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ABSTRACT: In strong field ionization of methyl iodide initiated by
elliptically polarized few-cycle pulses, a significant correlation was
observed between the carrier-envelope phases (CEPs) of the laser and
the preferred ejection direction of methyl cation arising from dissociative
double ionization. This was attributed to the carrier-envelope phase
dependent double ionization yields of methyl iodide. This observation
provides a new way for monitoring the absolute CEPs of few-cycle pulses
by observing the ion momentum distributions.

■ INTRODUCTION
The possibility of driving and manipulating photoinduced
chemical reactions has been extensively explored in the past
decades. Controlling the product momentum distributions
arising from photodissociation is one aspect of laser control. In
the weak field regime, the product momentum distributions are
determined by the relationship between the transition dipoles
and the driving laser electric field.1,2 In contrast, because strong
field ionization involves many transitions and many photons,
the product momentum distributions do not directly correlate
with any particular transition dipole. As a result, the ionization
rates and thus the product momentum distributions depend on
the laser electric field and the shape of the ionizing orbitals.3−9

Therefore, parametrization of the laser is crucial for steering
the ejection direction of electrons and fragmented molecules.

For ultrashort few-cycle pulses, an important parameter to
consider for achieving control is the carrier-envelope phase
(CEP). The CEP describes the phase shift between the peak of
the envelope function and the peak of the carrier wave. The
electric field of an ultrashort pulse can be expressed as E(t) =
E0 e(−t/τ)d

2

cos(ωt + θ), in which E0 is the envelope function, ω
is the angular frequency, τ is the pulse duration, and θ is the
carrier-envelope phase. For ultrafast studies, the CEP is
important because it determines the temporal evolution of
an ultrashort pulse while it is less significant in long pulses.
This becomes critically important in high harmonic gen-
eration,10,11 nonsequential ionization,12 and control over
photochemical reactions.13

Various methods have been developed and applied to
measure the CEP. Although, it should be noted that these

techniques only measure the relative CEP rather than the
absolute CEP of ultrashort pulses. The f-to-2f interferometry is
a well-established self-referencing method,14−16 that measures
the interference between the short wavelength part of
fundamental spectrum and the long wavelength part of the
frequency doubled spectrum. Alternatively, the above thresh-
old ionization (ATI) phasemeter is a popular CEP measure-
ment technique developed by Paulus and co-workers.17,18 This
approach utilizes linearly polarized light to measure the
asymmetric momentum distributions of photoionized electrons
to obtain the CEP. However, theoretical calculations are always
necessary for retrieving the CEP offset.

Recently, Li and co-workers developed an in situ method for
directly measuring the absolute CEP with strong field ionized
electrons using a velocity map imaging setup.19 This technique
measures the angle of maximum ionization which corresponds
to the peak of the electric field. The peak of the electric field
directly coincides with the CEP for circularly polarized light.20

The study showed that the absolute CEP of a pulse could be
directly measured without theory input. However, complica-
tions arising from population depletion and a finite deflection
angle due to the interaction between departing electrons and
the cores can affect its accuracy.21
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One potential method to circumvent these issues is to use
ejected ions to measure the CEP, if such a correlation exists.
The rationale behind this is that ejection angles of ions are not
subject to deflection experienced by electrons because of the
substantial mass of the ions. Using the CEP to control the ion
ejection direction has been realized in previous studies using
linearly polarized light.22−26 It has not been explored with
circularly or elliptically polarized light.

In this work, we demonstrate that the ion imaging technique
can be utilized to acquire the 2D momentum distribution of
dissociated ions in the plane of polarization to determine the
CEP of circularly/elliptically polarized light. From these
results, we found the ion ejection direction strongly correlates
with the CEPs of ultrashort pulses. Furthermore, our
theoretical modeling suggests that the absolute CEPs can be
directly obtained from the preferred ejection direction of ions.

■ METHODS
The experimental setup has been described in detail in
previous studies.19,27−32 Here, we will briefly discuss the major
components involved in this experiment and modifications that
were made to the original configuration. Pulses from a 1 kHz
Ti:sapphire two-stage amplified laser (KMLabs Red Dragon,
800 nm, 30 fs, 1 mJ/pulse) were spectrally broadened using a 1
m long hollow-core fiber (Imperial Consultants (ICON) of
Imperial College London) filled with argon gas. Seven pairs of
chirped mirrors (Ultrafast Innovation, PC70) coupled with a
pair of BK7 wedges were used to compress the pulse. A D-scan
technique33 was used to fully characterize the pulse and
retrieved a duration of ∼5 fs.

A broadband quarter-wave plate (United Crystals, AWP650-
1100) was used to produce elliptically polarized light (0.9
ellipticity) that was directed into a VMI detection system.
CH3I (Sigma-Aldrich, 99%) was bubbled into the gas line with
helium as the carrier gas. With a skimmer, a supersonically
expanded cold molecular beam was used to introduce the
samples into the main chamber. The electron/ion electrodes
were pulsed to accelerate both ions and electrons toward the
detector. A microchannel plate/phosphor screen (MCP)
imaging detector coupled with two complementary metal-
oxide-semiconductor (CMOS) cameras was utilized to acquire
the 2D angular distributions of photoionized events. The
cameras were run at 1 kHz and synchronized with the laser
trigger. Their exposure times were adjusted to collect only ions
or electrons,34 respectively.

A unique feature of the setup is the laser detector
configuration. The laser beam was pointed toward the detector
directly but was intercepted by a focusing mirror ( f = 100 mm)
placed directly in front of the MCP detector, within the main
chamber.19 The laser beam was then focused back onto the
molecular beam to produce ionization/dissociation events.
With this configuration, the 2D images obtained were direct
measurements of the momentum of ions and electrons in the
plane of polarization. Conventionally, the laser beam is parallel
to the detector and momenta in the plane of polarization can
only be achieved through 3D measurements, which has limited
count rate due to a finite detector deadtime.

Finally, a camera-based f-to-2f setup was also employed
concurrently with the VMI technique to monitor the relative
CEP of each laser pulse.19,35−37 Because the laser system is not
phase-stabilized, the f-to-2f is necessary for tagging the relative
CEP of each pulse to provide a reference for each camera
images.

Theoretically, time-dependent configuration interaction with
a complex absorbing potential (TDCI-CAP) was used in
simulations of strong field ionization to model the CEP
dependence of CH3I double ionization.38 Because the pulse is
close-to-circularly polarized, electron recollision is suppressed
and thus double ionization proceeds by a sequential process
(CH3I → CH3I+ + e; CH3I+ → CH3I2+ + e). Sequential double
ionization was modeled by two independent TDCI simu-
lations. Details of the TDCI methodology are described in the
Supporting Information. The first simulation uses time-
dependent configuration interaction with single excitations
(TD-CIS) and yields the population of the cation, |Ψcation

a (t)|2,
produced from the neutral from the beginning of the pulse, t0,
to time t, starting from a unit population of the neutral at time
t0.

| | = | |t t( ) 1 ( )a a
cation

2
neutral

2
(1)

The second simulation for ionization of the cation uses time-
dependent configuration interaction including single and
double excitations with ionization (TD-CISD-IP) and yields
the amount of dication, |Ψdication

b (t)|2, produced from the cation
from time t to the end of the pulse, t1, starting from a unit
population of the cation at time t.

| | = | | | | | |t t t t( ) ( ( ) ( ) )/ ( )b b b b
dication

2
cation

2
cation 1

2
cation

2

(2)

The total amount of dication produced by the pulse is obtained
by multiplying eq 2 by eq 1 and integrating over the duration
of the pulse from t0 to t1.

= | | | |t t tdication yield ( ) ( ) ) d
t

t
a b
cation

2
dication

2

0

1

(3)

Calculations were carried out with laser pulses with different
CEPs for CH3I molecules fixed in space and the dication yields
can be compared with experimental results. This is because the
majority of dications will eventually dissociate.7 We also note
the sequential ionization simulations were performed with a
fixed nuclear geometry of the ground state neutrals. This is
justified by the fact that most of the ionization takes place
around the peak of the laser envelope due to the strong
nonlinearity of SFI (see Supplemental Figure S2). The ∼5 fs
pulse duration ensures nuclear motion during the pulse to be
minimal.

■ RESULTS AND DISCUSSION
Two factors are important to consider when selecting
appropriate molecular systems in this study: (1) The angle
dependent ionization rate of the molecules must be
anisotropic. (2) The dissociation of the molecule must be
faster than the rotation period. The first condition can be easily
satisfied by a molecule without inversion symmetry. Inversion
symmetry prevents distinguishing between 0 and 180°. A fast
dissociation ensures that the molecular axis at the moment of
ionization is maintained so that the ion ejection direction gives
the molecular orientation. This is the axial recoil approx-
imation. By satisfying these two conditions, the ion momentum
distributions can map out the angle-dependent ionization rates
and thus provide information on the CEPs of the driving laser
pulses. In this study, CH3I was selected because it fulfills both
requirements.7,39,40

The experimental results of CEP resolved methyl cation
momentum distribution are shown in Figure 1. The dark
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feature in the center is due to the focusing mirror. No inverse
Abel transform was applied to the images because these images
do not possess cylindrical symmetry. Here we focus our
attention on the outmost feature, which arises from the
dissociation of doubly ionized methyl iodide. Dissociative

single ionization can also take place, but the resulting methyl
cation has much smaller kinetic energy and is masked by the
focusing mirror. Figure 1a plots the images of methyl cation
with all CEPs included. For circularly polarized light, the
angular distribution should be isotropic. However, the

Figure 1. (a) CEP averaged CH3
+ momentum distribution in the plane of polarization. The signal between the two dashed circles was integrated to

give the angle dependent yields in Figure 1c. (b) CEP-resolved CH3
+ momentum distribution at different CEP values 0 and π (relative),

respectively. The white contour lines are highlighting the regions of the highest yield of CH3
+ for a given CEP, 0 or π respectively. Note the CEP is

relative as measured by the f-to-2f method. (c) Scaling the angular distribution of a CEP resolved methyl cation momentum (green) with that of
CEP averaged cation (blue) to retrieve the CEP (red). Note all curves were normalized according to Y Y

Y Y
min

max min
. (d) Correlation plot between the

maximum ion ejection angle and the CEP given by the f-to-2f. With a slope = 1, the fitted trendline shows the strong correlation between the
maximum ion ejection direction and the CEP of the laser. The R2 value (0.98) indicates the goodness of the linear fitting.

Figure 2. (a) The time evolution of the electric field of a 4-cycle (full width) laser pulse with an absolute CEP of zero. The maximum electric field
is pointing up. In the calculation, the C−I bond is fixed in space with the iodine atom at the top. (b) The calculated dication yields at different
absolute CEP values.
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distribution observed here is not isotropic due to a nonperfect
ellipticity of the laser (0.9) and detector inhomogeneity. Figure
1b shows two CH3

+ images at two different CEPs. The images
show somewhat different momentum distributions. To
quantitatively characterize this difference, we adopted a scaling
process in which we used the CEP averaged angular
distribution (blue curve in Figure 1c) to divide each CEP
resolved angular distribution. A sample result is shown in
Figure 1c (green and red curves for before and after the
scaling, respectively. Note each curve was normalized
separately). The scaled curve now shows a clear maximum at
a certain angle and this angle changes with the CEP. It turns
out this angle is uniquely associated with the CEP. This can be
seen from Figure 1d, in which we plot the maximum ejection
angle of ion at each CEP value. A strong linear relationship is
observed and the slope of 1 is a clear indication of the
correlation between the ion ejection angle and the CEP value.

While the correlation is clearly present, the experimental
result itself cannot tell the offset between the preferred ion
ejection direction and the absolute CEP value, i.e., the question
of whether the preferred ion ejection gives the direction of the
maximum electric field of the pulse. This is because the CEP
values obtained by the f-to-2f method are only relative and thus
an arbitrary CEP offset is present. To determine this offset,
theoretical modeling is required. Figure 2a shows the electric

field evolution of a laser pulse with an absolute CEP of zero
(maximum electric field is pointing up toward iodine atom). As
the absolute CEP values are varied, the maximum electric field
direction will rotate in the plane of the polarization, which
changes the dication yields. Figure 2b shows the calculated
total dication yield as a function of the absolute CEP
(normalized to a range of 0 to 1). The curve shows a clear
maximum, confirming the experimentally observed correlation
between the preferred ion ejection direction and CEPs. The
maximum is at 167°. This suggests that maximum double
ionization is achieved when the absolute CEP is pointing to the
methyl group, which is in total agreement with previous recoil-
frame angle dependent measurements.7 With the axial recoil
approximation, this gives a 13° offset between the absolute
CEP and the measured preferred CH3

+ ejection direction.
This result was corroborated by the measurements of

electrons. Figure 3 shows the same approach to extract the
CEP information from the electron momentum distributions.
We note that the maximum ionization direction of electrons
strongly depends on the magnitude of the momentum, which
is a clear sign of neutral depletion due to a high laser
intensity.21 However, with slow electrons, the offset between
methyl cation and electrons was measured to be 89° ± 8°. This
was done by taking the difference between the intercepts of the
fitted linear equations. This result is from separate coincidence

Figure 3. Same method as in Figure 1 but applied to electrons. (a) CEP averaged electron momentum distribution in the plane of polarization. The
signal between the two dashed circles was integrated to give the angle dependent yields in Figure 3c. These are designated as slow electrons. (b)
CEP-resolved electron momentum distributions at different relative CEP values 0 and π, respectively. The white contour lines are highlighting the
regions of the highest density of detected electrons for a given CEP. (c) Scaling the angular distribution of a CEP resolved electron momentum
(green) with that of CEP averaged electrons (blue) to retrieve the CEP (red). Note all curves were normalized according to Y Y

Y Y
min

max min
. (d)

Correlation plot between the maximum electron ejection angle and the CEP given by the f-to-2f. With a slope = 1, the fitted trendline shows the
strong linear relationship between the maximum electron ejection direction and the CEP of the laser.
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measurements between electrons and ions with a lower count
rate, which was achieved by using a much lower gas pressure.
This offset matches almost perfectly with a 90° offset due to
the vector potential effect.20 On the other hand, the offset
between the methyl cation and high energy electrons is close to
160°, which is likely due to the neutral depletion or complex
electronic dynamics. This confirms that the method of using
electrons to measure absolute CEPs is subject to various
complicating effects and much caution is required.

■ CONCLUSION
In summary, we identified a strong correlation between the
angles of maximum ion ejection and the CEPs of the driving
laser pulse in methyl iodide. Theoretical results suggest, after
correcting a 13° offset, the absolute CEP can be directly
obtained from measuring the momentum distributions of
methyl cations arising from double ionization of methyl iodide.
As far as we know, this is the first time that such a correlation
was demonstrated. In the future, it will be interesting to
investigate such an effect in other molecular systems. More
importantly, this new method can be used to calibrate the
absolute CEPs of ultrashort pulses and to study absolute CEP
resolved strong field dynamics.
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