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(57) ABSTRACT 

A confocal macroscope is disclosed. According to one 

embodiment of the present invention an imaging system 
includes a specimen stage, a source of a collimated excita 

tion beam centered on a beam axis, and a scan-head movably 

positioned to focus the collimated excitation beam on a focal 

point in an object plane above the specimen stage and to 
receive light emitted or re?ected from the object plane. 
According to another embodiment of the present invention 
the imaging system has three orthogonal motion aXes that 
harness the quality of a collimated in?nity space to stretch 
in scanning a specimen. 
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CONFOCAL MACROSCOPE 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to confocal 
imaging systems, and more particularly to a confocal mac 
roscope. 

BACKGROUND 

[0002] Confocal microscopes With coherent optical illu 
mination are capable of producing very thin optical section 
ing yielding sharp 3-D image volume data sets and an image 
of a specimen With much better contrast betWeen ?ne details 
than is possible With non-confocal imaging systems such as 
Wide-?eld instruments knoWn to those skilled in the art. 
Confocal microscopes are employed to produce images of 
many types of specimens such as biological materials and 
semiconductor devices. 

[0003] A schematic diagram of the essential components 
of a conventional confocal microscope 100 is shoWn in FIG. 
1. A light source 110, such as a laser in the instance of 
monochromatic illumination, generates light that is de?ected 
off of a beamsplitter 114, Which directs the light toWard an 
objective lens 116. The objective lens 116 focuses the light 
at a focal point 118 in a specimen 120. The focal point 118 
is a small illuminated area in a focal plane, also called an 
object plane 122, in the specimen 120. In the instance of 
?uorescent imaging, if the specimen 120 is stained With 
?uorescent dye that is illuminated With a Wavelength near its 
excitation maximum, then it Will emit ?uorescent light of a 
Stokes-shifted Wavelength. Fluorescent molecules at the 
focal point 118 emit Stokes-shifted light rays toWard the 
objective lens 116 Which focuses the emitted rays into a 
confocal pinhole in a conjugate image plane. The confocal 
pinhole is also called an image pinhole 130 and is located in 
a plate 132 placed in the conjugate image plane for the focal 
point 118. In the instance of ?uorescent imaging the beam 
splitter 114 transmits the ?uorescent light to the image 
pinhole 130, and the ?uorescent light passing through the 
image pinhole 130 is detected by a photodetector 140 such 
as a photomultiplier tube (PMT). The photodetector 140 
generates a signal indicating an intensity of the ?uorescent 
light passing through the image pinhole 130, and the signal 
is processed by an appropriate data processing system (not 
shoWn). An image of the specimen 120 in the object plane 
122 is generated by moving the focal point 118 relative to 
the. specimen 120 such that the focal point 118 traverses the 
object plane 122 in the specimen 120 in a pattern such as a 
raster pattern. The data processing system assembles the 
signal from the photodetector 140 to generate the image. 
Images of different sectional depths of the specimen 120 
may be generated by moving the object plane 122 relative to 
the specimen 120. 

[0004] If the specimen 120 is re?ective then the illumi 
nation light is re?ected back toWard the objective lens 116 
and the beamsplitter 114 to be focused on the image pinhole 
130 and detected by the photodetector 140. An example of 
a re?ective specimen 120 is an integrated circuit Wafer 
specimen. 
[0005] Beam-scanning or-stage-scanning confocal micro 
scopes differ from Wide-?eld instruments in tWo major 
aspects: an illumination spot and an image pinhole. First, in 
the confocal microscopes rays of light impinging on a 
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specimen from an objective lens are converged along a cone 
to a single focal point or apex in an object plane in the 
specimen. This is in contrast to a Wide-?eld instrument 
Where, in each instant, the entire area circumscribed by the 
?eld-of-vieW of the objective lens is illuminated simulta 
neously. This area includes information from points extend 
ing through the entire depth of the specimen, including 
points above and beloW the object plane of the objective 
lens. One advantage of the beam-scanning or stage-scanning 
confocal microscopes is that all of the light is focused on the 
focal point in the object plane to produce a much more 
intense excitation of each scanned point of the specimen, 
With greater spatial speci?city of the area being excited. 

[0006] Asecond advantage of the beam-scanning or stage 
scanning confocal microscopes is the pinhole in the emis 
sion/detection path. Some of the rays of light emanating 
from the object plane as a result of the illumination light Will 
retrace the path of the impinging path through the objective 
lens to be collected at a point in the conjugate image plane. 
The confocal pinhole or image pinhole at the conjugate 
image plane acts as a spatial-?lter to remove out-of-focus 
rays of light Which emanated from points above, beloW, or 
to the side of the focal point or apex in the specimen. A 
single focal point in the specimen is examined at a time. If 
the focal point of the objective lens is scanned over the 
specimen at different object planes, then a three-dimensional 
data set of the specimen may be obtained. The greater 
intensity of confocal illumination and a segregation of 
adjacent object planes through Which the focal point is 
scanned alloW for the generation of loW-distortion images of 
slices of a thick specimen such as a biological tissue section. 

[0007] The intensity of illumination in a confocal micro 
scope is enhanced if the excitation light source is a laser such 
as the laser 110 shoWn in FIG. 1. Arc-lamps normally used 
in Wide-?eld instruments have much less optical poWer at a 
given excitation Wavelength. Arc-lamps are also not as 
capable as a laser of providing a narroW excitation Wave 
length While excluding other Wavelengths or colors, as 
arc-lamps emit Wavelengths throughout a very broad spec 
trum. Lasers produce just a feW colors or discrete Wave 
length lines With negligible energy in other spectral regions. 

[0008] The confocal microscope has undergone many 
exciting and ingenious changes since its conception by M. 
Minsky, described in US. Pat. No. 3,013,467, With its 
de?ning characteristic being a detector pinhole. Minsky 
used arc-lamp illumination and a pair of orthogonally ori 
ented, electromechanically oscillated tuning forks to trans 
late a specimen. Advances in confocal designs are disclosed 
in Sheppard et al. “A Scanning Optical Microscope For The 
Inspection Of Electrical Devices” Microcircuit Eng., Cam 
bridge, 1980, p.447-454 and in Marsman et al. “Mechanical 
Scan System for Microscopic Applications”; Rev. Sci. 
Instrument, 1047-1052, 54(8). These confocal microscopes 
use resonant galvanometers to oscillate the specimen, incor 
porate laser illumination and PMT detection, scan in real 
time, and are used for observing the functional processes of 
living cells. They are limited to scanning areas of only about 
1 mm on a side. The confocal microscopes described so far 
are categoriZed as “stage-scanners”, because they move the 
specimen on a support stage With respect to a ?xed optical 
beam. 

[0009] Laser beam scanning confocal microscopes, also 
called beam scanners, are described in Aslund et al., “PHOI 
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BOS, A Microscope Scanner Designed For Micro-Fluoro 
metric Applications, Using Laser Induced Fluorescence, 
Proceedings of the Third Scandinavian Conference on 
Image Analysis, Copenhagen, Denmark (1983). Beam scan 
ners angularly de?ect an illumination and detection beam 
With respect to a central axis of an objective lens, using 
tilting mirrors or acousto-optic devices. Beam scanners have 
an advantage in that a specimen is not jostled during 
scanning, and the specimen position may be adjusted With 
out disturbing the scanner. HoWever, spherical and chro 
matic aberrations in the objective lens are accentuated as the 
beam is de?ected toWards the periphery of the ?eld. The 
?eld of vieW is both delimited and restricted by the diameter 
of the exit pupil of the objective lens Which is typically less 
than half a millimeter. This produces an image that is 
boWl-shaped Which may extend out of the specimen, and is 
not a ?at-?eld scan. The introduction of beam scanners Was 

contemporaneously accompanied by the implementation of 
digital storage. 

[0010] Beam scanners and early stage scanner designs 
have draWbacks due to an angular scan, nonlinear velocity, 
and a curved scan path. These result in images that are 
irregular in shape, ?aWed quantitatively, and limited in 
?eld-of-vieW. This is partly attributed to the fact that With a 
?xed time-clock, both the spatial siZe of samples and the 
strength of the detected optical signal relative to a concen 
tration of ?uorescent dye molecules in a specimen are 
inversely related to the instantaneous velocity of the beam 
Within the specimen. 

[0011] Most of the commercially available confocal 
microscopes sold today are beam scanners. They are more 
than suf?cient for vieWing circumscribed specimens Which 
?t neatly Within the objective lens’ ?eld of vieW. They are 
also more than sufficient for glimpsing isolated ?elds of a 
larger specimen. They also are Well suited for monitoring 
live processes, Where small scan spaces can translate into 
short frame times. Their edge distortion makes them prob 
lematic for producing images of extended areas. Attempts to 
seamlessly align image tiles produced by a beam-scanner to 
create a montage from scans of adjacent ?elds of vieW is 
cumbersome, due to the tiles’ distorted edges and the need 
for a separate mechanism, independent of the scanner, to 
move a specimen stage betWeen tiles. 

[0012] Recently, large ?eld-of-vieW stage scanners have 
been patented in US. Pat. No. 5,184,021 to Smith and US. 
Pat. No. 5,091,652 to Mathies et al. Each describe ?at-bed 
x-y scanners. These models alloW seamless scanning, but at 
a limited resolution and speed. Such large-specimen stage 
scanners also place great stresses on a specimen at high scan 
rates, Which are necessary in ?uorescent imaging to avoid 
bleaching ?uorescent dye in the specimen, and to collect 
copious data in a timely manner. Not jostling the specimen 
is critical in applications in Which biological tissue cannot be 
dry-mounted. Further, even dry-mounted biological speci 
mens are susceptible to impact damage. 

[0013] UK. Patent Application Number 2,184,321 to 
White describes a spiral con?guration stage scanner having 
a scan motion Without Wasted time or as much jostling due 
to rectilinear motion reversal. HoWever, the data set it 
generates is spatially irregular, due to uneven dWell time and 
a curved scan path. 
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[0014] There remains a need for a confocal imaging 
system capable of efficiently, accurately, and Withoutjarring 
a specimen, generating a clear image of the specimen having 
a large cross-sectional area. 

SUMMARY OF THE INVENTION 

[0015] According to one embodiment of the present inven 
tion an imaging system comprises a specimen stage, a source 
of a collimated light beam centered on a beam axis, and a 
scan-head movably positioned to focus the collimated light 
beam on a focal point in an object plane above the specimen 
stage and to receive light emitted or re?ected from the object 
plane. The collimated light beam is comprised of parallel 
light rays, and in?nity space is the region in Which the light 
beam is collimated. The scan-head is translated coaxial to 
the beam axis and takes advantage of the capacity of in?nity 
space to stretch. According to another embodiment of the 
present invention a method comprises generating a colli 
mated light beam centered on a beam axis and de?ning a 
region of in?nity space, focusing the collimated light beam 
on a focal point in an object plane in a specimen on a 
specimen stage With an objective lens, and detecting light 
re?ected or emitted from the specimen at the focal point to 
generate image data. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIG. 1 is a schematic diagram of a confocal 
microscope according to the prior art. 

[0017] FIGS. 2A, B, C, D, and E are schematic diagrams 
of a confocal macroscope according to an embodiment of 
the present invention. 

[0018] FIGS. 3A and B are draWings of a confocal 
macroscope according to an embodiment of the present 
invention. 

[0019] FIGS. 4A, B, C, and D are draWings of a beam 
alignment ?xture according to an embodiment of the present 
invention. 

[0020] FIGS. 5A, B, C, and D are draWings of a scan-head 
beam target according to an embodiment of the present 
invention. 

[0021] FIG. 6 is a front vieW of a confocal macroscope 
according to an embodiment of the present invention. 

[0022] FIG. 7 is a schematic diagram of a control and data 
processing system for the confocal macroscope according to 
an embodiment of the present invention. 

[0023] FIG. 8 is a ?oW chart of a scan method according 
to an embodiment of the present invention. 

DETAILED DESCRIPTION 

[0024] In the folloWing detailed description of exemplary 
embodiments of the present invention, reference is made to 
the accompanying draWings Which form a part hereof, and 
in Which are shoWn by Way of illustration speci?c exemplary 
embodiments in Which the present invention may be prac 
ticed. These embodiments are described in suf?cient detail 
to enable those skilled in the art to practice the present 
invention, and it is to be understood that other embodiments 
may be utiliZed and that logical, mechanical, optical, elec 
trical and other changes may be made Without departing 
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from the spirit or scope of the present invention. The 
following detailed description is, therefore, not to be taken 
in a limiting sense, and the scope of the present invention is 
de?ned only by the claims. 

[0025] The exemplary embodiments are shoWn in the 
draWings With different vieWs of similar elements. Where an 
element is shoWn in several Figures it Will be identi?ed With 
the same reference character for purposes of clarity. 

[0026] A confocal macroscope according to an embodi 
ment of the present invention is a highly automated “hybrid 
stage scanning” confocal epi-illumination microscopic 
imaging system capable of rapidly collecting seamless data 
sets at sub-micrometer resolution over extended areas of a 

specimen. The term macroscope identi?es the capability of 
the imaging system to produce seamless 3-dimensional 
images over the extended areas. The confocal macroscope 
employs a beam of collimated light Which is comprised of 
parallel light rays, and in?nity space is the region in Which 
the light beam is collimated, i.e., the focal point is at in?nity. 
If such a collimated light beam is re?ected from a ?at mirror 
or transmitted through a ?at optical element, it remains 
collimated for virtually an in?nite distance. It can be bent by 
re?ection by a relatively unlimited number of ?at mirrors 
placed at any arbitrary distance Without affecting the colli 
mation of the light beam. In contrast, a diverging light beam 
or a converging light beam (i.e., a non-collimated light 
beam) has a ?nite focal distance. If such a non-collimated 
light beam is re?ected from a ?at mirror, its total focal 
distance remains ?nite and unchanged, although the path of 
the light beam is bent by the re?ection. Therefore the 
number and spacing of the mirrors is limited by the focal 
length of the non-collimated light beam. In addition, if a 
non-collimate light beam is transmitted through a ?at optical 
element, a refraction effect Will change the focal distance of 
the light beam. The amount of change varies With the 
refractive index and thickness of the ?at transmissive optical 
element. 

[0027] Aschematic diagram of a confocal macroscope 200 
according to an embodiment of the present invention is 
shoWn in FIGS. 2A, B, C, D, and E. The confocal macro 
scope 200 shoWn in FIG. 2A includes an optics board 210 
supporting ?xed, precision-aligned optics that generate a 
collimated excitation beam of light directed toWard a scan 
head 212 Which focuses the collimated excitation beam 
toWard a specimen stage 214. The collimated excitation 
beam is generated by the folloWing elements. A laser 220 
generates a coherent excitation beam that is guided to the 
optics board 210 by a single-mode optical ?ber 222 Which 
preserves the coherence, or the polariZation and alignment of 
the excitation beam, and acts as a spatial ?lter or a virtual 
pinhole. The coherent excitation beam from the laser 220 
has light Waves that are in phase With each other. The 
excitation beam from the laser 220 is centered on an 
excitation beam axis 224, and is expanded and collimated 
using a pair of positive converging lenses 226, 228 in a beam 
expander 230. The beam expander 230 expands the 1/e2 
diameter of the excitation beam to be more than three times 
that of a back aperture of a chromatically corrected objective 
lens 231 in the scan-head 212 Which is described beloW. The 
excitation beam emerges from the beam expander 230 as a 
collimated excitation beam establishing an in?nity space. 
The collimated excitation beam has a Gaussian intensity 
pro?le centered on the excitation beam axis 224 that is 
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truncated by an iris diaphragm 232 that blocks peripheral 
rays of the collimated excitation beam. The collimated 
excitation beam passes through a neutral density ?lter 234 to 
attenuate the intensity of the collimated excitation beam and 
an excitation ?lter 236 Which is a bandpass ?lter removing 
unWanted Wavelengths in the collimated excitation beam. 
The collimated excitation beam is then re?ected by a poly 
chroic beamsplitter 238 off the optics board 210 and toWards 
the scan-head 212. 

[0028] The scan-head 212, shoWn in greater detail in FIG. 
2B, includes a ?at mirror 240 mounted on a bracket 242. The 
?at mirror 240 re?ects the collimated excitation beam nor 
mally and coaxially onto the objective lens 231 Which 
focuses the collimated excitation beam to a focal point in an 
object plane in a specimen 244. The objective lens 231 is 
in?nity-corrected for chromatic aberrations. The specimen 
244 is placed under a cover glass 246 and rests on a base 248 
on the specimen stage 214. The specimen 244 is typically 
supported by a substrate such as a glass slide (not shoWn) 
Which sits on the base 248. For repeatable repositioning, the 
substrate may be seated against a shalloW locator corner (not 
shoWn) Which is affixed to the base 248. The base 248 is 
movably mounted to a support 250 by bearings and may 
move along an x-axis. A central axis 249 passes through a 
geometric center of the objective lens 231 and through the 
focal point. The ?at mirror 240 preserves the parallel rays in 
the collimated excitation beam as it is re?ected toWard the 
objective lens 231. The collimated excitation beam is 
re?ected so that the excitation beam axis 224 is maintained 
coaxial With the central axis 249 of the objective lens 231. 

[0029] In response to the light at the focal point of the 
objective lens 231, the specimen 244 either re?ects the light 
or emits ?uorescent light from the focal point toWard the 
objective lens 231. This light folloWs a path that is collinear 
With a line traced by the collimated excitation beam travel 
ing to the specimen 244 through the objective lens 231. The 
beamsplitter 238 transmits the light from the specimen 244 
through an emission ?lter 251, Which is a bandpass ?lter, to 
a tube lens (not shoWn) in a trinocular microscope head 252. 
In the instance of ?uorescent specimen scanning, the beam 
splitter 238 transmits light having Stokes-shifted Wave 
lengths of ?uorophores in the specimen 244 excited by one 
of the Wavelengths generated by the laser 220. The trinocu 
lar microscope head 252 includes a pair of oculars 254, 
Which are used in conjunction With a beam scrambler 255, 
described beloW, for vieWing the light directly. The tube lens 
focuses the light toWard an image pinhole 256 in a plate 258 
forming a conjugate image plane With the object plane in the 
specimen 244. The image pinhole 256 alloWs photons from 
a focal point in the specimen 244 to pass through While the 
plate 258 blocks other light. Photons passing through the 
image pinhole 256 are detected by a photodetector 259 that 
transduces the light level into a proportional electronic 
signal. The signal is loW-pass ?ltered, integrated, scaled and 
shifted using analog ampli?cation circuitry 260, and is then 
digitiZed by a sample A/D conversion circuit 262. This 
digital information is passed to a control and data processing 
system 264 for storage, processing and display of an image 
266. 

[0030] The scan-head 212 is movable along a y-axis 
parallel With the excitation beam axis 224 of the collimated 
excitation beam as it emerges from the optics board 210. The 
objective lens 231 is motoriZed to be movable on a Z-axis 
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With respect to the scan-head 212. The Z-axis is normal to the 
object plane in the specimen 244 and parallel With the 
central axis 249 of the objective lens 231. The base 248 is 
movable along an x-axis that is orthogonal to both the y and 
Z-axes. Motorized movement of the scan-head 212 and the 
base 248 may be controlled by a control system (not shoWn) 
so that the focal point of the objective lens 231 traverses the 
object plane through the specimen 244 parallel to and 
de?ned by the X and y-axes and the image 266 of the 
specimen 244 in the object plane may be generated. The 
objective lens 231 may be moved along the Z-axis, With 
respect to the scan-head 212, via a focus motor 267 con 
trolled by the control system, closer to or further from the 
specimen 244 so as to change the position of the object plane 
and obtain an image in a different cross-section of the 
specimen 244. 
[0031] As described above, the collimated excitation beam 
is re?ected by the ?at mirror 240 so that the excitation beam 
axis 224 is maintained coaxial With the central axis 249 of 
the objective lens 231. When the scan-head 212 is moved 
along the y-axis relative to the optics board 210 the in?nity 
space in Which the collimated excitation beam exists 
expands and contracts as the excitation beam remains col 
limated. The ?at mirror 240 preserves the parallel rays in the 
collimated excitation beam as it is re?ected toWard the 
objective lens 231. The ?at mirror 240 moves parallel With 
the excitation beam axis 224 along the y-axis and the 
re?ected collimated excitation beam remains stationary rela 
tive to the central axis 249 of the objective lens 231. Since 
the excitation beam is not de?ected from the central axis 
249, no aberrations related to being off-axis are present. 
There are three completely orthogonal axes in the confocal 
macroscope according to the embodiment of the present 
invention: the x-axis collinear With the movement of the 
base 248, the y-axis collinear With the movement of the 
scan-head 212, and the Z-axis collinear With the movement 
of the objective lens 231. The quality of the light focused on 
the specimen 244 remains high as the scan-head 212 and the 
base 248 are moved to generate the image 266 of a large 
specimen 244. 
[0032] A schematic diagram of the beam scrambler 255 
according to an embodiment of the present invention is 
shoWn in FIGS. 2C and D. The beam scrambler 255 is 
mounted on a motoriZed translation stage 282 that moves the 
beam scrambler 255 into or out of the path of the excitation 
beam along an axis 268. The beam scrambler 255 reduces 
the coherence, that is spreads and smears the laser speckle 
pattern, of the excitation beam from the laser 220 When it is 
moved into the path of the excitation beam so that the 
specimen may be vieWed directly through the oculars 254 as 
described beloW. The beam scrambler 255 includes an input 
lens 270 to receive the coherent excitation beam from the 
laser 220 along the excitation beam axis 224 and to launch 
the excitation beam to a ?rst end 272 of a multimode optical 
?ber 274. The optical ?ber 274 is oscillated by a vortexer 
(not shoWn) in the directions 276 to reduce the coherence of 
the excitation beam in the optical ?ber 274. A less coherent 
excitation beam is collected from a second end 278 by an 
output lens 280 and transmitted to the converging lens 226 
in the beam expander 230. The input lens 270, the optical 
?ber 274, and the output lens 280 spread the excitation beam 
to ?ll a ?eld of vieW of the objective lens 231. When the 
specimen 244 is not being vieWed directly through the 
oculars 254 the beam scrambler 255 is moved out of the path 
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of the excitation beam by the motoriZed translation stage 
282. FIG. 2D shoWs that the beam scrambler 255 may be 
moved out of the excitation beam axis 224 by the motoriZed 
translation stage 282 along the axis 268. 

[0033] A schematic diagram of the trinocular microscope 
head 252 and the oculars 254 according to an embodiment 
of the present invention is shoWn in FIG. 2E. The trinocular 
microscope head 252 includes a tube lens 290 Which focuses 
light from the specimen 244 toWard the image pinhole 256. 
A motoriZed selector mechanism 292 is coupled to a trin 
ocular diverter such as a prism 294 by a screW 296 for 
sliding the prism 294 inside the trinocular microscope head 
252 to divert light from the specimen 244 toWard the oculars 
254 for direct vieWing. The selector mechanism 292 rotates 
the screW 296 to move the prism 294 in response to signals 
from a control system (not shoWn). 

[0034] The coherence of the excitation beam generated by 
the laser 220 causes a Well-knoWn speckle pattern When the 
light illuminates an irregular surface. The irregularities in 
the surface cause interference effects in an image of the 
surface. The speckle pattern interferes With a person vieWing 
light from the specimen 244 directly through the oculars 
254. For Wide-?eld vieWing of the collection of light rays 
directly, the illumination must be With a phase-scrambled 
collection of beams Which excite an in?nite number of 
specimen points in the specimen 244 faster than a response 
time of the human eye. The speckle pattern can be reduced 
or eliminated by reducing the coherence of the excitation 
beam With the beam scrambler 255 as described above. 
Actuation for the trinocular selector mechanism 292 and the 
motoriZed translation stage 282 is coordinated by the control 
system such that the prism 294 is slid into the trinocular 
microscope head 252 only When the beam scrambler 255 is 
in position and the optical ?ber 274 is oscillated. 

[0035] The confocal macroscope 200 according to the 
embodiment of the present invention may be used to gen 
erate images of a large biological tissue sample that has been 
stained With ?uorescent dyes to enhance speci?c features 
such as making molecules of interest Within a sample visible 
by binding antibodies to them and coupling the antibodies to 
?uorophores. Each of the ?uorescent dyes Will emit ?uo 
rescent light When excited by light of a particular Wave 
length from an excitation source Which may be a multi-color 
or multi-line laser, and in particular a mixed-gas KrAr 
multicolor laser. The use of ?uorescent dyes in multicolor 
confocal microscopy Was described in Us. Pat. No. 5,127, 
730 to Brelje et al., Which is incorporated herein by refer 
ence. Brelje et al. describe an imaging system in Which a 
biological tissue sample is stained With three different ?uo 
rescent dyes, each coupled to a different biochemical tag 
such as antibodies, antisense nucleotides, or calcium indi 
cators. Each ?uorescent dye absorbs light of one character 
istic Wavelength, the excitation maximum, Which corre 
sponds to one of the spectral lines of the excitation source. 
In the process of ?uorescence, light of a characteristic longer 
Wavelength, measured as the Stokes-shift, is emitted in 
response. Three spectral lines are produced by the mixed-gas 
KrAr multicolor laser and are directed toWard the tissue 
sample to induce the ?uorescence. The emitted ?uorescent 
light may then be collected by the confocal macroscope 200 
to generate the image 266. 

[0036] A confocal macroscope according to an embodi 
ment of the present invention is shoWn in FIGS. 3A and 3B. 
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A KrAr mixed-gas laser 308, speci?cally an Omnichrome 
643-50RYB laser, delivers three collinear laser lines of blue, 
yellow, and red light rays in a coherent excitation beam 
simultaneously through a single mode optical ?ber 310, to 
an optics board 312. In an alternate embodiment of the 
present invention the laser 308 may comprise a collection of 
separate lasers. The optics board 312 is a TMC Corporation 
model 78-special stainless steel optics board. An advantage 
of the KrAr mixed-gas laser 308 is that the blue, yelloW, and 
red lines remain coherent and are Well separated in Wave 
length for discerning light emitted by three different ?uo 
rescent dyes in a specimen using appropriate ?lters. The 
collinear lines are expanded, focused, and defocused as a 
single aggregate beam. 
[0037] The optical ?ber 310 is a single-mode armored 
?ber With an integrated chromatically corrected output lens 
aligned With the optical ?ber 310 in a barrel 314. The barrel 
314 is called an Optical Fiber Delivery System (FDS) Which 
is produced by Point Source under a model number FDS 
A-P-3-488/568/647-0.7-1.5 and includes a pair of FDS-4><-Z 
axis manipulators, three meters of armored polariZation 
preserving optical ?ber and an FDS-MB mounting bracket. 
The output lens in the barrel 314 is positioned to recollimate 
the excitation beam from the laser 308. The barrel 314 is 
aligned by a multi-axis manipulator (not shoWn) and deliv 
ers the excitation beam to the optics board 312 such that the 
excitation beam is centered on an excitation beam axis 316. 
A beam scrambler 318 is positioned to slide into and out of 
a path of the excitation beam centered on the excitation 
beam axis 316 to reduce the coherence of the excitation 
beam. An input lens 319 in the beam scrambler 318 launches 
the excitation beam into a large-diameter multimode optical 
?ber (not shoWn), and the excitation beam is collected, 
refracted, and transmitted by an output lens 321. The optical 
?ber is held securely in chucks in the beam scrambler 318. 
The optical ?ber is oscillated laterally With an amplitude of 
a feW millimeters and at a rate of greater than 100 HZ to 
substantially reduce the sensation of a speckle pattern in an 
image of a specimen vieWed directly by reducing the coher 
ence of the excitation beam. The direct vieWing of the image 
of the specimen Will be described beloW. The optical ?ber is 
oscillated by a test-tube vortexer (not shoWn) Which the 
optical ?ber is Wrapped around. The vortexer is positioned 
at a distance aWay from the optics board 312 such that the 
vibrations are isolated. The beam scrambler 318 may be 
moved out of the path of the excitation beam upon a 
translation stage 322 actuated by a stepper motor via a lead 
screW drive (not shoWn). In an alternate embodiment of the 
present invention, the beam scrambler 318 may be placed 
beside a beam expander 324 on the translation stage 322 and 
both may be alternately moved into the path of the excitation 
beam in the same space. This embodiment of the present 
invention Would considerably shorten the length of the 
confocal macroscope, at the expense of greater mechanical 
complexity and alignment sensitivity. 
[0038] When the beam scrambler 318 is moved out of the 
path of the excitation beam the excitation beam is received 
by an input lens 326 of the beam expander 324. The input 
lens 326 is a NeWport L-40>< in?nity corrected objective lens 
With a 5.0 mm focal length. The beam expander 324 includes 
an output lens 328 and expands and collimates the excitation 
beam from the laser 308. The output lens 328 is an achro 
matic cemented-doublet, Melles-Griot model number 01 
LAL 017 With a 40 mm diameter x100 mm focal length. The 
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input lens 326 of the beam expander 324 is an in?nity 
corrected, achromatic microscope objective lens. The beam 
expander 324 expands the excitation beam to over-?ll the 
11.7 mm diameter back-aperture of an objective lens in a 
scan-head by almost three times as described beloW. The 
collimated excitation beam from the beam expander 324 is 
truncated by an iris diaphragm 330, Which is a ?xed metal 
ring With an inner diameter of approximately 12.0 mm. The 
over-expansion and truncation of the excitation beam ?at 
tens a natural Gaussian radial pro?le of the excitation beam 
generated by the laser 308 into a ?atter “top hat” shaped 
pro?le. The iris diaphragm 330 is placed as closely as 
possible to the output lens 328 to minimiZe stray light rays 
escaping around outer edges of the output lens 328. 

[0039] The collimated excitation beam passes through one 
of three excitation ?lters Which are bandpass ?lters posi 
tioned in a ring around an excitation ?lter Wheel 332. The 
excitation ?lters are produced by Chroma Technologies 
having model numbers D488/10x, D568/10x, D647/10x, 
and the excitation ?lter Wheel 332 is produced by NeW 
Focus Corp. The excitation ?lter Wheel 332 is rotated by a 
rotary stepper motor to select one of the excitation ?lters to 
transmit a desired color and to block other colors in the 
collimated excitation beam. In an alternative embodiment of 
the present invention acousto-optic transform ?lters may be 
used as continuously variable solid-state color selectors/ 
light intensity attenuators. A neutral density ?lter Wheel 334 
modulates the intensity of the collimated excitation beam 
Which is then de?ected by a triple-Wavelength-pair interfer 
ence-based polychroic beamsplitter 336 toWard a scan-head 
340 that is shoWn in FIG. 3B. The polychroic beamsplitter 
336 is a 488/568/647 polychroic beamsplitter 50 mm round 
element from Chroma Technologies mounted in a custom 
monolithic ?exure mount from NeWport. In an alternate 
embodiment of the present invention the beamsplitter 336 
may not be polychroic. 

[0040] The collimated excitation beam received by the 
scan-head 340 from the beamsplitter 336 is re?ected by a ?at 
mirror 342 in the scan-head 340 toWard an objective lens 
344 Which focuses the collimated excitation beam onto a 
focal point in an object plane in a specimen 346. The ?at 
mirror 342 is a 100% re?ective lambda/10 ?atness mirror 
that is 25 mm round by Chroma Technologies. The objective 
lens 344 is an Olympus UAPO 20x in?nity corrected 
objective lens With NA=0.75, WD=0.55 mm, a back-aper 
ture=11.7 mm, a length=44.45 mm, and a ?eld number=2. 
The back-aperture dictates the outer diameter of the colli 
mated excitation beam and an emission beam described 
beloW. A central axis 347 passes through a geometric center 
of the objective lens 344. The specimen 346 rests on a 
specimen stage 348 and is topped by a sheet of cover glass 
350. The specimen stage 348 may move the specimen 346 
along an x-axis under the objective lens 344. The specimen 
stage 348, the scan-head 340, and the objective lens 344 are 
motoriZed to move along mutually orthogonal x, y, and 
Z-axes, respectively. 

[0041] The ?at mirror 342 and the objective lens 344 are 
?xed to a scan-head stage 352 by a right-angle bracket 354. 
The scan-head stage 352 is movably mounted to a ?xed base 
380. The scan-head stage 352 moves the ?at mirror 342 and 
the objective lens 344 relative to the optics board 312 along 
the y-axis orthogonal to the x-axis and parallel With the 
excitation beam axis 316 as the collimated excitation beam 
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is re?ected by the beamsplitter 336. The stages 348, 352 are 
identical AN ORIDE stages of cast-iron crossed-roller bear 
ing construction. The specimen stage 348 is shoWn movably 
supported by a set of bearings 356 and a frame 358. Position 
feedback control is provided for the stages 348, 352 by a 
control system and linear frictionless open glass scale opti 
cal position encoders (not shoWn) mounted inside each of 
the stages 348, 352. The encoders are 100 line/mm encoders 
produced by Heidenheim, and are used in conjunction With 
a 100x Anorad encoder interpolation circuit. A linear DC 
brushless ANOLINE servo motor (not shoWn) is mounted 
along a center-line inside of each of the stages 348, 352 to 
provide balanced, frictionless propulsion according to sig 
nals from the control system. Both of the stages 348, 352 
have small loads so either is capable of providing a scanning 
or a stepping motion. The stages 348, 352 and the servo 
motors are produced by the Anorad Corporation. Alternative 
embodiments of the present invention may include stages 
suspended on a cushion of air, ?oating on a ?uid or sus 

pended magnetically. The stages may be moved by pressur 
iZed air, hydraulic ?uid, or pieZoelectric friction motors. 

[0042] The objective lens 344 may be moved along the 
Z-axis, also called a focus axis, that is normal to a surface of 
the cover glass 350 and the specimen 346 and orthogonal to 
the X and y-axes. The objective lens 344 is mounted to a 
barrel support 360 protruding from a steel translation stage 
362. The steel translation stage 362 is driven by a pieZo 
electric actuated lead-screW focus motor (not shoWn) that is 
controlled by the control system. The focus motor is a NeW 
Focus Micrometer Replacement Actuator. A feedback signal 
indicating a position of the objective lens 344 is provided by 
a non-contact capacitive distance sensor 364 mounted on the 
right-angle bracket 354. The capacitive distance sensor 364 
is an HB sensor With a DMT-lO lineariZing ampli?er pro 
duced by Lion Corporation. The capacitive distance sensor 
364 monitors the distance betWeen itself and a tab Which 
protrudes from the barrel support 360 and acts as a target. 

[0043] The collimated excitation beam is re?ected by the 
?at mirror 342 so that the excitation beam axis 316 is 
maintained coaxial With the central axis 347 of the objective 
lens 344. When the scan-head 340 is moved along the y-axis 
relative to the optics board 312 the in?nity space in Which 
the collimated excitation beam exists expands and contracts 
as the excitation beam remains collimated. The ?at mirror 
342 preserves the parallel rays in the collimated excitation 
beam as it is re?ected toWard the objective lens 344. The ?at 
mirror 342 moves parallel With the excitation beam axis 316 
along the y-axis and the re?ected collimated excitation beam 
remains stationary relative to the central axis 347 of the 
objective lens 344. 

[0044] The scan-head 340 is mechanically coupled to the 
specimen stage 348 through a granite superstructure 
described beloW, and an indirect distance betWeen the obj ec 
tive lens 344 and the specimen 346 is monitored and 
maintained. The capacitive distance sensor 364 has a linear 
range of fully 500 microns, Whereas the pieZoelectric actu 
ated lead screW has a range of many millimeters. The 
capacitive distance sensor 364 can easily be raised or 
loWered betWeen scans to accommodate different thick 
nesses of the specimen 346. In an alternative embodiment of 
the present invention, direct closed-loop feedback monitor 
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ing of the distance betWeen the objective lens 344 and the 
cover glass 350 may be done using an optical “through-the 
lens” approach. 

[0045] The specimen 346 is stained With up to three 
?uorescent dyes, one of Which Will ?uoresce With a Stokes 
shifted Wavelength When excited by light of one of the colors 
blue, yelloW, or red generated by the laser 308 and selected 
by the excitation ?lter in the excitation ?lter Wheel 332. The 
emanating light folloWs a path that is collinear With a line 
traced by the collimated excitation beam focused on the 
specimen 346 by the objective lens 344. Photons in the 
?uorescent light emitted by the dye that enter an acceptance 
cone of the objective lens 344 are collected and de?ected by 
the ?at mirror 342 back toWard the optics board 312, Where 
they are transmitted by the beamsplitter 336 While most 
other Wavelengths of light are blocked. 

[0046] An emission ?lter Wheel 366 behind the beamsplit 
ter 336 selectively transmits the Stokes-shifted Wavelength 
of the ?uorescent light emitted by the dye in the specimen 
346. The emission ?lter Wheel 366 includes three emission 
?lters each of Which is a bandpass ?lter that transmits one of 
the Stokes-shifted Wavelengths emitted by the specimen 
346. The emission ?lters are produced by Chroma Tech 
nologies having model numbers HQ525/50, HQ605/50, 
HQ700/50, and the emission ?lter Wheel 366 is produced by 
NeW Focus Corp. The emission ?lters in the emission ?lter 
Wheel 366 correspond respectively to the excitation ?lters in 
the excitation ?lter Wheel 332 Which is a mirror image of the 
emission ?lter Wheel 336. The beamsplitter 336 remains 
?xed and transmits all of the Stokes-shifted Wavelengths that 
may be emitted by the specimen 346. 

[0047] The ?uorescent light is transmitted to a color 
corrected tube lens 367 in trinocular microscope head 368 
Which is matched to the objective lens 344. The trinocular 
microscope head 368 an Olympus U-TR30 Trinocular Head 
With tWo 2-U1002 WH10><-2 eyepieces. The tube lens 367 
focuses the photons of the ?uorescent light on an image 
pinhole 370 in a plate 372 forming a conjugate image plane 
With the focal point in the specimen 346. 

[0048] The excitation ?lter Wheel 332 and the emission 
?lter Wheel 366 are each actuated by a rotary stepper motor 
controlled by the control system and rotate in concert 
betWeen one of three respective pairings of the excitation 
and emission ?lters in a coupled manner; a blue excitation 
?lter and a green emission ?lter, a yelloW excitation ?lter 
and an orange emission ?lter, and a red excitation ?lter and 
an infrared emission ?lter. 

[0049] Photons passing through the image pinhole 370 are 
detected by a Wide-bandWidth or red-sensitive PMT 374 that 
generates a signal indicating the detection of the photons. 
The PMT 374 is a Hamamatsu HC-120-05 MOD PMT With 
an R6357 tube, a 10 MHZ ampli?er, and a loW-noise 
multiplier. In an alternative embodiment of the present 
invention the photons passing through the image pinhole 
370 may be detected by another type of photodetector such 
as a photodiode. The signal is processed by the control 
system to generate an image of the specimen 346. 

[0050] As discussed earlier, the ?uorescent light from the 
specimen 346 may be vieWed directly through a pair of 
oculars (not shoWn) in the trinocular microscope head 368 if 
the beam scrambler 318 is moved and activated to defocus 
























