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(57) ABSTRACT 

Asingle pass actuator (70, 200), such as a deformable mirror 
(70), quickly changes, preferably in less than 1 ms, the focus 
and hence the spot siZe of ultraviolet or visible Wavelength 
laser pulses to change the ?uence of the laser output (66) at 
the workpiece surface betWeen at least tWo different ?uence 
levels to facilitate processing top metallic layers (264) at 
higher ?uences and underlying dielectric layers (266) at 
loWer ?uences to protect bottom metallic layers (268). The 
focus change is accomplished Without requiring Z-aXis 
movement of the laser positioning system (62). In addition, 
the spot siZe can be changed advantageously during trepan 
ning operations to decrease via taper, reduce lip formation, 
increase throughput, and/or minimize damage. 
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LASER SYSTEM AND METHOD FOR SINGLE 
PASS MICROMACHINING OF MULTILAYER 

WORKPIECES 

[0001] This patent application derives priority from US. 
Provisional Application No. 60/193,581, ?led Mar. 30, 
2000. 

TECHNICAL FIELD 

[0002] The present invention relates to laser micromachin 
ing and, in particular, to a method and apparatus employing 
a single pass actuation (SPA) assembly to vary the poWer 
density of ultraviolet laser output applied to a target surface 
during processing of multilayer Workpieces having at least 
tWo layers With different absorption characteristics in 
response to ultraviolet light. 

BACKGROUND OF THE INVENTION 

[0003] The background is presented herein only by Way of 
example to multilayer electronic Workpieces, such as inte 
grated-circuit chip packages, multichip modules (MCMs) 
and high-density interconnect circuit boards, that have 
become the most preferred components of the electronics 
packaging industry. 
[0004] Devices for packaging single chips such as ball 
grid arrays, pin grid arrays, circuit boards, and hybrid 
microcircuits typically include separate component layers of 
metal and an organic dielectric and/or reinforcement mate 
rials, as Well as other neW materials. A standard metal 
component layer typically has a depth or thickness of greater 
than 5 pm, a standard organic dielectric layer typically has 
a thickness of greater than 30 pm, and a standard reinforce 
ment component “layer” typically has a thickness of greater 
than 5 pm disbursed throughout the dielectric layer. Stacks 
having several layers of metal, dielectric, and reinforcement 
material are often thicker than 2 mm. 

[0005] Much recent Work has been directed toWard devel 
oping laser-based micromachining techniques to form vias 
in, or otherWise process, these types of electronic materials. 
Vias are discussed herein only by Way of eXample to 
micromachining and may take the form of complete 
through-holes or incomplete holes called blind vias. Unfor 
tunately, laser micromachining encompasses numerous vari 
ables including laser types, operating costs, and laser- and 
target material-speci?c operating parameters such as beam 
Wavelength, poWer, and spot siZe, such that the resulting 
machining throughputs and hole quality vary Widely. 

[0006] In US. Pat. No. 5,593,606, OWen et al. describe 
advantages of employing UV laser systems to generate laser 
output pulses Within advantageous parameters to form vias 
through at least tWo layers of multilayer devices. These 
parameters generally include noneXcimer output pulses hav 
ing temporal pulse Widths of shorter than 100 ns, spot areas 
With spot diameters of less than 100 pm, and average 
intensities or irradiances of greater than 100 mW over the 
spot areas at repetition rates of greater than 200 HZ. 

[0007] In US. Pat. No. 5,841,099, OWen et al. vary laser 
output Within similar parameters to those described above to 
have different poWer densities While machining different 
materials. They change the intensity by changing the laser 
repetition rate and/or the spot siZe. In one embodiment, they 
employ a ?rst laser output of a high intensity to ablate a 
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metallic layer and a second laser output of loWer intensity to 
ablate an underlying dielectric layer so a loWer metal layer 
can act as a laser etch stop in blind via operations. 

[0008] In one implementation, OWen et al. change spot 
siZe by raising and loWering the objective lens to change the 
energy density of the laser spot impinging upon the Work 
piece. In most conventional laser systems, changing the 
height of the objective lens is a sloW process because 
moving the vertical (Z) stage requires at least several hun 
dred milliseconds 

[0009] In another implementation, OWen et al. change the 
repetition rate of the laser to change the energy density of the 
laser spot impinging the Workpiece. HoWever, for a given 
laser poWer, if the energy per pulse is decreased, for 
eXample, by increasing the repetition rate, then more pulses 
and consequently more time is needed to apply the total 
energy that must be delivered to the Workpiece to drill the 
via. Thus, this implementation also generally impacts 
throughput. 
[0010] Even Within the parameters established by OWen et 
al., skilled persons Would need to further tailor the repetition 
rate changes and other process parameters to suit particular 
Workpieces to produce vias meeting all the criteria for 
quality, including the via Wall taper, the degree of melting of 
the copper layer at the bottom of the via, and the height of 
the “rim” around the periphery of the via caused by the 
splash of molten copper during drilling. These parameters 
are dif?cult to optimiZe for throughput as Well as for all the 
criteria for quality. 

[0011] Because these energy density changing methods 
are time consuming or complex, the conventional process 
for machining through multilayer devices is typically at least 
a tWo pass operation. Such tWo pass operations involve 
sequentially removing a ?rst layer of a ?rst material at all of 
the desired target locations at a ?rst energy density. Once all 
of the holes are made through the ?rst layer, the spot siZe 
and/or repetition rate is changed to achieve a second energy 
density, Which is then used to remove a second layer of a 
second material at all of the desired target locations. 

[0012] The major disadvantage of such tWo pass opera 
tions is that the typical hole-to-hole move time of 2-10 ms 
is relatively sloW and each hole must be addressed tWice, 
resulting in a total via formation time of 4-20 ms plus actual 
drilling time. FIG. 1 shoWs a best-case conventional time 
line for a double-pass, tWo-step via drilling process, assum 
ing a hole drilling time of 2 ms and a 2 ms move time. 

[0013] A faster and more reliable Way of changing the 
energy density of laser output betWeen ?rst and second layer 
machining operations is therefore desirable. 

SUMMARY OF THE INVENTION 

[0014] An object of the present invention is, therefore, to 
provide a method or apparatus for quickly changing the 
energy density of laser output to facilitate machining of 
Workpieces. 
[0015] Another object of the invention is to improve the 
throughput of Workpieces in such laser machining opera 
tions. 

[0016] A further object of the invention is to facilitate 
one-pass processing of Workpieces. 
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[0017] Changing the laser spot size is more practical than 
changing the repetition rate to alter the energy density 
because if a laser system decreases the power density by 
maintaining the energy per pulse but spreading it out over a 
larger laser spot area, the laser system can apply the same 
total energy With feWer pulses. Hence, the system can 
process the Workpieces faster. The present invention pref 
erably, therefore, conserves the total energy per pulse and 
employs a system or method that rapidly changes the area of 
the laser spot impinging upon the Workpiece. By changing 
the laser spot siZe in a period of less than a feW milliseconds, 
the present invention can eliminate the conventional second 
pass of hole-to-hole moves, and the throughput of the overall 
process can be substantially increased. 

[0018] The present invention employs a single pass actua 
tion assembly to change the energy density of laser output 
pulses betWeen at least tWo different values to facilitate 
processing different layers at different energy densities. In a 
preferred embodiment of the present invention, a deform 
able mirror permits a quick, preferably less than one milli 
second, change of focus of UV laser output to change the 
spot siZe of the focused beam Waist and hence its energy 
density Without requiring Z-axis movement of the laser 
positioning system. 
[0019] Deformable mirrors have been employed as adap 
tive optics for IR- and visible-Wavelength lasers in 
astronomy and climatology applications to compensate for 
atmospheric turbulence in order to keep the ?uence constant. 

[0020] In US. Pat. No. 5,667,707, Klingel et al. employ a 
laser system With a deformable mirror to cut or Weld metal 
of huge panels having surfaces that are not particularly ?at. 
Their laser operation requires a high-energy tightly-focused 
laser spot to ef?ciently process the metal target. They 
employ the deformable mirror to change the focus height of 
the laser spot to maintain the siZe of the laser spot at the 
target surface regardless of its ?atness and hence maintain 
the laser spot’s high ?uence throughout the metal processing 
operation. The deformable mirror has a soft surface Whose 
curvature is manipulated by varying ?uid pressure. The 
mirror response time is relatively sloW. 

[0021] A preferred deformable mirror employs a ?exible 
face sheet made from an optically ?at and coated machined 
piece of glass or other common optical substrate that is 
rigidly attached to tWo concentric circles of an electrostric 
tive actuator, preferably made of PMN (lead magnesium 
niobate). The outer circle of the actuator is active and 
increases in length With applied voltage. The inner circle is 
not connected to poWer and is therefore inactive. Whenever 
a voltage is applied to the actuator, the outer PMN material 
expands, pushing on the outer rim of the face sheet While the 
inner PMN material holds the center of the face sheet ?rmly 
in position. The resulting surface contour of the face sheet is 
concave. The back of the face sheet is machined such that 
the active concave surface contour is smooth and continuous 
and has the correct optical ?gure over its clear aperture so 
the re?ected beam Wavefront is precisely spherical. The use 
of the PMN electrostrictive actuator alloWs focus changes to 
be accomplished in less than about 0.5 ms. 

[0022] Other embodiments may employ galvanometer 
driven mirrors to divert the laser beam to an alternative focal 
path to change the siZe of the laser spot area. 

[0023] Additional objects and advantages of this invention 
Will be apparent from the folloWing detailed description of 
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preferred embodiments thereof Which proceeds With refer 
ence to the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0024] FIG. 1 is a conventional time line for a double 
pass, tWo-step via drilling process. 

[0025] FIG. 2 is an isometric vieW of a simpli?ed laser 
system incorporating a deformable mirror in accordance 
With present invention. 

[0026] FIG. 3 is an isometric sectional vieW of a deform 
able mirror mechanism employed in the laser system of 
FIG. 2 and depicting a mirror face sheet in an inactive 
shape. 

[0027] FIG. 4 is a frontal vieW of the deformable mirror 
mechanism that depicts the ?exible sheet in an active shape. 

[0028] FIG. 5 is an exploded vieW of actuator parts 
forming part of the deformable mirror mechanism of FIG. 

[0029] 
[0030] FIG. 7 is a partly exploded isometric vieW of a 
mounting assembly employed to align the deformable mirror 
mechanism Within a beam path. 

[0031] FIG. 8 is an exemplary time line for a single-pass, 
tWo-step via drilling process of the present invention. 

FIG. 6 is an exploded vieW of an actuator housing. 

[0032] FIG. 9 is a simpli?ed schematic vieW of an alter 
native single pass actuator assembly, Which employs a 
galvanometer mirror assembly, that can be substituted for 
the deformable mirror mechanism in the laser system of 
FIG. 2. 

[0033] FIG. 10 is a detailed side vieW of the galvanometer 
mirror assembly shoWn in FIG. 9. 

[0034] FIG. 11 is a top vieW of the galvanometer mirror 
assembly shoWn in FIG. 10. 

[0035] FIG. 12 is an enlarged sectional side elevation 
vieW of a multilayered Workpiece having a through-hole and 
a blind via. 

[0036] FIG. 13 is an irradiance versus spot diameter graph 
shoWing a pro?le of a ?rst laser output pulse having irradi 
ance suf?cient to ablate metal and a second laser output 
pulse having irradiance suf?cient to ablate dielectric but not 
ablate metal. 

[0037] FIG. 14 is a diagram that shoWs qualitatively the 
differences in spot siZe that correspond to different distances 
betWeen the Workpiece and the laser beam focal plane. 

[0038] FIG. 15 is ?uence versus repetition rate graph 
shoWing metal and dielectric ablation thresholds for a ?xed 
spot siZe. 

[0039] FIG. 16 is a graph shoWing high and loW focus 
level pro?les for ?uence versus pulse repetition frequency. 

[0040] FIGS. 17A and 17B are fragmentary cross-sec 
tional vieWs shoWing the sequential steps carried out to form 
a depthWise self-limiting blind via of a Workpiece composed 
of a layer of dielectric material positioned betWeen a top 
conductor layer and a bottom conductor layer. 
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[0041] FIG. 18 is a fragmentary cross-sectional vieW of an 
incomplete top layer opening for a via that can be machined 
in accordance With the present invention. 

[0042] FIG. 19 is a fragmentary cross-sectional vieW of a 
Workpiece that is similar to the Workpiece of FIGS. 17A and 
17B but has a second dielectric layer positioned betWeen 
conductor layers. 

[0043] FIG. 20 is a fragmentary cross-sectional vieW of 
the Workpiece of FIG. 19 but With a blind via characteriZed 
by a depthWise-stepped Width of increasing diameter from a 
top conductor layer to a bottom conductor layer. 

[0044] FIGS. 21 and 22 shoW cutting pro?les for forming 
a through-hole and a blind via, respectively. 

[0045] FIG. 23 is an alternative trepanning pro?le for 
forming a blind via. 

[0046] 
[0047] FIG. 25 is an exemplary ?uence versus time pro 
?le. 

[0048] FIG. 26 is an exemplary focus degree versus time 
pro?le for a laser, tWo-step blind via-drilling process. 

[0049] FIG. 27 is an alternative exemplary focus level 
versus time pro?le for a laser blind via-drilling process. 

[0050] FIG. 28 is an alternative exemplary focus level 
versus time pro?le for a laser blind via-drilling process. 

[0051] FIG. 29 is an alternative exemplary focus level 
versus time pro?le for a laser blind via-drilling process. 

[0052] FIGS. 30 and 31 demonstrate hoW via taper is a 
function of beam pro?le. 

[0053] FIG. 32 shoWs an exemplary trepanning pro?le for 
reducing via taper. 

[0054] FIG. 33 is an exemplary focus level versus time 
pro?le for a blind via trepanning process employing a 
second step of a single subpass. 

[0055] FIG. 34 is an ideal focus level versus time pro?le 
for a blind via trepanning process employing a second step 
of at least tWo subpasses. 

[0056] FIG. 35A and 35B are respective steps in an 
alternative exemplary trepanning pro?le. 

FIG. 24 is a conventional line-cutting pro?le. 

[0057] FIG. 36 is an exemplary line-cutting pro?le that 
can be implemented With the present invention. 

[0058] FIG. 37 is an enlarged sectional side elevation 
vieW of a multilayered Workpiece shoWing a lip formed 
around the surface perimeter of a via. 

[0059] FIG. 38 is a depiction of hoW loW beam energy 
affects lip formation. 

[0060] FIG. 39 is a depiction of hoW high beam energy 
affects lip formation. 

[0061] FIGS. 40-42 shoW comparisons betWeen single 
pass and double pass via drilling operations having a variety 
of via drilling times and hole-to-hole move times. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENT 

[0062] With reference to FIG. 2, a preferred embodiment 
of a laser system 10 of the present invention includes 
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Q-sWitched, diode-pumped (DP), solid-state (SS) laser 12 
that preferably includes a solid-state lasant such as NdzYAG, 
NdzYLF, NdzYAP, or NdzYVO4, or a YAG crystal doped 
With holmium or erbium. Laser 12 preferably provides 
harmonically generated laser output 38 of one or more laser 
pulses at a Wavelength shorter than 550 nm such as about 
532 nm, and preferably shorter than 400 nm such as 355 nm 
(frequency tripled NdzYAG), 266 nm (frequency quadrupled 
NdzYAG), or 213 nm (frequency quintupled NdzYAG), With 
primarily a TEMO0 spatial mode pro?le. Lasers 12 and 
harmonic generation techniques are Well knoWn to skilled 
practitioners. Details of one exemplary laser 12 are 
described in detail in US. Pat. No. 5,593,606 of OWen et al. 
Skilled persons Will also appreciate that other pumping 
sources, such as a krypton are lamp, or other Wavelengths 
are available from the other listed lasants. The pumping 
diodes, arc lamp, or other conventional pumping means 
receive poWer from a poWer supply 14. 

[0063] With reference to FIG. 2, laser output 38 may be 
manipulated by a variety of Well-knoWn optics including 
beam expander lens components 44 and 46 that are posi 
tioned along beam path 48 before being directed by a series 
of beam-directing re?ectors 50, 52, and 54 (such as Z, Y, and 
X positioning mirrors), ?exible mirror face sheet 56, turn 
mirror 58, and fast positioner 60 (such as a pair of galva 
nometer mirrors) of beam positioning system 62. Finally, 
laser output 38 is passed through a focusing lens 64 before 
being applied as processing output beam 66 With laser spot 
67 at Workpiece 40. 

[0064] A preferred beam positioning system 62 is 
described in detail in US. Pat. No. 5,751,585 of Cutler et al. 
and may include ABBE error correction means described in 
US. patent application Ser. No. 09/755,950, ?led Jan. 5, 
2001, of Cutler. Beam positioning system 62 preferably 
employs a translation stage positioner that preferably con 
trols at least tWo platforms or stages 63 and 65 and supports 
positioning components 56, 58, and 60 to target and focus 
processing output beam 66 to a desired laser target position 
68. In a preferred embodiment, the translation stage posi 
tioner is a split-axis system Where a Y stage 63, typically 
moved by linear motors, supports and moves Workpiece 40, 
an X stage 65 supports and moves fast positioner 60 and 
objective lens 64, the Z dimension betWeen the X and Y 
stages is adjustable, and beam-directing re?ectors 50, 52, 
and 54 align the beam path 64 through any turns betWeen 
laser 12 and ?exible sheet 56. Beam positioning system 62 
permits quick movement betWeen target positions 68 on the 
same or different circuit boards or chip packages to effect 
unique or duplicative processing operations based on pro 
vided test or design data. 

[0065] A laser system controller 16 preferably synchro 
niZes the ?ring of laser 12 to the motion of stage 63 and 65 
and fast positioner 60 in a manner Well knoWn to skilled 
practitioners. One example of such coordination is described 
in US. Pat. No. 5,453,594 of Koneeny for Radiation Beam 
Position and Emission Coordination System. Laser system 
controller 16 is shoWn generically to control fast positioner 
60, stages 63 and 65, poWer supply 14, laser 12, and DMM 
controller 20. Skilled persons Will appreciate that laser 
system controller 16 may include integrated or independent 
control subsystems to control and/or provide poWer to any or 
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all of these laser components and that such subsystems may 
be remotely located With respect to laser system controller 
16. 

[0066] An example of a preferred laser system 10 that 
contains many of the above-described system components 
employs a Model 210 UY-3500 laser sold by LightWave 
Electronics of Mountain VieW, Calif. in a Model 5320 laser 
system or others in its series manufactured by Electro 
Scienti?c Industries, Inc. (ESI) in Portland, Oreg. Skilled 
persons Will also appreciate that a system With a single X-Y 
stage for Workpiece positioning and a ?xed beam position 
and/or stationary galvanometer for beam positioning may 
alternatively be employed. 

[0067] Laser system output beam 66 preferably produces 
a spot area 67 of diameter, dspot, at target position 68 on 
Workpiece 40. Although spot area 67 and dSpot generally 
refer to 1/e2dimensions, especially With respect to the 
description of laser system 10, these terms are occasionally 
used to refer to the spot area or diameter of the hole created 
by a single pulse or the Width of a kerf created in a single 
pass of pulses. 

[0068] FIG. 3 is an isometric sectional vieW of a deform 
able mirror mechanism (DMM) 70 that employs an actuator 
72 that supports and creates a shape change in ?exible sheet 
56, Which is preferably made from an optically ?at piece of 
glass or similar material. In a preferred embodiment, ?exible 
sheet 56 is rigidly attached by a UV resistant adhesive 74, 
such as epoxy, to inner and outer concentric Zones 76 and 78 
of a ferroelectric ceramic actuator material, such as PMN. 
The electrostrictive PMN actuator material has high elec 
tromechanical conversion ef?ciency, exhibits Wide operating 
and manufacturing temperature ranges, does not require 
permanent polariZation, and provides useful mechanical 
activity With small electrical drive voltages. 

[0069] Although a pieZoelectric-type (PZT) actuator 72 
could be employed, PMN material is preferred because it 
avoids silver migration, Which is a function of ?eld effect 
and humidity, that is common With PZT actuators 72. Thus, 
the PMN material does not creep With time and requires no 
re-calibration, so once ?exible sheet 56 has been assembled 
and polished, it Will remain ?at, for example, Without an 
offset voltage. Furthermore, it is likely that a suitable PZT 
actuator 72 Would last only 25% (about one year) as long as 
a suitable PMN actuator. In addition to PZT actuators, 
skilled persons Will appreciate that any precision high 
bandWidth actuators 72 such as voice coils could be 
employed for DMM 70. Skilled persons Will appreciate that 
?exible face sheet 56 could be actuated by a small array of 
DMMs 70, such as 6-9 DMMs 70, to provide greater control. 
Such arrays Would, hoWever, typically employ closed loop 
feedback and Would be more expensive to implement for the 
model 53xx and 54xx laser systems of ESI. 

[0070] FIG. 4 is a frontal vieW of DMM 70 that depicts 
?exible sheet 56 in an activated shape. With reference to 
FIGS. 3 and 4, in a preferred embodiment, outer Zone 78 of 
actuator 72 is active and increases in length With applied 
voltage, and inner Zone 76 is not connected to poWer and is 
therefore alWays inactive. Whenever a voltage is applied to 
outer Zone 78, its PMN material expands, pushing on the 
outer rim 80 of ?exible sheet 56 While the inner PMN 
material 82 holds center 83 of ?exible sheet 56 ?rmly in 
position. The resulting active surface contour of ?exible 
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sheet 56 is concave. Backside 84 of ?exible sheet 56 is 
machined such that the active concave surface contour is 
smooth and continuous and has the correct optical ?gure 
over its clear aperture so the Wave front of re?ected beam 86 
is precisely spherical. Actuator 72 alloWs focus changes to 
be accomplished in less than about 2 ms, preferably less than 
1 ms, and most preferably less than 0.5 ms. 

[0071] FIG. 5 is an exploded vieW of actuator parts 
forming part of DMM 70. With reference to FIGS. 3-5, 
single crystal silicon (Si), fused silica, or fused silica/ULETM 
(ultra loW expansion-UV grade) are preferred options for the 
material of ?exible sheet 56 and collar 85. Fused silica 
transmits 355 nm light that might damage the adhesive or 
actuator 72 if coatings on ?exible sheet 56 are not 100% 
re?ective. Silicon crystal absorbs 355 nm light. Fused silica/ 
ULBTM is a good choice for applications exposed to large 
temperature changes. Ahighly transmissive ?exible sheet 56 
minimiZes the chances of absorbing any radiation that passes 
through the re?ective coatings and incurring heat absorption 
damage that could affect the beam siZe (and hence its 
intensity), beam shape, or beam position. Skilled persons 
Will appreciate that other suitable materials could be 
employed, or they can be particularly selected for use at a 
different Wavelengths of interest, such as 266 nm. 

[0072] In a preferred embodiment, ?exible sheet 56 is 
coated to provide a re?ectivity of at least 99% at 355 nm and 
protect actuator 72 from laser energy damage. Because bare 
glass has only a 4% re?ectivity at 355 nm, the re?ectivity is 
brought up from 4% to 99% With many layers of dielectric 
coating. HoWever, if aluminum (Al), Which is 85% re?ective 
to 355 nm, is used as a base coating layer, then feWer 
dielectric layers can be employed to increase the re?ectance 
from 85% to 99%. A preferred dielectric coating includes 
5-20 layers of SiO2 and 5-20 layers of Ta2O5, has a total a 
thickness of about 1-4 pm, and is applied at about 140 to 
170° C. by ion assisted deposition. The coatings provide 
good durability against mechanical damage from deforma 
tion as Well as loW absorption so adhesive 74 and actuator 
72 are not signi?cantly exposed to the UV light. Other 
coating preparations are Well knoWn to skilled practitioners 
and can be selected to facilitate the use of different Wave 
lengths such as 266 nm. 

[0073] In a preferred embodiment, deformable mirror 
mechanism 70 has an operational temperature range of about 
40° C. This range includes a Wide range around typical room 
temperature, but can be made Wider if temperature feedback 
is used. PMN actuator material is suf?ciently stable that 
DMM 70 can be operated in an open-loop control mode. 
HoWever, due to possible deformation caused by tempera 
ture changes (such as a 2% change in stroke per 1° C. at 
operating temperatures), DMM 70 may include an internal 
temperature sensor that permits compensation for stroke 
changes due to temperature effects. If an Si ?exible sheet 56 
absorbs 1% of 3 Watts, the temperature of DMM 70 could 
increase by 004° C. 

[0074] The preferred DMM 70 is also adapted to With 
stand 30 milliWatts or greater of laser energy. If, for 
example, the dielectric coating re?ects 99% of the beam and 
?exible sheet 56 passes all of the unre?ected energy, then 
DMM 70 Will be exposed to a fraction of the 30 mW 
proportional to its surface area. Coating the backside of 
?exible sheet 56 With aluminum is one preferred method for 
























