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(57) ABSTRACT 

The invention is a double chirped mirror and a method of 
constructing a double chirped mirror for a frequency range 
of electromagnetic radiation, comprising specifying a design 
including a plurality of layers, the plurality of layers being 
transparent to the electromagnetic radiation and having 
refractive indices Which vary betWeen layers in the plurality 
of layers, and Wherein for a ?rst set of layers the optical 
thickness of alternate layers in the set of layers varies 
monotonically and the total optical thickness of a layer and 
the tWo adjacent half layers in the set of layers varies 
monotonically. The design is optimized by adjusting the 
optical thickness of layers in the plurality of layers. 
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Optical layer thickness for all layers of the initial structure shown separately. 
This shows clearly, the double chirped section alter the i4 layer AR coating which stretches up 
to the 38th layer. 

FIQ. 2A. 

5004-. I l l I l 

400 - 

OPTICAL 
THICKNESS, 300 

mil 

200 — 

l I l I l l 
O 5 i0 i5 20 25 

LAYER PAIR 
Sum of the optical layer thicknesses of a high and low index pair of the initial structure. 
This shows clearly, that the initial structure has a linearly chirped Bragg wave vektor, i.e., the 
inverse some of the optical thicknesses is linearly chirped. 

HQ. 2% 



Patent Application Publication Nov. 7, 2002 Sheet 3 0f 10 US 2002/0163727 A1 

um Um 

22mm: ._<Ez_ 

~=§ ~m_><._ GENE: xuaz. =2: 

3 3 cm 8 g c I _ _ _ _ .R _ .r Q 

I O O O 

o o o ' 

1 . . . 1 9.. 

I O 

0000000000 0. on: E: 

63525 

I ............ $2552 
0 o o n o o o o 

| 1 c8 

_ _ _ _ J _ c _ 

‘55.5.2 535 33 



Patent Application Publication Nov. 7, 2002 Sheet 4 0f 10 US 2002/0163727 A1 

Mirror characteristics of analytic initial design. The Full line denotes the current design, 
the dashed line the design goal, and the dash-dotted the difference between both. 
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After optimization of only GD with WgD = i all other weights are zero. 
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Additional optimization oi R with weight WR=IO 
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Add optimization of 000 with WGDD=OJ and pump re?ectivity with wR=30 
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Optical layer thicknesses for all layers of the M structure shown separately. 
The changes during optimization are small even in the AR coating section, since the pump 
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DOUBLE CHIRPED MIRROR 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The invention relates to the ?eld of re?ective 
dielectric structures, and more particularly to broadband 
re?ective dielectric structures used as mirrors in laser sys 
tems. 

[0003] 2. Description of Related Art 

[0004] Ultra short-pulse generation has advanced to a 
level Where the bandWidth of standard Bragg mirrors, e.g. 
composed of TiO2 and SiO2 quarter-Wave layers, limits the 
pulse Width or tunability of the generated laser pulses. The 
limitation is tWo fold. First, due to the limited difference in 
refractive index of both materials, e.g., nTiOZzZA and 
nSiO2z1.45 the high re?ectivity bandWidth of a standard 
quarter-Wave Bragg mirror centered at 800 nm is only about 
200 nm. Second, the higher order group delay dispersion 
(GDD) produced by quarter-Wave Bragg mirrors further 
limits the useful bandWidth to about 100 nm Which is just 
enough bandWidth for 10 fs pulses. 

[0005] In a chirped mirror, the Bragg Wavelength, KB, of 
the individual layer pairs is varied from layer pair to layer 
pair (e.g. linearly), so that longer Wavelengths penetrate 
deeper into the mirror structure than shorter Wavelengths 
before being re?ected. Such mirrors shoW an enlarged high 
re?ectivity range and shoW a negative dispersion. HoWever, 
the dispersion properties of these mirrors may be inadequate 
for ultra short pulse generation. 

[0006] Chirped mirrors are also bene?cial for the com 
pression of high energy pulses, because they produce high 
dispersion With little material in the beam path, thereby 
avoiding nonlinear effects in the compressor. Thus, the 
design of these mirrors is extremely important for the further 
development of ultra fast laser sources. 

[0007] It turns out that the design of a chirped mirror does 
not necessarily lead to a smooth and controlled GDD of the 
mirror. Using standard transfer matrix analysis of the mul 
tilayer structure as discussed in “Exact coupled mode theo 
ries for multilayer interference coating With arbitrary strong 
index modulations,”IEEE J. Quant. Elea, vol. 33, March 
1997, Which is hereby incorporated by reference, one 
observes that the group delay produced by such a chirped 
mirror does not vary linearly With Wavelength, as one Would 
expect for a mirror With linearly chirped Bragg Wavelength. 
The local average of the group delay shoWs the expected 
tendency to increase linearly With increasing Wavelength. 
HoWever, it also exhibits strong oscillations. The cause of 
these oscillations is the folloWing. Longer Wavelengths have 
to pass the ?rst section of the Bragg mirror, Which acts as a 
transmission grating for these Wavelengths. The slight 
re?ection in the front section interferes With the strong 
re?ections from the deeper layers, as in a Gires-Tournouis 
Interferometer (GTI). The oscillations in the group delay 
have an amplitude of several tens of femtoseconds, Which 
make these simple-chirped mirrors less useful for ultra short 
pulse generation. 

[0008] What is needed is a mirror design Which reduces 
the oscillations in the group delay, alloWing control of the 
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group delay dispersion While maintaining broad band re?ec 
tivity and loW group delay dispersion. 

SUMMARY OF THE INVENTION 

[0009] One embodiment of the present invention is an 
optimiZed double-chirped mirror in Which an initial design 
of a double chirped mirror is generated and then optimiZed 
to improve the group delay dispersion and re?ectance char 
acteristics. In the initial design, the oscillations in the group 
delay are avoided by varying not only the Bragg period or 
Bragg Wavelength in the mirror, but also by tailoring the 
coupling betWeen the forWard and the backWard propagating 
Waves inside the mirror such that spurious re?ections lead 
ing to GTI-effects are consistently avoided. In this embodi 
ment of the invention both quantities, the Bragg Wavelength 
and the coupling coef?cient, are chirped. The oscillations in 
the group delay are reduced or eliminated by a suf?ciently 
sloW increase in the coupling of the Wave incident onto the 
mirror and the Wave re?ected from the mirror as the incident 
Wave moves through the ?rst sections of the mirror. This 
sloW increase in the coupling of the Waves, to avoid spurious 
re?ection in the front section of the mirror, is provided by 
the matching sections. 

[0010] In this embodiment of the invention, the mismatch 
and therefore the oscillations in the group delay are reduced 
by addressing tWo of the matching problems encountered in 
a standard chirped mirror. First, the medium from Which the 
radiation is incident on the mirror is matched to the ?rst 
layer of a second matching section mirror by a ?rst matching 
section, Which is, for example, provided by a high quality 
broadband antire?ection coating. The antire?ection coating 
can be designed With commercially available dielectric 
coating design programs. The second matching section has 
to match from the antire?ection coating section to a simple 
chirped section. In this Way, the double-chirped mirror is 
generated With a controlled group delay and an extended 
high re?ectivity range When compared to standard dielectric 
Bragg mirrors. This analytic starting structure helps to avoid 
internal resonances in the multilayer structure. 

[0011] In this embodiment, the material parameters used 
to construct the initial design are assumed to be constant in 
frequency over the frequency range of interest. Once the 
initial design has been constructed, a subsequent computer 
based optimiZation of the initial design can take into account 
the Wavelength dependence of the refractive indices of the 
materials used to construct the mirror, and other design 
goals, such as a highly transmitting Wavelength range close 
to the high re?ection Wavelength range of the mirror Which 
may be useful for coupling a pump laser beam into a laser 
cavity. 

[0012] In one embodiment of the invention, each of the 
sections of the mirror comprises sets of layers in a plurality 
of layers. Layers in the plurality of layers are composed of 
materials With a high or loW index of refraction for a 
frequency range of electromagnetic radiation. 

[0013] In one embodiment of the invention, the optimiZa 
tion of the initial design is achieved by constructing a merit 
function including the re?ectance, group delay, and/or group 
delay dispersion of the mirror, or any combination of these 
parameters. The merit function is then optimiZed by adjust 
ing the thicknesses of layers in sections of the mirror until 
acceptable re?ectance, group delay, and/or group delay 
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dispersion are achieved. In other embodiments, the re?ec 
tance portion of the merit function includes minimizing the 
re?ectance of the mirror in a Wavelength range Which may 
be used to transmit a pump laser beam through the mirror. 
In another embodiment of the invention, the merit function 
is alternately optimiZed for re?ectivity, group delay and/or 
group delay dispersion by varying Weightings of the opti 
miZation function. 

[0014] In still another embodiment, the merit function is 
optimiZed to achieve a ?nal design such that the GDD varies 
by less than 100% from its average value, but by more than 
20% from its average value over more than a continuous half 
part of the high re?ectivity band of the mirror. In yet another 
embodiment of the invention, the merit function is opti 
miZed to achieve a ?nal design such that the GDD varies by 
less than 200% from its average value, but by more than 
20% from its average value over more than a continuous half 
part of the high re?ectivity band of the mirror. The high 
re?ectivity band of the mirror is de?ned to mean a continu 
ous frequency range over Which the re?ectivity of the mirror 
is higher than 99%. 

[0015] In still other embodiments the merit function is 
optimiZed to achieve a ?nal design such that the GDD varies 
by less than 200% from its average value over the high 
re?ectivity band of the mirror, less than 100% from its 
average value over the high re?ectivity band of the mirror, 
less than 50% from its average value over the high re?ec 
tivity band of the mirror, or less than 20% from its average 
value over the high re?ectivity band of the mirror. 

[0016] Yet another embodiment of the invention is a 
method of constructing a double chirped mirror for a fre 
quency range of electromagnetic radiation, comprising 
specifying a design including a plurality of layers, the 
plurality of layers being transparent to the electromagnetic 
radiation and having refractive indices Which vary betWeen 
layers in the plurality of layers, and Wherein for a ?rst set of 
layers the optical thickness of alternate layers in the set of 
layers varies monotonically and the total optical thickness of 
a layer and the tWo adjacent half layers in the set of layers 
varies monotonically. The design is optimiZed by adjusting 
the optical thickness of layers in the plurality of layers. 

[0017] In another embodiment, optimiZing the design 
includes reducing the difference betWeen the group delay 
dispersion for a plurality of frequencies in the frequency 
range of interest and a design goal group delay dispersion for 
the plurality of frequencies. OptimiZing the design may also 
include reducing the difference betWeen the re?ectance for 
a plurality of frequencies in the frequency range of interest 
and a design goal re?ectance for the plurality of frequencies. 
Furthermore, optimiZing the design may also include con 
structing a function having as its input a design goal and a 
current design parameter, Wherein the output of the function 
is related to a difference betWeen the design goal and the 
current design parameter 

[0018] In yet another embodiment, specifying the design 
includes specifying a second set of layers in the plurality of 
layers, Wherein the optical thickness of a layer is the same 
as the optical thickness of tWo adjacent half layers in the set 
of layers, and the total optical thickness of the layer and the 
tWo adjacent half layers in the second set of layers varies 
monotonically. Specifying the design may also include 
specifying a third set of layers in the plurality of layers, 
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Wherein the optical thickness of each layer in the third set of 
layers is substantially a quarter-Wavelength thick for a 
frequency in the frequency range of electromagnetic radia 
tion. Additionally, specifying the design includes specifying 
a fourth set of layers in the plurality of layers, Wherein the 
fourth set of layers comprises an antire?ection coating. 

[0019] Still another embodiment of the invention includes 
a double chirped mirror as part of a laser cavity. In this 
embodiment the laser may be a short pulse laser, or an 
ultrashort pulse laser, including a femtosecond laser. Yet 
another embodiment of the invention includes a double 
chirped mirror as part of an ampli?er. In this embodiment 
the ampli?er may be a short pulse ampli?er, or an ultrashort 
pulse ampli?er, including a femtosecond pulse ampli?er. In 
another aspect of this embodiment, the ampli?er is a high 
poWer ampli?er. 

BRIEF DESCRIPTION OF FIGURES 

[0020] FIG. 1 depicts a simpli?ed diagram shoWing an 
embodiment of the double chirped mirror. The number of 
layers represented is not intended to depict the actual 
number of layers for an embodiment of the device, but rather 
it shoWs the basic differences in the layering of the different 
sections. 

[0021] FIGS. 2A-C depict the optical and physical thick 
nesses of the layers for an embodiment of the invention at 
the initial design phase, and after optimiZation. 

[0022] FIGS. 3 depict the re?ectivity, group delay and 
group delay dispersion for an embodiment of the invention 
at the initial design stage. 

[0023] FIGS. 4 depict the re?ectivity, group delay and 
group delay dispersion for an embodiment of the invention 
after the group delay has been optimiZed With all other 
Weights at Zero. 

[0024] FIG. 5 depict the re?ectivity, group delay and 
group delay dispersion for an embodiment of the invention 
after the group delay and re?ectivity have been optimiZed 
With all other Weights at Zero. 

[0025] FIG. 6 depict the re?ectivity, group delay and 
group delay dispersion for an embodiment of the invention 
after the group delay, re?ectivity, group delay dispersion and 
pump re?ectivity have all been optimiZed. 

[0026] FIGS. 7A-C depict the optimiZed results for the 
layers of the corresponding optimiZed results of FIGS. 
2A-C. 

DETAILED DESCRIPTION 

[0027] FIG. 1 depicts an initial design for an embodiment 
of the present invention. This embodiment of the invention 
provides high re?ectivity over a Wavelength range of interest 
With a group delay dispersion Which is suitable for use for 
dispersion compensation in ultrashort pulse lasers. The 
initial design for double chirped mirror 100 includes up to 4 
sections: antire?ection coating section 102, double chirp 
section 104, simple chirp section 106 and optional quarter 
Wave stack 108. Each section is comprised of a plurality of 
alternate layers of a high refractive indeX material and a loW 
refractive indeX material both of Which are transparent over 
the frequency range of interest. 
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[0028] The layer can be deposited by techniques Well 
known to those skilled in the art including but not limited to 
PVD, sputtering, ion plating, ion beam sputtering, CVD, 
MOCVD, molecular beam epitaxy, and chemical depth (sol 
gel). The loW refractive indeX layer may be any material 
With a refractive indeX loWer than that of the material chosen 
for the high refractive indeX material, and may be chosen 
from, but is not limited to the folloWing materials: SiO2, 
MgF2, A1203, and AIFQ. The high refractive indeX layer may 
be any material With a refractive indeX higher than that of the 
material chosen for the loW refractive indeX material, and 
may be chosen from, but is not limited to the folloWing 
materials: TiO2, HfO2, NbO2, ZrO2, YZOZ, A102, and 
Gd2O3. 
[0029] Antire?ection coating section 102 is a broadband 
antire?ection coating that matches medium 110 to the ?rst 
layer of double chirp section 104. Medium 110 is any 
medium from Which radiation is incident upon double 
chirped mirror 100 and includes but is not limited to air, 
glass, or a laser crystal. Antire?ection coating section 102 
can be any general broad band antire?ection coating 
designed for use over the Wavelength range of interest. See 
for eXample “Thin Film Optical Filters,” by H. A. Macleod, 
published by Bristol, Adam Hilges, 1985, Which is hereby 
incorporated by reference. In another embodiment of the 
invention, the antire?ection coating is designed to be anti 
re?ecting for both the Wavelength range of interest and a 
pump Wavelength range. 

[0030] Adjacent to antire?ection coating section 102 is 
double chirp section 104. Double chirp section 104 initially 
acts to impedance match the radiation from antire?ection 
coating 102 to simple chirp section 106. 

[0031] In double chirp section 104, the total optical thick 
ness of a layer and the tWo adjacent half layers in the set of 
layers 104A increases monotonically from matching struc 
ture 102 to simple chirp section 106. This con?guration 
causes the mirror to have a negative dispersion since the 
longer Wavelength radiation is re?ected from deeper in the 
mirror. Additionally, the optical thickness of a set of alter 
nate layers 104B changes monotonically from matching 
structure 102 to simple chirp section 106. As depicted in 
FIG. 1, the optical thicknesses of layers 104A decreases 
monotonically from matching structure 102 to simple chirp 
section 106. In another embodiment if positive dispersion is 
desired then the total optical thicknesses of a layer and the 
tWo adjacent half layers in the set of layers 104A should 
decrease in thickness from matching structure 102 to simple 
chirp section 106. Set of alternating layers 104B is chosen 
based on What material matching structure 102 is designed 
to match to. For eXample, in one embodiment if medium 110 
has a loW indeX of refraction, then matching layer 102 
should be chosen to match medium 110 to a loW indeX layer 
of double chirp section 104. In this embodiment, set of 
alternate layers 104B Will then be made of a loW indeX of 
refraction material Whose optical thickness Will increase 
monotonically from matching layer 102. 

[0032] Adjacent to double chirp section 104 is simple 
chirp section 106. Simple chirp section 106 comprises a set 
of layers Wherein the optical thickness of a layer, e.g., 106A, 
is the same as the optical thickness of tWo adjacent half 
layers 106 B in the set of layers, and the total optical 
thickness of a unit 106C composed of a layer and the tWo 
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adjacent half layers varies monotonically from double chirp 
section 104 to optional quarter Wave stack 108. The thick 
nesses of layers in the simple chirp section is discussed in 
“Design and fabrication of double-chirped mirrors,” by F. X. 
Kartner, M. Matuschek, T. Schibli, U. Keller, H. A. Haus, C. 
Heine, R. Morf, V. Scheuer, M. Tilsch, T. Tschudi, Optics 
Lett. 22, 831 (1997), Which is hereby fully incorporated by 
reference. In the embodiment of FIG. 1, the thicker units 
106C are deeper in the mirror causing the mirror to have a 
negative dispersion, but Without departing from the inven 
tion, the thickness of the units could be monotonically 
decreased rather than monotonically increased from section 
102 to section 108 to give a positive dispersion. 

[0033] Adjacent to simple chirp section 106 is optional 
quarter Wave stack 108. Optional quarter Wave stack 108 
comprises alternating layers each of Which are a quarter 
Wavelength optical thickness at a Wavelength in the fre 
quency range of interest. In one embodiment, the quarter 
Wave stack is designed to provide high re?ectance at the 
longer Wavelength end of the frequency range of interest and 
thus the layers are a quarter Wavelength optical thickness at 
the selected longer Wavelength. In this embodiment, the 
shorter Wavelength radiation does not penetrate as deeply 
into the mirror, and it may therefore experience less loss than 
the longer Wavelengths. In another embodiment of the 
invention, if the chirp of sections 104 and 106 Were reversed 
then quarter Wave stack 108 should be designed to re?ect 
radiation at the shorter Wavelength end of the frequency 
range of interest. 

[0034] It should be noted that although the embodiment of 
the mirror depicted in FIG. 1 includes the quarter Wave 
stack, this section is not required in order to use the present 
invention and it may be omitted. 

[0035] In this embodiment of the invention, the optimiZa 
tion of the initial design is achieved by constructing a merit 
function that includes terms for the re?ectivity, the group 
delay, and the group delay dispersion over the re?ectivity 
range of interest, and optionally, terms for the re?ectivity in 
a range that includes the pump Wavelength. The merit 
function is then optimiZed for group delay, then for group 
delay and re?ectivity, then for group delay, re?ectivity and 
group delay dispersion, and ?nally for the inclusion of all 
terms including, optionally, the pump Wavelength re?ectiv 
ity by adjusting the thicknesses of layers in sections of the 
mirror until acceptable values of re?ectivity, group delay, 
group delay dispersion, and optionally pump Wavelength 
transmission over the desired re?ectivity range are achieved. 

[0036] FIGS. 2A-C are graphs depicting another embodi 
ment of the invention. The embodiment depicted in the 
graphs of FIG. 2 is for a mirror designed to operate over a 
Wavelength range from 680 nm to 980 nm, and for a pump 
Wavelength of 500 nm +/—20 nm. In this embodiment, 56 
layers have been used to construct the initial design. These 
56 layers are comprised of alternating layers of a high indeX 
material TiO2 of indeX nhz2.4 and thickness dh)rn for the high 
indeX layer in the mth layer pair, and a loW indeX material 
SiO2 of indeX n1z1.45 and thickness dLrn for the loW indeX 
layer in the mth layer pair. 

[0037] The total number of layers used to construct the 
initial design depends on the ?nal result desired and can be 
determined through simple trial and error. Typically, 14 
layers should be used for the antire?ection coating matching 
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section. For a discussion of antire?ection coatings see “Opti 
mal single band normal-incidence antire?ection coatings,” 
by J. A. DobroWlski, A. V. Tikhonrurov, M. K. Trubetskoc, 
J. T. Sullivan, and P. G. Verly, Applied Optics, 35, pp. 
644-658, (1996) Which is hereby fully incorporated by 
reference. Approximately 40 layers should be used for the 
rest of the mirror in order to achieve high re?ectivity over a 
300 to 400 nm re?ectivity range. More layers may be used, 
but as described beloW, this may result in layers being 
removed from the ?nal optimiZed design. 

[0038] FIG. 2A represent the optical thickness of the 
layers for the initial design of the mirror. The optical 
thickness is the physical thickness “d” of a layer multiplied 
by the index of refraction “n” of the layer. Layers 0 to 14 
comprise the antire?ection coating section of the mirror. 
Layers 15 to 38 comprise the double chirp section of the 
mirror. The double chirp of this section is apparent in the 
upWardly sloping line comprised of the high index layer 
material, and the doWnWardly sloping line comprised of the 
loW index material. In this embodiment the high index layers 
increase monotonically in optical thickness going deeper 
into the mirror. This results in a gradual increase in the 
coupling coef?cient giving a stronger coupling of the inci 
dent Wave to the re?ected Wave, increasing local re?ectance, 
as the incident Wave passes through this section. This 
gradual increase of the coupling coefficient produces an 
impedance matching effect that reduces the GTI effect 
mentioned above. 

[0039] Layers 39 to 54 comprise the simple chirp section. 
In this section, the optical thickness of a high index layer is 
equal to the optical thickness of the tWo adjacent loW index 
half layers, and the optical thickness of adjacent units of the 
high index layer and the tWo adjacent loW index half layers 
increases monotonically. The last feW layers comprise the 
quarter Wave stack in Which each layer is a quarter Wave 
optical thickness for a frequency in the long Wavelength end 
of the frequency range of interest. 

[0040] FIG. 2B depict the optical thickness of an adjacent 
pair of high and loW index layers of the initial design 
depicted in FIG. 2A. In FIG. 2B, the 14 layer antire?ection 
coating extends up to layer pair 7, the double chirp section 
extends from layer pair 8 through layer pair 19, and the 
simple chirp extends from layer pair 20 through layer pair 
27. The quarter-Wave section is layer pair 28. As is clear 
from FIG. 2B, the optical thickness of adjacent layer pairs 
maintains the same linear chirp through both the double 
chirp section and the simple chirp section. FIG. 2C depict 
the physical thickness of the high and loW index layers of the 
mirror. 

[0041] In another embodiment of the invention, the chirp 
in the simple chirp and double chirp sections need not be 
linear. A non-linear chirp can be used to shape higher order 
components of the GDD. Additionally, a non-linear chirp 
can be used to trade off re?ectivity range and smoothness of 
the group delay. 

[0042] FIGS. 3A, 3B and 3C shoW the re?ectivity, group 
delay, and group delay dispersion, respectively, of the initial 
design. The re?ectivity plotted in FIG. 3A is the poWer 
re?ectivity of the initial design mirror. The group delay, GD, 
of the mirror and the group delay dispersion, GDD, are 
related to the phase, ¢(u)), by building the ?rst and second 
derivatives With respect to the circular frequency ((l)=2T|§C/)\.). 
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[0043] As shoWn in FIG. 3A, the re?ectivity of the initial 
design is high over more than a 200 nm bandWidth, and the 
GDD ?uctuates approximately +/—50% on the short Wave 
length side and approximately +/—200% on the long Wave 
length side of the high re?ectivity band of the mirror. 

[0044] This initial design is used as the starting point for 
an optimiZation routine. In the optimiZation routine, the 
actual variations of the index of refraction over Wavelength 
for the high and loW index materials is taken into account. 

[0045] In one embodiment, the optimiZation proceeds as 
folloWs. A merit function F({dm}) is de?ned Which is to be 
minimiZed. This is a function of all layer thicknesses drn of 
the loW and high index layers Where “m” denotes the layer 
number. 

[0046] A suitable merit function should measure the dif 
ference betWeen the current mirror characteristics and the 
desired characteristics. 

[0047] 
used: 

In this embodiment the folloWing merit function is 

N1 N 

mm» = wpz um) - Ram“ + W 2 mm») - Ram“ + 

[0048] The merit function splits the frequency range into 
three intervals: 

[0049] [001, uuN], [(nN, uuN] and [(nN, uuN]. 
[0050] The ?rst interval covers a frequency range for high 
transmission for a laser pump beam. The second interval 
does not enter the merit function and third interval is the 
high re?ectivity range of the mirror for Which the other 
properties are also optimiZed. 

[0051] In this embodiment, 49 points Were selected for the 
merit function, and this set of points Were uniformly spaced 
throughout the interval [001, uuN]. Without departing from the 
present invention, the set of points selected for optimiZation 
in the merit function can be as large as is computationally 
feasible, and they need not be non-uniformly spaced in the 
interval(s) of interest. FeWer points are needed if the initial 
design is close to the design goals, and more points may be 
needed if the initial design is far from the design goals. In 
other embodiments of the invention, the number of points 
used throughout the optimiZation process is varied. For 
example, feWer points are chosen at the beginning of the 
optimiZation When the initial design is far from the design 
goals. Then as the design approaches the goals, more points 
are used. In still other embodiments of the invention, non 
uniformly spaced points are used at the ends of the fre 
quency range of interest in order to achieve better results at 
these end points. 
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[0052] In the merit function above, the desired mirror 
properties in re?ectivity (R), group delay (GD), and group 
delay dispersion (GDD) have the index ref. The Weights, WR 
WGD and WGDD set hoW strong the different mirror charac 
teristics Will contribute to the total merit function and can be 
adjusted interactively during the optimiZation process to 
ensure the usefulness of the ?nal design. The exponent 0t is 
most often chosen as 1. If it is chosen large, it Weights more 
strongly those frequency ranges Where the largest deviation 
from the desired behavior occurs. 

[0053] Without departing from the present invention, 
other merit functions can be used. A suitable merit function 
need only have as its inputs the design goals and the current 
design parameters. The merit function should also output 
one or more values related to the difference betWeen the 
goals and the current parameters so that the output of the 
merit function can be used as feedback for the optimiZation 
process. 

[0054] In this embodiment, the Broyden-Fletscher-Gold 
farb-Shanno Algorithm Was used to optimiZe the design by 
minimiZing the merit function. This algorithm is described 
in detail in the book “Numerical Recipes in Fortran” by 
William H. Press, S. A. Technology, W. T. Vetterling, and B. 
P. Flannery in Cambridge, University Press (1986), Which is 
hereby fully incorporated by reference. Without departing 
from the present invention, other algorithms can be used, 
including but not limited to statistical optimiZation routines, 
Monte-Carlo simulations, or any of the optimiZation rou 
tines in the “Numerical Recipes in Fortran” book cited 
above. 

[0055] Initially, WR is set equal to 1, and all of the other 
Weights are set to 0 and the merit function is optimiZed. The 
results of this optimiZation are shoWn in FIG. 4. Note the 
reduction in the group delay difference from the goal over 
the high re?ectivity region from 680-980 nm, and the slight 
improvement in the re?ectivity. A typical goal for optimi 
Zation of the group delay at this step is a +/—1 fs variation 
in the group delay from the design goal. If this cannot be 
achieved, then more layers may have to be added to the 
initial design. 

[0056] Once the group delay has been optimiZed, the next 
step is to sloWly start to increase the Weight factor for 
re?ectivity, WR. One method that can be used is to increase 
WR until F has just about doubled and then optimiZe F again. 
NoW double the value of WR and optimiZe again. Repeat this 
step until there is a noticeable change in the group delay. The 
results of this optimiZation are depicted in FIG. 5. In one 
embodiment, a noticeable change in the group delay is a 
change of about +/—1 fs at any of the points in the set of 
points. 

[0057] Next, the group delay dispersion is optimiZed by 
sloWly increasing WGDD. In one embodiment, WGDD is 
increased until it contributes about 10% to the total value of 
F. The merit ?nction is then re-optimiZed. Then, continue 
increasing WGDD until the re?ectivity starts to degrade. Next, 
WP is increased sloWly and F is re-optimiZed until degrada 
tion of other features is noted. The results are depicted in 
FIG. 6. Note the degradation in re?ectivity at approximately 
730 nm. 

[0058] If the optimiZation procedure has resulted in layers 
Which are thinner than is practical to fabricate, then these 
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layers are removed. A thin layer can be removed from the 
design by sWitching its index to the index of an adjacent 
layer, While maintaining the optical thickness of the layer. 
The merit function is then re-optimiZed. The removal of very 
thin layers may not even affect the merit ?nction. Thick 
layers can be thinned by removing a half-Wave of optical 
thickness for a Wavelength near the center of the frequency 
range of interest for the mirror. The merit fUnction is then 
re-optimiZing. If the removal of these layers has too large of 
an effect on F, then they may have to be kept in the design. 

[0059] In other embodiments F can be split up further so 
that Wavelength dependent Weighting factors can be used. 
For example, a gaussian re?ectivity Weighting over a small 
Wavelength region (e.g., containing a re?ectivity spike) can 
be used to help reduce the siZe of the spike. 

[0060] Without departing from the present invention, The 
Weights in the merit function may be increased in any order 
or one or more at a time. What is important in the present 
invention is that during the optimiZation procedure, progress 
toWard achieving one of the design goals does not cause the 
optimiZation routine to settle in another local minimum of 
the merit function from Which the best design for achieving 
the other design goals cannot be achieved. 

[0061] FIGS. 4-6 depict the re?ectivity, group delay and 
group delay dispersion for at various stages of the optimi 
Zation process. In FIG. 4, only the group delay has been 
optimiZed. In FIG. 5 the group delay and re?ectivity have 
been optimiZed With all other Weights at Zero. In FIG. 6 the 
group delay, re?ectivity, group delay dispersion and pump 
re?ectivity have all been optimiZed. 

[0062] FIGS. 7A-C depict the optimiZed results for the 
layers of the mirror. These ?gures are the corresponding 
optimiZed results of FIGS. 2A-C. 

[0063] The foregoing description of embodiments of the 
invention has been provided for the purposes of illustration 
and description. It is not intended to be exhaustive or to limit 
the invention to the precise form disclosed. Many modi? 
cations and variations Will be apparent. The embodiments 
Were chosen and described in order to best explain the 
principles of the invention and its practical application, 
thereby enabling others to understand the invention for 
various embodiments and With various modi?cations as are 
suited to the particular use contemplated. It is intended that 
the scope of the invention be de?ned by the folloWing 
claims. 

What is claimed is: 
1. A method of constructing a double chirped mirror for 

a frequency range of electromagnetic radiation, comprising: 

specifying a design including a plurality of layers, the 
plurality of layers being transparent to the electromag 
netic radiation and having refractive indices Which vary 
betWeen layers in the plurality of layers and 

Wherein for a ?rst set of layers the optical thickness of 
alternate layers in the set of layers varies monotoni 
cally and the total optical thickness of a layer and the 
tWo adjacent half layers in the set of layers varies 
monotonically; and 

optimiZing the design by adjusting the optical thickness of 
layers in the plurality of layers. 
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2. The method of claim 1, wherein: 

optimizing the design includes reducing the difference 
betWeen the group delay dispersion for a plurality of 
frequencies in the frequency range of interest and a 
design goal group delay dispersion for the plurality of 
frequencies. 

3. The method of claim 1, Wherein: 

optimizing the design includes reducing the difference 
betWeen the re?ectance for a plurality of frequencies in 
the frequency range of interest and a design goal 
re?ectance for the plurality of frequencies. 

4. The method of claim 1, Wherein: 

specifying the design includes specifying a second set of 
layers in the plurality of layers, Wherein the optical 
thickness of a layer is the same as the optical thickness 
of tWo adjacent half layers in the set of layers, and the 
total optical thickness of the layer and the tWo adjacent 
half layers in the second set of layers varies rnonotoni 
cally. 

5. The method of claim 1, Wherein: 

specifying the design includes specifying a third set of 
layers in the plurality of layers, Wherein the optical 
thickness of each layer in the third set of layers is 
substantially a quarter-Wavelength thick for a fre 
quency in the frequency range of electromagnetic 
radiation. 

6. The method of claim 1, Wherein: 

specifying the design includes specifying a fourth set of 
layers in the plurality of layers, Wherein the fourth set 
of layers comprises an antire?ection coating. 

7. The method of claim 1, Wherein: 

optimizing the design by adjust ing the optical thickness 
of layers in the plurality of layers includes constructing 
a function having as its input a design goal and a 
current design pararneter, Wherein the out put of the 
function is related to a difference betWeen the design 
goal and the current design parameter. 

8. The method of claim 7, Wherein: 

optimizing the design by adjusting the optical thickness of 
layers in the plurality of layers includes adjusting the 
optical thickness of layers in the plurality of layers until 
the output of the function reaches a predetermined 
value. 

9. The method of claim 1, Wherein: 

optimizing the design by adjusting the optical thickness of 
layers in the plurality of layers includes using a merit 
function. 

10. The method of claim 1, Wherein: 

optimizing the design includes adjusting the optical thick 
ness of layers in the plurality of layers such that the 
design has a re?ectivity of at least 99% for incident 
electromagnetic radiation in the frequency range of 
electromagnetic radiation and a re?ectivity of less than 
99% in each of tWo contiguous frequency ranges adja 
cent to the frequency range of electromagnetic radia 
tion, and such that the group delay dispersion versus 
frequency characteristic of the mirror is smooth and 
varies betWeen 100% and 20% from its average value 
over at least a continuous half-part of the frequency 
range of the electromagnetic spectrum. 
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11. A method of constructing a double chirped mirror for 
a frequency range of electromagnetic radiation, cornprising: 

specifying a design including a plurality of layers, the 
plurality of layers being transparent to the electromag 
netic radiation and having refractive indices Which vary 
betWeen layers in the plurality of layers 

specifying a ?rst set of layers in the plurality of layers 
Wherein layers in the ?rst set of layers include a double 
chirp; 

specifying a second set of layers in the plurality of layers 
adjacent to the ?rst set of layers Wherein layers in the 
second set of layers include a simple chirp; 

optimizing the design by adjusting the optical thickness of 
layers in the plurality of layers. 

12. The method of claim 11, Wherein: 

specifying a third set of layers in the plurality of layers 
adjacent to the second set of layers Wherein layers in 
the third set of layers includes a quarter-Wave stack. 

13. The method of claim 11, Wherein: 

specifying a fourth set of layers in the plurality of layers 
adjacent to the ?rst set of layers Wherein layers in the 
fourth set of layers includes an antire?ection coating. 

14. The method of claim 11, Wherein: 

optimizing the design includes constructing a ?nction 
having as its input a design goal and a current design 
pararneter, Wherein an output of the function is related 
to a difference betWeen the design goal and the current 
design pararneter. 

15. The method of claim 14, Wherein: 

optimizing the design includes adjusting the optical thick 
ness of layers in the plurality of layers such that the 
output of the function reaches a predetermined value. 

16. The method of claim 15, Wherein: 

optimizing the design includes optirniZing a re?ectance of 
the mirror, optirniZing a group delay of the mirror, and 
optimizing a group delay dispersion of the mirror. 

17. A double chirped mirror for a frequency range of 
electromagnetic radiation, comprising: 

a design including a plurality of layers, the plurality of 
layers being transparent to the electromagnetic radia 
tion and having refractive indices Which vary betWeen 
layers in the plurality of layers and 

Wherein for a ?rst set of layers the optical thickness of 
alternate layers in the set of layers varies rnonotoni 
cally and the total optical thickness of a layer and the 
tWo adjacent half layers in the set of layers varies 
rnonotonically; and 

optimizing the design by adjusting the optical thickness 
of layers in the plurality of layers. 

18. The double chirped mirror of claim 17, Wherein: 

optimizing the design includes reducing the difference 
betWeen the group delay dispersion for a plurality of 
frequencies in the frequency range of interest and a 
design goal group delay dispersion for the plurality of 
frequencies. 
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19. The double chirped mirror of claim 17, wherein: 

optimizing the design includes reducing the difference 
betWeen the re?ectance for a plurality of frequencies in 
the frequency range of interest and a design goal 
re?ectance for the plurality of frequencies. 

20. The double chirped mirror of claim 17, Wherein: 

the design includes a second set of layers in the plurality 
of layers, Wherein the optical thickness of a layer is the 
same as the optical thickness of tWo adjacent half layers 
in the set of layers, and the total optical thickness of the 
layer and the tWo adjacent half layers in the second set 
of layers varies rnonotonically. 

21. The double chirped mirror of claim 17, Wherein: 

the design includes a third set of layers in the plurality of 
layers, Wherein the optical thickness of each layer in the 
third set of layers is substantially a quarter-Wavelength 
thick for a frequency in the frequency range of elec 
trornagnetic radiation. 

22. The double chirped mirror of claim 17, Wherein: 

the design includes a fourth set of layers in the plurality 
of layers, Wherein the fourth set of layers comprises an 
antire?ection coating. 

23. The double chirped mirror of claim 17, Wherein: 

optimizing the design by adjusting the optical thickness of 
layers in the plurality of layers includes constructing a 
?nction having as its input a design goal and a current 
design pararneter, Wherein the output of the function is 
related to a difference betWeen the design goal and the 
current design pararneter. 

24. The double chirped mirror of claim 23, Wherein: 

optimizing the design by adjusting the optical thickness of 
layers in the plurality of layers includes adjusting the 
optical thickness of layers in the plurality of layers until 
the output of the function reaches a predetermined 
value. 

25. The double chirped mirror of claim 17, Wherein: 

optimizing the design by adjusting the optical thickness of 
layers in the plurality of layers includes using a merit 
function. 

26. The double chirped mirror of claim 17, Wherein: 

optimizing the design includes adjusting the optical thick 
ness of layers in the plurality of layers such that the 
design has a re?ectivity of at least 99% for incident 
electromagnetic radiation in the frequency range of 
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electromagnetic radiation and a re?ectivity of less than 
99% in each of tWo contiguous frequency ranges adja 
cent to the frequency range of electromagnetic radia 
tion, and such that the group delay dispersion versus 
frequency characteristic of the mirror is smooth and 
varies betWeen 100% and 20% from its average value 
over at least a continuous half-part of the frequency 
range of the electromagnetic spectrum. 

27. A method of constructing a double chirped mirror for 
a frequency range of electromagnetic radiation, cornprising: 

specifying a design including a plurality of layers, the 
plurality of layers being transparent to the electromag 
netic radiation and having refractive indices Which vary 
betWeen layers in the plurality of layers and 

Wherein for a ?rst set of layers in the plurality of layers 
the optical thickness of a layer is the same as the 
optical thickness of tWo adjacent half layers in the set 
of layers, and the total optical thickness of the layer 
and the tWo adjacent half layers in the ?rst set of 
layers varies rnonotonically and 

Wherein for a second set of layers in the plurality of 
layers the second set of layers comprises an antire 
?ection coating; and 

optimizing the design by adjusting the optical thickness 
of layers in the plurality of layers. 

28. The method of claim 27, Wherein: 

optimizing the design includes reducing the difference 
betWeen the group delay dispersion for a plurality of 
frequencies in the frequency range of interest and a 
design goal group delay dispersion for the plurality of 
frequencies. 

29. The method of claim 27, Wherein: 

optimizing the design includes reducing the difference 
betWeen the re?ectance for a plurality of frequencies in 
the frequency range of interest and a design goal 
re?ectance for the plurality of frequencies. 

30. The method of claim 27, Wherein: 

specifying the design includes specifying a third set of 
layers in the plurality of layers, Wherein the optical 
thickness of each layer in the third set of layers is 
substantially a quarter-Wavelength thick for a fre 
quency in the frequency range of electromagnetic 
radiation. 


