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(57) ABSTRACT 

A method of increasing the ef?ciency of a multiphoton 
absorption process and apparatus. The method includes: 
providing a photoreactive composition; providing a source 
of su?icient light for simultaneous absorption of at least tWo 
photons; exposing the photoreactive composition to at least 
one transit of light from the light source; and directing at 
least a portion of the ?rst transit of the light back into the 
photoreactive composition using at least one optical ele 
ment, Wherein a plurality of photons not absorbed in at least 
one transit are used to expose the photoreactive composition 
in a subsequent transit. 
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MULTIPASS MULTIPHOTON ABSORPTION 
METHOD AND APPARATUS 

STATEMENT OF PRIORITY 

[0001] This application claims the priority of US. Provi 
sional Application No. 60/211,704 ?led Jun. 15, 2000, the 
contents of Which are hereby incorporated by reference. 

FIELD 

[0002] This invention relates to a method of enhancing the 
e?iciency of a light source (e.g., a short pulse laser) used in 
a multiphoton absorption (e.g., curing) process, the method 
comprising passing the light through a photoreactive com 
position a plurality of times. 

BACKGROUND 

[0003] Molecular tWo-photon absorption Was predicted by 
Goppert-Mayer in 1931. Upon the invention of pulsed ruby 
lasers in 1960, experimental observation of tWo-photon 
absorption became a reality. Subsequently, tWo-photon exci 
tation has found application in biology and optical data 
storage, as Well as in other ?elds. 

[0004] There are tWo key differences betWeen tWo-pho 
ton-induced photoprocesses and single-photon induced pro 
cesses. Whereas single-photon absorption scales linearly 
With the intensity of the incident light, tWo-photon absorp 
tion scales quadratically. Higher-order absorptions scale 
With a related higher poWer of incident intensity. As a result, 
it is possible to perform multiphoton processes With three 
dimensional spatial resolution. Also, because multiphoton 
processes involve the simultaneous absorption of tWo or 
more photons, the absorbing chromophore is excited With a 
number of photons Whose total energy equals the energy of 
an excited state of a multiphoton photosensitiZer, even 
though each photon individually has insu?icient energy to 
excite the chromophore. Because the exciting light is not 
attenuated by single-photon absorption Within a curable 
matrix or material, it is possible to selectively excite mol 
ecules at a greater depth Within a material than Would be 
possible via single-photon excitation by use of a beam that 
is focused to that depth in the material. These tWo phenom 
ena also apply, for example, to excitation Within tissue or 
other biological materials. 

[0005] Major bene?ts have been achieved by applying 
multiphoton absorption to the areas of photocuring and 
microfabrication. For example, in multiphoton lithography 
or stereolithography, the nonlinear scaling of multiphoton 
absorption With intensity has provided the ability to Write 
features having a siZe that is less than the diffraction limit of 
the light utiliZed, as Well as the ability to Write features in 
three dimensions (Which is also of interest for holography). 
Such Work has been limited, hoWever, to sloW Writing 
speeds and high laser poWers. Thus, there is a need for 
methods of improving the throughput and e?iciency of 
multiphoton absorption systems. 

SUMMARY 

[0006] The present invention provides a method of 
increasing the e?iciency of a multiphoton absorption pro 
cess. The method includes: providing a photoreactive com 
position; providing a source of su?icient light for simulta 
neous absorption of at least tWo photons by the 
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photoreactive composition; exposing (preferably, pulse irra 
diating, for example, using a near infrared pulsed laser 
having a pulse length of less than about 10 nanoseconds) the 
photoreactive composition to at least a ?rst transit of light 
from the light source; and directing at least a portion of the 
?rst transit of the light back into the photoreactive compo 
sition using at least one optical element, Wherein a plurality 
of photons not absorbed in the ?rst transit are used to expose 
the photoreactive composition in a subsequent transit. 

[0007] It is an advantage of the invention that more 
e?icient use of high poWer laser light in a multiphoton 
absorption process can be obtained by passing the laser light 
through the photoreactive composition a plurality of times. 
This can be accomplished by use of an appropriate optical 
element, such as a focusing mirror, a Waveguide, or a cube 
corner re?ective element, for example. 

[0008] Preferably, directing at least a portion of the ?rst 
transit of the light back into the photoreactive composition 
includes directing at least a portion of the ?rst transit of the 
light back into the photoreactive composition at the same 
location exposed to the ?rst transit of light. Alternatively, 
directing at least a portion of the ?rst transit of the light back 
into the photoreactive composition includes directing at least 
a portion of the ?rst transit of the light back into the 
photoreactive composition at a location different from that 
exposed to the ?rst transit of light. 

[0009] The present invention also provides a method of 
increasing the efficiency of a multiphoton absorption process 
that includes: providing a photoreactive composition; pro 
viding a source of su?icient light for simultaneous absorp 
tion of at least tWo photons by the photoreactive composi 
tion; focusing the light at a ?rst focal point Within the 
photoreactive composition, Wherein a ?rst portion of light is 
absorbed by the photoreactive composition and a second 
portion of light transits the photoreactive composition; and 
focusing the second portion of light at a second focal point 
Within the photoreactive composition. 

[0010] Preferably, focusing the second portion of light at 
a second focal point further includes re?ecting the second 
portion of light through the photoreactive composition. 
Alternatively, focusing the second portion of light includes 
focusing the second portion of light at a plurality of focal 
points. Preferably, re?ecting the second portion of light 
includes re?ecting multiple transits of the second portion of 
light through the photoreactive composition Without focus 
ing. 
[0011] Preferably, re?ecting multiple transits of the second 
portion of light includes selectively directing the second 
portion of light betWeen a plurality of optical elements, 
Wherein at least one optical element of the plurality of 
optical elements is capable of selectively re?ecting the light 
through the photoreactive composition Without focusing, 
and at least one optical element of the plurality of optical 
elements is capable of selectively focusing the light at a 
focal point Within the photoreactive composition. 

[0012] If desired, re?ecting the second portion of light 
through the photoreactive composition and focusing the 
second portion of light is repeated one or more times to 
create a plurality of focal points. Furthermore, if desired, 
re?ecting the second portion of light involves re?ecting 
multiple transits of the second portion of light through the 
photoreactive composition Without focusing. 
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[0013] Preferably, the photoreactive composition includes 
a curable species that is cured proximate the ?rst focal point 
and proximate the second focal point. If desired, the ?rst 
focal point and the second focal point are at the same 
location Within the photoreactive composition. 

[0014] The present invention also provides a method of 
increasing the e?iciency of a multiphoton absorption pro 
cess. The method includes: providing a photoreactive com 
position disposed on a re?ective substrate; providing a 
source of su?icient light for simultaneous absorption of at 
least tWo photons by the photoreactive composition; expos 
ing the photoreactive composition to the light from the light 
source at a ?rst focal point; and re?ecting the light back into 
the photoreactive composition by the re?ective substrate. 
Preferably, the method further includes directing the light to 
an optical element for re?ecting the light back into the 
photoreactive composition at a second focal point. More 
preferably, in this method, re?ecting the light by the re?ec 
tive substrate and re?ecting the light by an optical element 
are repeated one or more times to create a plurality of focal 
points. 

[0015] A photoreactive composition of the present inven 
tion includes a reactive species, Which is preferably a 
curable species, such as monomers, oligomers, reactive 
polymers, and mixtures thereof, although non-curable spe 
cies are also possible. Preferred examples of a curable 
species include addition-polymeriZable monomers and oli 
gomers, addition-crosslinkable polymers, cationically-poly 
meriZable monomers and oligomers, cationically-crosslink 
able polymers, and mixtures thereof. 

[0016] Preferably, the photoreactive composition also 
includes a multiphoton photosensitiZer. A photoreactive 
composition may or may not include an electron donor 
compound. A photoreactive composition can optionally 
include a photoinitiator. 

[0017] A preferred photoreactive composition includes 
about 5% to about 99.79% by Weight of the at least one 
reactive species, about 0.01% to about 10% by Weight of the 
at least one multiphoton photosensitiZer, up to about 10% by 
Weight of the at least one electron donor compound, and 
about 0.1% to about 10% by Weight of the at least one 
photoinitiator, based upon the total Weight of solids. 

[0018] The present invention also provides an apparatus 
for multiphoton absorption. The apparatus includes: a pho 
toreactive composition; a light source providing su?icient 
light for simultaneous absorption of at least tWo photons by 
the photoreactive composition; a plurality of optical ele 
ments, Wherein the photoreactive composition is located 
betWeen at least tWo of the plurality of optical elements, 
Wherein at least one optical element of the plurality of 
optical elements is capable of selectively re?ecting the light 
through the photoreactive composition Without focusing, 
and at least one optical element of the plurality of optical 
elements is capable of selectively focusing the light at a 
focal point Within the photoreactive composition. 

[0019] The optical element is preferably one or more of 
concave spherical mirrors, concave aspheric mirrors, planar 
mirrors, digital micromirror devices, polariZers, lenses, ret 
rore?ectors, gratings, phase masks, holograms, di?‘users, 
Pockels cells, Wave-guides, Wave plates, birefringent liquid 
crystals, prisms, and combinations thereof. 
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[0020] The light source preferably includes a pulsed laser. 
Preferably, the Wavelength of the light is about 300 nm to 
about 1500 nm, more preferably, about 600 nm to about 
1100 nm, and most preferably, about 750 nm to about 850 
nm. 

De?nitions 

[0021] As used herein: 

[0022] “multiphoton absorption” means simultaneous 
absorption of tWo or more photons to reach a reactive, 
electronic excited state that is energetically inaccessible by 
the absorption of a single photon of the same energy; 

[0023] “simultaneous” means tWo events that occur Within 
the period of 10'14 second or less; 

[0024] “electronic excited state” means an electronic state 
of a molecule that is higher in energy than the molecule’s 
electronic ground state, that is accessible via absorption of 
light, and that has a lifetime greater than 10-13 second; 

[0025] “react” means to effect curing (polymerization and/ 
or crosslinking) as Well as to effect depolymeriZation or 

other reactions; 

[0026] “optical system” means a system for controlling 
light, the system including at least one element chosen from 
refractive optical elements such as lenses, re?ective optical 
elements such as mirrors, and di?fractive optical elements 
such as gratings; optical elements shall also include di?‘us 
ers, Wave-guides, and other elements knoWn in the optical 
arts; 

[0027] “exposure system” means an optical system plus a 
light source; 

[0028] “su?icient light” means light of su?icient intensity 
and appropriate Wavelength to effect multiphoton absorp 
tion; 

[0029] “photosensitiZer” means a molecule that loWers the 
energy required to activate a photoinitiator by absorbing 
light of loWer energy than is required by the photoinitiator 
for activation and interacting With the photoinitiator to 
produce a photoinitiating species therefrom; 

[0030] “photochemically e?fective amounts” (of the com 
ponents of the photoinitiator system) means amounts su?i 
cient to enable the reactive species to undergo at least partial 
reaction under the selected exposure conditions (as evi 
denced, for example, by a change in density, viscosity, color, 
pH, refractive index, or other physical or chemical prop 
eITy); 

[0031] “transit” means passing light completely through a 
volume of a photoreactive composition; and 

[0032] “focus” or “focusing” means bringing collimated 
light to a point or forming an image of an object. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0033] FIG. 1 illustrates a multipass multiphoton absorp 
tion apparatus of one embodiment of the present invention. 

[0034] FIG. 2 illustrates an alternative embodiment of a 
multipass multiphoton absorption apparatus. 
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[0035] FIGS. 3a-3e illustrate alternative embodiments of a 
multipass multiphoton apparatus extended to any number 
(N) of passes through a sample. 

[0036] FIG. 4 illustrates an embodiment of a multipass 
multiphoton apparatus Whereby active focal length control 
of the focusing mirrors is depicted. 

[0037] FIG. 5 illustrates a multipass multiphoton absorp 
tion apparatus used in Example 2. 

[0038] FIG. 6 illustrates a multipass multiphoton absorp 
tion apparatus used in Example 5. 

[0039] FIG. 7 is a graph of the poWer dependence of 
threshold Writing speed. 

[0040] FIG. 8a is an optical micrograph of ?lled cubes. 

[0041] FIG. 8b is an optical micrograph of open cubes. 

[0042] FIG. 9a is an optical micrograph of scanned lines 
(mirror unblocked). 
[0043] FIG. 9b is an optical micrograph of scanned lines 
(mirror blocked). 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0044] A preferred system for multiphoton absorption can 
include an exposure system that includes a light source and 
an appropriate optical element, and a photoreactive compo 
sition that includes at least one reactive species, at least one 
multiphoton photosensitiZer, optionally at least one electron 
donor compound, and optionally at least one photoinitiator 
for the photoreactive composition. The photoinitiator is 
typically optional except When the reactive species is a 
cationic resin. 

[0045] In practice, the method of the present invention can 
be used to prepare complex, three-dimensional objects by 
exposure of a photoreactive composition to a light source of 
su?icient energy to cause a photoreactive composition to 
react (e.g., cure). Preferably, unreacted material is separated 
from the desired object by, e.g., Washing With a solvent or 
other art-knoWn means. 

[0046] Unlike conventional photocuring, very little of the 
incident light is absorbed and used When a photoreactive 
composition is exposed. While curing systems are not lim 
ited by the amount of light available, it is probable that they 
Will be sometime in the near future. By passing the light 
(e.g., laser) through the sample more than once, one can 
make much more e?icient use of the light. Since short pulse 
photons require considerable resources to generate, and 
there is currently no Way to scale up existing sources, 
multipassing may be important to make tWo photon poly 
meriZation practical. Light that is directed back into the 
photoreactive composition can be directed to the same focus 
spot of interest for the previous transit, or it may be directed 
to a separate focus spot. 

[0047] FIG. 1, illustrates a multipass multiphoton absorp 
tion apparatus 10 of one embodiment of the present inven 
tion Where light is directed back into the photoreactive 
composition at the same focus spot of interest as the previ 
ous transit. The apparatus 10 includes at least one ?rst 
optical element 20, at least one second optical element 30, 
and a photoreactive composition 12. The photoreactive 
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composition 12, Which is described in greater detail beloW, 
is preferably of a highly uniform thickness to prevent 
imaging aberrations and so that the full Working distance of 
the imaging system can be utiliZed. 

[0048] As shoWn in FIG. 1, light 40 approaches the at least 
one ?rst optical element 20 generally parallel to an axis 50. 
The at least one ?rst optical element 20 focuses the light 40 
to a focal point 14 Within the photoreactive composition 12. 
The at least one ?rst optical element 20 includes a converg 
ing lens 22 With its center 22a lying on axis 50. Although 
depicted as a converging lens 22, the at least one ?rst optical 
element 20 may include any suitable optical device knoWn 
in the art capable of focusing light to a focal point. As is Well 
knoWn in the art, converging lens 22 Will focus parallel light 
to a focal point at a distance from the center of the lens 22a 
equal to a focal length f Here, the distance from the center 
2211 of the converging lens 22 to the focal point 14 is equal 
to the focal length f for the lens 22. After being focused at 
focal point 14, light 40 begins to diverge as it leaves the 
photoreactive composition 12. 

[0049] The divergent beam 40 is collected by an at least 
one second optical element 30 located on the opposite side 
of the photoreactive composition 12 from the at least one 
?rst optical element 20. The at least one second optical 
element 30 includes a spherical focusing mirror 32 having a 
?rst re?ective surface 34. Although depicted in FIG. 1 as a 
spherical focusing mirror, the at least one second optical 
element 30 may be any suitable optical device knoWn in the 
art, e.g., an aspheric mirror, or a combination of elements 
that produce the same effect, e.g., a collimating lens and a 
planar mirror, etc. After collecting the divergent light 40, the 
spherical focusing mirror 32 re?ects the light 40 back 
toWard to photoreactive composition 12, focusing the light 
40 back to focal point 14. As is Well knoWn in the art, 
re?ective spherical focusing elements such as spherical 
focusing mirror 32 have a focal length f that is equal to 
one-half the radius of curvature of the mirror times the index 
of refraction n for the medium betWeen the mirror and its 
focus. Here, spherical focusing mirror 32 has a focal length 
equal to the distance from a vertex 36 of the mirror to focal 
point 14 along axis 50, such that the mirror 32 projects the 
image of focal point 14 back to precisely the same location 
in the photoreactive composition 12. 

[0050] Because the at least one second optical element 30 
refocuses the light 40 at the focal point 14, the dose of light 
received by the photoreactive composition 12 is effectively 
doubled. The photoreactive composition 12 is moved rela 
tive to the optical elements 20 and 30 to react (e.g., cure) the 
composition in an arbitrary pattern. This alloWs for an 
increase in manufacturing speed since the photoreactive 
composition may noW be moved at least tWice as fast as a 
single transit geometry and still receive the same amount of 
absorbed energy. 

[0051] FIG. 2 illustrates another embodiment of the mul 
tipass multiphoton absorption apparatus 10 of FIG. 1. In 
FIG. 2, the at least one second optical element 30 is tilted at 
an angle 6, Which is formed by the axis 50 and an axis 38 
that intersects the vertex 36 and a second focal point 16. The 
tilt in the at least one second optical element 30 is such that 
the light 40 is refocused at a second focal point 16. This also 
alloWs a second gain in efficiency since the same laser beam 
40 is being used to react (e.g., cure) multiple locations (i.e., 
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?rst focal point 14 and second focal point 16) in the 
photoreactive composition 12. In both cases, the at least one 
second optical element 30 should have a numerical aperture 
greater than or equal to that utiliZed by the at least one ?rst 
optical element 20 to maximize light gathering. 

[0052] In theory at least, the principles described in FIG. 
2 may be extended to any number (N) of passes through the 
sample as long as su?icient light intensity is retained. FIGS. 
3a-3e shoW some possible embodiments of such a system. 

[0053] FIG. 3a shoWs a plurality of ?rst optical elements 
130, a plurality of second optical elements 140, a photore 
active composition 112, and a light beam 150 focused by 
optical element 132. The plurality of ?rst optical elements 
130 includes spherical focusing mirrors 130a-130e, and the 
plurality of second optical elements 140 includes spherical 
focusing mirrors 140a-140e. Optical element 132 includes 
converging lens 134. The photoreactive composition 112 is 
positioned such that it is in betWeen the plurality of ?rst 
optical elements 130 and the plurality of second optical 
elements 140. As depicted, the distance betWeen the plural 
ity of ?rst optical elements 130 and the plurality of second 
optical elements 140 is equal to the radius of curvature (R) 
of each of the spherical focusing mirrors 130a-130e and 
140a- 140e. 

[0054] As illustrated in FIG. 3a, the light beam 150 is sent 
through the converging lens 134, Which focuses the beam 
150 at a ?rst focal point 11411 in the photoreactive compo 
sition 112. The ?rst focal point 11411 is at a distance f that is 
the focal length of converging lens 134. The diverging light 
leaving the photoreactive composition 112 is collected and 
re?ected by spherical focusing mirror 140a. Because the 
?rst focal point 11411 is at a distance f that is approximately 
equal to the focal length of the spherical focusing mirror 
140a, light from the ?rst focal point 114a Will be re?ected 
by mirror 14011 as parallel, or recollimated beam 15411, 
which Will pass through the photoreactive composition 112 
Without focusing at a focal point and thus no reaction With 
the photoreactive composition 112 (e. g., curing) takes place. 
This can be accomplished by setting the intensity of the 
beam of pulsed light 150 such that negligible 2-photon 
absorption occurs as the large diameter, collimated beams 
154a-e pass through the photoreactive composition. 

[0055] When the recollimated light beam 154a reaches the 
spherical focusing mirror 130a, it is re?ected as light beam 
152b, Which is focused to a second focal point 114b, thus 
reacting With (e.g., curing) the photoreactive composition 
112 at focal point 11419. The spot siZe offocal point 114!) Will 
depend on the numerical aperture of the plurality of ?rst and 
second optical elements 130 and 140, respectively. 

[0056] As can be seen in FIG. 3a, the multipass multipho 
ton absorption apparatus 100 can include any number of ?rst 
and second optical elements that continue to collect and 
re?ect either focused or unfocused light through the photo 
reactive composition 112. 

[0057] To produce a three-dimensional pattern, the pho 
toreactive composition 112 is scanned in the xyZ planes, 
holding the positions of both banks of the plurality of ?rst 
and second optical elements 130 and 140 ?xed. Altema 
tively, the arrays of the plurality of ?rst and second optical 
elements 130 and 140 can be moved as a group, keeping the 
distance betWeen them constant (e.g., the radius of curvature 
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R) and the photoreactive composition held ?xed. This sys 
tem is suitable for reproducing three-dimensional patterns at 
multiple locations. 

[0058] An alternative system also suitable for reproducing 
a three-dimensional pattern at multiple locations can be 
made by placing the banks of optical elements (e.g., mirrors) 
130 and 140 a distance equal to tWo times the radius of 
curvature R apart. In FIG. 3b, the multipass multiphoton 
absorption apparatus 100 of FIG. 3a is depicted in an 
alternative embodiment Where the plurality of ?rst optical 
elements 130 is located a distance from the plurality of 
second optical elements 140 of tWice the radius of curvature 
R of spherical focusing mirrors 13011-1301) and 140a-140b. 
By placing the mirrors at a distance of 2R, the image of the 
?rst focal point 114a Will be reproduced 1:1 (i.e., Without 
magni?cation) each time the light beams 15219 and 154a 
154b pass through the photoreactive composition 112 at 
focal points 114b-144d. The photoreactive composition 112 
is then scanned in the xyZ planes to produce the pattern. 

[0059] To produce an arbitrary pattern that is stitched 
together from multiple imaging spots it may be preferable to 
incorporate active control of focusing into each of the 
mirrors. One Way to accomplish this is to place a ?at mirror 
(Whose re?ectivity may be turned on and o?‘) in front of each 
curved mirror. FIG. 30 is an illustration of this technique. 

[0060] The embodiment depicted in FIG. 30 is similar to 
the multipass multiphoton absorption apparatus 100 
depicted in FIG. 3a. In FIG. 30, a multipass multiphoton 
absorption apparatus 200 is con?gured to produce four 
Writing spots (i.e., focal points 21411, 214b, 2140, and 214d) 
and tWo regions Where absorption (resulting in a reaction 
such as curing) doesn’t take place. The apparatus 200 
includes a plurality of ?rst optical elements 230, a plurality 
of second optical elements 240, and a photoreactive com 
position 212. As in FIG. 3a, the plurality of ?rst optical 
elements 230 are placed at a distance from the plurality of 
second optical elements 240 equal to the radius of curvature 
R of the spherical focusing mirrors 230a-230e and 240a 
240e. 

[0061] What differentiates the multiphoton absorption 
apparatus 200 of FIG. 30 from the embodiment depicted in 
FIG. 3a is the placement of ?at mirrors 232a, 232b, 242a, 
and 24219 in front of spherical focusing mirrors 230b, 2300, 
2400, and 240d, respectively. In this embodiment, focusing 
lens 232 initially focuses light beam 250 at focal point 21411, 
which is then re?ected by spherical focusing mirror 240a. 
After passing through the photoreactive composition 212, 
light beam 25411 is re?ected by spherical focusing mirror 
230a back through focal point 214!) along 252!) to spherical 
focusing mirror 240b, and back through the photoreactive 
composition 212 to optical element 23211, which, as pictured 
in FIG. 30, is a ?at mirror placed in front of spherical 
focusing mirror 23019. The ?at mirror 23211 is any suitable 
?at mirror knoWn in the art. The ?at mirror 232a may be of 
the type that can be turned on and off by an electrical ?eld. 
When the ?at mirror is “on,” the light beam 254!) is directed 
to the next Writing location Without focusing. When the ?at 
mirror is “o?‘” the underlying spherical focusing mirror 230b 
focuses the light into the photoreactive composition 212. 
Depending on the speed of actuation of the mirrors, the 
con?guration of ?at and curved mirrors could be changed 
during processing or preset at the beginning of the photo 
imaging process. 
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[0062] An example of a con?guration using the planar 
mirror 232a and spherical focusing mirror 23019 of FIG. 30 
is illustrated as an alternative embodiment in FIG. 3d. Here, 
a planar mirror system 300 includes a planar mirror 310 and 
a concave mirror 370. The planar mirror 310 has control 
lable re?ectivity (Which can be used With polarized light). 
When the planar mirror system 300 is in its “on” state, light 
beam 350 passes through polarizer 320 along path 350a and 
enters a birefringent liquid crystal layer 330. When in the 
“on” state, the birefringent liquid crystal layer 330 rotates 
the polarization state of the light so that it is perpendicular 
to the transmission axis of an underlying re?ective polarizer 
340. Because the polarization of light beam 350 is noW 
perpendicular to the underlying re?ective polarizer 340, the 
beam 350 Will not pass through polarizer 340. Instead, beam 
350 is re?ected back along path 350!) and through polarizer 
320. 

[0063] When the planar mirror system 300 is in its “o?” 
state, light beam 360 passes through polarizer 320 along 
path 360a and into the liquid crystal layer 330 Where the 
liquid crystal layer 330 rotates the polarization state of the 
beam 360 so that it is parallel to the transmission axis of the 
re?ective polarizer 340. The beam 360 passes through the 
re?ective polarizer 340 and proceeds to the concave mirror 
370, Where it is focused back through the re?ective polarizer 
340 and the liquid crystal layer 330 along path 360!) to form 
a focal point Within the photoreactive composition (see, e.g., 
photoreactive composition 212 of FIG. 30). 

[0064] A similar action can be achieved by using total 
internal re?ection (TIR) and frustrated TIR at the rear 
interface of the mirror to achieve the “on” and “o?” states 
of the mirror. The TIR effect could be frustrated through the 
use of a piezoelectric driven membrane (or other means) 
positioned near the rear interface of the mirror. When the 
membrane (or other material) is brought near to the dielec 
tric mirror, the evanescent Wave present at the interface 
couples into the membrane and reduces the re?ectivity of the 
mirror. 

[0065] Another possibility is to physically move the mir 
rors to select (in a binary manner) particular locations to 
Write during multiple passes through the photoreactive com 
position. An embodiment of this is shoWn in FIG. 3e, Where 
stationary spherical focusing mirrors and movable planar 
mirrors are interlaced in a linear array con?guration. In FIG. 
3e, a multipass multiphoton absorption apparatus 400 
includes a plurality of ?rst optical elements 420, a plurality 
of second optical elements 430, and a photoreactive com 
position 412 located betWeen the plurality of ?rst optical 
elements 420 and the plurality of second optical elements 
430. The plurality of ?rst optical elements 420 includes 
spherical focusing mirrors 422a, 422b, 4220, and 422d, 
Which alternate With planar mirrors 424a, 424b, and 4240. 
The plurality of second optical elements 430 includes 
spherical focusing mirrors 432a, 432b, 4320, and 432d, and 
planar mirrors 434a, 434b, 4340, and 434d. The planar 
mirrors can be moved to steer a collimated light beam either 
to a concave mirror, Which then focuses the beam into the 
photoreactive composition 412, or to the next planar mirror, 
effectively skipping one of the focal points. 

[0066] For example, planar mirror 434a re?ects light 
beam 440 to spherical focusing mirror 422a, and planar 
mirror 434d re?ects the light beam 440 to spherical focusing 
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mirror 422d. Alternatively, planar mirror 434a can be tilted 
to re?ect beam 440 to planar mirror 42411, which in turn 
re?ects the beam 440 to planar mirror 434b, by-passing 
spherical focusing mirror 42211. The mirror arrangement 
shoWn in FIG. 3e is con?gured to Write one spot at a ?rst 
focal point 414a, leave tWo regions of unreacted (e.g., 
uncured) material, and to Write another spot at a second focal 
point 414b. Micro-electromechanical systems such as the 
digital micromirror device arrays produced by Texas Instru 
ments may be useful in constructing this con?guration. 

[0067] As the beam undergoes multiple passes through the 
multiphoton reactive (i.e., photoreactive) composition of the 
present invention, its intensity Will be sloWly reduced by 
losses from a variety of sources, e.g., scattering from mate 
rial imperfections, and di?fractive losses from small mirrors 
and lenses. This leads to a loWer dose of light in the last 
Writing spots than in the ?rst passes. This defect may be 
overcome by placing a mirror or retrore?ector at the end of 
the array that directs the beam precisely back along the path 
it just traveled. This Will reduce the variation in dose. Once 
the loss per pass is knoWn precisely, the re?ector can be 
positioned so as to make the dose per pass as constant as 
possible. Dispersion compensating elements may also be 
added to recompress the light pulse. 

[0068] Also of concern are imaging aberrations that can be 
propagated through the system. Like spherical lenses, 
spherical mirrors are prone to off-axis aberrations and are 
best used for beams striking the mirror close to normal. 
Aspherical surfaces may be preferable in off-axis focusing 
situations such as shoWn in FIGS. 3a-3e. 

[0069] In a multiple pass system such as those described 
in FIGS. 3a-3e, considerable attention is given to both the 
re?ectance of the mirrors and the pulse dispersion as these 
may contribute more to the loss of useful laser intensity than 
the material absorption. 

[0070] The substrate for the photoreactive composition is 
preferably transparent at the laser Wavelength and should 
also preferably exhibit minimal dispersion; hoWever, 
expanding the system capabilities to include active focal 
length control of the focusing mirrors alloWs the use of a 
re?ective substrate. 

[0071] FIG. 4 depicts an illustrative embodiment of the 
present invention Whereby active focal length control of the 
focusing mirrors is depicted. As shoWn in FIG. 4, active 
focal length control is necessary to compensate for the 
difference in propagation distance before and after the focal 
point. This focal length control can be achieved by either 
adjusting the shape of the focusing mirror or by introducing 
a variable optical delay into portions of the beam path. 

[0072] FIG. 4 depicts a multipass multiphoton absorption 
apparatus 500 that includes a plurality of optical elements 
520, a light beam 530, a photoreactive composition 512, and 
a re?ective substrate 540. The plurality of optical elements 
520 includes spherical focusing mirrors 520a, 520b, and 
5200. 

[0073] As shoWn, beam 530 is re?ected and focused by 
spherical focusing mirror 520 a to a ?rst focal point 514 
Within the photoreactive substrate 512. After focusing at ?rst 
focal point 514, the beam 530 is re?ected by the re?ective 
substrate 540 toWard the spherical focusing mirror 520b, 
Where it is re?ected back toWard the substrate and refocused 
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at a second focal point 516. As is depicted by FIG. 4, the 
spherical focusing mirror 52019 is more curved than mirror 
520a and thus has a shorter radius of curvature. This shorter 
radius of curvature causes the beam 530 to be refocused 
Within the photoreactive composition 512 at second focal 
point 516 that is closer to the surface of the photoreactive 
composition 512 than ?rst focal point 514. 

[0074] After focusing at second re?ective point 516, the 
beam 530 is again re?ected by the re?ective substrate 540 
and directed toWard spherical focusing mirror 5200. As 
depicted, mirror 5200 has a slightly longer radius of curva 
ture than mirrors 52011 or 52019. This longer radius causes the 
beam 530 to be re?ected and then refocused at a third focal 
point 518 that is closer to the re?ective substrate 540 than 
either the ?rst focal point 514 or second focal point 516. By 
changing the radius of curvature of the plurality of optical 
elements 520, varying patterns can be formed Within the 
photoreactive composition 512. 

[0075] Photoreactive compositions useful in the present 
invention include at least one reactive species, at least one 
multiphoton photosensitiZer, optionally at least one electron 
donor compound, and optionally at least one photoinitiator 
for the photoreactive composition. 

Reactive Species 

[0076] Reactive species suitable for use in the photoreac 
tive compositions include both curable and non-curable 
species. Curable species are generally preferred and include, 
for example, addition-polymeriZable monomers and oligo 
mers and addition-crosslinkable polymers (such as free 
radically polymeriZable or crosslinkable ethylenically-un 
saturated species including, for example, acrylates, 
methacrylates, and certain vinyl compounds such as sty 
renes), as Well as cationically-polymeriZable monomers and 
oligomers and cationically-crosslinkable polymers (includ 
ing, for example, epoxies, vinyl ethers, cyanate esters, etc.), 
and the like, and mixtures thereof. 

[0077] Suitable ethylenically-unsaturated species are 
described, for example, by PalaZZotto et al. in US. Pat. No. 
5,545,676 at column 1, line 65, through column 2, line 26, 
and include mono-, di-, and poly-acrylates and methacry 
lates (for example, methyl acrylate, methyl methacrylate, 
ethyl acrylate, isopropyl methacrylate, n-hexyl acrylate, 
stearyl acrylate, allyl acrylate, glycerol diacrylate, glycerol 
triacrylate, ethyleneglycol diacrylate, diethyleneglycol dia 
crylate, triethyleneglycol dimethacrylate, 1,3-propanediol 
diacrylate, 1,3-propanediol dimethacrylate, trimethylolpro 
pane triacrylate, 1,2,4-butanetriol trimethacrylate, 1,4-cy 
clohexanediol diacrylate, pentaerythritol triacrylate, pen 
taerythritol tetraacrylate, pentaerythritol tetramethacrylate, 
sorbitol hexacrylate, bis[1-(2-acryloxy)]-p-ethoxyphe 
nyldimethylmethane, bis[1-(3-acryloxy-2-hydroxy)]-p-pro 
poxyphenyldimethylmethane, trishydroxyethyl-isocyanu 
rate trimethacrylate, the bis-acrylates and bis-methacrylates 
of polyethylene glycols of molecular Weight about 200-500, 
copolymeriZable mixtures of acrylated monomers such as 
those of US. Pat. No. 4,652,274, and acrylated oligomers 
such as those of US. Pat. No. 4, 642,126); unsaturated 
amides (for example, methylene bis-acrylamide, methylene 
bis-methacrylamide, 1,6-hexamethylene bis-acrylamide, 
diethylene triamine tris-acrylamide and beta-methacrylami 
noethyl methacrylate); vinyl compounds (for example, sty 
rene, diallyl phthalate, divinyl succinate, divinyl adipate, 
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and divinyl phthalate); and the like; and mixtures thereof. 
Suitable reactive polymers include polymers With pendant 
(meth)acrylate groups, for example, having from 1 to about 
50 (meth)acrylate groups per polymer chain. Examples of 
such polymers include aromatic acid (meth)acrylate half 
ester resins such as SarboxTM resins available from Sartomer 
(for example, SarboxTM 400, 401, 402, 404, and 405). Other 
useful reactive polymers curable by free radical chemistry 
include those polymers that have a hydrocarbyl backbone 
and pendant peptide groups With free-radically polymeriZ 
able functionality attached thereto, such as those described 
in US. Pat. No. 5,235,015 (Ali et al.). Mixtures of tWo or 
more monomers, oligomers, and/or reactive polymers can be 
used if desired. Preferred ethylenically-unsaturated species 
include acrylates, aromatic acid (meth)acrylate half ester 
resins, and polymers that have a hydrocarbyl backbone and 
pendant peptide groups With free-radically polymeriZable 
functionality attached thereto. 

[0078] Suitable cationically-reactive species are 
described, for example, by Oxman et al. in US. Pat. Nos. 
5,998,495 and 6,025,406 and include epoxy resins. Such 
materials, broadly called epoxides, include monomeric 
epoxy compounds and epoxides of the polymeric type and 
can be aliphatic, alicyclic, aromatic, or heterocyclic. These 
materials generally have, on the average, at least 1 poly 
meriZable epoxy group per molecule (preferably, at least 
about 1.5 and, more preferably, at least about 2). The 
polymeric epoxides include linear polymers having terminal 
epoxy groups (for example, a diglycidyl ether of a polyoxy 
alkylene glycol), polymers having skeletal oxirane units (for 
example, polybutadiene polyepoxide), and polymers having 
pendant epoxy groups (for example, a glycidyl methacrylate 
polymer or copolymer). The epoxides can be pure com 
pounds or can be mixtures of compounds containing one, 
tWo, or more epoxy groups per molecule. These epoxy 
containing materials can vary greatly in the nature of their 
backbone and substituent groups. For example, the back 
bone can be of any type and substituent groups thereon can 
be any group that does not substantially interfere With 
cationic cure at room temperature. Illustrative of permissible 
substituent groups include halogens, ester groups, ethers, 
sulfonate groups, siloxane groups, nitro groups, phosphate 
groups, and the like. The molecular Weight of the epoxy 
containing materials can vary from about 58 to about 
100,000 or more. 

[0079] Useful epoxy-containing materials include those 
Which contain cyclohexene oxide groups such as epoxycy 
clohexanecarboxylates, typi?ed by 3,4-epoxycyclohexylm 
ethyl-3,4-epoxycyclohexanecarboxylate, 3,4-epoxy-2-meth 
ylcyclohexylmethyl-3,4-epoxy-2-methylcyclohexane 
carboxylate, and bis(3,4-epoxy-6-methylcyclohexylmethyl) 
adipate. Amore detailed list of useful epoxides of this nature 
is set forth in US. Pat. No. 3,117,099. 

[0080] Other epoxy-containing materials that are useful 
include glycidyl ether monomers of the formula 

Where R' is alkyl or aryl and n is an integer of 1 to 6. 
Examples are glycidyl ethers of polyhydric phenols obtained 
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by reacting a polyhydric phenol With an excess of a chlo 
rohydrin such as epichlorohydrin (for example, the digly 
cidyl ether of 2,2-bis-(2,3-epoxypropoxyphenol)-propane). 
Additional examples of epoxides of this type are described 
in US. Pat. No. 3,018,262, and in Handbook of Epoxy 
Resins, Lee and Neville, McGraW-Hill Book Co., NeW York 
(1967). 
[0081] Numerous commercially available epoxy resins 
can also be utiliZed. In particular, epoxides that are readily 
available include octadecylene oxide, epichlorohydrin, sty 
rene oxide, vinyl cyclohexene oxide, glycidol, glycidyl 
methacrylate, diglycidyl ethers of Bisphenol A (for example, 
those available under the trade designations EponTM 828, 
EponTM 825, EponTM 1004, and EponTM 1010 from Reso 
lution Performance Products, formerly Shell Chemical Co., 
as Well as DERTM-331, DERTM-332, and DERTM-334 from 
DoW Chemical Co.), vinylcyclohexene dioxide (for 
example, ERL-4206 from Union Carbide Corp.), 3,4-epoxy 
cyclohexylmethyl-3,4-epoxycyclohexene carboxylate (for 
example, ERL-4221 or CyracureTM UVR 6110 or UVR 6105 
from Union Carbide Corp.), 3,4-epoxy-6-methylcyclohexy 
lmethyl-3,4-epoxy-6-methyl-cyclohexene carboxylate (for 
example, ERL-4201 from Union Carbide Corp.), bis(3,4 
epoxy-6-methylcyclohexylmethyl) adipate (for example, 
ERL-4289 from Union Carbide Corp.), bis(2,3-epoxycyclo 
pentyl) ether (for example, ERL-0400 from Union Carbide 
Corp.), aliphatic epoxy modi?ed from polypropylene glycol 
(for example, ERL-4050 and ERL-4052 from Union Car 
bide Corp.), dipentene dioxide (for example, ERL-4269 
from Union Carbide Corp.), epoxidiZed polybutadiene (for 
example, OxironTM 2001 from FMC Corp.), silicone resin 
containing epoxy functionality, ?ame retardant epoxy resins 
(for example, DERTM-580, a brominated bisphenol type 
epoxy resin available from DoW Chemical Co.), 1,4-butane 
diol diglycidyl ether of phenolformaldehyde novolak (for 
example, DENTM-431 and DENTM-438 from DoW Chemical 
Co.), resorcinol diglycidyl ether (for example, KopoxiteTM 
from Koppers Company, Inc.), bis(3,4-epoxycyclohexyl)a 
dipate (for example, ERL-4299 or UVR-6128, from Union 
Carbide Corp.), 2-(3,4-epoxycyclohexyl-5,5-spiro-3,4-ep 
oxy) cyclohexane-meta-dioxane (for example, ERL-4234 
from Union Carbide Corp.), vinylcyclohexene monoxide 
1,2-epoxyhexadecane (for example, UVR-6216 from Union 
Carbide Corp.), alkyl glycidyl ethers such as alkyl CS-Cl0 
glycidyl ether (for example, HeloxyTM Modi?er 7 from 
Resolution Performance Products), alkyl C12-Cl4 glycidyl 
ether (for example, HeloxyTM Modi?er 8 from Resolution 
Performance Products), butyl glycidyl ether (for example, 
HeloxyTM Modi?er 61 from Resolution Performance Prod 
ucts), cresyl glycidyl ether (for example, HeloxyTM Modi?er 
62 from Resolution Performance Products), p-tert-butylphe 
nyl glycidyl ether (for example, HeloxyTM Modi?er 65 from 
Resolution Performance Products), polyfunctional glycidyl 
ethers such as diglycidyl ether of 1,4-butanediol (for 
example, HeloxyTM Modi?er 67 from Resolution Perfor 
mance Products), diglycidyl ether of neopentyl glycol (for 
example, HeloxyTM Modi?er 68 from Resolution Perfor 
mance Products), diglycidyl ether of cyclohexanedimetha 
nol (for example, HeloxyTM Modi?er 107 from Resolution 
Performance Products), trimethylol ethane triglycidyl ether 
(for example, HeloxyTM Modi?er 44 from Resolution Per 
formance Products), trimethylol propane triglycidyl ether 
(for example, HeloxyTM Modi?er 48 from Resolution Per 
formance Products), polyglycidyl ether of an aliphatic 
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polyol (for example, HeloxyTM Modi?er 84 from Resolution 
Performance Products), polyglycol diepoxide (for example, 
HeloxyTM Modi?er 32 from Resolution Performance Prod 
ucts), bisphenol F epoxides (for example, Epon TM-1138 or 
GY-281 from Ciba-Geigy Corp.), and 9,9-bis[4-(2,3-ep 
oxypropoxy)-phenyl]?uorenone (for example, EponTM 1079 
from Resolution Performance Products). 

[0082] Other useful epoxy resins comprise copolymers of 
acrylic acid esters of glycidol (such as glycidylacrylate and 
glycidylmethacrylate) With one or more copolymeriZable 
vinyl compounds. Examples of such copolymers are 1:1 
styrene-glycidylmethacrylate, 1:1 methylmethacrylate-gly 
cidylacrylate, and a 62.5:24:13.5 methylmethacrylate-ethyl 
acrylate-glycidylmethacrylate. Other useful epoxy resins are 
Well knoWn and contain such epoxides as epichlorohydrins, 
alkylene oxides (for example, propylene oxide), styrene 
oxide, alkenyl oxides (for example, butadiene oxide), and 
glycidyl esters (for example, ethyl glycidate). 

[0083] Useful epoxy-functional polymers include epoxy 
functional silicones such as those described in US. Pat. No. 
4,279,717 (Eckberg), Which are commercially available 
from the General Electric Company. These are polydimeth 
ylsiloxanes in Which 1-20 mole % of the silicon atoms have 
been substituted With epoxyalkyl groups (preferably, epoxy 
cyclohexylethyl, as described in US. Pat. No. 5,753,346 
(Kessel)). 
[0084] Blends of various epoxy-containing materials can 
also be utiliZed. Such blends can comprise tWo or more 
Weight average molecular Weight distributions of epoxy 
containing compounds (such as loW molecular Weight 
(beloW 200), intermediate molecular Weight (about 200 to 
10,000), and higher molecular Weight (above about 
10,000)). Alternatively or additionally, the epoxy resin can 
contain a blend of epoxy-containing materials having dif 
ferent chemical natures (such as aliphatic and aromatic) or 
functionalities (such as polar and non-polar). Other cationi 
cally-reactive polymers (such as vinyl ethers and the like) 
can additionally be incorporated, if desired. 

[0085] Preferred epoxies include aromatic glycidyl 
epoxies (such as the EponTM resins available from Resolu 
tion Performance Products) and cycloaliphatic epoxies (such 
as ERL-4221 and ERL-4299 available from Union Carbide). 

[0086] Suitable cationally-reactive species also include 
vinyl ether monomers, oligomers, and reactive polymers (for 
example, methyl vinyl ether, ethyl vinyl ether, tert-butyl 
vinyl ether, isobutyl vinyl ether, triethyleneglycol divinyl 
ether (Rapi-CureTM DVE-3, available from International 
Specialty Products, Wayne, N.J.), trimethylolpropane trivi 
nyl ether (TMPTVE, available from BASF Corp., Mount 
Olive, N.J.), and the VectomerTM divinyl ether resins from 
Allied Signal (for example, VectomerTM 2010, VectomerTM 
2020, VectomerTM 4010, and VectomerTM 4020 and their 
equivalents available from other manufacturers)), and mix 
tures thereof. Blends (in any proportion) of one or more 
vinyl ether resins and/or one or more epoxy resins can also 
be utiliZed. Polyhydroxy-functional materials (such as those 
described, for example, in US. Pat. No. 5,856,373 (Kaisaki 
et al.)) can also be utiliZed in combination With epoxy 
and/or vinyl ether-functional materials. 

[0087] Non-curable species include, for example, reactive 
polymers Whose solubility can be increased upon acid- or 
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radical-induced reaction. Such reactive polymers include, 
for example, aqueous insoluble polymers bearing ester 
groups that can be converted by photogenerated acid to 
aqueous soluble acid groups (for example, poly(4-tert-bu 
toxycarbonyloxystyrene). Non-curable species also include 
the chemically-ampli?ed photoresists described by R. D. 
Allen, G. M. Wallralf, W. D. Hinsberg, and L. L. Simpson 
in “High Performance Acrylic Polymers for Chemically 
Ampli?ed Photoresist Applications,”J. Vac. Sci. Technol. B, 
9, 3357 (1991). The chemically-ampli?ed photoresist con 
cept is noW Widely used for microchip manufacturing, 
especially With sub-0.5 micron (or even sub-0.2 micron) 
features. In such photoresist systems, catalytic species (typi 
cally hydrogen ions) can be generated by irradiation, Which 
induces a cascade of chemical reactions. This cascade occurs 
When hydrogen ions initiate reactions that generate more 
hydrogen ions or other acidic species, thereby amplifying 
reaction rate. Examples of typical acid-catalyZed chemi 
cally-ampli?ed photoresist systems include deprotection 
(for example, t-butoxycarbonyloxystyrene resists as 
described in US. Pat. No. 4,491,628, tetrahydropyran (THP) 
methacrylate-based materials, THP-phenolic materials such 
as those described in US. Pat. No. 3,779,778, t-butyl 
methacrylate-based materials such as those described by R. 
DAllen et al. in Proc. SPIE, 2438, 474 (1995), and the like); 
depolymeriZation (for example, polyphthalaldehyde-based 
materials); and rearrangement (for example, materials based 
on the pinacol rearrangements). 

[0088] Useful non-curable species also include leuco dyes, 
Which tend to be colorless until they are oxidiZed by acid 
generated by the multiphoton photoinitiator system, and 
Which, once oxidiZed, exhibit a visible color. (Oxidized dyes 
are colored by virtue of their absorbance of light in the 
visible portion of the electromagnetic spectrum (approxi 
mately 400-700 nm).) Leuco dyes useful in the present 
invention are those that are reactive or oxidiZable under 
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moderate oxidiZing conditions and yet that are not so 
reactive as to oxidiZe under common environmental condi 
tions. There are many such chemical classes of leuco dyes 
knoWn to the imaging chemist. 

[0089] Leuco dyes useful as reactive species in the present 
invention include acrylated leuco aZine, phenoxaZine, and 
phenothiaZine, Which can, in part, be represented by the 
structural formula: 

1:1 R10 R9 
N x R8 

R3 N R7 

R. R R. 
R5 0 

Wherein X is selected from O, S, and iNiRll, With S 
being preferred; R1 and R2 are independently selected from 
H and alkyl groups of 1 to about 4 carbon atoms; R3, R4, R6, 
and R7 are independently selected from H and alkyl groups 
of 1 to about 4 carbon atoms, preferably methyl; R5 is 
selected from alkyl groups of 1 to about 16 carbon atoms, 
alkoxy groups of 1 to about 16 carbon atoms, and aryl 
groups of up to about 16 carbon atoms; R8 is selected from 
iN(R1)(R2), H, alkyl groups of 1 to about 4 carbon atoms, 
wherein R1 and R2 are independently selected and de?ned as 
above; R9 and R10 are independently selected from H and 
alkyl groups of 1 to about 4 carbon atoms; and R11 is 
selected from alkyl groups of 1 to about 4 carbon atoms and 
aryl groups of up to about 11 carbon atoms (preferably, 
phenyl groups). The folloWing compounds are examples of 
this type of leuco dye: 
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[0090] Other useful leuco dyes include, but are not limited 
to, Leuco Crystal Violet (4,4',4"-methylidynetris-(N,N-dim 
ethylaniline)), Leuco Malachite Green (p,p'-benZylidenebis 
(N,N-dimethylaniline)), Leuco Atacryl Orange-LGM 

[0091] (Color Index Basic Orange 21, Comp. No. 48035 
(a Fischer’s Base Type Compound)) Having the Structure 

Me Me 

Me 

Leuco Atacryl Brilliant Red-4G (Color Index Basic Red 14) 
Having the Structure 

Me Me 

Me 
/ 

N N 

Me CHZCHZCN, 

Leuco Atacryl YelloW-R (Color Index Basic YelloW 11, 
Comp. No. 48055) Having the Structure 

Me Me H 
/ 

/ N 

N MeO 
\ 
Me 

OMe, 

Leuco Ethyl Violet (4,4',4"-methylidynetris-(N,N-diethyla 
niline), Leuco Victoria Blu-BGO (Color Index Basic Blue 
728a, Comp. No. 44040; 4,4'-methylidynebis-(N,N,-dim 
ethylaniline)-4-(N-ethyl-1 -napthalamine)), and LeucoAtlan 
tic Fuchsine Crude (4,4',4"-methylidynetris-aniline). 

[0092] The leuco dye(s) can generally be present at levels 
of at least about 0.01% by Weight of the total Weight of a 
light sensitive layer (preferably, at least about 0.3% by 
Weight; more preferably, at least about 1% by Weight; most 
preferably, at least about 2% to 10% or more by Weight). 
Other materials such as binders, plasticiZers, stabiliZers, 
surfactants, antistatic agents, coating aids, lubricants, ?llers, 
and the like can also be present in the light sensitive layer. 
One of skill in the art can readily determine the desirable 
amount of additives. For example, the amount of ?ller is 
chosen such that there is no undesirable scatter at the Writing 
Wavelength. 
[0093] If desired, mixtures of different types of reactive 
species can be utiliZed in the photoreactive compositions. 
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For example, mixtures of free-radically-reactive species and 
cationically-reactive species, mixtures of curable species 
and non-curable species, and so forth, are also useful. 

Photoinitiator System 

[0094] (1) Multiphoton PhotosensitiZers 

[0095] Multiphoton photosensitiZers suitable for use in the 
multiphoton photoinitiator system of the photoreactive com 
positions are those that are capable of simultaneously 
absorbing at least tWo photons When exposed to su?icient 
light. Preferably, they have a tWo-photon absorption cross 
section greater than that of ?uorescein (that is, greater than 
that of 3',6'-dihydroxyspiro[isobenZofuran-1(3H), 9'-[9H] 
xanthen]3-one). Generally, the cross-section can be greater 
than about 50x10“50 cm4 sec/photon, as measured by the 
method described by C. Xu and W. W. Webb in J. Opt. Soc. 
Am. B, 13, 481 (1996) (Which is referenced by Marder and 
Perry et al. in International Publication No. WO 98/21521 at 
page 85, lines 18-22). 

[0096] This method involves the comparison (under iden 
tical excitation intensity and photosensitiZer concentration 
conditions) of the tWo-photon ?uorescence intensity of the 
photosensitiZer With that of a reference compound. The 
reference compound can be selected to match as closely as 
possible the spectral range covered by the photosensitiZer 
absorption and ?uorescence. In one possible experimental 
set-up, an excitation beam can be split into tWo arms, With 
50% of the excitation intensity going to the photosensitiZer 
and 50% to the reference compound. The relative ?uores 
cence intensity of the photosensitiZer With respect to the 
reference compound can then be measured using tWo pho 
tomultiplier tubes or other calibrated detector. Finally, the 
?uorescence quantum e?iciency of both compounds can be 
measured under one-photon excitation. 

[0097] Methods of determining ?uorescence and phospho 
rescence quantum yields are Well-knoWn in the art. Typi 
cally, the area under the ?uorescence (or phosphorescence) 
spectrum of a compound of interest is compared With the 
area under the ?uorescence (or phosphorescence) spectrum 
of a standard luminescent compound having a knoWn ?uo 
rescence (or phosphorescence) quantum yield, and appro 
priate corrections are made (Which take into account, for 
example, the optical density of the composition at the 
excitation Wavelength, the geometry of the ?uorescence 
detection apparatus, the di?erences in the emission Wave 
lengths, and the response of the detector to different Wave 
lengths). Standard methods are described, for example, by I. 
B. Berlman in Handbook ofFluorescence Spectra ofAro 
malic Molecules, Second Edition, pages 24-27, Academic 
Press, NeW York (1971); by J. N. Demas and G. A. Crosby 
in]. Phys. Chem., 75, 991-1024 (1971); and by J. V. Morris, 
M. A. Mahoney, and J. R. Huber in J. Phys. Chem., 80, 
969-974 (1976). 

[0098] Assuming that the emitting state is the same under 
one- and tWo-photon excitation (a common assumption), the 
tWo-photon absorption cross-section of the photosensitiZer 
(own), is equal to orefK (ISaIn/Iref)(q)Smn/q)ref), Wherein 6rd is 
the tWo-photon absorption cross-section of the reference 
compound, ISam is the ?uorescence intensity of the photo 
sensitiZer, Iref is the ?uorescence intensity of the reference 
compound, (pm is the ?uorescence quantum e?iciency of 
the photosensitiZer, (pref is the ?uorescence quantum e?i 
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ciency of the reference compound, and K is a correction 
factor to account for slight differences in the optical path and 
response of the tWo detectors. K can be determined by 
measuring the response With the same photosensitiZer in 
both the sample and reference arms. To ensure a valid 
measurement, the clear quadratic dependence of the tWo 
photon ?uorescence intensity on excitation poWer can be 
con?rmed, and relatively loW concentrations of both the 
photosensitiZer and the reference compound can be utiliZed 
(to avoid ?uorescence reabsorption and photosensitiZer 
aggregration e?fects). 
[0099] When the photosensitiZer is not ?uorescent, the 
yield of electronic excited states can to be measured and 
compared With a knoWn standard. In addition to the above 
described method of determining ?uorescence yield, various 
methods of measuring excited state yield are knoWn (includ 
ing, for example, transient absorbance, phosphorescence 
yield, photoproduct formation or disappearance of photo 
sensitiZer (from photoreaction), and the like). 

[0100] Preferably, the tWo-photon absorption cross-sec 
tion of the photosensitiZer is greater than about 1 .5 times that 
of ?uorescein (or, alternatively, greater than about 75x10-50 
cm4 sec/photon, as measured by the above method); more 
preferably, greater than about tWice that of ?uorescein (or, 
alternatively, greater than about 100><10_5O cm4 sec/photon); 
most preferably, greater than about three times that of 
?uorescein (or, alternatively, greater than about 150x10-5O 
cm4 sec/photon); and optimally, greater than about four 
times that of ?uorescein (or, alternatively, greater than about 
200><10_5O cm4 sec/photon). 

[0101] Preferably, the photosensitiZer is soluble in the 
reactive species (if the reactive species is liquid) or is 
compatible With the reactive species and With any binders 
(as described beloW) that are included in the composition. 
Most preferably, the photosensitiZer is also capable of sen 
sitiZing 2-methyl-4,6-bis(trichloromethyl)-s-triaZine under 
continuous irradiation in a Wavelength range that overlaps 
the single photon absorption spectrum of the photosensitiZer 
(single photon absorption conditions), using the test proce 
dure described in Us. Pat. No. 3,729,313. Using currently 
available materials, that test can be carried out as folloWs: 

[0102] A standard test solution can be prepared having the 
folloWing composition: 5.0 parts of a 5% (Weight by vol 
ume) solution in methanol of 45,000-55,000 molecular 
Weight, 9.0-13.0% hydroxyl content polyvinyl butyral (But 
varTM B76, Monsanto); 0.3 parts trimethylolpropane tri 
methacrylate; and 0.03 parts 2-methyl-4,6-bis(trichlorom 
ethyl)-s-triaZine (see Bull. Chem. Soc. Japan, 42, 2924-2930 
(1969)). 
[0103] To this solution can be added 0.01 parts of the 
compound to be tested as a photosensitiZer. The resulting 
solution can then be knife-coated onto a 0.05 mm clear 
polyester ?lm using a knife ori?ce of 0.05 mm, and the 
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coating can be air dried for about 30 minutes. A 0.05 mm 
clear polyester cover ?lm can be carefully placed over the 
dried but soft and tacky coating With minimum entrapment 
of air. The resulting sandWich construction can then be 
exposed for three minutes to 161,000 Lux of incident light 
from a tungsten light source providing light in both the 
visible and ultraviolet range (FCHTM 650 Watt quartz-iodine 
lamp, General Electric). Exposure can be made through a 
stencil so as to provide exposed and unexposed areas in the 
construction. After exposure the cover ?lm can be removed, 
and the coating can be treated With a ?nely divided colored 
poWder, such as a color toner poWder of the type conven 
tionally used in xerography. If the tested compound is a 
photosensitiZer, the trimethylolpropane trimethacrylate 
monomer Will be polymerized in the light-exposed areas by 
the light-generated free radicals from the 2-methyl-4,6 
bis(trichloromethyl)-s-triaZine. Since the polymerized areas 
Will be essentially tack-free, the colored poWder Will selec 
tively adhere essentially only to the tacky, unexposed areas 
of the coating, providing a visual image corresponding to 
that in the stencil. 

[0104] Preferably, a photosensitiZer can also be selected 
based in part upon shelf stability considerations. Accord 
ingly, selection of a particular photosensitiZer can depend to 
some extent upon the particular reactive species utiliZed (as 
Well as upon the choices of electron donor compound and/or 
photoinitiator). 

[0105] Particularly preferred multiphoton photosensitiZers 
include those exhibiting large multiphoton absorption cross 
sections, such as Rhodamine B (that is, N-[9-(2-carboxyphe 
nyl)-6-(diethylamino)-3H-xanthen-3-ylidene]-N-ethyletha 
naminium chloride, and the hexa?uoroantimonate salt of 
Rhodamine B) and the four classes of photosensitiZers 
described, for example, by Marder and Perry et al. in 
International Patent Publication Nos. WO 98/21521 and WO 
99/53242. The four classes can be described as folloWs: (a) 
molecules in Which tWo donors are connected to a conju 
gated J'IZ (pi)-electron bridge; (b) molecules in Which tWo 
donors are connected to a conjugated at (pi)-electron bridge 
Which is substituted With one or more electron accepting 
groups; (c) molecules in Which tWo acceptors are connected 
to a conjugated at (pi)-electron bridge; and (d) molecules in 
Which tWo acceptors are connected to a conjugated at (pi) 
electron bridge Which is substituted With one or more 
electron donating groups (Where “bridge” means a molecu 
lar fragment that connects tWo or more chemical groups, 
“donor” means an atom or group of atoms With a loW 
ioniZation potential that can be bonded to a conjugated at 
(pi)-electron bridge, and “acceptor” means an atom or group 
of atoms With a high electron a?inity that can be bonded to 
a conjugated at (pi)-electron bridge). 

[0106] 
include: 

Representative examples of such photosensitiZers 

Bu 

Bu 




































