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Abstract. A scheme for fast 3-D laser scanning using acousto-optic
deflectors is proposed and demonstrated. By employing counter-
propagating acoustic waves that are both chirped and offset in their
frequencies, we show that it is possible to simultaneously scan both
axially and laterally with frame rates on the order of tens of kilohertz.
This scheme was specifically designed for application with multipho-
ton imaging, particularly of neurons, where it will enable the concur-
rent monitoring of physiological signals at multiple locations within a
microscopic 3-D volume �350�350�200 �m�. When used for this
purpose, we demonstrate how this scheme would also inherently
compensate for spatial dispersion when ultrafast laser pulses are used
in acousto-optic multiphoton microscopy. © 2005 Society of Photo-Optical In-
strumentation Engineers. �DOI: 10.1117/1.2141504�
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1 Introduction

Multiphoton laser scanning microscopy �MPLSM� has revo-
lutionized fluorescence imaging in the field of biology by en-
hancing the quality of images obtained from optically thick
tissue.1 Some of the most productive applications of MPLSM
have been in the field of experimental neuroscience, where it
has been used to study neurodegenerative diseases,2,3 synaptic
plasticity,4 and neuronal integration4,5 in optically scattering
live brain tissue. While the inherent sectioning ability, in com-
bination with low levels of photodamage, provided by
MPLSM has made it extremely useful for the structural im-
aging of small processes �e.g., dendritic spines �1 �m� deep
within neuronal tissues,5–7 the low temporal resolution avail-
able in most commercial MPLSM systems has limited its ap-
plicability in functional imaging to studies that involve only a
few sites of interest. This is mainly because the maximum
speed of the commonly used galvanometer-based method of
laser scanning is inherently limited by inertia. Therefore, to
achieve the sampling speeds necessary for monitoring physi-
ological signals such as intracellular calcium dynamics, users
typically restrict their scan region to a single line.6,7 This not
only significantly reduces the ability to accurately track physi-
ological signals in complex-shaped cells such as neurons, but
also prevents the monitoring of signals from more than just a
few sites of interest along a neuron.

To overcome this limitation, our lab has combined the en-
hanced image quality provided by multiple advanced imaging
techniques, including MPLSM �Ref. 8�, with the enhanced
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temporal resolution and scanning flexibility of acousto-optic
deflectors �AODs� to enhance the study of neurophysiological
processes.8–10 AODs utilize high-frequency sound waves that
are propagated in an acousto-optic �AO� medium as a tunable
diffraction grating.11,12 Adjusting the frequency of the sound
wave changes the diffraction angle and results in inertia-free
beam deflection. By utilizing this property of AODs, we have
been able to lower transition times between sites on a speci-
men to values in the low microsecond range ��20 �s� and
remove any limit to the dwell time at a site. AODs have also
enabled us to sample from any site in the specimen plane with
the same transition time. As a result, we have been able to
effectively monitor calcium transients along extensive regions
of a neuron located deep in optically thick brain slices,8 a task
that cannot be performed with available commercial
galvanometer-based confocal or multiphoton systems.

However, despite these enhancements in temporal resolu-
tion, our ability to effectively monitor signals at physiological
speeds is limited to two-dimensional �2-D� scans. This is be-
cause the inertia-free beam-steering properties of AODs have
thus far been applied only to lateral scanning, while the axial
position of the focus is adjusted by the same mechanism
available in most commercial systems, i.e., raising or lower-
ing the objective lens with an actuator. This moves the back
focal aperture of the objective lens, and since the focal length
of the objective lens remains constant, also moves the axial
position of the focus by the same amount. Thus, the axial
speed of laser scanning is inherently limited by the inertia of
the objective lens and its actuator. Consequently, the highest
speed at which the axial position of the focus can be moved,
even with the fastest available commercial equipment that we
1083-3668/2005/10�6�/064038/10/$22.00 © 2005 SPIE
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are aware of �pizeoactuators �10 ms per step�, is still orders
of magnitudes slower than the speed at which we are able to
move the lateral position of the focus. This inability to effec-
tively monitor physiological signals in three dimensions is a
serious constraint in neuroscience, since neurons are complex
three-dimensional �3-D� structures13 and develop in 3-D
networks.14

Different methods have been proposed that would allow
for laser scanning in the axial dimension. One of the most
developed is the variable focal-length liquid-filled lens.15–17

The principal mechanism for changing the focal length within
this type of lens relies on changing the pressure within a lens
chamber, which in turn deforms an elastic membrane and
changes the curvature of the lens.15 Recent developments
have increased the maximum numerical aperature16 and the
speed17 at which the focal position can be changed, but de-
spite these improvements, the fastest variable focal length
liquid-filled lenses that we are aware of still require at least
one millisecond to change the focal position, which is 50
times longer than our current lateral transition time with
AODs. Variable focal length lenses that use nematic liquid
crystals18–20 or electro-optic materials21 to change the refrac-
tive index of the lens rather than the shape have also been
developed. In general, for these types of lenses, generating
fast response times requires restricting the thickness of the
lens cell, which in turn severely limits the maximum change
in focal length. Other mechanisms for variably adjusting focal
length include using a deformable mirror,22 however, this
method also requires at least a millisecond to change the focal
position and therefore is not suitable for applications that re-
quire frame rates greater than 1 kHz.

In this paper, we develop a 3-D scheme, proposed in a
conference proceedings,23 that uses four AODs together with
a commercial objective lens to deterministically and quickly
��30 �s� position the focus spot in a microscopic 3-D vol-
ume via a remote focusing strategy. A similar mechanism,
based around an adjustable telescope, was previously studied
not only as a means of rapidly changing the focal length but
also as a method to correct for objective lens spherical
aberration.24 Our scheme is based on counterpropagating
acoustic waves in an AO medium, which we have previously
used to demonstrate an effective method25 for spatial disper-
sion compensation in AO-based MPLSM �AO-MPLSM�. In
addition, the presented technique relies on continuously
changing the frequency of the sound wave in the AO medium,
a process known as “chirping.” If the change in frequency is
linear with time, the resulting angles of deflection at any par-
ticular time are similar to those for a cylindrical lens, but the
axis of the deflection is also time varying. The use of two
AODs, in which the acoustic propagation directions are re-
versed, removes the time dependence of the deflection angle,
and enables a symmetrical cylindrical effect. This idea was
demonstrated in a paper by Kaplan et al.26 to be effective in
changing the axial focus, however, in this paper we demon-
strate how this system can simultaneously be used for lateral
positioning of the focus �which is independent of the axial
focal position� and therefore enables full deterministic 3-D
scanning.

In addition, we show how this scheme inherently compen-
sates for the decrease in resolution that results when AODs

are used with MPLSM. The primary reason for this drop in
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resolution is spatial dispersion that results from the combina-
tion of the frequency-dependent AOD deflection angles with
the ultrafast pulses used in MPLSM. The result is a significant
increase in the size of the focal volume, which decreases the
spatial resolution. We previously showed how, left uncompen-
sated, spatial dispersion can result in up to a 10-fold reduction
in the resolution of images obtained via AO-MPLSM and also
demonstrated effective compensation schemes using addi-
tional diffraction gratings.25 Here, we demonstrate an equally
effective means of compensation, which does not affect our
ability to scan axially or laterally.

2 Axial Scanning
2.1 Theoretical Considerations
AODs can be viewed as tunable diffraction gratings, where
the wavelength of the sound wave propagating through the
AO medium, e.g., a tellurium dioxide �TeO2� crystal, corre-
sponds to the grating constant. Therefore, changing the fre-
quency of the sound wave changes the angle by which the
incoming beam is deflected �Fig. 1�a��. When operated in the
Bragg regime, where the Klein and Cook parameter �Q� is11

much greater than one, the first-order angle of deviation � can
be described by

� =
�

�
=

�f

v
, �1�

where � is the wavelength of the laser light, � is the acoustic
wavelength, f is the acoustic frequency �note: throughout this
document, frequencies and changes in frequencies are denoted
by f , whereas focal lengths and changes in focal length will
be denoted by F�, and v is the acoustic velocity in the AOD.

If we change the acoustic frequency in time, we can rep-
resent both the frequency and the angle of deviation as time-
dependent functions f�t� and ��t�, where Eq. �1� still holds. If
we then consider chirped acoustic frequencies �Fig. 1�b��,
where f�t� constantly changes, we can define the deflection
angle ��x , t� at any point x in the aperture of the AOD, as
follows:

��x,t� =
�

v
f�t −

x

v
� , �2�

where x=0 was, without loss of generality, chosen to be at the
center of the AOD aperture, and the positive x direction was
chosen to be in the direction of the deflection. We can see
from this equation that if we linearly change the acoustic fre-
quency in time �chirp� with a given frequency/time value of
�, i.e., let f�t�= fmin+�t, where fmin is the lowest acoustic
frequency in the bandwidth, �= �f − fmin� /Tscan=�f /Tscan,
and Tscan is the duration of the chirp, then the angle of deflec-
tion can be defined at any time by

��x,t� =
�

v
�fmin + �t� −

��

v2 x . �3�

This equation describes a converging cylindrical lens with a
focal length equal to F=v2 /��=v2Tscan/��f , whose central
axis of propagation changes from a minimum angle of �

=�fmin/v at the beginning of the scan to a maximum of �

November/December 2005 � Vol. 10�6�2



ly coun

Reddy and Saggau: Fast three-dimensional laser scanning scheme…
=�f /v at the end of the scan. Note that we can also make a
diverging cylindrical lens �as shown in Fig. 1�b�� by using a
negative chirp �i.e., let f�t�= f −�t�. Thus, a single AOD with
a linearly chirped acoustic signal can be modeled as a cylin-
drical lens with a time-varying central optical axis.

If we then telecentrically relay the aperture of this AOD to
another AOD �Fig. 1�c��, we can describe the total deflection
angle by

��x,t� =
�

v
�− f1�t +

x

v
� + f2�t −

x

v
�	 , �4�

where f1�t� is the time-dependent acoustic frequency in the
first AOD and f2�t� is the time-dependent acoustic frequency
in the second AOD. Note that by reversing the light beam and
deviation angles, the optical relay effectively makes the sec-
ond acoustic wave counterpropagating relative to the first.

If we let the acoustic frequencies f1�t�= f2�t�= fmin+�t,
the total deviation angle can be represented as follows:

��x,t� = − �2�
�

v2�x . �5�

This equation now describes a converging cylindrical lens
with a central axis of propagation that is time independent.
The focal length of this acousto-optic lens �AOL� is

FAOL,conv =
v2

2��
=

v2Tscan

2��f
, �6�

in agreement with published results26 but arranged so that no
off-axis deviation is introduced. Thus, for each chirp value �,
we get a specific axial focal position. Note that if we use

Fig. 1 AOD methods of operation: �a� angular deflection from an AO
angles when an AOD is operated with a chirped frequency input, and
�note that the optical relay makes the second acoustic wave effective
f1�t�= f2�t�= f −�t as our chirp frequencies, this results in a
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diverging cylindrical lens �as shown in Fig. 1�c�� with a focal
length of EAOL,div=−v2 /2��=−v2Tscan/2��f .

2.2 Experimental Evaluation

2.2.1 Axial scan
To demonstrate the effectiveness of the axial scanning
scheme, we optically relayed the exit aperture of the AOL to
the back focal aperture of an infinity-corrected air objective
lens �10�, 0.30-numerical-aperture �NA� Zeiss Plan Neof-
luar�. Therefore, we expect a total focal length equal to

Ftotal =
FObjFAOL

FObj + FAOL
, �7�

where FObj is the focal length of the objective ��16.5 mm�.
We imaged and reconstructed a 3-D representation of the scan
pattern using the imaging setup described in the following.

Using a continuous wave �cw� argon laser ��=488 nm�
and two TeO2 AODs �LS55V, Isomet� with acoustic velocities
of v=619 m/s, we generated axial scan patterns using a scan
time �Tscan� of 30 �s and maximal frequency bandwidths of
�f =30 MHz �giving us a range of � values from −1 to
1 MHz/�s�. Specifically, in Fig. 2 we created a five-point
axial scan pattern using the cw laser and AO characteristics
already described. Figure 2�a� shows the axiolateral projection
of the five-point pattern. Figure 2�b� compares predicted
�based on Eq. �7�� versus experimentally obtained values for
Ftotal.

2.2.2 Imaging setup
To acquire our data, we focused the image obtained from an

erated with a single acoustic frequency, �b� spread of the deflection
ination of the lateral scan by using two AODs and telecentric optics

terpropagating relative to the first�.
D op
�c� elim
infinity-corrected �32�, 0.6 NA Leitz� air objective lens onto
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a commercial video camera �WV-1550, Panasonic�. Both
camera and objective lens were mounted on a translation
stage with a resolution of 10 �m in the axial direction �see
Fig. 1�c��. Two-dimensional images were taken at every
10-�m axial step to determine the axial distances of the focal
points. Lateral distances were derived from the pixel count.
The pixel size was determined by imaging a stage micrometer
to assess and normalize for the magnification of the optics.
Reconstructed maximum projections were generated using
3-D reconstructing software �Amira 3.0, Template Graphics
Software�. Intensity plots were generated either by selectively
identifying camera pixels onto which focal spots were formed
and monitoring the intensity at those pixels as the image stack
was acquired or by postacquisition image analysis �MATLAB
7.0, Mathworks�.

3 Three-Dimensional Imaging
3.1 Theoretical Considerations
If we use the AOD scheme shown in Fig. 1�c� and introduce
offsets in the acoustic frequency �i.e., let f1�t�= fmin+�t
+ f1offset and f2�t�= fmin+�t+ f2offset�, we find that the total

Fig. 2 Axial scan: �a� reconstructed axiolateral projection image of a
mentioned in the text; �b� experimental �marker� and theoretical �line
the AOL scanning scheme, and �c� setup used to acquire images in �a
angle of deflection according to Eq. �4� can be described by
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��x,t� = − �2�
�

v2�x + �f2offset − f1offset�
�

v
. �8�

The first part of the right-hand side of this equation is identi-
cal to the purely axial case �Eq. �5�� and once again describes
a cylindrical lens with a focal length defined by Eq. �6�. The
second part of the equation defines a time-independent lateral
deflection angle

�lateral = �f2offset − f1offset�
�

v
= �foffset

�

v
, �9�

which is mathematically independent of the focal length and,
therefore, the axial focal position. We can see that when
f2offset= fmax 
or fmin�, where fmax is the maximum frequency
in the acoustic bandwidth, and f1offset= fmin
fmax�, we get
a maximal 
minimal� scan angle of �lateral= ��fbandwidth�� /v

−��fbandwidth�� /v�, where �fbandwidth is a change in acoustic
frequency that is equal to the entire acoustic bandwidth. This
gives a total scan range of ��lateral=2��fbandwidth�� /v. Note
that to utilize the maximal lateral scan range, there can be no
frequency chirp and thus no axial scanning, a property we

int axial scan pattern �foci 1 to 5� using the 10� Zeiss objective lens
f the total focal length change �Ftotal−Fobj� versus chirp value ��� for

description, see text�.
five-po
� plot o
further develop in the discussion section.
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3.2 Experimental Evaluation
To demonstrate both axial and lateral scanning, we generated
a three-position axiolateral scan pattern �Fig. 3� using the
AOL and a 10� objective lens �Fobj=16.5 mm�. We re-

Fig. 3 Axiolateral scan: �a� X to Z maximum projection of a three-poin
the nondeflected and unchirped focus, which is equivalent to the inh
intensity plots in �c�; �b� X to Y images at particular focus planes showi
in the X dimension at the off-center foci, which is a result of the AOL;
similar to the one in �a�. Side projections of the intensity plot show th
predictions in Table 1. Note that, as described in the text, due to differe
than either side foci and saturates the camera at its peak.
mained for �30 �s at each focal position, thus enabling us to
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visit all three spots within the frame rate of the camera.The
offset and chirp values used, as well as the predicted �based
on Eqs. �6�, �7�, and �9�� and measured lateral and axial focal
positions relative to the inherent focal position of the objec-

lateral scan pattern �foci 1 to 3�. The reference position �0,0� is set at
cal position of the objective lens with distances calculated using the
the spherical focus at the reference position and the cylindrical focus

� intensity plot generated by image analysis of a maximum projection
lateral and axial spacing between the foci approximately agrees with
n diffraction efficiency, the center focus �focus 2� is of higher intensity
t axio
erent fo
ng both
and �c
at the
nces i
tive lens �i.e., the focal position if a nondeflected collimated
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beam is incident on the back focal aperture�, are shown in
Table 1.

To visualize our scan, we used the imaging setup described
in Sec. 2.2 and shown in Fig. 2�c�. As we see from the maxi-
mum projection image and intensity plots shown in Fig. 3,
three foci are laterally and axially distinguishable. Since the
image acquisition was not started at a particular location, only
relative distances are important. In this regard, the calculated
axial �537 and −504 �m� and lateral �±97.4 �m� interfocal
distances are close to their measured axial �550 and
−510 �m� and lateral �−96 and 100 �m� values. Also, since
the differing levels of the AOD diffraction efficiency at each
position were not compensated during the acquisition of this
image, the inherent objective lens focus has a higher intensity
than either off-axis focus. In general, the differing levels of
diffraction efficiency can be compensated by utilizing
acoustic-wave-generating methods that are capable of modu-
lating the acoustic amplitude in addition to the frequency.
However, here, to attain intensity values that were similar, and
thus be able to be visualized in the same image, we allowed
the objective focus to saturate the camera. As a result, accu-
rate resolution quantification �particularly in regards to com-
parisons between the on-axis lens focus and the off-axis foci�
cannot be attained from this image. The resolution issues of
this system, specifically the changes due to the manipulation
of the axial focal position, is addressed in the discussion sec-
tion.

4 Spatial Dispersion Compensation
4.1 Theoretical Considerations
As we showed previously,25 spatial dispersion is a serious
limitation when utilizing AODs with MPLSM. It is a direct
consequence of the frequency bandwidth found in the ultrafast
laser pulses used in MPLSM. The resolution of an AOD is
typically defined by the number of resolvable points �NRPs�
that can be obtained in the far field, which equals the NRP
that can be obtained in the focal plane of an objective lens �if
the back focal aperture is filled�. This value is defined by the
total scan range of the AOD ���scan�, which for single AOD
operation is defined as

��scan =
��fbandwidth

v
, �10�

where �fbandwidth is the acoustic bandwidth, divided by the

Table 1 Para

Focus
Chirp

Parameter ���

Offset
Parameter

��foffset�

Pred
Axia
Pos

3 0.75 MHz/�s 7.5 MHz −50

2 0 0

1 −0.75 MHz/�s −7.5 MHz 53a

Both lateral and axial positions are calculated relative
equivalent to the position of the second focus since it ha
minimum spot size. When monochromatic light sources such

Journal of Biomedical Optics 064038-
as cw lasers are used, the minimum spot size is the diffraction
limit which, using the Rayleigh criterium, can be approxi-
mated by

��diffraction �
�

d
, �11�

where d is the effective aperture size of the AOD. However,
when light with a significant frequency bandwidth propagates
through an AOD, there is an angular spread �spatial disper-
sion� at any given acoustic frequency that can be described as

��dispersion =
��f

v
. �12�

When this dispersion is significantly larger than the diffrac-
tion limit, it almost exclusively determines the effective spot
size. For a tellurium dioxide �TeO2� AOD with an acoustic
velocity v�620 m/s and an acoustic bandwidth from 60 to
100 MHz, even at the lowest acoustic frequency, the disper-
sion angular spread is already �10 times the size of the dif-
fraction limited angular spread �assuming a beam diameter of
�10 mm and a 100-fs Gaussian pulse with a time bandwidth
product of 0.441 and ��850 nm, which makes ��
�10.6 nm�. This dispersion decreases the resolution �the
number of resolvable spots� by at least a factor of 10.

However, with our 3-D scanning scheme, the lateral scan
position is determined by Eq. �9�. Thus, the effective band-
width of the system is from −�fbandwidth to +�fbandwidth,
which for the TeO2 AOD already described is from −40 to
+40 MHz. Using Eq. �12�, we see that this implies that at the
center frequency, the angular spread due to dispersion is com-
pletely eliminated while at extreme scan angles �worst case�,
the angular spread is only 2/3 of the minimum spread of the
single AOD case �see Fig. 4�a��. However, by utilizing two
AODs, we have also effectively doubled our scan range from
��scan to 2��scan. Therefore, this scheme results in a mini-
mum improvement in NRP of threefold over the uncompen-
sated case at the extreme scan angles and a progressive in-
crease in NRP toward the center.

4.2 Experimental Evaluation
To demonstrate the effect of spatial dispersion, we coupled a
multiline laser �main lines of 488 and 514 nm� to a single
TeO2 AOD to simulate the bandwidth of an ultrafast laser that

for Fig. 3.

Measured
Axial Focal
Positiona

Predicted
Lateral Focal

Positiona

Measured
Lateral Focal

Positiona

−510 �m 97.4 �m 100 �m

0 0 0

550 �m −97.4 �m −96 �m

inherent focal position of the objective lens, which is
r a chirp nor an offset parameter.
meters

icted
l Focal
itiona

4 �m

0

7 �m

to the
s neithe
would be used with MPLSM. Using three separate acoustic
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frequencies �f =60, 75, and 90 MHz� and a 10� objective
lens �Fobj=16.5 mm�, we generated a three-point lateral scan
pattern that we imaged and reconstructed using the scheme
described in Sec. 2.2 and shown in Fig. 2�c�. An axiolateral
projection image is shown in Fig. 4�b�. At each individual
location, the laser lines are spectrally separated in the lateral
dimension, which is expected since each wavelength has a
specific deviation angle determined from Eq. �1�. We then
coupled our two-AOD scanner to the multiline laser and
rescanned the three positions �using offset acoustic frequency
values of �foffset=15, 0, and −15 MHz, respectively�. The
result is shown in Fig. 4�b�. The separate laser lines perfectly
recombine at the center, indicative of complete dispersion
compensation. In addition, the spacing between the laser lines
at the edges is also significantly decreased. To further quantify
this effect, we measured the interfocal spacing between the
two major lines of the laser at multiple points in the band-
width of both the uncompensated single AOD case and the
compensated two-AOD case. Using the deviation angles pre-
dicted by Eqs. �1� and �9�, we can also calculate the separa-
tion distance between the foci formed by these two frequen-
cies. Figure 4�c� shows the result of both the calculation

Fig. 4 Spatial dispersion: �a� calculated spatial dispersion �as charac
described in the text ��=850 nm, ��=10.6 nm�, �b� axiolateral pro
uncompensated scan obtained using a single AOD �bottom� compensa
measured values �markers� of spatial dispersion �as characterized b
�uncompensated� and the two AOD �compensated� scheme when us
width of an ultrafast laser.
�lines� and the measurement �markers�. Both show a mini-
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mum decrease of �2/3 in interfocal distance �and hence dis-
persion� when using the two-AOD scheme. As mentioned,
since we have also doubled our scan range, this indicates a
resolution enhancement of at least threefold over the single
AOD case.

5 Discussion
Using two AODs, we demonstrated the ability to determinis-
tically scan a cylindrical focus within a 2-D surface. With this
scheme, the position of the axial focus can be controlled in-
dependently of the lateral focus. This scheme can be adapted
to the construction of a 3-D spherical focus scanner by or-
thogonally cascading two such deflector pairs. While we have
demonstrated the basic principles using a multiline cw laser,
as mentioned in the introduction, our intended use for this
scheme is in multiphoton microscopy. Using the laser param-
eters ���850 nm�, AOD parameters ��fbandwidth=40 MHz,
v=619 m/s�, and objective lens parameters �60�, Fobj
�3.33 mm Nikon� we currently use8 for 2-D AO-MPLSM,
we can calculate our anticipated available axial and lateral

by ��disp� versus acoustic frequency for the multiphoton scheme
s of a three-point lateral scan pattern with a multiline laser �top�

an obtained using the two AOD scheme, and �c� predicted �lines� and
rfocal distances� versus acoustic frequency for both a single AOD

ultiline laser �main lines of 488 and 514 nm� to mimic the spectral
terized
jection
ted sc
y inte
ing a m
scan range �see Figs. 5�a� and 5�b��.
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Note that while the positions of both the lateral and axial
focus are mathematically independent of each other, practi-
cally they are linked by a finite acoustic bandwidth that must
be shared between the two, i.e., �f total=�f lateral+�faxial.
Thus, as mentioned, the full lateral �axial� scan range is only
available when there is no axial �lateral� scan. The overall
scan pattern therefore resembles two pyramids attached to
each other at their bases �see Fig. 5�c��. Also, note that the
lateral and axial resolutions are not equivalent. To show this,
we examine the equations for both lateral and axial resolution.
The lateral resolution attainable by the proposed 3-D scanner
was already described and can be represented as the total scan
range divided by the minimum spot size. Therefore, if we
ignore spatial dispersion, the NRP can be expressed as

NRPlateral =
���f lateral/v�

�

d

=
d

v
�f lateral, �13�

where d represents the size of the AOD aperture. Similarly, in
the axial dimension, the NRP, according to Kaplan et al.,26 can
be expressed as

NRPaxial = �4	



� �d/v�2

Tscan
�faxial, �14�

where 
 is a constant that depends on the beam shape ��7 for

Fig. 5 Anticipated 3-D multiphoton performance parameters, includi
60� objective lens �Fobj�3.33 mm�: �a� axial scan range versus chi
frequency parameter, and �c� outline of the total possible scan ran
�200 �m�.
a constant intensity laser beam�.
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Note that both of the preceding equations assume a con-
stant lateral and axial resolution throughout the entire scan
pattern, however, we have already described in Sec. 4 how the
resolution will change as a result of spatial dispersion if used
in MPLSM. Another source of resolution reduction results
from an effective drop in NA, which is a quantitative mea-
surement of the resolution of the system, at axial distances
further than the objective plane. We can calculate the smallest
NA, which will occur at the farthest axial point, as

NAmin = n�sin �min� = n
D

2��Wd + �F�2 + �D/2�2�1/2 , �15�

where Wd is the working distance of the objective lens, D is
the diameter of the front lens of the objective, and �F
=Ftotal−Fobj is the distance between the farthest axial focal
position and the objective focal plane. For a 60� water im-
mersion lens with an NA of 1.0 and a working distance of
2.0 mm, if we had a �F of 100 �m, then the NAmin is 0.98.
This implies a 2% maximum increase in lateral spot size and
a 4% maximum increase in axial spot size.

Another particular resolution concern when imaging opti-
cally thick biological specimens is spherical aberration, which
results from distortions in the light wavefront as it passes
thorough the heterogeneous refractive index environment.
While we have not specifically addressed this issue, a study
by Kam et al.,24 which used a remote telescoping method

�850-nm wavelength laser, 40-MHz bandwidth TeO2 AODs, and a
meter �assuming Tscan of 20 �s�, �b� lateral scan range versus offset

l accessible points reside within the diamond structure �350�350
ng an
rp para
ge. Al
similar to ours but based around a classical telescope, showed
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that in addition to axial scanning, this method could also be
used to compensate for spherical aberration at different focus-
ing depths, but only if used in conjunction with conventional
objective lens focusing. However, this study also showed that
using the remote focusing method by itself enabled the axial
scanning of relatively large distances ��50 �m�, while main-
taining acceptable levels of aberration. Even though this dis-
tance is less than our anticipated working axial scan range
��200 �m�, it is quite sufficient for several interesting neu-
roscience experiments. In fact, we estimate that only a frac-
tion of the entire scan volume presented in Fig. 5�c� is re-
quired for the experiments we have planned �i.e., a volume of
100�100�100 �m�.

Note that while the resolution changes are important, this
scanning scheme is being developed for functional imaging of
neurons, where small processes, such as oblique dendrites and
spines, are relatively sparse. Therefore, the resolution issues
already discussed, and those that will be difficult to determine
until a full 3-D system containing four AODs is constructed,
are not as crucial as they would be in structural imaging,
specifically since, for this application, temporal resolution is
of particularly high importance.

While we developed this scheme for functional multipho-
ton microscopy, we are aware that there are several issues that
are not dealt with in this manuscript that are important for the
application of this 3-D AOD-based scanning scheme to
MPLSM, such as potential power losses. One significant
source of potential incident power loss will be from temporal
dispersion. Our lab previously discussed25 the effect of tem-
poral dispersion caused by using AODs in MPLSM and also
implemented methods of compensating for it, which include
using a prechirper25 or increasing the laser pulse duration8 to
intermediate values ��400 fs�. This last compensation
method has the advantage of simultaneously reducing spatial
dispersion and is quite possibly the best mechanism for reduc-
ing the estimated 60,000 fs2 of group velocity dispersion
�GVD� that will be introduced by four AODs since, even with
a compacted design, a prechirper-based mechanism would re-
quire extensive space on an optical table. Another source of
incident power loss will be from the estimated 50% diffrac-
tion efficiency of each AOD �note that since every AOD can-
not be adjusted for maximum efficiency, this reduces the nor-
mal peak diffraction efficiency value of 70%�. Thus, ignoring
any other losses in the path, only �6.25% of the incident
power will reach the preparation. Most of these power losses
can be compensated by increasing the output power of the
laser, if sufficient power is available. For this reason, we an-
ticipate that the implementation of this scheme will require an
ultrafast laser with an average output power greater than 2 W.

Another important possible limitation for the implementa-
tion of this scheme is that unlike in the 2-D case, there is a
limit to the amount of time we can remain at certain positions
in 3-D space. This limitation is due to the finite acoustic band-
width of the AODs. Using Eq. �6� and given a fixed band-
width �faxial, we see that the farther we want to displace our
focal point in either the positive or negative axial direction,
the shorter our scan time �Tscan� must be, with a limit set at
the aperture time of the AOD. Therefore the amount of time
we can remain at a given axial position is the difference be-

tween the Tscan value required to attain that position and the
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aperture time of the AOD. After this time has elapsed, we
must wait another aperture time before resuming scanning.
Our Tscan value gradually increases toward the focal plane of
the objective, at which point it is infinite and we can remain at
any lateral position.

In conclusion, note the advantages that a functional imag-
ing system utilizing fast 3-D scanning would provide, particu-
larly in the field of experimental neuroscience. These include
experiments involving the 3-D monitoring of physiological
signals along complex dendritic structures in optically thick
tissue, such as brain slices and even intact brains, which have
thus far been unattainable. In this paper, we developed a
scheme that by effectively and simultaneously laterally and
axially scanning enables this possibility for the first time. In
addition, we tailored this technique for MPLSM, where we
have shown that it would inherently compensate for spatial
dispersion, which has limited the use of AODs in MPLSM.
Thus, it has a strong potential application in the field of func-
tional neuronal imaging.
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