that the energy exchange scales
with the intensity of spontaneous undulator radiation having
spatial and spectral overlap with the seed pulse. Further
calculations and experiments with off-axis seeding are nec-
essary to investigate its potential for a future EEHG setup.
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