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We report on a simple way to directly measure the Gouy
phase shift of a strongly focused laser beam. This is accom-
plished by using a recent technique, namely, interferometric
second-harmonic generation. We expect that this method
will be of interest in a wide range of research fields, from
high-harmonic and attosecond pulse generation to femto-
chemistry and nonlinear microscopy. © 2018 Optical
Society of America
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Nonlinear microscopy; (190.4160) Multiharmonic generation;
(190.4400) Nonlinear optics, materials.

https://doi.org/10.1364/0L.43.001958

It is well known that, across the focus of a freely propagating
Gaussian beam, its phase experiences an additional z-shift com-
pared to a plane wave. This is the so-called axial phase anomaly
discovered by Gouy in 1890 [1]. This phase shift has significant
consequences in nonlinear optics, since the observation of non-
linear processes requires high peak intensity, thus requiring
focus of ultrashort laser pulses. Hence, determining and
controlling the phase anomaly is crucial in many fields based
on ultrafast light—matter interactions, e.g., THz generation
[2,3], femtochemistry [4], and electron acceleration from nano-
structures [5,6]. In particular, in attosecond science, few-cycle
pulses are used to drive the strong-field processes, and this
phase shift creates a spatially dependent carrier envelope phase
(CEP) [7-9], which impacts how to design CEP-dependent
strong-field experiments, such as the generation of isolated
attosecond pulses [10,11]. In coherent nonlinear optical
microscopy, the length of interaction is in the range of 1 pm;
thus, one expects that phase matching should play no role.
However, in processes such second- and third-harmonic gen-
eration (SHG and THG, respectively), the electric fields add
coherently, and thus the Gouy phase shift strongly affects
[12,13] the observed imaging contrast. As a consequence, in
the last decade, there have been a number of experimental
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studies to monitor and map the spatial evolution of this phase
anomaly [14-18].

In this Letter, we propose a direct technique to map the axial
phase shift under tight focusing conditions using interferomet-
ric SHG (I-SHG) microscopy [19,20]. Since SHG is a phase-
sensitive non-linear process, the axial phase change as the beam
propagates through its focus can be extracted from the measure-
ment of the phase of the signal generated by a point-like source
at different positions within the focal volume. To that end, we
spatially confined SHG over ~100 nm using the field gener-
ated from a single collagen fibril, and measured its interference
with a reference SHG beam generated before the microscope.

In this study, we used isolated collagen fibrils extracted and
prepared following the protocol established in [21]. SHG
imaging was performed using a custom-built laser-scanning
microscope as described previously [22,23] (Fig. 1). In short,
the laser source was a mode-locked Ti:Sapph oscillator
(Tsunami pumped by a 12 W Millenia Pro laser, Spectra
Physics) tuned at 810 nm and delivering ~150 fs pulses at
80 MHz. A 5 cm focal lens was used to focus the laser on a
20-pm thick beta-barium borate (BBO) crystal (6 = 29.2°,
Eskma Optics) to generate a reference SHG beam whose
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Fig. 1. Schematic of the I-SHG microscope.
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intensity was adjusted by moving the crystal closer or farther
from the lens focal point. Both the excitation beam (810 nm)
and the reference SHG beam (405 nm) were collimated using a
metallic spherical mirror. Two calcite wedges were inserted
between two half-waveplates at 810 nm and full-waveplates
at 405 nm, to introduce a controlled negative delay between
the two beams that pre-compensate for the dispersion intro-
duced by all the following optical elements. A 1.5 mm thick
BK7 window, placed on a rotating mount, was used to control
the phase between the reference and the excitation beam.
A last half-wave plate (at 405 nm and 810 nm) was used to
adjust the incident linear polarization before entering the
microscope. The microscope was built on a telecentric scanner
(TillPhotonics GmbH), and the beam was re-sized to overfill
the back aperture of a water-dipping objective (Olympus,
UplanSApo 40xW3/340, NA 1.1). Mechanical and piezoelec-
tric motors, for coarse and fine adjustments, respectively, were
used to vertically move the objective, allowing the acquisition of
z-stacks. Signals were collected in the forward direction using a
condenser [numerical aperture (NA) 0.55] and detected on a
photomuldiplier tube (PMT—R6357, Hamamatsu Photonics,
Japan) set at 900 V using appropriate spectral filters (two FFO1-
720/SP-25 and a FF01-405/10, Semrock). Finally, an analyzer
was placed just in front of the PMT, and set parallel to the
collagen fibril observed. Scanning and signal acquisition were
synchronized using a custom-written LabVIEW software and a
multichannel I/O board (National Instruments).

20 pm x 40 pm images were recorded in the forward direc-
tion, in ~2 s, using 20 ps pixel dwell time and 100 nm pixel
size in order to oversample the fibril structure. The average
power on the sample was adjusted to 30 mW, corresponding
to 0.4 nJ/pulse. Raw data visualization was performed with
Image] (NIH) and image processing was performed with
MATLAB (The MathWorks) and Origin 10 (OriginLab).

The I-SHG technique aims at retrieving the relative phase of
the SHG signal in the sample by measuring its interference
with the reference SHG beam (for a complete description of
the method, see [19,20]). The intensity measured on the
PMT is given by

[((pref) = [ref + [samp + 2\/ [ref]samp COS((psamp - (pref)’ (1)

where @, and /¢ (respectively, @ and 7g,,) stand for the
phase and the intensity of the reference (respectively, sample)
SHG beams. The reference phase can be adjusted by rotating
the glass window. The relationship between ¢,¢ and the glass-
window angle was calibrated using a 350 pm thick y-cut quartz
plate as a sample, obtaining the typical interferometric pattern
described by Stolle ez al. [24]. As only the relative phase is rel-
evant here, the zero value for the reference phase was assigned
arbitrarily.

This calibration allows, when looking at a collagen fibril, to
introduce a control phase shift between the two SHG beams.
To isolate the interferometric term, we computed the difference
between two raw images acquired with a T phase shift in @,.:

[((pref) - [((pref + 7[) = 4\/ ]ref[samp COS((psamp - (pref)- (2)

The acquisition of 12 pairs of images, with reference phase
varying from 0° to 330° by 30° phase steps and fitting
with Eq. (2), allows interpolation of the amplitude and
relative phase of the interferometric contrast. For every pixel,
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we determine the reference phase corresponding to the maxi-
mum amplitude, which provides an image of the relative phase
in the sample.

Note that the use of a laser-scanning system to scan the
incident angle of the beams on the back pupil of the objective
led to a change in the optical path, introducing a gradual phase
shifting from the center of the interferometric pattern. While
this could be calibrated and compensated [25], we choose here
to limit our region of interest (ROI) to the very center of the
field of view (20 pm x 40 pm).

Using I-SHG microscopy, we measured the phase of the
SHG signal from isolated collagen fibrils. The excitation beam
is propagating along the z axis, and the fibril is lying in the focal
plane [xy plane, see Fig. 2(a)]. A phase histogram with a single
narrow peak corresponds to the phase of the excitation beam
[sce Eq. (2)]. Since the diameter of collagen fibrils (10—
500 nm) [26,27] is commonly well below the axial length
of the point spread function (~1 pm in these conditions), a
single fibril acts as a point source. Therefore, acquiring a z-stack
of a single collagen fibril is equivalent to scanning a point
source within the focal volume, allowing us to probe the phase
variation within the focal spot.

Figure 2 displays the Gaussian fit of the phase histogram for
five different fibril axial positions within the focal spot. The
lateral shift observed in the peak value at increasing depth
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Fig. 2. (a) Schematic of the collagen fibril under laser excitation.
(b) Gaussian fitting of the phase histogram measured in the same col-
lagen fibril at different positions within the focal volume. The shift in
the peak value reveals the variation of the phase of the excitation beam
with focus position.
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(Fig. 2) reveals the variation of the phase of the excitation beam
with focus position, the so-called Gouy phase shift. Note that
the absolute position of the peak is not relevant, as it depends
on the choice of the zero reference phase. However, since this
zero is defined during the calibration and is kept constant
through all experiments, it allows extraction of the variation
of phase while adjusting the depth of focus. Therefore, as a
convention, we set the origin of the phase at the peak value
obtained when the fibril is at the focus of the objective, indi-
cated by the maximal intensity value in the z-stack. In addition,
the variation of the peak width observable in Fig. 2 results from
the decrease of the SHG signal when the collagen fibril is out of
focus, which reduces the signal-to-noise ratio and therefore the
accuracy of the phase peak determination.

To accurately measure the Gouy phase shift we displaced the
focal volume over 6 pm by 0.15 pm steps and acquired both
SHG and I-SHG images at each step. Figure 3 displays the
intensity of SHG signal (red squares—top panel) as a function
of fibril position within the focal volume together with the evo-
lution of the phase (red squares—bottom panel). It is worth
noting that we observe a 27 phase step, since the SHG signal
results from the square of the excitation electric field, and there-
fore the phase shift of the SHG signal is double the one of the
excitation beam.

As a first approximation, the phase exhibits the classical
arctangent-like behavior of the Gouy phase shift:
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Fig. 3. (a) Intensity profile and (b) Gouy phase shift as a function
of fibril position within the focal spot. Red squares indicate experimen-
tal measurements, and blue circles represent numerical simulations.
Plane lines represent Gaussian fitting in (a) or fitting along Eq. (3)

in (b).
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PGouy = —2arctan (Z) , (3)
2R

where zp is the Rayleigh range of the excitation beam. Fitting
the Gouy phase shift using Eq. (3), we obtain a Rayleigh range
of 930 &+ 80 nm, which is consistent with the one extracted
from the intensity profile 1030 4= 40 nm. Note that this cor-
responds to the theoretical Rayleigh range obtained with a
1.0 NA objective (934 nm), which might indicate a slight
under-filling of the back aperture of the objective or result from
spherical aberrations.

However, since we are using a tightly focused beam in these
experiments, Eq. (3) is not valid anymore, and one has to
consider the case of a vector field. In this case, the Gouy phase
anomaly is defined as the difference between the actual phase of
the wave and the one of a spherical wave [28,29]. Furthermore,
in the case of a vector field, the polarization of the beam needs
to be considered [30].

To calculate the Gouy phase shift of a tightly focused beam,
we used numerical simulations. These simulations were per-
formed by illuminating a 110 nm diameter cylinder, lying in
the x direction, with a tightly focused beam [30-32] with a
1.0 NA in a » = 1.33 medium, propagating in the z direction.
The induced nonlinear polarization (P) is then calculated as

P=4O.EE, @)
where y@ is the second-order nonlinear susceptibility tensor
for collagen fibrils [33] and £ the incident electric field. The
far-field emitted electric fields are then calculated using the
Green’s function approach as in [19], and we determine both
the intensity and the phase (blue circles—top and bottom panels,
respectively). Note that in the simulations, the Gouy phase
shift actually does go from -180° to +180° at longer length
scale.

In the case of a vector field, one would expect that the Gouy
phase shift depends upon the three incident P components, as
in [30]. In our simulations, this dependency is accounted for
through the tensor nature of y?. This corresponds to our
experimental conditions, where the SHG signal is a mix of
the contributions of the three incident components of P
due to tight focusing.

In conclusion, we have presented a simple technique to mea-
sure the Gouy phase anomaly of strongly focused short pulses
by means of I-SHG microscopy. The technique allows an
accurate measurement of the smooth evolution of the phase
through the focus. We expect that this method will be of in-
terest in a wide range of research fields, from high-harmonic
and attosecond pulse generation to femtochemistry and non-
linear microscopy.
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