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Abstract

Two-photon scanning microscopy (TPSM) 1s a powerful tool for imaging deep inside living tissues with sub-cellular resolution. The tempaoral
resolution of TPSM is however strongly limited by the galvanometric mirrors used to steer the laser beam. Fast physiological events can therefore
only be followed by scanning repeatedly a single line within the field of view. Because acousto-optic deflectors {AOQDs) are non-mechanical
devices, they allow access at any point within the field of view on a microsecond time scale and are therefore excellent candidates to improve
the temporal resolution of TPSM. However, the use of AOD-based scanners with femtosecond pulses raises several technical difficulties. In this
paper, we describe an all-digital TPSM setup based on two crossed AODs, [t includes in particular an acousto-optic modulator (AOM) placed at
45" with respect to the AQDs to pre-compensate for the large spatial distortions of femtosecond pulses occurring in the AODs, in order to optimize
the spatial resolution and the fluorescence excitation. Our setup allows recording from freely selectable point-of-interest at high speed ( 1 kHz). By
maximizing the time spent on points of interest, random-access TPSM (RA-TPSM) constitutes a promising method for multiunit recordings with

millisecond resolution in biological tissues.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In two-photon scanning microscopes (TPSM), high optical
resolution of a thick scattering fluorescently labeled sample 15
achieved through the use of non-linear two-photon absorption
from an infrared femtosecond pulsed laser (Denk et al., 1995;
Zipfel et al., 2003). As the probability of a two-photon transition
15 4 square function of photon density, excitation and fluores-
cent emission occur only in a small volume at the focus of a
high numerical aperture objective. The emitted light is mea-
sured by a photosensitive device without descanning. Scanning
the laser beam in two orthogonal in-plane directions X and ¥
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provides an optical section of the fluorescence intensity distri-
bution. Images result from the subsequent spatial reconstruction
of the distnbution in tme of the fluorescence intensity. Flu-
orescently labeled neurons can be imaged by this method in
acute brain slices and in living animals (Denk et al., 1995:
Yuste et al., 2000; Helmchen and Denk, 2002: Helmchen and
Waters, 2002), Scanning relies on galvanometric mirrors provid-
ing accurate scans of large amplitude, but frames are acquired
at a few Hz and usually need to be averaged to get images with a
useful signal to noise ratio: each point of a frame (500 = 500
pixels) acquired at 1Hz is illuminated only 4 ps. Video-rate
scanning 1s possible with a resonant galvanometer (Tsien and
Bacskai, 1995; Fan et al.. 1999), but again averaging of frames
15 usually necessary. Other promising possibilities are multifo-
cal imaging (Straub et al., 2000) and scanning-less microscopy
using temporal focusing (Oron et al., 2005), but the collec-
tion of scattered photons on an image detector results in a
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loss of spatial resolution. Finally, single line scan (Denk el
al., 1995) is the most convenient method to follow physiologi-
cal processes on timescales of few milliseconds, but limits the
observation to biological objects transected by the same single
line.

In principle, the optical measurement of time-dependent pro-
cesses would not involve making images at all. Measurements
are only of interest at the few locations where the image plane
intersects the biological objects of interest and where maximum
time should be spent to collect as many photons as possible.
Fast physiological processes like action-potential-evoked cal-
cium transients in the somata of multiple neurons or calcium
entries in many neuritic compartments of a single neuron could
be recorded optimally with only tens of points scattered in the
field of view, each one being sampled at 1 kHz. This cannot
be achieved with standard galvanometers since about 1 ms is
required to stabilize them in a new position. Scanning a set of
points within a plane at high speed is possible with two orthogo-
nal acousto-optic deflectors (AODs). In an AOD, a propagating
ultrasonic wave establishes a grating that diffracts a laser beam
at a precise angle which can be changed within a few microsec-
onds (Yariv, 1997). AODs have been used in a single photon
microscope (Bullen et al., 1997; Bullen and Saggau, 1999),
Combining scans with AODs and two-photon fluorescence exci-
tation raises, however, some specific difficulties (Denk et al.,
1995; Lechlenter et al., 2002; Iyer et al., 2003; Roorda et al.,
2004 ), Light sources for two-photon microscopy are femtosec-
ond pulsed lasers (~100 fs), which have a rather large spectral
dispersion 44 (~12 nm FWHM at 900 nm). The group velocity
dispersion (Yariv, 1997) of the material used in an AOD there-
fore increases the duration of the pulse. The spatial coherence of
the laser beam is also reduced since the diffraction spatially sep-
arates the wavelengths. This last feature reduces the resolution
of an AOD (lveretal., 2003), i.e. the number of points which can
be scanned. The use of AODs in TPSM is therefore not straight-
forward. Recently, a single axis AOD has been used to achieve
ultrafast scans in one direction (Lechleiter et al., 2002: lyer et
al., 2003; Roorda et al., 2004). Setups based on a pair of highly
dispersive prisms (Fork, 1954) were used to pre-compensate for
the temporal broadening. The spatial dispersion introduced by
the single axis AOD was also compensated, at the center of the
field of view, using an additional dispersive element like a prism
(Lechleiter et al., 2002; Roorda et al., 2004) or a diffraction
grating (lver et al., 2003).

We describe the implementation of a two-dimensional AQD-
based scanner in a two-photon microscope. Compensation of
temporal and spatial distortions is implemented. In particular
spatial compensation is obtained with an acousto-optic mod-
ulator (AOM) placed at 457 with respect to the AODs (Ngoi.
2001). Deep imaging in turbid samples with large ficlds of view
requires the use of these pre-compensation setups that restore the
microscope resolution, optimize the pulse duration at the focal
point of the objective and therefore maximize the fluorescence
emission. A simple model 1s presented, that allows quantita-
tive analysis of temporal and spatial distortions and the future
optimization of AOD-based two-photon scanning microscopes.
An example of ultrafast scanning is presented, in which action-

potential-evoked calcium transients in cell somata of neurons in
culture are monitored.

2. Methods

2.1. All-digital rwo-phoron microscope with galvanomerric
scan

Our experiments were performed on a home-made two-
photon scanning upright microscope. The optical setup 15 shown
in Fig. 1. Excitation was produced by a tunable titanium-sapphire
laser (Tsunam, Spectra Physics, USA). Experiments were per-
formed at 840 and at 900 nm. For standard two-photon imaging,
the beam was scanned with a pair of galvanometric mirrors
imaged on the rear pupil of the objective by an afocal tele-
scope T> (magnification T5=3). We used a resonant scanner
(8 kHz CRS, GSI Luminosics, Germany) in the X-direction and
a closed-loop scanner (M2ST with Minisax driver board, GSI
Luminosics, Germany) for the ¥-direction, so that video rate
scanning was obtained. Most of the expeniments were performed
with the Zeiss IR-Achroplan 40x water immersion objective
(numerical aperture (NA) 0.8), which has a focal length of

fobj=4.125 mm. With this objective, the galvanometric scan-

ners provided a field of view of 220 pm. We also used, when
specified, the Olympus XLUMPlanFl 20x, NA 0.95, water
immersion objective (fopj =9 mm) and the Zeiss Plan Neofluar
63x, NA 1.25, oil immersion objective (fohj =2.62mm). The
epifluorescence was collected onto a photon-counting photo-
multiplier (Hamamatsu, H7421-40) by imaging with an aspheric
lens the objective rear pupil on the photodetector (Fig. 1). Photon
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Fig. 1. Setup of the digital two-photon scanning microscope. The two scanning
systems (acousto-optic deflectors and galvanometers) are shown as well as the
temporal (a pair of prisms) and spatial (AOM at 45° with respect 1o the AODs
axis) pre-compensation setups. GP, glass plate; 8P, spectrometer; AQD, acousto-
optic deflectors: AOM, acousto-optic modulator; T and T3, afocal welescopes
imagnifications T =1, T2 =3); scanning mimors, mirrors on galvanometers;
M; and M3, mirrors; DM, dichroic mirror: AL, aspheric lens; PMT, photo-
multiplier tube. Inser: Measure of the commutation time of the acousto-optic
delector between two angles (@) and two amplitudes (). The acquisition time
is 1.67 ps.



R. dalomé er al. F Joirnal of Newroscience Methods 154 {2006) 167174 163

counting mode (Wier et al., 2000) allows a higher signal to noise
ratio at low Huorescence levels, and thus a weaker illumina-
tion, reducing photo-damage. The objective was mounted on a
motorized translation stage (426, actuator VP25AA, ESP30
controller, accuracy 0.1 pm, Newport, USA) to achieve 3D
scanning. We developed acquisition software with Labview
(National Instruments, USA). Scanners were controlled with a
multifunction digitalfanalog board (National Instruments, PCI-
16E4). Image acquisition was performed in an all-digital mode,
by counting the TTL pulses provided by the photo-muluplier
with a DSP board (ADR128-Cé6X, Ateme, France), which had
a configurable internal clock up to 10 MHz,

2.2. Acousto-optic deflectors

An acousto-optic deflection system composed of two AODs
crossed at 90° (DTS-XY-250, A&A, France) was inserted into
our two-photon microscope (Fig. 1). AODs were made of
TeO: used in slow-shear acoustic wave mode (acoustic veloc-
ity v = 650m/s). Two different AOD scanners were used in
this paper. Experiments without spatial pre-compensation were
performed with a scanner optimized at 900 nm, with a central
frequency Fp=80MHz. Experiments with spatial compensa-
tion were achieved with a scanner optimized at 840 nm with
a central frequency Fp=100MHz; an additional AOM was
added to these two AODs for spanal pre-compensation (sce
below). Besides the difference in the central frequency and in
the optimum wavelength, both scanners were identical (material,
aperture, thickness) and could be used over a range of wave-
lengths (at least 70 nm) as required for broadband lasers. The
AODs were imaged onto the scanning mirrors by a second afo-
cal telescope T (magnification T) = 1) and on the objective rear
pupil with a total magnification T=T}-T> =3. We used a col-
limated beam at the AODs with a diameter D‘:ﬁg {measured
at 1/e?) of about 1.5-2mm, smaller than the optical aperture
of each AOD (4.2 mm). This allows maximum transmission in
intensity and a very fast commutation time f., since this varies
linearly with the beam diameter (see below). The magnification
T was chosen to significantly underfill the rear pupil of the 40x
objective (diameter 6.6 mm) and to obtain an effective numeri-
cal aperture of about 0.5-0.6. Deep imaging in scattering tissue
is indeed theoretically more easily achieved with NA slightly
lower than 0.7 (Dunn et al., 2000), because oblique rays travel-
ing a longer path are strongly scattered. Experimentally, NA as
low as 0.5 have been used at large depths of imaging (Theer et al..
2003).

We measured a large transmission (>60%) of the AODs
(A&A specification: at least 70% per AOD and 50% for two
AQODs). Such transmission was measured over a frequency
range AF of 30-35MHz, depending on the fine alignment
of the AODs. Within this acousto-optic bandwidth, the trans-
mission varied by less than 10% with a shape characteris-
tic of the amsotropic interaction in shear mode. The field of
view corresponding to this bandwidth can be calculated as
follows, For an AOD in the Bragg configuration, the relation-
ship between the diffraction angle @A) of the incident light
of wavelength A and the ultrasonic frequency F is given, by

(Yariv, 1997):

iF
B=— (1)
i
where v is the sound velocity, The maximum scan amplitude
Abmax 15 proportional to the acoustic bandwidth A F:

LAF )
ﬁf’-‘lmi_m = T ~ 44 mrad = 2.5 {2}

This amplitude is intermediate between the large angular
deflection of galvanometric mirrors and the scanning range of
acousto-optic deflectors in longitudinal mode or of standard
piczoelectric mirrors. The field of view (FOV) obtained in the
object plane depends on the magnification T of the telescope
used to image the AODs onto the objective rear pupil:

f l:nhj*':"lﬂmax

FOV = =~ Bl mm (3)

The angles of deviation corresponding to the in-plane direc-
tions X and Y are defined by the frequencies Fy and Fy of
the ultrasonic waves in each AOD. Both frequencies are con-
trolled digitally with a fast output board (NI, PCI-DIO-32HS).
The intensity of the diffracted beam was controlled by changing
the amphiude of the ultrasonic waves. To record the fluores-
cence in a set of user-defined (in number and position) points,
we used a counter acquisition board (NI, PCI-6602) synchro-
nized with the digital board. For each point, the illumination was
controlled in duration (from 10 s up to seconds) as well as in
intensity (to optimize in each point the signal to noise ratio while
minimizing photo-bleaching and photo-damage). The software
allows for standard imaging by performing TV like scans and
for sampling a set of user-selected points at very high rate. We
used a fast photodiode to measure the commutation times in
amplitude and in frequency of the AOD. The commutation time
in amplitude was measured by focusing the laser in a fluo-
rescein solution, by switching the amplitude of the ultrasonic
waves from zero to maximum and by measuring the resulting
change in fluorescence. The commutation time in deflection was
obtained similarly by switching the AODs between two angles
of diffraction corresponding to different transmitted powers. We
measured the same commutation time f. in amplitude and in
deflection of about 2.5 ps in our setup (Fig. | inset) as expected
(te = D230 fu ~ 2.5 ps).

2.3. Characterization of the temporal and spatial
distortions in the acousto-optic deflectors

We charactenzed the time broadening of the femtosecond
pulses in the AODs, that was due to the group velocity dispersion
(GVD)of TeOs. Pulse duration was measured with a home-made
auto-correlator (courtesy of O. Crégut, IPCMS, Strasbourg).
Pulse duration 1, was calculated from the FWHM of the auto-
correlation function . using a Gaussian shape approximation
(fac = L416p). A classical temporal pre-compensation system
consisting of a double pass within a set of two SF10 Brewster
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prisms (Fork, 1984) was inserted in the optical setup to introduce
a controlled amount of negative linear chirp. The negative GVD
introduced by this setup (GY Dp,-,-m_{_l was estimated by measur-
ing the time broadening of the pulses for several inter-prisms
distances (GVDprisms =—100<£ 15 fs*/em). We used the two-
photon-excited fluorescence from an FITC solution to adjust
the inter-prism distance which compensated for the GVD of the
whole optical setup including the objective, in order to obtain
an optimum pulse duration in the sample.

The spatial distortion of the laser pulse in the AODs was
characterized by measuring its effect on the radial and axial res-
olutions of the microscope (see below). Pre-compensation of this
spatial distortion was achieved with an acousto-optic modulator
(AAMTS.141, ALA). The AOM was placed at 45° with respect
to the axis of the AOD. It was carefully aligned to maximize its
transmission (>80% ). The frequency in the AOM was optimized
experimentally to obtain a perfect spatial compensation at the
center of the field of view and minimal distortions on its edge.

2.4. Resolurion of the microscope

Images of sub-resolution beads, obtained with the AODs,
gave access o the radial resolution of the microscope, defined
as the full width at half maximum (FWHM) of the fluorescence
intensity profile. The radial resolution was measured for beads
al different positions in the held ol view and, by this means,
as a function of the ultrasonic frequencies in the AODs. The
same result was obtained by acquiring images with the gal-
vanometers for different fixed frequencies in the AODs. A stack
of images at different axial positions Z (step of 0.5 um) gave
access to the axial resolution. At each Z, the maximum intensity
was determined and the axial intensity profile deduced. A Gaus-
sian expression was fitted to radial and axial intensity profiles to
determine the radial and axial resolutions,

2.5. Characrerizarion of the two-photon fluorescence
excitation

We checked how the two-photon fluorescence excitation was
modified by the AODs, as a function of the depth of imaging ina
turbid sample. We compared, using pulses of the same duration
and power at the sample, the decrease of the fluorescence inten-
sity with the AODs and without the AODs on the optical path as
a function of the depth of imaging in a homogeneous solution
of latex beads (1 pm diameter, 2.5% in volume in H-0/D»0),
in which fluorescein was added at a concentration of 1 mM. The
scattering length of the suspension was of the order of 100 pum
at 900 nm.

2.6. Calcium imaging of cell culrures

Pyramidal neurons from rat hippocampus were grown on
glass substrates according to a protocol derived from Banker
(Goslin and Banker. 1991) described n detail elsewhere
(Wvart ¢t al., 2002). Cultures were loaded with 2.5 pM of
the membrane-permeant acetoxymethyl ester of Oregon-Green
Bapta-1 (Molecular Probes, Kj ~ 170nM) for 20 min at room

temperature and rinsed for 10min. Individual action potentials
gave about 5% of fluorescence variation (Smetters et al., 1999;
Peterlin et al., 2000). Experiments were performed at 900 nm
with an incident power of 5 mW.

3. Results

3.1. Temporal distortion of the laser pulses in the AODs
and its pre-compensation

3.1.1. Background

Due to its high acousto-optic figure of merit, the slow-shear
acoustic wave mode of our AODs offers a much higher diffrac-
tion efficiency and a larger acousto-optic bandwidth than the
longitudinal mode (Iyer et al., 2003). Since two AODs are
required for scanning an image and since power limits the imag-
ing depth in turbid samples, slow-shear mode TeO» AODs are
required in two-photon microscopy. However, when ultrashort
pulses travel a length L through a highly dispersive material such
as TeO» of index of refraction n(w), their duration is increased
since each spectral component w accumulates different amounts
of phase ¢ w) = n{w)Lefc. The broadening is related to the group
delay dispersion (GDD, unit of fslj, which is the second deriva-
tive of the phase with respect to the frequency (GDD = ¢"(w)).
The matenal 1s characterized by the group delay dispersion per
unit of length, the group velocity dispersion (GVD=¢"(w)/L.
unit of fs2/fcm), which is related to the first and second deriva-
tives of its index of refraction as:

3
GVD(w) = En’@ + m-'i"{w} = ( : 1) n" (L) (4)
e c 2me-

As a consequence, a transform-limited laser pulse with a
Gaussian envelope and of imitial duration #, 1s broadened, by
a dispersive element of total group delay dispersion L-GVD, to
a final duration 1y, given by

2
T N
oo ]_l_(-’-HnE L.G D) i

5
"in

3.1.2. Pulse broadening and GDD of the AODs

We measured the temporal auto-correlation function of the
laser beam at different points in the microscope, in particular
before and after the AODs. The shorter the wavelength, the
larger the time broadening expected, since the GVD decreases
for increasing wavelengths. Experiments were therefore per-
formed at 840 nm, with a pulse width of 9 £ (.5 nm. Assuming
a Gaussian envelope for the pulse (i.e. the product of the pulse
duration (FWHM) by its frequency width (FWHM), the time
bandwidth product (TBP), is equal to 0.441), it corresponded
to a pulse duration in the oscillator of 115 £ 8 fs (Fig. 2A). The
auto-correlation function just before the AODs had a FWHM of
184 + 15fs corresponding for a Gaussian envelope to a time
duration of 130 x 10fs (Fig. 2A). This shght increase (to a
TBP of 0.5) might be due to the GVD encountered on the
beam path and to some amount of uncompensated GVD in
the cavity. Pulse duration after the AODs increased markedly
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Fig. 2. Temporal dispersion of the laser pulses and its pre-compensation. All experiments were performed at 840 nm with a pulse width of 9nm. (A) Laser pulse
duration (FWHM) at different positions: (1) theoretical value in the laser cavity for a transform-limited pulse with a Gaussian envelope; (2) measured at the exit of
the laser; (3) measured after the AODs; (4) measured after the AODs and with temporal pre-compensation; (5) estimation of the pulse duration at the focus of the
40« objective without any temporal pre-compensation. (B) Pre-compensation of the laser pulse broadening in the AODs. (C) Pre-compensation of the laser pulse
broadening in the microscope for the Olympus XLUMPlanF] 20:= objective ((l) and dotted line) and the Zeiss IR-Achroplan 40 = objective ((®) and solid line) and
the Zeiss Plan 63 x objective objective ((4) and dotted line). The dashed line indicates the pulse duration as a function of the inter-prism distance afier the ADDs
(B). (D) Group velocity dispersion: (1) of the AODs estimated from the pulse temporal broadening: (2) of the ADDs caleulated from the AQD optical characteristics;
(3) of the ADDs estimated from the temporal pre-compensation curve (B); (4) of the Zeiss IR-Achroplan 40 objective; (5) of the Olympus XLUMPlanFl 20

objective; (6) of the Zeiss Plan 63 x objective: (T) of the whole microscope.

to 495+ 15fs (Fig. 2A). Using Eq. (5), we can estimate the
GDD in the AODs responsible for this large time broadening:
17.500 + 4900 fs® (Fig. 2D). We can compare this value to the
expected one knowing the physical size and the acousto-optic
characteristics of our AODs and the GVD of TeOa. TeO> has an
ordinary (n,) and an extraordinary (n.) index of refraction. The
value of the latter one depends on the angle of incidence with
respect to the crystal optical axis. The GVD for each index of
refraction can be computed using Eq. (4) and using the Sellmeir
equation at the incidence used in the AODs (A&A, personal
communication ):

I + 3.7302.°
32— 0.037667

5 | + 3.7088:° i
n,. = ——— 1
" 12 — D.038575 2

(B}

We obtained the GVD along the ordinary axis of 4720, 4320
and 3800 fs*/cm and along the extraordinary axis of 4840, 4430
and 3890 fs*/cm at 840, 900 and 1000 nm, res pectively. The laser
pulse in each AOD typically travels 4 mm along the extraor-
dinary axis, is diffracted and finally travels 11 mm along the
ordinary axis. Therefore, the GDD is of the order of 14,300 fs?

(Fig. 2D), in agreement with that estimated above. It is much
larger than the GDD of a TPSM (a few 100 to a few 1000fs?)
(Soeller and Cannell, 1996; Muller et al.. 1998).

3.1.3. Pre-compensation of pulse broadening

An optical setup has to be inserted into the optical path to pro-
vide negative GDD equal in absolute value to the positive GDD
of the whole microscope including the AODs. Negative GDD
can be obtained from devices providing angular dispersion, such
as prisms, gratings, deformable mirrors or from dielectric mir-
rors with negative chirp. We used a standard pre-compensation
setup consisting of a double pass through a pair of prisms (Fork,
1984). It provides an amount of negative group delay dispersion
proportional to the inter-prism distance Ly, and can thus be finely
tuned:

~13
GDDprimh e (i

ac=

j f_i.,nl".lzii.] (7

where nyp, is the index of refraction of the prisms. It was possi-
ble to adjust the inter-prism distance so that the pulse duration
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showed a marked minimum. At the minimum, the duration of the
pulses after the AODs was 120 £ 10 fs for an inter-prism distance
of 110+ 5cm (Fig. 2B) (TBP =0.459, very close from a Gaus-
sian transform-limited pulse). It is possible to compensate by
this method for the positive chirp introduced by the AODs. The
large inter-prism distance fits easily on a standard optical table
(the size of the pre-compensation setup is about half the inter-
prism distance, 1.e. a few tens of centimeters). Finally, knowing
the negative GVD introduced by our setup (1004 15 fs2/em,
see Section 2), we can get a third estimate of the positive
GDD introduced by the AODs, of the order 11,000 & 2200 fs*
(see Fig. 2D), In acceptable agreement with the two previous
estimates.

It is also possible to evaluate if third order dispersion (TOD)
might play a role in pulse temporal distortion. The TOD is the
third derivative of the phase (¢"(w), unit of fs*). The temporal
shape of pulses after the AODs, either without or with tempo-
ral compensation did not exhibit the typical asymmetric shape
linked to TOD:;, after temporal pre-compensation, the TBP was
also very close to that of a Gaussian transform-limited pulse.
The value of the TOD in the AODs can be computed from Eq.
(6) and from the definition of the TOD;

}"4

TOD = 8™ == | —
¢ (@) (4.1734:*3

) Gn"(A) + an™'() (8)

Using this equation, the TOD in the AODs is of the order
of 8700 fs®. The TOD is a third order correction of the phase
accumulation when the pulse (duration Ar) travels through a
dispersive medium. Its contribution, which scales as TOD/ AR, is
only about (0.5% of the contribution of the GDD, which scales as
GDD/ Ar*, and can be neglected. It seems therefore not necessary
to envisage the use of an additional setup for TOD compensation.

To compensate for the GDD of the rest of the micro-
scope including the objective, we used the fluorescence sig-
nal from a concentrated solution of fluorescein as a temporal
auto-correlation measurement for a delay equal to zero. For
each objective used (see Fig. 2C), the inter-prism distance
was increased appropriately with respect to the position used
with the AODs. We found that this adjustment could signifi-
cantly increase the amount of fluorescence collected. From the
positions of the prisms, we estimated the GDD of each objec-
tive. Whereas the GDD for the Zeiss 40x and the Olympus
20x objectives were rather low, a few 100fs2/cm, the Zeiss
63 x objective introduced significantly more GDD (Fig. 2D), as
expected for an objective including more corrections of aber-
rations and in agreement with previous auto-correlation mea-
surements (Muller et al., 1998). Finally, without temporal pre-
compensation, pulses would have been broadened to 5201s by
the AODs and the 40x objective (Fig. 2A).

The fact that ultrashort laser pulses are broadened in dura-
tion by a large numerical factor (~4-5) in the AODs is a major
limitation for in vivo imaging, since the fluorescence emission
rates F scales as (Oheim et al., 2001);

.
F o > (%)

where fis the laser pulse rate, t the pulse duration and Py is
the average laser power. Therefore, the fluorescence emission
1s reduced by the same factor and higher laser intensities are
needed. The pre-compensation setup introduces a loss in laser
power of ~20% using prisms at Brewster angle and highly reflec-
tive dielectric broadband mirrors. At low imaging depth laser
power is not a limitation for imaging. The use of short pulses
is still advantageous, since it allows, for a same signal to noise
ratio, to reduce the heating of the tissue and the photo-bleaching.
At larger depth of imaging, the available laser power limits actu-
ally the maximum depth of imaging zmax. which scales as:

Zuax ~ B In (rﬁ:ﬁ #) (10)

where 1£"is the scattering length for the excitation light in the
tissue, ¥ = /M2¢(Zmax )/ P(Zmax), 12 the fluorescence quantum
efficiency under two-photon excitation, ¢(z) the fluorescence
collection efficiency and P(z) is the required average excitation
power at the focal plane (Oheim et al.. 2001; Theer et al., 2003),
Therefore, despite the loss of 20% in the excitation power, it is
worth using a temporal compensation setup in order to obtain

pulses four to five umes shorter.

3.2, A rwo-photon microscope based on acousto-optic
deflectors without spatial pre-compensation

3.2.1. Background

The second difficulty in implementing AODs as scanners in
TPSM is the spatial dispersion of the polychromatic laser pulses
induced by the diffraction of light in the AODs. For a single
AOD in the Bragg configuration, the diffraction angle #(4) is
linked to the ultrasonic frequency F by Eq. (1) (f=AF/v) and
the scan amplitude Ay, to the acoustic bandwidth AF by Eq.
(2) (AP ax (M) = AAF/V). The resolution of an AOD is defined as
the number N of distinct spots achievable. For monochromatic
light, the resolution is limited by the diameter of the beam at the
AOD (DY), which here was smaller that the aperture of the
AOD (see Section 2) and which defines the diffraction-limited
angular spread Afy of the laser beam after the AOD: for a
TEMg laser beam, Aflgig(A) = (4/m)A/ Dﬂ'ﬂﬁ Since in TPSM
the resolution is improved by a factor /2 due to the non-linear
absorption of two photons, one obtains:

Al (A)
Afgi(A)

T AF

4

In our case, Ny ~ 110. However, a femtosecond pulse of
wavelength Aq, duration 6t and spectral width 84 ~ (0.441 lﬁh‘ﬁri
is diffracted at an angle # given by Eq. (1), with an angular spread
Afgiep of the order of:

-
Aflgisp(81) ~ B - —. (12)
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For a 110fs pulse at 900nm (8} ~ 8 nm), Aflgsp is of the
order of 1 mrad. The resolution of an AOD is in this case:

2 Ao (A
N(ho. 83) = V2 Afmax (Ao) (13)

VBB (81) + A6 (h)

N(900 nm, 8 nm) 15 ~52. Whereas the resolution of an AOD
used with a monochromatic laser is only limited by the beam
diameter at the AOD (and has an upper limit which is the AOD
aperture), the resolution with a femtosecond pulse laser is limited
mainly by the spatial dispersion of the beam in the AOD.

In the microscope, each position X in the field of view corre-
sponds to a distinct angle ¢ of the AODs:

¢ : F
X = fobi = fopiroz= (14)

Tv
The spatial dispersion introduced by the AODs reduces the
radial resolution w, of the microscope, defined as the FWHM
of the squared intensity point spread function (IPSF). It corre-
sponds to the dimension of the image of a sub-resolution bead. In
the absence of AODs, the intensity and squared intensity profiles

are:
41n2 X +¥*
Exp{—fil In2 (Lﬁ) };
"'!' =

2 In2%* X2 4+ y?
X, ¥)= ."13( .,“ ) exp{—4 Inl(;l)};
I.I'}FJT I.!."

= (15)
Wy = —=
g
where w is the FWHM of the intensity and /, is the pulse total
intensity. wy is of the order of 0.5 pm. In the presence of a single
AOD along X, the diffraction-limited spot is spread along X
over a typical distance AXgisp ~ fobj Afgisp/T ~ fonidAF/Tv. This
effect can be calculated exactly as follows by using a Gaussian
spectral intensity profile for the pulse:

I. f41In? P, v v
e =—'\/ xp 4 —4 | ”)
(A) m - pr{ nE( 0 (16)

Each wavelength A of intensity [(A)dA is focused as a
diffraction-limited spot centered on a position X(4) given by:

(X, ¥) = I~

fi:lhu

X(A)— X
(1) (Ao) = T

(A = Ap) (17)

and whose spatial distribution of intensity /1 sop (X, A, 44) can
be computed using Egs. (16) and (17):

41n2
BRSO Ry e Ty 22
maur-
e M} n2
-4 1 1
i E:Hp{ 2 Tﬁun
b R 4 % gt
xexp{—#ln" (-—i) -E—( : [])]} (18)
W da

Integrating Eq. (18) over A, one obtains the intensity pro-
file I{8np(X. 84) corresponding to the summation of all the
diffraction-limited spots due to each wavelength of the fem-

tosecond pulse:

41n2
Mop(X, 84) = f.\/ :

m(w? + (Ffoidh/uTP)

X — X(A))?
1'[ (Ap)) - (19)
w* + ( Ffonidd /uvT)

X e:-:p{—ai In2

The resolution of the microscope is obtained from the func-
tion I{9op (X, d4). The image of a sub-resolution bead will
therefore be an ellipse stretched along the X direction, with its
small axis w$ ,,pand its long axis w} AoD Ziven by:

"r | /&
I f A Ffobj
Wisop = Wr and  wjsop = 19' wi + E( vT j)

1 {8A(x+ x0)\ 2
= Jul$+ ;(Q) (20)

where x = A(F — ﬁljfnhj,-“v?' 15 the point in the field of view
corresponding to the frequency Fin the AOD (x =0 at the center
of the field of view). Fg is the central frequency of the acousto-
optic bandwidth and xp = A Fg for /vT.

The fluorescence intensity is proportional to the squared
intensity J’mﬂDEtI . dA) and inversely proportional to the pulse
duration (Eq. (9)). The spatial separation of the wavelengths at
the objective focal plane comresponds to a spectral narrowing
at any given point. In the temporal domain, it corresponds to
an increase of the pulse duration, and to a smaller fluorescence
yield. Using Eqgs. (17), (18)and ( 20), the narrower spectral width
of the pulse di) aop and its longer duration 8t sop (with respect
to the duration & when all the wavelengths are spatially super-
posed) can be computed:

w
dhia0p = ( : d )53» (21)
W AOD
I
iy
St anD = (%) 8t (22)
'r

Taking into account both the spatial and the temporal distor-
tions, the loss of fluorescence can be computed lor an object
whose dimension L is (i) larger than the laser beam waist as

I (5d) dx /2. . (X.5L) ”
rﬁ 0 f 100 T & and (11) smaller than the beam
1aop!™ Id-’ff,m,}i X.00 *haon

F L
waist as Jgant™) _ Hagp!X(h).80) gy

Fop® Py (Xha)0) Miaop”
Ifaop(8%) w?
Hop©® w2 + 1/2(Ffojdh/vT)?

2
Wy : |
= ] » forL 3 wiaop (23a)
WiaoD
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Iaop(6%) w;
Tiaop® (w2 + 1/2(Ffopidh /uT))

arn

W

3
LAOCD

In our case, two crossed AODs along the orthogonal direc-
tions X and ¥ are used at frequencies Fy and Fy. The IPSF? is
then an ellipse oriented along an angle 7 0p. with a small axis
wS ,op and a long axis wh, o, given by:

(23b)

Fy : |
fanp = arctan F_,'l;' . Wiaap = Wy, Wianp
2

1 [ 8/ F§ + FF foui

=, |w+ =

'\ 2 vT

| [ 8AV/2 + 3 + 1/ x5+ ¥5)

5 wi +3 . (24a)

where (x, y) = (MFx — Fp) foj/vT. M(Fy — Fo) fowj/vT) is
the point corresponding to the frequencies (Fy, Fy) (x=y=0
at the center of the field ol view) and xg = yp = A Fp foni/vT.
For F= Fx = Fy (x=y), this expression simplifies to;

5
Wisop = Wr,

SAFfom \* BACx + x0)\
HJEAGDEJwE-l-(-. viufu) =Jw$+(—{xl u})

(24b)

Hanp = 45°,

The loss of fluorescence, for an object of dimension L, respec-
tively, larger and smaller than the beam waist, is given by:

HaopBh) w?
Hopl0  w? + (Ffonidd/vT)>

2
L 5 |
= (w] - ) 5 forL % W aopD [253}
TA0D
e w?
Ia0p(0) (w? + (Ffod/ vT)? :I":Illill
3
- i for L <« w! (25b)
= : 2A0D
2A0D

The spatial distortion of the laser pulse due to the AODs sig-
nificantly reduces their resolution. The reduction in the AQDs’
resolution induces, as demonstrated by Eqgs. (24a), (24b), (25a)
and (25b), some important limitations on the optical resolution
and of the fluorescence yield. Without pre-compensation of this
spatial distortion, it is possible using Eqgs. (24a), (24b), (25a) and

(25b) to choose the telescope T such that the microscope resolu-
tion and the two-photon fluorescence excitation are reasonably
reduced. In the following, we show that this is achieved using
our experimental conditions.

3.2.2. Experimental results

Using laser pulses at 900 nm of spectral width 8 nm and with
Fy =80 MHz. a sub-resolution bead is imaged according to our
maodel as an ellipse with a long axis of 1.15 pm (for 1A0D)
and 1.49 pm (for 2A0Ds). Images of sub-resolution fluorescent
beads (diameter 20 nm) were acquired with the galvanometric
scanners, while the AODs" frequencies were fixed at 80 MHz
(they were not scanning). Fig. 3A shows, for comparison, the
image of bead without an AOD in the optical path. It has, as
expected, a radial symmetry with a FWHM of 0.65 £ 0.05 pum.
In the axial direction, the resolution was 2.95 £ 0.5 um. Those
values are in good agreement with the theoretical values obtained
using Zipfel et al. (Zipfel et al., 2003) for an effective numerical
aperture NA ~ 0.6 radial FWHM =0.377A/NA=0.57 pm and
axial FWHM = 0.6264 /(n — v'n? — NA®) = 3.9 um. Fig. 3B
was obtained with a single axis AOD in the optical path. The
image of a bead is stretched in the direction parallel to the axis
of the AOD. Quantitatively, the resolution along the stretched
direction decreased by a factor ~1.5 and was equal to 1.00 um
with a single AOD. The resolution in the direction perpendicular
o the AOD axis was nol modified (0.65 pm). These values are
in good agreement with the loss of resolution estimated using
Eq. (20). Fig. 3E plots the resolution of the microscope as a
function of the frequency Fy for a single AOD. The resolution
perpendicular to the AOD axis was independent of the fre-
quency. In contrast, the resolution along the AOD axis decreased
with increasing frequency, in good agreement with Eq. (20) (no
adjustable parameters). The resolution varied typically by 12%
in the field of view (1.00+0.12 wm). In presence of the two
AQODs (Fig. 3C), the image of a bead is stretched along an
axis tilted by an angle fa0p given by Eq. (24a). In Fig. 3C,
Fy=Fy and 850p =45" with respect to the deflectors’ orienta-
tion. Quantitatively, the resolution decreased by a factor ~2.2
(1.4 =+ 0.14 pm) at the center of the field of view. The variation
of the resolution within the field of view (along the direction
Fy = Fy) corresponds precisely to the theoretical curve obtained
with no adjustable parameters using Eq. (24b). The long axis of
the ellipse varied by £0.2 pm in the field of view. The resolution
along the perpendicular direction remained, at any frequency,
equal, as expected, to the resolution of the microscope without
the AODs (0.65 wm) (Fig. 3E). Fig. 3D was obtained with a
laser pulse at 900 nm which was not transform-limited. It had
indeed the same duration as above but a larger spectral band-
width (17 nm instead of 8nm). It shows that the length of the
ellipse long axis was linked to the spectral width of the laser, as
expected from Eq. (24b). Finally, the axial resolution was not
modified by the AODs and had a typical value of 2,95 £ 0.5 pm.

We then analyzed the loss of fluorescence due to the spatial
distortion. Without scanning, we focused the laser beam in a tur-
bid FITC solution (see Section 2) and compared the fluorescence
collected, with and without the AODs (Fig. 3F). We performed
these measurements at the same wavelength and incident power
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Fig. 3. Implementation of AODs without spatial compensation in a two-photon microscope. All experiments were performed at 900 nm with a pulse width of 8 nm
{except when explicitly mentioned). (A<D 10 wm = 10 pwm images (sumof 100 rames oblained al video rute with the galvanometne scanners ) of g 20 nm Nuorescent
bead. The scale bar is 2 pm: (A) without AOD on the optical path; (B} with a single AOD along the horizontal direction X (Fy =B80MHz); (C) in the presence of
2A0Ds (Fy = Fy =80MHz); (D) in the presence of 2A0Ds (Fx =Fy =80MHz) for a pulse width of ~ 17 nm: (E} radial resolution of the microscope in the presence
of a single axis AOD along X as a function of the ultrasonic frequency Fy and in the presence of the 2A0Ds as a function of the ultrasonic frequency F=Fy=Fy. ()
1 AQD, resolution along Y. (L) 1 AQD, resolution along X. (#) 2A0Ds, resolution along the small axis of the ellipse (direction Fy = <Fy). () 2A0Ds, resolution
along the long axis of the ellipse (direction Fy = Fy). Solid line: resolution without AQD; 0.65 pm. Dotted line: resolution along X for 1 AOD using Eq. (200 of the text,
with d& =8 nm, w; = 0.65 pm and Fp =80 MHz. Dashed line: resolution along the long axis of the ellipse for 2A0Ds using Eq. (24b), with SA=%nm, wy = 0.65 um
and Fg =80MHz. (F) Fluorescence intensities (at the same laser power at the back aperture of the microscope and for the optimum temporal pre-compensation) as a
function of the depth in a solution of latex beads (1 wm in diameter. 2.5% in volume, in H:O/D3 O stained with flucrescein) with the AODs (@) and without AQDs
(M), Inser: Evolution of the relative fluorescence intensities (the fluorescence intensity normalized by the fluorescence intensity at the surface of the sample), as a
function of the imaging depth.

in the sample and without saturating the fluorescence emission.
Pre-compensation of the temporal distortion was optimized in
each case. In the presence of the AODs, the fluorescence emis-
sion was of the order of one half of the intensity observed without
the AODs. Both corves were fitted to anexponential with a length
scale of ~90 pwm. The difference in intensity can be attributed
to the spatial distortion. The insert in Fig. 3F shows the fluo-

rescence normalized by the one at the top of the sample. As the
two curves fold together, it demonstrates that AODs reduce the
depth of imaging in a turbid sample only because of the reduc-
tion in laser power and in spatial resolution. Therefore, without
spatial pre-compensation, AODs can be used in TPSM, but with
severe constraints on the field of view to prevent a too large loss
of resolution,
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3.3, A two-photon microscope based on acousto-optic
deflectors with spatial pre-compensation

3.3.1. Background

An additional dispersive element must be used to suppress
the angular dispersion of the wavelengths due to the AODs,
As such a setup introduces a fixed amount of dispersion, it can
only compensate perfectly for the distortion at the center of the
field of view. It can be placed before the AODs as a spatial pre-
compensation setup. Different dispersive elements have been
used to compensate for the distortion introduced by only a single
AOD, e.g. prisms (Lechleiter et al., 2002: Roorda et al., 2004)
and gratings (lver et al.. 2003). To compensate for the larger
dispersion due to two crossed AODs, the use of an AOM as a
prism with an adjustable apex angle was proposed in the field of
laser metallurgy (Ngoi, 2001). We used an AOM placed at 457
with respect to the two axes of the AODs (Fig. 4A) and chose
appropriately the propagation direction and the frequency of the
ultrasonic wave in the AOM, which propagates in the opposite
direction with respect to the sum of the two waves in the AODs
(Fig. 4A). In order to compensate for the spatial distortion at
the center of the field of view (Fy = Fy=Fy), its frequency was
fixed at a value Faom given by:
Faom = Fo -2 (26)

This solution offers the possibility to change the amount of
compensation in the AOM as a function of the wavelength, to
get a tunable scanner. The pre-compensation is perfect at the
center of the field of view and partial al poinis far from the
center. On the diagonal (Fy= Fy=F), the resolution along the
long ( 'rrll.'l:.';cm] and small {”'1?.";::0[}} axis and the loss in fluores-
cence {!ﬁﬁﬂnfﬁn}ﬂq mD{fl}} can be estimated by replacing F by
F — Fp (x+xp by x) in Egs. (24a), (24b), (25a) and (25b).
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Fig. 4. The pre-compensation of the spatial distortion of the laser pulse. All
the experiments were performed at B40nm with a pulse width of 9nm. (A}
Scheme showing how the AOM was inseried at 45 before the two AODs. The
propagation direction of the ulirazonic waves in each ADD is indicated by arrows.
i B) Radial resolution of the microscope, after the pre-compensation of the spatial
distortion, as a function of the ultrasonic frequency F=Fy=Fy. Empty circle
() resolution along the small axis of the ellipse (direction Fy= —Fy). Black
square (@) resolution along the long axis of the ellipse (direction Fy = Fy). Solid
line: resolution without AOD (0,72 pm). Dashed ling; theoretical resolution
after pre-compensation using Eg. (27) of the texi, with &L =%nm and w; =
0,65 pm. Dashed-dotted hine: theoretical resolution in the same configuration
but without spatial pre-compensation using Eq. (24b), with 54 =9 nm and w; =
(1,65 pm, The axial resolution is ~2.95 pm, (C) 16 pm = 16 pm images of 20 nm
in diameter fluorescent beads scanncd with the ADDs. Lefi: with the Zeiss 40 =
objective, Right: with the Olympus 20 objective. (I3} Images of Oregon green
bapta-1 AM labeled hippocampal neurons in culture scanned with the ADDs.
Lefr: 60 o = 60 o held ol view obtgined wilh the Feiss 40w objective. Right:
130 wm = 130 pwm Aeld of view oblained with the Olympus 20 objective.
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3.3.2. Experimental results

The resolution of the compensated microscope is shown on
Fig. 4B. The resolution along the small axis was independent of
the frequency as expected and was equal to 0.72 £ 0.05 pm.
It corresponds to an effective numerical aperture in this set
of experiments of ~0.45. As a result of the spatial pre-
compensation, the resolution along the stretched direction was
close from the diffraction-limited resolution over the whole
frequency range. At the center of the field of view, the spa-
tial distortion was fully compensated, while a residual dis-
tortion was observed for points near the edge. Experimental
measurements of this distortion were in excellent agreement
with the theoretical curve (dashed line: Eq. (27), the distor-
tion was 15% larger than the theoretical one). The resolution in
the same conditions without spatial pre-compensation 15 drawn
on the Fig. 4B (dashed-dotted line): the pre-compensation has
improved the resolution by a factor of almost 3, and thus the
two-photon fluorescence excitation by a factor 27 using Eq.
(28b). Fig. 4C shows typical images of 20 nm Auorescent beads
scanned with the AODs, using the 40x objective (left) and the
20x objective (right). Note in both cases the circular shape
of the images of the beads, which are diffraction-limited, as

compared to Fig. 3B-D. The resolution of the image with the
objective 20x has only a | pm resolution since the effective
numerical aperture for this objective in this setup was of the
order of 0.3: no image could be obtained without spatial pre-
compensation in this case! Images shown in Fig. 4D are scans
with AODs of Oregon Green Bapta-1 AM labeled neurons in
culture (see Section 2). The ficld of view 15 60 um (40, left)
and 130 pwm (20x, right). Fine details are clearly observable.
Finally, the AOM introduced the same amount of GVD as
each AOD (~7000fs*). The total GVD of the AOM-2A0Ds
scanner is ~21,000fs* and was pre-compensated by adjust-
ing the inter-prism distance in the temporal pre-compensation
setup.

3.4. Oprical recordings of acrion-potential-evoked calcium
rransients in pyramidal newron somata

To demonstrate that recordings over a long period of time
at muluple sites and at mgh acquisition rate can be achieved
with AODs, we studied hippocampal neurons in culture. After 2
weeks in vitro, these cultures were spontaneously active (Wyart
et al.. 2002). To esnmate optically the time of action potential
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Fig. 5. Examples of ulirafast calcium imaging of spontaneous action potentials in cultured hippocampal neurons labeled with Oregon green bapta-1 AM. All
experiments were performed with the Zeiss 40x objective at 900 nm with a pulse width of 10 nm; spatial compensation was not used. (A1-CH): 140 pm = 140 pm
images of neurons labeled with Oregon green bapia-1 AM, obtained with the galvanometers. Points indicated by crosses on each image are scanned at a frequency
of 0.1 kHz. (A2-C2) The relative variation {( AFfF) of the Auorescence intensity (F) 15 plotted as a function of tme. (A3 and A4), (B3 and B4) and (C3 and C4) are
rooms of, respectively, (A2), (B2) and (C2). Long recordings are very stable whereas zooms indicated that bursts of action potentials as well individual spikes within

bursts can be visualized by this type of recording
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emission in several cells, we monitored the calcium transients
in their cell bodies. These somatic calcium transients mea-
sured with high affinity dyes have a time to peak of 5-50 ms
following the action potential and a relaxation time of 1-5s
(Smetters et al.. 1999). We scanned three (o five neurons with
the AODs (Fig. 5). It shows that calcium transients can be
detected simultaneously in each cell. The calcium transients
had a time to peak of typically 10-15ms in most cases and a
decay time of about 1-2s, as expected. Taking into account
this time to peak of the transients, we choose a sampling
rate of 0.1kHz (even though much higher rate can be used
in our setup) in order to follow the transients in each neu-
ron with a maximum signal to noise ratio. Each neuron was
therefore illuminated for a time depending on the number of
scanned neurons for 10/3 =3.3 ms (Fig. 5SA2-A4), 10/4=2.5 ms
(Fig. 5B2-B4) and 10/5=2ms (Fig. 5B2-B4). Less than 5 ps
was necessary to move between each point and the amount of
light lost duning the move was negligible (typically 5 ps/2 ms
=0.25%).

Measurements could be achieved over a long period of time,
which is a striking feature (Fig. 5A2, B2 and C2). The opti-
cal recordings lasted for minutes (5 min in the cases shown)
with almost no photo-bleaching in certain cases (Fig. 5A2
and C2), despite the fact that the laser was focused at each
recording point for a third of the total time, ie. a few
millisecond. Therefore, very long recordings without major
cell damage were possible, even though the beam was not
continuously scanned at different locations, as in standard
imaging. The possibility to scan a few points is therefore
demonstrated. Moreover, using the AODs also as modula-
tors, it was possible to adjust the laser power independently
for each point to optimize the photon count rate and to
reduce photo-toxicity. In our experiments, an average pho-
ton count rate of 500kHz-1 MHz was used for each cell
when the laser was focused on the cell body. The typical
count per neuron and per time step (2-3.3ms) was of the
order of 1000-3000, respectively. The photon noise was of
& 1000 = 33 to ~ /3000 = 55 and corresponded to 3.3-2%
of the signal. Successive bursts of activity consisting of series
of transients separated by a few hundred milliseconds were
observed in all recordings. A signal variation of 5-10% per
transient was measured. which was larger than the experimen-
tal noise. The high acquisition rate enabled the observation
that most of the transients are highly synchronous between the
Neurons.

4. Discussion

It has been believed for a long time that AODs could not
be used in TPSM. The main concerns were the angular spread
of the pulsed laser after an AOD and the increase of the pulse
duration. Recent studies have however shown that a single AOD
could be introduced into a two-photon scanning microscope to
perform fast scanning in one direction. The temporal dispersion
due to the single axis AOD was compensated using a double
pass through a pair of prisms (Lechleiter et al.. 2002; lyer et al..
2003; Roorda et al., 2004). The spatial dispersion of the AOD

was compensated using an SF11 prism (Lechleiter et al., 2(02),
an SF10 prism (Roorda et al., 2004} or a diffraction grating
(Iyeretal., 2003). In this paper, we extend these works to a real
two-dimensional AOD-based scanner introducing much larger
temporal and spatial dispersions. Whereas temporal compen-
sation of the GDD was also obtained using pairs of prisms, the
spatial dispersion was compensated using an AOM placed at 45°
with respect (o the AODs. This latter solution allows fine tun-
ing of the spatial compensation and the design of a wavelength
tunable scanner. This paper describes for the first time a (wo-
dimensional AOD-based scanner with compensation of both
spatial and temporal distortions. Its performances are strongly
supported by a simple model, which facilitates the future design
ol two-photon AOD-scanning microscopes fitted to the user’s
need in term of spatial resolution, field of view or depth of
penetration.

The angular spread after the AODs dramatically decreases
their resolution and strongly limits the field of view. For an
uncompensated microscope, the maximum field of view FOV
using Eqs. (24a), (24b), (25a) and (25b) is:

I ~i(5A) |

| 2A0D |

3A0D = YWr IF op(0) FI{ 240D)
Liaop(8d) 1
Baop©@ ¥

f A AF
= 21 N—_ - 2
ek T S

For y=2, this corresponds to a FOV 5 of 45 pm (w; =
0.65nm, 42 =8nm, A=900nm, AF=35MHz, F,=80MHz).
Larger values of -y are not acceptable in most cases. This is
the simple way to implement AOD-based scanners in two-
photon microscopy, but it may only be useful for in vitro studics
requiring reduced fields of view. Deep imaging requires the
compensation of the large spatial distortion for optimal fluo-
rescence excitation. We have presented in this paper a tech-
nical solution based on an AOM to fully compensate at the
center of the field of view for the spatial distortion iniro-
duced by a pair of AODs. Al the center of the field of view,
it provides, by the proper adjustment of the frequency in the
ADM, a perfect correction to the loss of resolution and of flu-
orescence yield. This latter effect arises both from a spatial
effect (restored diffraction-limited focusing) and from a tem-
poral effect (restored optimal temporal pulse shape). The over-
all transmission of an AOM-AODs scanner i1s about 40-50%.
Therefore, using a commercial laser source, hundreds of mW
are available at the objective back aperture. At low depth in
scattering tissues, as in thin slices, the loss of fluorescence
due to remaining spatial distortion on the edge of the ficld of
view can be compensated by increasing the illumination inten-
sity. At higher depth, such as in in vivo studies, when there
15 no more laser power available, the loss in fluorescence can
be compensated by increasing the time spent in points where
fluorescence is lower. Spatial pre-compensation also allows
imaging wider ficlds of view. After compensation, the residual
distortion on the edges eventually limits the maximum lield of

(L < whaop) € FOVmu
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For y = 2, the maximum field of view is about 220 pm, using
a telescope of magnification 7=0.82 (A=840nm, i =9nm,

= 0.7 nm). This will require large AODs with a clear aperture
of 11 mm. Recent studies have shown that custom AODs of Y mm
can be provided (Iyer et al., 2003), Our supplier can also provide
custom AODs with apertures up to 13 mm. Spatial compensation
using an AOM offers the possibility of imaging large fields of
view, as is very often required in physiological studies. Finally,
let us note that Eq. (30) shows that even larger fields of view
might be obtained by the use of lasers with smaller spectral
bandwidth (and longer pulses).

AODs offer the unique possibility of achieving extremely
fast scanning of a set of points. The laser beam can be moved
between points within 35 ps with our system. This could not be
achieved with galvanometers which usually require 1 ms for a
step. Moreover, galvanometers have some amount of positional
noise, of the order of several tens of prad, which also limits
their accuracy for this type of scanning. Such positional noise
does not exist in the AODs, which are therefore perfectly fited
to scanning individual points. Our software allows choosing a
user-defined number of points of interest for acquisition rates up
to a few kHz. The number of points is ultimately limited by two
factors. The first limitation is the commutation time between
two points. The use of larger AODs will increase this time to
about 20 ps tor a 13 mm in diameter AODs scanner. which is
still very fast. The second limitation is the number of photons N
collected per point of interest. As the photon noise (N'*) is the
main noise, it defines the smallest signal change (1/N'?) that
can be then detected at that rate. We have shown that these types
of scans can be used to record action-potential-evoked calcium
transients in a set of neurons. A high signal to noise ratio is
obtained and long recordings can be achieved. The possibility
to optimize the illumination for each point, in order to maximize
the signal to noise ratio with a minimum photobleaching, is also
of particular interest.

We have demonstrated that the use of AODs as scanning
system 1s possible in TPSM. Full compensation of the spatial
dispersion can be achieved using an additional AOM. It restores
an optimal resolution and two-photon excitation at the center
of held of view with minimal distortion on its edge. Optical
recordings of electrical activity of neuronal networks in slices
and 1n vivo could take great advantage of this type of scanning.
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