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Abstract: Confocal laser scanning microscopy( CLSM) is an invaluable tool for a wide range of
investigations in the biological and medical sciences. A type construction of laser con-focal
scanning and fluorescent detection system was provided. A polygon mirror and a galvanometer
scanner were used to implement x-y scan. The relay optical system was designed based on
commercial lens with optimized consideration to achieve small scan spot size, large Fieldof View
and high efficiency. Fluorescence was detected by a photomultiplier tube with excellent signalte-
noise ratio. The scan system control and image acquisition were designed with an optimized scan
velocity and sample clock. All these measures could reduce the blurring effect in the whole
imaging process and improve the resolution. The analysis results show that the design of the
CLSM is reasonable and all components achieve an optimized consideration for ir-vivo scanning
imaging; this type of CLSM are easily accessible and can be upgraded according to optical
requirements; the performance is comparable to available commercial products, but is superior in

many aspects of cost, flexibility and versatility.
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0 Introduction

Confocal Laser Scanning Microscopy ( CLSM)
has been applied in many disciplines ranging from
biology and medicine to materials science. By
rejection of outoffocus blur and scattering light,

the confocal microscopy permits sharp depth

thick

resolution

specimens, and provides
and SNR as to the
A lthough

laser scanning systems are available,

imaging for
increasing
conventional microscopy. commercial

there are
several advantages for custombuilt CLSM such as
being costeffective, flexible to multimode imaging
needs, and scalable, etc 7.

Modern CLSM commonly has reflectance type
and fluorescence type. For these two models, the
illuminated focused diffractionlimited spot scan a
transverse -y plane of the sample, scattered light
or resulting fluorescence in the illuminated region
is detected.

Different scanning mechanisms yield different
laser scanning microscopes. Of these, only five

ones have found widespread application: 1)

doi: 10. 3788/ gzxb20114005. 0667

scanning pinhole disk systems; 2) use of acouste-
optic devices (AOD) for rapid ascanning of a laser
spot; 3) slikscanning systems; 4) use of a
resonant galvanometer mirror allowing a-scanning
of a laser spot at video rate (8 kHz); 5) use of
polygon mirror.

Each of these approaches have their relative
technical advantages and limitations for special
applications. For our case, in order to make the
study cell reaction to the stimulation executed by
optical tweezer intuitively and accurately, we need
to combine the fast 3D imaging system to visualize
the measuring process. A fter comparing different
scanning imaging systems in performance, restricts
of special application, and budget etc., we selected
a polygon mirror and a galvanometer scanner
implementing xy scan. This system constitution
highspeed

however, it has

offers excellent performances of

scanning and costeffective,
fundamental drawbacks, for example, introducing
ofFaxis aberrations in %scan process, wobbling of
polygon scanner, scan uniformity, reliability, etc.

Careful consideration and trade-off should be made
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to gel an optimum scanning 1maging system[ "

Each aspect in the CLSM based on polygon
mirror and galvonometer scanner contributes to the
such as optics aberration,

image quality, scan

system accuracy, electronics of control system,
and data acquiring and processing, etc. Among all

CLSM,

substantively play a key role which determines the

the parameters of a scan  speed
complexity and performance of an apparatus of
confocal scanning imaging.

In this paper, we deal with some of the effects
that are due to quickly scanning in the case of

scanner, particularly, address the question how to
remove the blurring caused by light spot moving in
the period of exposure or sampling time. Our
purpose in this study is to find an optimised design
result compromise considering the relationship
between scan optics parameters and sync control
electrics to reduce the smearing effect and increase

the resolution of digital images.

1 Instrumentation

1.1 Overview
T he schematic of the confocal laser scanning

CLSM based on polygon mirror and galvonometer microscopy is shown as Fig. 1179
Objective
Drive board IE‘VI J.
CH Z piozeo
Wy translator
L L\|
= L,
L,
L
Image plane 1 GL
L . Laser
L L,
Bi-cgll PD
. mplifie
mage
planed Fiber SYNC signal
: Polygon coupler generator
Y-gal\]lv[ driver mirror driver] L, microcontroller
microMax MC5 o T
671XX Dichroic aser
1 -
Frame |Compute PMT
grabber Amplifier
SNP-24 HSYNC
VSYNC
Fig.1 Schematic of the system layout

This confocal microscope is designed for in
vivo fluorescence imaging of a biological tissue.
For reflectance work mode, wave plate, polarizer
and polarizing beam splitter ( PBS) will be needed
to reject specular reflections and stray light. We
can also insert the two-photon imaging module.

Excitation laser beam from fiber is scanned in
3D with polygonal mirror, galvanometerdriven
mirror, and piezoelectric translator. Emission light
from the specimen is collected at PMT .

The microscope objective is an Olympus UApo
20X, 1.0 (NA),

infinity-corrected, water immersion objective. An

working distance 1. 8 mm,

argor-ion laser operating at 488nm is used as the
light

fluorescence at about 520 nm. The laser beam is

source excite the sample to emit the
delivered through a single mode fiber (other types
of optical fiber used were mult-mode optical fiber
and fiber coupler) which both acts as a point

source,of spherical waves providing a diffraction

limited spot and servers as a detected pinhole. The
light

increases the diameter to satisfy the requirement of

passes through a beam expander that
scan resolution, reflected by a dichroic filter, and
illuminates one of the facets of the polygonal
488 nm light is
horizontally (xdirection) by the polygonal mirror
(SA24C model, BM G5 controller,

Corp.) and

mirror. The raster scanned

Lincolnlaser

vertically ( ydirection) by a

galvanometer mirror ( Model 6210, controller:
MicroM ax 67121,

across the sample. The relay lenses make the x, y

Cambridge Technology Inc.)

scanner conjugate respectively and imaged the
scanning pivot point onto the back pupil of the
objective for uniform illumination of the entire field
of view. To perform 3-D volume imaging, zaxis
focusing is accomplished by a computer controlled
piezoelectric objective translator.

1. 2 Relay lenses

In order to reduce the effect of vignette arose
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from scanning, the scan mirror has to pivot around
the entrance aperture of the microscope objective,
and retain the same degree of overfilling of the
microscope entrance aperture whenever the beam is
scanning. To fulfill the two requirements, the
objective entrance aperture should be imaged onto
the center of the two scanners, which can ensure a
small tilting of the mirror around its nominal
position will result in a corresponding change of
only the direction of the laser beam at the position
of the objective entrance aperture.

An afocal optical system is designed to couple
the two scan mirrors in the experiment setup, and
the scan mirror location is made conjugate to the
entrance pupil of the microscope objective.

Relay lenses are constructed
achromatic doublets ( Thorlab)

telescope. One telescope is inserted between the

using two

to make up a

two scan mirrors and images the polygon mirror
onto the galvanometer mirror with the proper
telescope s

magnification factor. The other

between the objective and the galvanometric

scanner to image the rear aperture on the
galvanometer mirror.

The focal lengths of the two telescopes are
f1= 200 mm, f2= 100 mm, f3= 100 mm, f4=
50 mm,

magnification is 4-fold. This total magnification

respectively. The resultant transverse
factor should be chosen to expand the light beam to
overfill the aperture of the objective, and reduce
the geometric space as possible.

1.3 Scan optics

The heart of the whole confocal imaging
system is the scanning subsystem.

The optimum parameters of the two scanners,
such as scan angle, rotation speed and scan beam
diameter, should be chosen according to image
quality, sampling rate, geometric space, alignment
and cost, etc.

Typically, the number of resolvable spots per
scanning line at a focal plane, can be expressed as

N=L/d= D wal @)
Where a laser beam with diameter D enters the
polygon facet and wm= is the total optical scan
range, 1s the maximum wavelength applied in
CLSM, and d is the focused spot size. T he total

number of resolvable spots for our microscanner

illuminated with 488 nm light is approximately
110 82. The lateral resolution ra= 0. 61 / NA=

0.3 m(for NA =1,
incident light beam on the polygon D> 1.5 mm

= 520 nm) require the

( Expanding 4-fold to a diameter of 6mm at the
entrance pupil of the objective). Simultaneously,
D is
aperture, which should overfill the rear pupil after

restricted by the microscope objective
magnified by the whole optical system. Increasing
light beam diameter D will improve the scan
resolution, but leads to the larger polygon mirror
size, which will decrease the response time of
scanning for big inertia.

We determine a polygon mirror with 36
facets. T he 36-faceted polygon is 70mm in diameter
and 6mm in height, resulting in a single facet clear
aperture of approximately 6 mm 6 mm.

In such a scanning optical system, the
intersection of reflected beam with the plane of the
facet mirror is displaced by a distance. That is the
center of scan of the reflected beam that is no

longer a stationary point but a locus( Fig. 2)'".

Scan center

Beam certain scan position

Beam initial M

Fig.2 Effects of polygon rotation to scan beam

In addition, manufacture error for different
facet, mechanical component and alignment error
all make the center of reflection wobbling in an
offset range.

T o decrease the amplitude of these errors, we
adopt the polygon scanner itself as a master clock
to synchronize the x, yscanners, the objective
translator, and the PMTs.

generate trigger pulse is shown in Fig. 3.

The component to

A 650 nm laser diode illuminates one facet of
the polygon mirror ahead of the main beam. And
its reflection scans across detected by a b+cell
photodiode ( Advanced Photonix: SD3113-24-21
021). The signal from the photodiode is
differentially amplified ( Analog Device: ADS811)
before being converted to TTL levels by Schemitt
trigger ( 74ACT 14).
output TTL pulse corresponds to a fixed position

After proper delay, the

within a scan line both servers as HSYNC signal
input of dat acquisition card (SNAPPER-PCF24)
( PIC18F458).

Microcontroller acts as a programmable counter

and input of Microcontroller

and yields VSYNC signal upon the reset condition

set in software. Horizontal and vertical

synchronization pulses and a pixel clock signal are
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Fig. 3 Unit of generating trigger pulse
used to synchronize capture of the digital data by polygon mirror = 45: as for 0. 3 m lateral

board.

written in Visual C+ + set up the parameters of

the data acquisition Control program
sampling and scanning, such as number of line per
image, amplitude of the scan on the vertical axis,
frame rate.

Finally, the pixel clock signal is generated
internally on the acquisition card by frequency
multiplying the HSYNC signal through a phase
locked loop.

1.4 Detection system

The focused light spot excites the biological
sample to emit 520 nm fluorescence. Fluorescence
emission from the specimen is collected by the
same objective, descanned by the scan mirror,
and, after passing back through appropriate
dichroic beam splitters (NT47412, = 506 nm,
Edmundoptics. Inc) and 515nm cut off long pass
filter, is imaged by a double lens into the
photomultiplier tube (PMT) detector ( H7422-40,
Hamamatsu), with wavelength coverage up to
850nm. The current signal from PMT is sent to
transim pedance amplifier (Hamamatsu C643801)
to convert into voltage signal, and then sampled at
approximately IMHz with a 12 bit AD converter
on the frame grabber board ( Active Silicon:
SnapperPCE24) .

1.5 Consideration of imaging speed of CLSM

There have been various efforts in improving
CLSM. Although optical
signal intensity and data processing

image quality for
aberration,
etc. are all important issues, time specification
play a much more role in the design of our rapid
scan imaging system. Here emphases tradeoff
consideration in the design of scanner and image

sampling, system, . Given  incident light angle of

resolution, and we sample 250 pixels, so FOV= 75
m, the duty cycle is
FOV f—:) L: _

4

arctan[w = 8.53 (2)

san= arctan

2f 4

C= == 100%= 42.65% (3)

If we operate the polygonal scanner at 10K RPM,

for n= 36, then the active scan time( unit: s) is

3 _
T o= 2Y010_107) 136 W0 oo 10t (4

If we sample a 250 250 pixels image, then we get
dwell time on one pixel Tyxa (= 0. 284 s). The
timing diagram for image formation is shown in
Fig. 4.

T he sampling rate of A/D conversion must be
over than Nyquist sampling criterion, which is
chosen to ensure all the signals from the incoming
photons are sampled twice for every resolvable
point. Since the period of Tpixel require data
acquisition card have more than 7TMHz sampling
rate, we adopted a frame grabber with the
maximum 20M Hz of sampling rate.

In CLSM system, the focused light spot is
always moving, even when the receiver is sampling
the reflected signal. So the relative displacement
will result in blur of spot image. We denote the
rotate angle of polygon mirror at the period of
sampling as », the corresponding spot shift on the
object plane become T = f ./ , where s
magnification of relay optics combined with the

objective lens.
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Fig.4 Timing for data acquisition

Considering signal energy level, we choose
10 MHzas sampling frequency, the translation of
focused light spot is about 7 = 0. 05 m and
0.1 m at spin rate of 6 Krpm and 12 Krpm

respectively of the polygon mirror'®” .

2 Performance estimate

Ideally, for a confocal system with 515 nm
illumination using a 1. -NA water immersed
objective, the lateral resolution is about 0.3 m.
The actual resolutions are much larger in that
systems because of residual system aberrations in
the relay optics and objective lens' """

The introduction of relay lenses will degrade
the image quality and limit the scan angle. To
make the deterioration from the relay optics
negligible, the size of the point spread function
should be as small as possible.

We make a simple model for relay optics with
CODE V and determine the maximum scan angle
without degradation of point spread-function, the
results are shown in Fig. 5. Here the microscope

objective is assumed being an ideal module without

aberration.
13
1.0 Field
=]
.2
Z
+ & 0.5 Field
=
£
(=9
0 Field
i1 71.43MM 100E-02MM

(a) Schematic diagram of the relay optics (b) Spot diagram analysis

Fig.5 Scanoptical system layout

At deflection angle of 2 degrees we could see

that the distribution

symmetry and uniformity.

focused spot still keep
3 degrees deflection
brings mainly coma aberration and field curvature,
make the scan spot elliptic, the RMS diameter is
diffused to 0.4 m. We can see from here that it is
important to design a custom relay lenses to
maintain performances in the beam scanning.

So 3 degree scan angle can converts to
approximately 75 m of the field of view (FOV) by
factor of the

75 m image field which can

the magnification microscope
objective. 75 m
monitor tens of cells is enough for our experiment
occasion. The FOV become 10 mm at intermediate
image plane, then the galvonometer should scan an

angle 2. 86 degrees.

3 Conclusion

Now we are not equipped with a stage for
axial scanning. The stage will make it possible to
3D image of small sized structure. Moreover,
software of data acquiring and image formation will
be improved for real time imaging and highest
lateral resolution. Continuing efforts will be made
forward small structure, portable and clinical
instrument.

A benchtop prototype of fiber scanning
confocal micoroscope has been constructed in
which some consideration and optimization have
been proposed. The tradeoff design between
scanning velocity and imaging quality should be
made to ensure expected resolution since the light
spot will get blur at the sampling period. An
intermediate optics including relay lens and
scanning mirror are designed and its impacts on
image formation are analysed. The simulation

results show, that the modulation transfer function
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