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Abstract
We present a technique for generating phase-locked two-colour pulses with controllable
electric field waveform, whereby the polarization states of the two frequency components, as
well as their intensities, relative phase and pulse delay can be completely controlled. To
characterize the phase stability and the waveform of the output two-colour pulse in situ, we
measured the momentum spectra of protons from dissociative ionization of the hydrogen
molecule for different combinations of polarizations.
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1. Introduction

The outcomes of laser-matter interactions can be effectively
controlled by the waveform tailoring of driving laser pulses,
i.e. changing the carrier-envelope phase of few-cycle pulses
[1–5] or the relative phase of multi-cycle two-colour pulses
[6–10]. Most often the two-colour pulse is composed of a fun-
damental frequency and its second harmonic (SH) with various
possible control parameters such as polarization state, rela-
tive intensity and phase of the two frequency components.
This affords a high degree of freedom for tailoring the laser
electric field and thus efficient control over the outcomes of
laser-matter interactions. Various two-colour pulse generation
techniques have been widely used in many applications such
as THz generation [10], circularly polarized high order har-
monic generation [8], double optical gating for generating
isolated attosecond pulses [9] and studies of ionization dynam-
ics in molecules [6, 7]. There are two main types of two-
colour pulse generation devices—inline set-ups [6, 10, 11] and
interferometer-like arrangements [7–9, 12]. The former have
the advantage of better phase stability but they do not allow
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full control over the laser parameters. While an interferometer-
like set-up can offer better control over laser parameters, they
suffer from phase instability. In some reported experiments,
the relative phase between two frequency components was
stabilized by using a feedback loop with a cw laser beam
propagating inside the interferometer providing the stabiliz-
ing feedback [7, 9]. In this paper, we present a versatile
two-colour generation set-up using the interferometer-like
arrangement with active feedback phase stabilization. This
device produces two-colour pulses with fully and indepen-
dently controlled parameters of the two components while
maintaining sub-cycle stability of variable relative phase
between the colours for an arbitrarily long time. We char-
acterize the waveform of the resulting pulses by measuring
the asymmetric dissociative ionization of molecular hydrogen
with a reaction microscope.

2. Experimental setup

2.1. Interferometer

The schematic of our device is presented in figure 1. The setup
is pumped by a conventional Ti:sapphire laser (FemtoPower
Pro, 0.8 mJ, 30 fs, central wavelength of 800 nm). The SH of
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Figure 1. (a) Experimental setup (see text for details). BBO1 and BBO2 are type-I BBO crystals. M1, M2 are dielectric high reflectivity
mirrors coated for 800 nm. M3, M4 and M5 are silver coated mirrors. WP1 are cascaded half-wave plate and quarter-wave plate working at
800 nm while WP2 are the same for 400 nm. BS1 and BS2 are dual-band beam splitters. Wedges1 and 2 are fused silica wedges for
controlling the relative phase and delay between 800 nm and 400 nm pulses. A sample of the outgoing two-colour beam is reflected from
wedges2 and directed into SH-wave interferometer for monitoring and locking the relative phase. P is a metal-mesh polarizer, F is a
short-pass filter for removing 800 nm signal, and L is a lens to collimate the diverging SH beam. REMI is a reaction microscope. (b) The
measured time-dependent relative phase (black curve) of the outgoing two-colour pulses when feedback loop is working. The red curve
shows the motion of the wedges which compensates the relative phase drift.

the fundamental frequency is produced by a piece of type-I
BBO crystal (BBO1, cut angle 29.2◦, thickness of 200 μm).
To achieve a high second harmonic generation (SHG) effi-
ciency, a 3:1 telescope system is used to collimate the pump
beam and reduce the beam size down to 400 μm (FWHM), so
that the peak intensity of the pump beam in the BBO crys-
tal can reach up to 1013 W cm−2, and the nonlinear length
can be comparable to the thickness of the BBO crystal. The
typical SHG efficiency measured in our experiment is around
20%. We use a Mach–Zenhder-type interferometer to generate
waveform controlled two-colour pulses. Two identical dual-
band dielectric beam-splitters (high reflection at 400 nm and
anti-reflection at 800 nm, with 0◦ incidence angle) are used to
separate the fundamental wave (FW) and its SH, and to recom-
bine them after controlling their polarization state and power
independently in the two arms of the interferometer. As p-wave
and s-wave polarizations are equivalent for the normal inci-
dence, the power and polarization state of the resulting two-
colour pulses can be well maintained after the beam-splitter

regardless of how the polarizations of FW and SH pulse are
changed. The polarization states of FW and SH pulses are inde-
pendently controlled by using two sets of polarization compen-
sators working at 800 nm and 400 nm respectively. The com-
pensators are composed of a zero-order quarter-wave plate and
a half-wave plate, which are mounted on separate rotational
optical mounts. We check and adjust the polarization state of
800 nm and 400 nm components separately, using the laser-
induced proton momentum spectrum in the laser polarization
plane (x–z plane) as a feedback. A circularly polarized pulse
produces an angularly uniform momentum spectrum and the
total proton yield is minimized, while a linearly polarized pulse
results in proton momenta angularly localized along the laser
polarization axis. In the experiment, we found that a perfect
circularly polarized pulse (with ellipticity close to 1) can be
achieved by slightly tilting the waveplates away from normal
incidence. The delay between FW and SH pulses is controlled
by a pair of folding mirrors on a translation stage to achieve
temporal overlapping of the two frequency components.
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Figure 2. (a) A typical measured spectra of SH wave from 800 nm arm (green dash line), 400 nm arm (blue dash line) and both arms (solid
red line). (b) Interference term of the SH spectrum calculated by subtracting the background contributions from the two pulses. (c) Fourier
transform of (b) which shows a modulation peak around 200 fs. (d) Fourier phase at 200 fs as a function of relative delay/phase between the
two colours.

Figure 3. The proton emission asymmetry measured with closed
(red dashed line) and open (blue solid line) feedback loop for
protons with kinetic energy between 0.3 eV to 0.7 eV using
linear-linear parallel two-colour pulses. The asymmetry uniquely
tags the relative phase and serves as in situ diagnostic of phase
stability. Without active stabilization the relative phase drifts by 2π
in half an hour.

2.2. Active feedback phase-locking system

The relative phase as well as the group delay between FW
and SH pulses are monitored and stabilized by a feedback
loop based on SH-wave interferometer. By focussing a small
fraction of the outgoing two-colour beam into a thin BBO
crystal (BBO2, with cut angle of 29.2◦, and thickness of

10 μm), the 800 nm component of the two-colour pulse can
be converted to 400 nm and consequently interfere with the
original 400 nm component. After passing through a piece
of low band pass filter to remove the remaining 800 nm
component and a metal-mesh polarizer, the spectrum of the
resulting interfering SH waves is measured and processed in
order to retrieve the relative phase and delay between the two
colours. For different polarizations of the two-colour com-
ponents, the orientation angle of the polarizer needs to be
adjusted to maximize the modulation fringes in the mea-
sured spectrum. The measured interfering SH spectrum is
given by

|Eω + E2ω|2 = |Eω|2 + |E2ω|2 + 2|EωE2ω| cos Δφ, (1)

where Eω and E2ω are the electric fields of the 800 nm and the
400 nm components of the two-colour field projected along
the axis of the polarizer respectively, Δφ is the relative phase
between the two components (Δφ = φ2ω − 2φω). The first two
terms on the right-hand side is the phase independent back-
ground which can be separately measured by the spectrometer.
To retrieve the phase Δφ, we subtract the background from the
measured spectrum and keep only the last interference term
(as shown in figures 2(a) and (b)) which contains the phase
information. The delay, as well as the relative phase, of the
two-colour pulse can be calculated by Fourier transform of
the last interference item (figures 2(c) and (d)), which in turn
serves as a feedback signal for phase stabilization. To control
the relative phase, we use a pair of wedges inserted in the
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Figure 4. (a) and (b) The electric field of the two-colour pulses composed of circularly polarized 800 nm and 400 nm pulses with the same
(a) and opposite (b) handedness. (c) and (d) The corresponding proton momentum spectra in the laser polarization plane measured in the
reaction microscope, where randomly oriented H2 molecules are ionized and dissociated by two-colour pulses. The outer ring corresponds
to double ionization with two protons emitted in the opposite directions resulting in six-fold symmetry. The inner rings come from single
ionization followed by dissociation. For counter-rotating fields they have three-fold symmetry with weaker lobes directed opposite to the
stronger ones due to partial electron localization in molecules aligned along the directions of maximum electric field. The integration time
for (c) and (d) are both 1 h, and the relative phase is locked during those two measurements. The red curves overlayed on the momentum
spectrum is the driving E-field projection on the laser polarization plane.

800 nm arm, with one of the wedges mounted on a motor-
ized translation stage, which controls the path length of the
800 nm arm. A PID algorithm calculates a suitable feedback
signal according to the measured phase and an arbitrary tar-
get phase, and then sends the signal to the motorized stage to
vary and stabilize the relative phase of the output two-colour
pulse around the target phase. Comparing with the phase lock-
ing technique used in [7, 9] which utilizes an external cw laser,
this technique can directly measure the relative phase between
two colour fields. Consequently, the feedback signal is a simple
linear function of the delay between the two arms. That avoids
the turning point issue in external cw scheme where feedback
signal (cw laser power) is a cosine function of the delay. If the
tuning range of delay is set around a turning point, i.e. one of
the local maxima or minima of the cosine curve, then stable
phase locking is not possible because the sign of the feed-
back must be reversed on opposite sides of the turning point.
Therefore, the tuning range of the feedback loop is limited to a
narrow range between two adjacent turning points. In contrast,

in our scheme, there is no limit to the tuning range, therefore
the relative phase of the two-colour pulse can be locked at
arbitrary values.

By monitoring the relative phase stability with the SH-wave
interferometer, we have found that the instabilities originated
mainly from the two-pulse generation section, in which the
optical path length of the two frequency components may be
affected by the air flow and temperature/humidity fluctuations.
The air flow caused fast phase instability, and it can be sig-
nificantly suppressed by placing the generation setup inside
a covered enclosure. On the other hand, instability caused by
temperature/humidity fluctuations is slow but large (typically,
the phase drifted at a rate of π rad hour−1). With the help
of the phase-locking system in our setup, the phase instabil-
ity caused by temperature/humidity fluctuations can be well
compensated, and a stable phase locking over 2 h and RMS
of phase fluctuation of 200 mrad is measured (figure 1(b)).
The longest continuous phase locking period that we have
recorded in our experiment was around 24 h. The motorized
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Figure 5. The measured angular distributions of proton emissions
(in x–z plane) as a function of Δφ for two-colour pulses composed
of circularly polarized 800 nm and 400 nm components with
opposite (a) and same (b) handedness. For counter-rotating fields (a)
the momentum spectrum rotates by 120◦ when Δφ changes by 2π
while for co-rotating fields (b) it rotates by 360◦ . Also see movies in
supplementary materials (https://stacks.iop.org/JPA/54/134001
/mmedia).

stage used in our setup has a very slow response time of
∼2 s, which limits the loop time of the feedback system, mak-
ing it incapable of handling the fast phase noise. This could
be solved by using a piezoelectric stage with a much faster
response time.

3. Experiments with H2

To characterise the phase stability and the waveform of the
output two-colour pulse in situ, we measured the dissocia-
tive ionization of H2 molecules by the two-colour pulse in
a reaction microscope. The electron localization during the
dissociation of H+

2 (H+
2 → H+ + H) depends sensitively on

the waveform, or equivalently the phase of the driving two-
colour pulse. By measuring the outgoing proton momentum
in the laser polarization plane, it is possible to measure the
asymmetry of the proton emission, which in turn is char-
acteristic of the waveform of the two-colour driving pulse.
Similarly, the relative phase stability of the two-colour pulse
can be diagnosed by measuring the stability of proton emis-
sion asymmetry. We have measured the momentum of pro-
tons produced by the parallel linearly polarized two-colour
pulse, whose phase has been scanned from 0 to 2π by adjust-
ing the target phase of the feedback loop during the mea-
surement. A strong phase-dependent asymmetry modulation

of 30% in proton emission with modulation period of 2π rad
for protons with kinetic energy around 0.5 eV and 2.5 eV is
observed, which is similar to reported in [6]. We also observed
a strong proton yield modulation with modulation period of
π rad and modulation amplitude of ∼10%. Both the observed
phase dependent modulations are the result of quantum inter-
ference of dissociation pathways where number of photons
absorbed by the molecule is different, while the dissociated
protons obtain the same kinetic energy. The phase-locking sta-
bility can be monitored in situ by measuring the asymmetry of
proton emission over an extended period of time. As shown
in figure 3, the asymmetry of proton emission has been moni-
tored with and without active stabilization for two hours. With-
out stabilization, the asymmetry varies between −0.3 to 0.3
with sign reversal being indicative of Δφ drifting by π. With
active stabilization the asymmetry and Δφ remain constant
for hours.

It is also possible to combine circularly polarized two-
colour pulses with arbitrary handedness. Figure 4 shows the
proton momentum distribution in the laser polarization plane
with co-rotating (figure 4(a)) and counter-rotating (figure 4(b))
circularly polarized two-colour pulses. For counter-rotating
two-colour field, the electric field has a ceiling fan like struc-
ture with three fold symmetry where E-field is maximized
along three directions separated by 120◦ angle. The proton
yield is maximized along the direction where the electric
field is maximized. Therefore, we are able to observe a sim-
ilar ceiling-fan structure with threefold symmetry in the mea-
sured proton momentum spectrum in the laser polarization
plane (px – pz plane), where the proton yield is also maxi-
mized at three different emission directions separated by 120◦

(figure 4(d)). As the three lobes of the two-colour field struc-
ture rotate around the zero point (Ex = 0, Ey = 0) when Δφ
is changed, the resulting proton momentum spectrum is also
observed to be rotating accordingly. A 2π change in Δφ results
in 120◦ rotation of the proton emission angle (figure 5(a)). On
the other hand, the co-rotating two-colour field has only one
maximum, so we could only observe one maximum in pro-
ton momentum spectrum (figure 4(c)), and the spectrum also
rotates with the E-field of the driving two-colour pulse when
Δφ is changed, where a 2π change in Δφ can cause a 360◦

change in proton emission angle (figure 5(b)).
Given a circularly polarized FW and SH pulse and the polar-

ization plane is in x–z plane, the E-field of the synthesized
two-colour pulse is �E = �Eω = �E2ω , where �Eω and �E2ω can be
expressed as:

�Eω = E(t)
[
cos(ωt)�x + cos

(
ωt +

π

2

)
�z
]

, (2)

�E2ω = E(t)
[
cos(2ωt +Δφ)�x + cos

(
2ωt ± π

2
+Δφ

)
�z
]

,

(3)
E(t) is the pulse envelope of FW and SH pulse, which is
assumed to the same. The ‘+’ sign in the equation (3) cor-
responds to co-rotating two-colour pulse, and ‘−’ sign corre-
sponds to counter-rotating pulse. By projecting the two colour
field �E along any direction θ in the polarization x–z plane, with
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a time coordinate transform ωt + θ = ωt
′ 

we can get

Eθ = E(t′)[cos(ωt′) + cos(2ωt′ +Δφ± θ − 2θ)], (4)

For the counter-rotating fields, the phase term in (4) is
Δφ− 3θ, which implies a change of Δφ is equivalent to 3
times the change of projection angle θ, or a 2π shift in Δφ
results in 120◦ change in projection angle. While for the co-
rotating fields, the phase term is Δφ− θ, which implies that
the change of Δφ is the same as the change of the projection
angle. Our measurements (figure 5) agree perfectly with those
predictions.

In summary, we described a versatile two-colour pulse
generation setup with complete independent control of the
pulse parameters for the two colours. The relative phase and
delay can be well locked by a feedback loop based on an
inline SH-wave interferometer. In our experiment, the rela-
tive phase remained locked for hours with RMS of the phase
fluctuation around 200 mrad. The measured proton momen-
tum spectra of the dissociative ionization of H2 molecule show
that the combined two-colour fields are shaped exactly as
expected.
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