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Abstract: Confocal laser scanning micr oscopy ( CLSM ) is an invaluable to ol for a w ide range of

invest igat ions in the biolog ical and medical sciences. A type const ruct ion of laser con- focal

scanning and fluorescent detect ion system w as provided. A poly gon m irror and a galv anometer

scanner w ere used to implement x-y scan. T he relay opt ical sy stem w as designed based on

commercial lens w ith opt imized considerat ion to achieve small scan spo t size, lar ge Field-of-View

and high eff iciency. F luorescence w as detected by a photomult iplier tube w ith excellent signa-l to-

no ise rat io . T he scan system contr ol and image acquisit ion w ere designed w ith an optim ized scan

velocity and sample clock. All these measur es could r educe the blurring ef fect in the w hole

imaging process and improve the resolution. T he analysis results show that the design of the

CLSM is reasonable and all components achieve an optim ized consideration for in-v iv o scanning

imaging ; this type o f CLSM are easily accessible and can be upgr aded according to opt ical

requirements; the performance is compar able to available commercial products, but is superior in

many aspects of cost , f lex ibility and versat ility .
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0 � Introduction

Confocal Laser Scanning M icroscopy ( CLSM )

has been applied in many disciplines rang ing fr om

biolo gy and medicine to mater ials science. By

rejection of out-of- focus blur and scattering light ,

the confocal m icro scopy perm its sharp depth

imaging fo r thick specimens, and pro vides

increasing reso lut ion and SNR as to the

conventional m icroscopy. A lthough commercial

laser scanning sy stems are available, there ar e

several advantages for custom-built CLSM such as

being cost-ef fect iv e, f lex ible to mult imode imaging

needs, and scalable, etc
[ 1-2]

.

Modern CLSM commonly has r ef lectance type

and f luo rescence type. For these tw o models, the

illum inated focused dif f ract ion- limited spot scan a

tr ansver se x-y plane of the sample, scat tered light

or result ing f luo rescence in the illum inated reg ion

is detected.

Different scanning mechanisms yield dif ferent

laser scanning m icroscopes. Of these, only f iv e

ones have found w idespread application: 1 )

scanning pinho le disk sy stems; 2) use of acousto-

opt ic devices ( AOD) fo r rapid x-scanning of a laser

spot ; 3 ) slit-scanning sy stems; 4 ) use of a

resonant galvanometer mirro r allow ing x-scanning

of a laser spot at video rate ( 8 kHz) ; 5) use of

polyg on m ir ror.

Each of these appr oaches have their relat ive

technical advantages and limitat ions for special

applicat ions. For our case, in o rder to make the

study cell reaction to the stimulat ion executed by

opt ical tw eezer intuit ively and accur ately, w e need

to combine the fast 3D imaging system to visualize

the measuring pro cess. A fter comparing different

scanning imag ing systems in perfo rmance, rest ricts

of special applicat ion, and budget etc. , w e selected

a poly gon mirro r and a galv anometer scanner

implement ing x-y scan. T his system const itut ion

of fers ex cellent performances of high-speed

scanning and cost-effect iv e, how ever, it has

fundamental draw backs, for ex ample, int roducing

of f-axis aberr at ions in x-scan process, w obbling of

polyg on scanner, scan uniform ity , reliability , etc.

Careful considerat ion and trade-off should be made
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to g et an opt imum scanning imaging system
[ 3-4]

.

Each aspect in the CLSM based on po lygon

mirror and galvonometer scanner contributes to the

image quality, such as opt ics aberrat ion, scan

system accur acy, electr onics of cont ro l sy stem,

and data acquiring and processing, etc. Among all

the parameters of a CLSM , scan speed

substant ively play a key r ole w hich determ ines the

complex ity and performance of an apparatus o f

confocal scanning imaging.

In this paper, w e deal w ith some of the effects

that ar e due to quickly scanning in the case o f

CLSM based on po lygon mirror and galv onometer

scanner, part icularly, address the quest ion how to

remove the blurring caused by light spot moving in

the period o f exposure or sampl ing t ime. Our

pur pose in this study is to f ind an opt im ised design

result comprom ise considering the relat ionship

betw een scan optics parameters and sync contro l

elect rics to reduce the smearing effect and increase

the resolut ion of digital images.

1 � Instrumentation
1. 1�Overview

T he schemat ic of the confo cal laser scanning

m icroscopy is show n as Fig. 1[ 5-6] .

Fig . 1 � Schematic o f the sy st em layout

� � This confocal micro scope is designed for in

vivo f luorescence imaging of a biolo gical t issue.

For r ef lectance w ork mode, w ave plate, polarizer

and polarizing beam splitter ( PBS) w ill be needed

to reject specular ref lect ions and st ray light . W e

can also insert the tw o-pho ton imaging module.

Excitat ion laser beam fr om f iber is scanned in

3-D w ith po lygonal m irror, galv anometer-driven

mirror , and piezoelect ric tr anslator. Emission light

from the specimen is co llected at PMT .

The micr oscope object ive is an Olympus UApo

20X, 1. 0 ( NA ) , w orking distance 1. 8 mm,

inf inity-corr ected, w ater- immersion object iv e. A n

ar gon- ion laser operat ing at 488nm is used as the

light sour ce excite the sample to emit the

fluorescence at about 520 nm. The laser beam is

delivered through a single mode fiber ( other types

of opt ical fiber used w er e mult-i mode opt ical f iber

and f iber coupler ) w hich both acts as a point

source o f spherical w aves pro viding a dif fr act ion

limited spot and serv er s as a detected pinho le. The

light passes through a beam expander that

increases the diameter to sat isfy the requir ement of

scan reso lut ion, ref lected by a dichr oic f ilter, and

illuminates one of the facets of the poly gonal

m ir ror. T he 488-nm light is raster scanned

horizontally ( x-direction) by the poly gonal mirro r

( SA24C model, BMC-5 controller, L incolnlaser

Corp. ) and vert ically ( y-dir ection ) by a

galv anometer m irror ( Model 6210, cont ro ller:

M icroM ax 67121, Cambridge Technolog y Inc. )

acr oss the sample. T he relay lenses make the x , y

scanner conjugate respect ively and imaged the

scanning piv ot point onto the back pupil of the

object ive fo r unifo rm illuminat ion of the ent ir e f ield

of view. T o perform 3-D vo lume imaging, z-axis

focusing is accomplished by a computer contro lled

piezo electr ic object ive t ranslator.

1. 2�Relay lenses
In order to r educe the ef fect o f v ignet te aro se
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from scanning, the scan m irror has to pivot around

the entr ance aperture of the microscope objective,

and retain the same deg ree of overf illing o f the

micro scope entrance aperture w henever the beam is

scanning. To fulfill the tw o requir ements, the

objective entrance aperture should be imaged onto

the center of the tw o scanners, w hich can ensur e a

small t ilting of the mirr or around its nominal

posit io n w ill result in a corresponding change o f

only the direct ion of the laser beam at the po sit io n

of the objective entrance apertur e.

An afo cal opt ical sy stem is designed to couple

the tw o scan mirrors in the experiment setup, and

the scan mirror lo cat ion is made conjugate to the

entrance pupil of the microscope object iv e.

Relay lenses are constr ucted using tw o

achromat ic doublets ( T ho rlab ) to make up a

telescope. One telescope is inserted betw een the

tw o scan mirror s and images the poly gon m ir ror

onto the galv anometer m ir ror w ith the pr oper

magnificat ion factor. The other telescope is

betw een the object ive and the galvanometric

scanner to image the rear aperture on the

galvanometer mirro r.

The focal lengths of the tw o telescopes ar e

f 1= 200 mm , f 2 = 100 mm, f 3 = 100 mm, f 4 =

50 mm, respectiv ely . T he resultant t ransverse

magnificat ion is 4- fold. This total magnif icat ion

facto r should be chosen to expand the light beam to

overf ill the aperture of the object iv e, and reduce

the geometr ic space as possible.

1. 3� Scan optics

The heart of the w hole confo cal imaging

system is the scanning subsystem .

The optimum parameter s o f the tw o scanner s,

such as scan ang le, rotat ion speed and scan beam

diameter, should be chosen accor ding to image

quality, sampling rate, g eometric space, alignment

and co st , etc.

Typically , the number of resolvable spots per

scanning line at a focal plane, can be expressed as

N= L / d= D�max / � ( 1)

Where a laser beam with diameter D enters the

po lygon facet and �max is the total opt ical scan

range, � is the max imum waveleng th applied in

CLSM , and d is the focused spo t size. T he to tal

number of resolvable spo ts for our m icroscanner

illum inated w ith 488 nm light is appr oximately

110� 82. T he lateral reso lut ion rA = 0. 61�/ NA =

0. 3 �m ( fo r NA = 1, �= 520 nm ) requir e the

incident light beam on the polyg on D> 1. 5 mm

( Expanding 4- fold to a diameter of 6mm at the

entrance pupil o f the object iv e) . Simultaneously,

D is rest ricted by the microscope object ive

aperture, w hich should overfill the rear pupil after

magnif ied by the w hole optical system . Increasing

light beam diameter D w ill improve the scan

reso lut ion, but leads to the larger polyg on mirro r

size, w hich w ill decr ease the response t ime of

scanning for big iner tia.

We determine a po lyg on mirro r w ith 36

facets. T he 36- faceted po lyg on is 70mm in diameter

and 6mm in height , r esult ing in a single facet clear

aperture of appro ximately 6 mm � 6 mm.

In such a scanning opt ical sy stem , the

intersect ion of ref lected beam w ith the plane o f the

facet mirro r is displaced by a distance. T hat is the

center of scan of the ref lected beam that is no

longer a stat ionar y point but a locus( Fig. 2) [ 7] .

F ig . 2� Effects of polyg on ro tation to scan beam

In addition, manufacture er ror for different

facet, mechanical component and alignment erro r

all make the center of ref lect ion w obbling in an

of fset range.

T o decrease the amplitude o f these erro rs, w e

adopt the po lygon scanner it self as a master clo ck

to synchr onize the x , y-scanners, the object ive

t ranslator, and the PMT s. The component to

g enerate t rig ger pulse is show n in Fig. 3.

A 650 nm laser diode il lum inates one facet of

the po lyg on mirro r ahead of the main beam. And

its reflection scans acro ss detected by a b-i cell

pho todiode ( Advanced Pho tonix : SD3113-24-21-

021 ) . The signal f rom the photodiode is

dif ferent ially amplified ( Analo g Dev ice: AD811)

before being converted to TT L levels by Schemit t

t rigg er ( 74ACT 14 ) . Af ter proper delay, the

output TT L pulse co rresponds to a fix ed posit ion

w ithin a scan line both ser ver s as HSYNC signal

input o f dat acquisitio n card ( SNAPPER-PCI-24)

and input of Microcontro ller ( PIC18F458 ) .

M icro controller acts as a pro grammable counter

and yields V SYNC signal upon the reset condit ion

set in sof tw are. Hor izontal and vert ical

synchronization pulses and a pix el clo ck signal are
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F ig. 3� Unit of g enerat ing tr ig ger pulse

used to synchronize capture o f the digital data by

the data acquisition boar d. Contr ol pro gram

w ritten in V isual C+ + set up the parameters o f

sampling and scanning, such as number of line per

image, amplitude o f the scan on the vert ical ax is,

frame rate.

Final ly, the pixel clock signal is gener ated

internally on the acquisit ion card by fr equency

mult iplying the HSYNC signal through a phase-

locked loop.

1. 4� Detection system

The focused light spot ex cites the biolo gical

sample to emit 520 nm fluorescence. Fluorescence

em ission fr om the specimen is collected by the

same object ive, �descanned� by the scan mirr or,

and, after passing back through appropriate

dichro ic beam split ters ( NT47-412, �= 506 nm,

Edmundopt ics. Inc) and 515nm cut- off long pass

filter, is imaged by a double lens into the

photomult iplier tube ( PM T ) detector ( H7422-40,

Hamamatsu ) , w ith w aveleng th coverage up to

850nm. The current signal f rom PMT is sent to

tr ansimpedance amplif ier ( Hamamatsu C6438-01)

to conver t into voltage signal, and then sampled at

approx imately 1MHz w ith a 12- bit AD conver ter

on the frame grabber board ( Act iv e Silicon:

Snapper-PCI-24) .

1. 5� Consideration of imaging speed of CLSM

There have been various efforts in improving

image quality fo r CLSM . Although opt ical

aberrat ion, signal intensity and data processing

etc. are all impo rtant issues, t ime specif icat ion

play a much more r ole in the design of our rapid

scan imag ing system . Here emphases t radeof f

consider at ion in the design o f scanner and image

sampling sy stem. Giv en incident light ang le o f

polyg on mirro r �= 45�: as fo r 0. 3 �m lateral

reso lut ion, and w e sample 250 pixels, so FOV= 75

�m, the duty cycle is

�scan= arctan
FOV � f 1

f 0
� f 3

f 2

f 4

=

arctan
FOV � f 1

2f 4
= 8. 53� ( 2)

C=
�scan
�
� 100% = 42. 65% ( 3)

If w e operate the polyg onal scanner at 10K RPM,

for n= 36, then the act ive scan t ime( unit: s) is

T �scan =
60/ (10� 103)

36
�C= 0. 71� 10- 4 ( 4)

If w e sample a 250� 250 pixels image, then w e get

dwell t ime on one pixel T pixel ( = 0. 284 �s) . The

t iming diagr am for image formation is show n in

Fig. 4.

T he sampling rate of A/ D conversion must be

over than Nyquist sampling criterion, w hich is

cho sen to ensure all the signals f rom the incoming

pho tons are sampled tw ice for every resolv able

point . Since the period o f T pix el require data

acquisit ion card have more than 7MHz sampling

rate, w e adopted a frame g rabber w ith the

max imum 20MHz o f sampling rate.

In CLSM system, the focused light spot is

alw ays mov ing, ev en when the r eceiver is sampling

the reflected signal. So the relat ive displacement

w ill result in blur of spo t image. We denote the

ro tate ang le o f poly gon mirr or at the period of

sampling as �x , the cor responding spot shif t on the

object plane become T �
x
= f �x / � , w here � is

magnif icat ion of relay opt ics combined w ith the

object ive lens.
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F ig . 4 � T iming for data acquisit ion

� � Considering signal energy level, w e choose

10 MHzas sampling f requency, the t ranslat ion o f

fo cused light spot is about T � = 0. 05 �m and

0. 1 �m at spin rate of 6 Kr pm and 12 Krpm

respectively of the polyg on mirr or [ 8-9] .

2 � Performance estimate
Ideally , for a confocal system w ith 515 nm

illum inat ion using a 1. 0-NA water immersed

objective, the lateral reso lut ion is about 0. 3 �m.

The actual resolut ions ar e much larger in that

systems because of residual system aberr at ions in

the r elay optics and object iv e lens [ 10-11 ] .

The int roduct ion of relay lenses w ill degrade

the image quality and limit the scan angle. T o

make the deteriorat ion f rom the relay opt ics

neg lig ible, the size of the po int spread funct ion

should be as small as possible.

We make a simple model for relay opt ics w ith

CODE V and determine the max imum scan ang le

w ithout deg radat ion of point- spread- funct ion, the

results are show n in Fig. 5. Here the micr oscope

objective is assumed being an ideal module w ithout

aberrat ion.

Fig . 5 � Scan optica l system layout

At def lect ion angle of 2 degrees w e could see

that the focused spo t distr ibution st ill keep

symmetry and uniform ity . 3 degrees def lect ion

bring s mainly coma aberrat ion and f ield curv ature,

make the scan spot ellipt ic, the RM S diameter is

dif fused to 0. 4 �m. We can see fr om here that it is

important to design a custom relay lenses to

maintain per formances in the beam scanning .

So � 3 degree scan angle can converts to

approx imately 75 �m of the f ield of view ( FOV ) by

the magnificat ion factor of the m icroscope

object ive. 75 �m � 75 �m image f ield w hich can

monitor tens of cells is enough fo r our exper iment

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 w ith a stage fo r

ax ial scanning. The stage w ill make it possible to

3D image of small sized str ucture. M or eover,

softw are of data acquir ing and image format ion w ill

be improved for real t ime imaging and highest

lateral reso lut ion. Cont inuing efforts w ill be made

forw ard smal l st ructure, portable and clinical

inst rument .

A benchtop prototype o f f iber scanning

confocal micoroscope has been const ructed in

w hich some considerat ion and opt im ization have

been proposed. T he tr adeo ff design betw een

scanning velocity and imag ing quality should be

made to ensure expected resolut ion since the light

spot w ill get blur at the sampling per iod. An

intermediate opt ics including relay lens and

scanning mirro r are designed and its impacts on

image fo rmat ion are analysed. T he simulat ion

results show that the modulat ion t ransfer funct ion
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of the system is not v ar ied during scanning. This

CLSM may be developed for other kinds of imaging

instr ument fo r diagnosis in biomedicine imaging,

moder n semiconductor and nano technolog y

industr ies.
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激光扫描实时共聚焦显微成像系统设计

李朝辉
(中国科学院长春光学精密机械与物理研究所, 长春 130033)

摘�要:共聚焦扫描显微镜已成为生物医学和材料科学领域研究中非常有价值的一种工具.本文给出了一种

反射型激光扫描共聚焦显微成像系统的系统结构和具体设计.采用多面体转镜进行水平扫描,摆镜进行垂直

扫描.利用商品透镜设计了光学扫描中继系统,采用光电倍增管作为激发出的荧光探测器, 同时给出了数据

采集和扫描同步控制系统的组成与设计.利用 CODE V优化光学扫描系统以获得尽可能小的扫描光斑尺寸

和较大的视场, 并综合考虑了采样频率、扫描速度和探测器对整个系统性能的影响,从而给出了该型共聚焦

显微成像系统的相互匹配的设计参量.分析结果表明: 共聚焦扫描系统设计合理可行;从光学扫描系统到

PMT 探测单元的各项技术指标得到优化,满足实时探测的要求; 该系统具有适应性强, 易升级,低成本的技

术特点,同时可达到同类商品的技术性能.

关键词:共聚焦显微镜;光学扫描系统; 同步采集控制
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