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Abstract. Chirped dielectric laser mirrors offer a general so-well. Until recently, Brewster-angled prism pairs [9] built into
lution for broadband feedback and dispersion control in femthe laser cavity were the only low-loss sources of broadband
tosecond laser systems. Chirped mirrors developed for modaegative GDD. In prism-pair-controlled broadband lasers,
locked solid-state lasers, femtosecond parametric oscillatora, major limitation to ultrashort-pulse generation originates
chirped pulse amplification systems and pulse compressofi®m the variation of the intracavity GDD with wavelength.
are introduced. Basic theoretical and design consideratiorighe principal source of this higher-order dispersion, however,
are also presented. was found to be the prism pair [10, 11]. If the lasers are op-
erated in the vicinity of zero GDD, the spectra of 2(bfs
PACS: 42.15.Eq; 42.25.Bs; 42.40Pa; 42.60.Da; 42.65.kpulses from prism-pair-controlled oscillators are asymmetric
42.79Bh; 42.80.V with a broad shoulder [10] or are double peaked [8, 11] de-
pending on whether the soliton-like pulses are, respectively,
third- or fourth-order dispersion limited. This deviation from
One of the main trends of laser physics today is ultrafasthe ideal sech pulse spectrum causes a weak but significant
laser technology. Recent research on high-power semicopedestal in the time domain, the length of which may substan-
ductor laser diodes and solid-state laser materials with a brodiglly exceed the pulse duration defined as the full width at
fluorescence emission band has paved the way for compadtialf maximum (FWHM) intensity. This degradation in pulse
reliable, broadly tunable all-solid-state continuous wave (cw)guality may be unacceptable in a number of spectroscopic
picosecond (ps) and femtosecond (fs) pulse laser sourcespplications requiring high temporal resolution. An addition-
One approach is based ori:sapphire Ti:S) [1], which  al problem in the time domain is the increased sensitivity
can be efficiently pumped by the frequency-doubled outpubf the pulse width to the cavity and prism alignment. Cav-
of AlGaAs diode-pumped neodymium lasers. Alternatively,ity mirror alignment changes the position of the resonator
the direct diode pumping of colquiriite laser-active materi-axis and thus the glass path through the prisms. Hence any
als such a4.iCaAlFg:Cr3t (Cr:LiCAF) [2], LiSrAIFg:Crt  small cavity realignment calls for subsequent readjustment
(Cr:LiSAF) [3], and LiSrGaFs:Cr3t (Cr.LiSGAF) [4] be-  of the prism positions and orientation to restore the origin-
came feasible by the use of enhanced mode-matching schemaépulse width and the corresponding spectrum. This makes
[5] or AlGalnP semiconductor lasers with “improved” beam “turn-key” operation and thus the integration of these devices
quality operating nea70 nm[6]. The latter approach might in complex systems [e.g. chirped pulse amplification (CPA)
offer greater simplicity, efficiency, compactness, and cossystems, opto-electronic data processing systems] extreme-
effectiveness. The importance of these features for widdy difficult. Furthermore, the minimum prism separation sets
ranging applications needs no explanation. These advancasonstraint on the resonator length and, in turn, the size and
in laser technology offered the possibility of constructingrepetition rate of femtosecond-pulse solid-state laser oscilla-
laser oscillators generating optical pulses in the 20dfs  tors.
regime by using different mode-locking techniques such as Continuous wave, ps, and fs lasers contain optical coat-
self-mode-locking of the laser [7]. ings as important functional elements, e.g., high reflectors
Because of the dominant role of soliton-like pulse shapindHR), output couplers (OC), and antireflection (AR) coatings.
in ultrashort-pulse solid-state lasers [8], femtosecond-puls€hese optical elements are based on the interference phe-
generation relies on net negative, i.e. anomalous, intracavityomenon of light. Their theoretical analysis generally relies
group-delay dispersion (GDD). Solid-state gain media alwaysn the well-known scattering matrix formalism [12, 13] de-
introduce a certain amount of frequency-dependent positiveved from the Maxwell equations. Laser performance strong-
(normal) dispersion in the cavity, which must be balanced aly depends on the quality of optical coatings: the high reflec-
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tors should approach the ided0% reflectance at the op- phase at specific wavelengths in the high-reflectivity zone of
eration wavelengths in order to minimize intracavity lossesthe broadband mirrors, causing resonant losses [18] and ex-
the output coupling has to be set to specific values to ensuteemely strong high-order dispersions [19, 20] around these
optimum operation. In broadband mode-locked or broadlyavelengths, thus preventing their use in broadly tunable
tunable laser systems, broadband intracavity and extracavifgmtosecond oscillators [14].
mirrors covering possibly the whole fluorescence spectrum of  In this paper we discuss a novel technology for ultrashort-
the laser active medium are needed; the reflectivity of suchulse generation that uses what have become known as
mirrors is not determined solely at the operation wavelengthehirped dispersive dielectric mirroy®r chirped mirrors[21,
but at the pump wavelength(s) as wéfi.the particular case 22]. These special laser mirrors, which are potentially free
of femtosecond laser systems, all the coatings must also ®m all the drawbacks listed above, can be used for broad-
designed for phase characteristics to prevent the pulse shagmnd feedback, intracavity and extracavity dispersion con-
from undesirable distortion. trol. In the following, special laser mirror designs exhibiting
In the case of high reflectors, a combination of materi-high reflectivity and negative GDD over broad frequency
als with the highest refractive-index ratiog4(/n.) is usually  ranges are shown. The design technique, deposition technol-
preferred since the higher the ratio, the higher the theoretsgy, and quality control permit higher-order contributions
cal reflectance and bandwidth of standard quarterwave stacks. the mirror phase dispersion to be kept low or to be cho-
Among its competitors, th&iO,/SiO, pair has the highest sen such that high-order phase errors introduced by other
ratio over the near-infrared spectral range [14]. In the prosystem components (e.g., the gain medium, prism pairs) are
duction of a high-density coating with low scattering andcancelled. By replacing conventional thin-film optics (and
absorption losses, ion-based technologies could be advanfadism pairs in most of the cases), these novel devices made
geous [15]. However, the total number of layers is strictlya Kerr-lens mode-locked, solid-state lasers more feasible.
limited by the relatively high stress in such coatings, whichThese lasers deliver nearly bandwidth-limité&-fs pulses
does not allow the deposition of dielectric mirrors formed byfrom Ti:sapphire lasers [23—25] arourd8 um, and sub-
a relatively high number of thick layers in the near infrared.20-fs pulses fronCr:.LiSAF andCr:LiSGaF[26, 27] lasers at
At the optical coating laboratory of the Research Institutearound840 nm In addition, the use of chirped mirrors sim-
for Solid State Physics, Budapest, Hungary, a BAK 550 bolifies the cavity design and permits the construction of com-
coater supplied with an ESQ 110 electron beam gun (prodpact, reliable, high-output-power (and high-repetition-rate)
ucts from Balzers AG) is used for depositing laser opticasub20-fs sources as well. Further applications of chirped
coatings. Our unconventional coating deposition technologynirrors that have already been accomplished include, for
(called reactive electron beam deposition under reduced oxgxample, using them for broadband feedback and disper-
gen pressure), results in relatively high density optical coatsion control in broadly tunable cw, ps, and fs solid-state
ings of theTiO2/SiO, and TapOs/Si0O, material pairs with  lasers [28] and parametric oscillators [29, 30]; broadband
low absorption and scattering losses. For details on all athird- and fourth-order dispersion control in pulse compres-
these, see [14]. In the caseTfsapphire lasers, for instance, sion schemes used in CPA systems [31—33]; or in white-light-
the useful bandwidth of our low-dispersion quarterwave mircontinuum compression experiments [34] supporting pulses
rors made ofTiO2/SiOy is limited to approximatelfd80 nm  below5 fs[35, 36].
around800 nm[14]. In addition to the high-order dispersion First we present theoretical considerations of the oper-
existing in prism-pair-controlleds laser systems, the band- ation of chirped dielectric laser mirrors. We point out the
width of low-dispersion dielectric mirrors forming the laser analogy between the holography of wave packets in a vol-
cavity appeared to be the main limiting factor for obtainingume medium [37] and our chirped mirrors. Based on our
optical pulses belowO fs, directly from a laser oscillatar theoretical considerations, formulae are presented that can be
The problem of designing broadband dielectric mirrorsefficiently utilized to synthesizgraded-indexdielectric mir-
for sub40-fs or broadly tunable femtosecond solid-state laserors with prescribed dispersion properties. Next we deal with
systems is twofold. First, the mirrors have to haamtin-  chirped mirrors consisting of alternatescretelayers ofTiO»
uous high reflectivity over a broad spectral rangé&hout andSiO,; we present general and particular design consid-
any drop in reflectivity regardless of wavelength. Second, therations for different application problems and we also dis-
mirrors have to exhibit amooth, possibly negative varia- cuss in detail the method of construction. Representative dis-
tion of the group delay vs. frequency function over the whol@ersive mirror designs developed for different femtosecond-
operation range allowing femtosecond mode-locked opera-pulse solid-state lasers, parametric oscillators, CPA systems
tion of the laser. It is worth mentioning here that these twoand pulse compressors are then shown. By computing the
requirements can be fulfilled by properly designed metallielectric-field distribution inside the dielectric mirrors (built of
mirrors; however, their reflectivity is considerably lower thandiscrete layers) as a function of the wavelength, we derive
that of a dielectric mirror and therefore they usually cannotheir dispersive properties from the wavelength dependence
be used as intracavity broadband mirrors in femtosecond lasef the penetration depth of the incident optical field in accor-
oscillators. Previously proposed solutions to extend the higdance with our theoretical considerations. There are some im-
reflectivity range of dielectric mirrors, such as (i) depositionportant technological issues that must be taken into account
of low-pass (high-pass) stacks as a single coating [16], anduring the design of chirped mirrors: reflection losses and
(i) deposition of multilayer stacks with variation of thick- sensitivity to deposition errors. Based on our atomic-force-
ness in arithmetic or geometric progression [17], do not meanicroscopy (AFM) and reflectivity measurements, reflection
the above-mentioned requirements (for details of all of thesdpsses at chirped mirrors made by different technologies are
see [14,18-20]). Briefly, all of the previously used broad-compared. The second technological issue that must be men-
band dielectric mirrors exhibited rapid change of the reflectetioned is the fact that dispersive properties of chirped mir-



117

rors exhibit a relatively high sensitivity to deposition errorsrugate) chirped mirrors could also be manufactured via differ-
in the layer thickness. This technological problem could beent, state-of-the-art optical coating deposition techniques.
efficiently eliminated by developing rapid, accurate, inexpen-

sive methods for dispersion measurement on laser mirrors.

Measured GDD versus wavelength functions of accomplishe
dispersive mirrors are presented. These data were obtained
using different interferometric arrangements combined witI-L

a spectrograph [38, 39]. Finally, some typical applications o n the following, we show that the interference pattern formed
pectrograpn [56, 9], Y yP PP y two counter-propagating (Gaussian) pulses exhibiting dif-
chirped mirror technology are presented.

ferent chirp parameters are capable of forming “chirped mir-
rors” in a holographic (or photorefractive) medium with the

assumption that the local change in the refractive index is pro-
portional to the exposure in the phase-volume hologram. If
one of the pulses (reference) is chirp free (i.e., dispersion free;
7(w) IS constant at any position), the interference pattern

records the temporal structure (chirp) of the signal pulse in

rams written by two counter-propagating (chirped) Iaserthe spatial domain. After recording such an interference pat-
9 y propagating P tern in a volume holographic medium, the chirp of the signal

pulses [37] is established. We show that chirped mirrors ca : L
be regarded as artificial, 1D holograms exhibiting extremeBUIse is almost perfectly compensated when it is reflected on

. o . . “the corresponding (spatially chirped) hologram, i.e., a nearly
ly high, sudden refractive-index modulations and relative; -, graded index chirped mirrofor dispersion compensa-
ly small overall thicknesses. In femtosecond laser cavitie§; o 'is constructed

the most important requirement is to have minimum l0SSeS ™y o ¢/ 5\ving calculations are based on the theoretical pa-
in the cavity over the whole operation range; this require-

ment can be fulfilled by properly designed (chirped) dielectrid®" by Mazurenko [37]. Our calculations are restricted, how-
. Yy properly Y P ._ever, to investigating the one-dimensional spatial structure of
mirrors only. However, in pulse stretcher and compressio

! '%the recorded phase-volume hologram in the particular case
schemes developed for CPA systems [31-33], or in whiteg, \ hich the hologram is written by two counter-propagating
light-continuum compression experiments [34—-36], prope

dispersion control over the whole spectrum is of primar im-raser pulses.
P P P Y Let us consider two Gaussian light pulses, one of them

portance. In the latter case, one can tolerate COns"der"’lbt%ing dispersion free and the other being linearly chirped,
higher losses than in intracavity applications. One of the POSyith dimensionless (linear) chirp parametars=a 0 and

sible promising so_lutions for the problem of pulse stretchinga — 0. The time-dependent electric field of the pulses can be
and compression in CPA systems was recently presented X

g.yl Holography of wave packets

1 Theory

As a starting point, an analogy betweehirped dielectric
laser mirrorsandone-dimensional (1D) phase-volume holo-

Loiseaux et al. [40], who used a pair diirped transmission ritten as

gratings placed perpendicularly to each other to provide an 5 2

almost linear time delay versus frequency function. Ex(t) = Eg kexp _ v cos| wot + akt— ; 1)
The main disadvantage of volume holograms written by ’ 2Tk2 Tk2

short light pulses is their low diffraction efficiency because of

the low refractive-index modulation, the high bias exposurewhere Ty is defined as the half width at/é maximum in-
and the short physical length of the interference pattern. It ifensity time durationEq  is the electric field amplitude of
worth mentioning that the experimental realization of the Idea.he kth ||ght pu|se k =1, 2)’ andwo is the (Common) central
of pulse shaping in phase-volume holograms has been receftequency of the two pulses.

ly performed by Hill and Brady [41] for instance. However, e investigate a practical situation in which the two light
the reflectivity of the phase-volume hologram can be considpylses exhibit the sameiw spectral bandwidth. With the
erably increased by dispersing the frequency components lotation Ty for the transform-limited pulse duratiofd =
space for recording the interference pattern, which is caIIeQ/Aw), the pulse duratioffy and the group-delay dispersion

spectral holography[37,42]. The potential applications of (GDD = 82¢/3w?) parameterDy, of thekth light pulse can
spectral holography for broadband dispersion compensatigie expressed as

have been presented in [37,42]. In Sect. 1.2, we briefly con-
clude the main results in connection whihoadband disper- 2\ 1/2
sion compensatiomnd time-reversal of femtosecond laser 1, _ T, (l+4a§)1/2 =To <1+ &) 2)
pulsesand mention our preliminary experimental results on 4 ’

phase conjugation in a photorefractive medium [43]. Sect. 1.3 oo T2
presents analytical formulae derived from the analogy bep, =26\kT02= Ak )
tween chirped mirrors and volume reflection holograms. The 1+4a§
formulae can be used synthesize graded-index chirped mir-

rors with prescribed dispersion propertiébhough these for- We consider the particular case in which the two pulses are
mulae do not directly result in high-reflectivity laser mirrors propagating in opposite directions along thexis (in one
built of discrete layers, they do help us to gain a better undeimension). The temporal and spatial dependences of the
standing of the operation of chirped mirrors, and they do proelectric field can be written as

vide a route towards starting designs made of discrete layers « «

and physically correct coating design specifications for fur _ ( _ _) _ ( _)

ther optimization. Note, however, that these graded-index (o-'rzl(t’ 0=Eut c and Ea(t ) =Ez(t+ c/’ @

0

3)
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The time-averaged intensity distribution along tkeaxis, wherekg denotes the central wave number corresponding to
P(x), can be calculated as central frequenci(g = wp/c andg is a constant phase factor.
The result shows that the length of the interference pattern is
= X X 72 L= cTo_\/(1+a?)/2 and the modulation of the interference
P(x) = f E1 (t - —) +E2 (t + —) dt. (5) patternis described by a Gaussian function. Periodicity of the
c c ; " . .
fringes at positiorx can be described by the corresponding
wave numbekg (x), which is calculated as the first derivative

—00

After expansion we obtain of the argument of the cosine function:

[ X)?2 x)2 kk 00 =2 (ko — =g (11)
o= [ [e (=) (i) 02

—00

X X This equation shows that the wave number of the inter-
+2E1 (t——) E> <t+—)}dt. (6) ference pattern is a linear function af Here we recall

¢ c that the Bragg condition for reflection is fulfilled at posi-
tion x when the wave number of the Bragg grating (i.e., the
phase-volume hologram written by the interference pattern) is
kk (X) = 2|kp| = 2w/c, wherew denotes the angular frequen-

By transforming the variable inside the integral in the first
two terms we get

00 cy of the electric field. Calculating the wave number of the
_ 2 2 electric field as the function of corresponding to the chirped
PO = / [El(t) +E() ] dt optical pulse at timé = 0, we obtain
—00
00 2a x
kKe(X) =ko— 5> ——- 12)
X X
+2 / E (t - E) E (t + E) dt. @) TZ(1+a?)
—00 Supposing that the pulse exhibits a relatively strong linear

. . . chirp @> 1), we obtain:
We can transform thé variable also in the second integral p@>1)

of (7): ’ X 1 i 1 x
. K(X) = kO_aCZ—TOZ an P(X)—ko—gcz—_roz-
Poo = [ [Ea0?+ Exv7] ct (13)
—00 If all the frequency components are assumed to be reflect-
2% ed at the position where the Bragg condition is fulfilled, (13)
+2 / E1()E2 (t + —) dt. (8) shows the following: the phase-volume hologram written by
c the interference pattern of the two counter-propagating puls-

—00

es fully compensates the dispersion of the linearly chirped

The second integral in (8) is the convolution of the electrigdulse when the chirped pulse is reflected on the corresponding

field functions defined in (1): phase-volume hologram.
It is worth mentioning that the same result could have

oo on been obtained without any restriction on the chirp parame-
K(x) = / E1(t)Ea <t+ _> dt = [E1(t) * Ea(—1)] . teraif the Gaussian reference pulse had been replaced with
c —2x/c an (ideal) Dirac delta pulse in (9).
o ) Finally, let us summarize our results from Sect. 1.1. In

principle, it is possible to record a 1D phase-volume holo-

In (9) thex sign denotes convolution. gram compensating the linear (or higher-order) chirp of any

To calculate the convolution in (9) we take the Fourier
transform of theEy electric field functions. Then we multiply
the Fourier transforms and take the inverse Fourier transforniecorPING
of the product. This procedure is well known from convolu-
tion theory. The Fourier spectra of the two pulses are com- !l
posed of positive and negative frequency components. If we —
take the product of the two spectra, cross-products of the SIGNAL
negative and positive components can be neglected in practi-
cal cases. Finally, we come to the following formula: DISPERSION COMPENSATION J\TEST

1 1 +4a2 1/4 X2 ]l DISPERSIVE ;@
K(x) = 2 Eo.1 E0,2T0ﬁ < ) ex ( 7) SYSTEM N HOLOGRAM

DISPERSIVE _M_FPECTRALNOLUME !!
—

YSTEM HOLOGRAM
SYS ¢
REFERENCE

JE— p J—

1+a? c2T¢(1+a?) — —

2 COMPRESSED PULSE TIME REVERSED (PHASE CONJUGATED) SIGNAL PULSE

ax

x CoS| 2kox — PO e @], (10) Fig. 1. Arrangement for dispersion compensation and time reversal of fem-
c To (1+a9) tosecond pulses by means of femtosecond holography
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broadband laser pulse if we are able to provide a dispersionvhite-light continuum, subsequent recording of spectral holo-
free reference pulse of high enough bandwidth for thegrams with narrow band reference and signal pulses with
recording. The structure adlie recorded phase-volume holo- adjustable time difference between the two pulses (and ad-
gram preserves the dispersive features of the chirped pulspistable exposure time) might be the solution to the problem.
converting itst(w) function to the spatial domainwhen Because of certain technological limitations on realiz-
a chirped pulse is reflected on the corresponding phaseble index profiles and the overall layer thickness existing
volume hologram, its dispersion is compensated and wm current optical thin-film technology, we considered alter-
obtain a practically dispersion free, i.e. transform limited,native holographic solutions for broadband dispersion con-
reflected pulse. trol in femtosecond CPA systems and in experiments dealing
In order to obtain a time-reversed replica of the signawith white-light-continuum compression. Furthermore, opti-

pulse, the signal pulse must be replaced by a dispersioral thin-film devices such as chirped mirrors are not capable
free read-out pulse, as shown in Fig. 1. The arrangemeuf following the dynamic spatial anidr temporal changes in
might well be suited for dispersion compensation in CPAthe systems mentioned above that call for subsequent read-
systems, in which the temporal spread of the (i) stretchedustment of these systems to restore the optimal dispersion
then (ii) time-reversed, and finally (iii) amplified seed pulsesand thus the pulse width of such systems. One of the pos-
can be easily (iv) compensated by using the pulse-stretchirgible solutions of this last problem is to use dynamic (spec-
elements. tral) holography, i.e., using photorefractive media instead of

conventional holographic media for spectral holography. Re-

cently, some promising preliminary experiments to this end
1.2 Femtosecond spectral holography were performed by Danailov et al. [43].

Spectral holography [37,42] may be considered as a temporfl
analog of traditional spatial-domain Fourier-transform holog-""
raphy. In traditional holography the spatially patterned sign S : ) )
beam is recorded as a set of fringes as a result of interferen |8er?rr|1no?olgr?n|1r;d;rr:de 2&?&%’ rgﬁtrvgresegiggsssee\éoilgrgiéfffi
with a spatially uniform reference beam. When illuminating ; . . DT T
the hologram with a uniform read-out beam, we reconstrunilﬁt[gzs] briefly recall our previous results published in detail
either the real or conjugate image of the original signal beam, " . . . .
depending on the geometry. In the time domain, the referen% Optical coating designers widely use the Fourier-transform

3 Fourier-transform synthesis of chirped mirrors

. . : chnigue for designing graded-index optical filters, often
E;ggllgegl)siggg dpl:)Ifl’li ngt\ti]tr? gr?riz’ureegcli/lijrespp:ncégjnntﬁ'b-rl;g own as rugate filters, with prescribed spectral properties.
and amplitude, i.e., a complex amplitude function. Duringshgfvzgv&rgf[zzi%]sed on the papers of Sossi and Kard, who
holographic recording in aZ-f” system, the complex am-

plitude of each spectral component of the signal pulse is

recorded. When illuminating the spectral hologram, we recalt [ dInN(X)] explikx) dx = Q(K) explid(K)] (14)
either a real or a time-reversed (conjugate) copy of the signa dx ’

pulse, also depending on the geome®ye of the possible  —*

applications of spectral holography is full dispersion com-yheren() is the refractive indexs = 2/ is the wave num-
pensatiorsince the time-reversed (conjugated) signal pulse igar in ajr, and is twice the optical distance from the center of

transformed back to its original temporal (and spatial) shapg,e inhomogeneous layer to physical positmn
when passed through the same apparatus that caused its tem-

poral (and spatial) distortion (see Fig. 1). It is worth noting z
here that when we measure the dispersion of an optical elg-— 2/ n(u)du. (15)
ment (e.g., the solid-state gain medium) using the technique

termed spectrally resolved white-light interferometf{g8],

and deSign a ChirDEd dielectric mirror fordisperSion compenm (14), Q(k) is an appropriate function of the desired re-

sation, we practically do the same: we record the interferencgectance or transmittance. Using partial integration and
pattern of a signal and reference beam in the frequency d@r Fourier transform, one can derive

main (using a white-light source, not a mode-locked laser;

see Sect. 2.4 for details), and then we retrieve the phase vs. n(x) i ® Q(k)
frequency function corresponding to the medium by procesdn [—} =— —— exp{i[@kk) — kx]} dk, (16)
ing the spectrally resolved interference pattern recorded on L M0 ”700 k

a CCD camera. With this information, we make a coating de-
sign with the same dispersive properties that we measuraghenn(co) = n(—oo) = ng, andQ(k) and®(k) are even and
over the wavelength range of interest, but with opposite signdd functions ok, respectively.
(dispersion compensation), not forgetting the technological In general, optical coating design technigues based on
limitations. (16) differ in the choice ofQ(k) and @(k) [44-52], which

In spectral holography, one of the crucial questions is hovare usually termed Q function and phase factor, respective-
to provide a chirp-free, short reference pulse with a broady. A variety of techniques exist because a simple, “universal”
regular spectrum for the recording. In CPA systems, a prope function and phase factor have not been found. However,
ly shaped seed pulse might well be suited for such purposedifferent approximate formulae have been successfully ap-
In pulse-compression schemes developed for compression plied in the case of a smooth refractive-index dependence. It
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has been revealed thdistortions in the Fourier transforma- We recall that the frequency dependent group detdy (
tion originate from neglecting the multiple internal reflections upon reflection from a mirror is calculated in a similar man-
in (14) (seg[50, 51)), the effect of which is striking in the case ner:

of dielectric structures consisting of discrete layers with high

refractive-index ratiosrfn/n.). In Sect. 1.1, the analogy be- 1 = dg;(w)/dw, (20)
tween 1D volume reflection holograms and chirped mirrors

was established. In general, we can say tyatontrolling \yhere, (w) is the frequency-dependent phase change on re-

the amplitudes and phases of the gratings with various spatig|ection, andw = ck is the angular frequency of the incident

frequencies forming the reflection hologram, one may cong|ectromagnetic wave. In order to relate (19) to (20), we cal-

trol the amplitude and phase of each spectral component igjjated the increase in the group delayd) upon reflection

a diffracted optical signal. _ corresponding to the displacement of the refractive-index pro-
In the field of optical interference coatings, however, th&jje e g., a dielectric mirror, simply by dividing the increase in

phase factor for optical coating design has not usually be i Rt .
considered by designers because the phase change on re?l@g optical patix by ¢, the speed of light in vacuum:
tion is rarely specified for these optical devices. Later on, it
was recognized that solutions of rugate filter synthesis probt—DP =24x/c. (1)
lems depend greatly on the choice of the phase factor [47— . . .
49,52,53]. Since the phase shift on reflection was found _Hereé we would like to comment on (16) in connection
not to be uniquely connected with the amplitude reflectanc¥/ith graded-index reflective structures, using some simple
modulus [52], it could be efficiently utilized to modify the physical terms. Firsthonzero reflectivity at wave numbler

refractive-index profile without affecting the spectral perfor-(Or at wavelengti = 2r/k) calls for sinusoidal modulation
mance. in the logarithmic refractive-index profile along the axis

In [22], our goal was to find a general formula to help us inWith & periodicityn = 4/2, corresponding ttkn = 2k.
designing high-performance dielectric high reflectors for disNotice that the first term within the integral in (14), which

persion control in femtosecond lasers, i.e. mirrors with pre€an @lso be written in the form af (x)/n(x), stands for the
scribed dispersion properties. Taking into account the analodgflectance amplitude due to Fresnel reflection at position
between optical coatings and reflection holograms, we cho side the inhomogeneous dielectric layer. The expression de-

the Q function and phase factor as the amplitude and phase%‘ﬂ_ibes the change in the index divided by the average index,
the complex amplitude reflectancek), respectively: which can be derived from the classical Fresnel formula. For

higher reflectances, higher amplitude modulations, i.e. high-

. er Fresnel reflections, are required, ghd modulation for
Qo =Irdkl, (172) a given value of the amplitude reflectance is inversely propor-
DK = gr(K), (17b)  tionalto wave numbek. It also follows from (14) thamirrors

with broad reflectance bands and phase factors set to ze-
wheregy (k) = ardr (K)]. ro, i.e., dispersion-free mirrors, require high refractive-index

In spite of its approximate nature, (16) supplemented withmodulations over very short optical distances, which leads to
(17a,b) were the main results of [22]. It was demonstrate@hysically unrealizable solution is worth mentioning here
that the formulae were well suited for constructing chirpecthat this constraint on the refractive-index modulation is anal-
dielectric rugate mirrors with preset phase and amplitudegous to the maximum intensity limit in pulsed laser amplifier

characteristics. systems for avoiding nonlinear effects such as self-focusing.
In'a number of papers [47,51,52], it has been shown thathe former problem can be solved by spatially “chirping”

if one introduces a linear phase the frequency components of the mirrors (chirped mirrors),
while the latter one can be efficiently eliminated by tempo-
@ (k) = Ax kK, (18)  rally “chirping” the frequency components of the pulse (CPA,

or chirped pulse amplification systems). Note, however, that
in (16) it results in a displacementix of the refractive-index using Qielect_ric mirrors at _oblique angles of i_ncidence for
profile along thex axis. By differentiating with respect tq ~ s-polarized light, one can increase the effective refractive-

we can write (18) in the form of index modulation and thus the reflectivity band of standard
dielectricA/4 or chirped mirrors (see Sect. 2.5.2).
Ax = do(k)/dk, (19) In the following, we present as an example a chirped di-

electric mirror design, the structure of which is derived from
which is thetime-shifting theorem of Fourier analysBrevi-  (16)- Dispersive and spectral properties of the design are
ously, the theorem was successfully exploited to significantig@culated with the classic scattering matrix multiplication
reduce the optical thickness of synthesized rugate filters arfgchnique [12, 13] and compared to their prescribed values.
control the shape of the refractive-index variation without Ve define a second order phase faot() as the func-
affecting the spectral performance [47, 48, 53]. In [53], a gengon wave number, ie.a second—order phase shift on reflection
eral formula for the numerical calculation of the “optimal” [S€€ (17D)] written in the following form:
phase function corresponding to the given design goal of re-
flectance versus wavelength (or wave number) function ha&(K) = do+ d1(k — ko) + da(k — ko). (22a)
been presented, which results in thinner rugate filters or low-
er index contrast than alternatives that arbitrarily constrain thEurthermore, we define the Q functi@tk), i.e. the modulus
phase. of the complex amplitude reflectance [see (17a)], as a Gaus-
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Fig. 2. Refractive index profile of a chirped graded-index dielectric mirror _. » ) )
design constructed by the use of Fourier transform [22] Fig. 4. Specified ashed and computeddontinuous linggroup delay of of
chirped graded-index mirror shown in Fig. 2

sian function:
5 (16) were:ko = 27/0.4pum~1, which corresponds to our se-
Q(k) = exp[— (k—ko) } ) (22b) lected mirror central wavelength &8pum; o = 1.4pm=1;
202 di =0rad d, = Opum; d3 = — 0.589um?. The refractive in-

. . dex of the surrounding medium has been sengo= 1.8.
Calculating the frequency-dependent displacema®xk) of T4 gptain high enough reflectances, we multiplied the right-
the refractive profile along theaxis using (19), one obtains: pand side of (16) by a factor of 8. With the method published

by Southwell [54,55]the refractive-index profile shown in
AX(K) = d1 +2d2(k — ko) , (23) Fig. 2 can be converted to a two-index solution by taking into
account dispersion of the coating materials as wefe two-
valued refractive-index profile obtained after the conversion
d1 + 2da(k — ko) can be used as an initial design for further refinement, which
2 ; (24)  will be discussed later in detail.

In Fig. 3, the computed reflectance of the chirped struc-
which is a linear function of the wave number, thus the anguture is presented along with the prescribed reflectance val-
lar frequency of the incident electromagnetic field. ues. It is worth noting that the structure exhibits practical-

Equation (23) shows that the different spatial frequencyy 100% reflectance from wave numbers 68B5um=1 to
components are shifted linearly along theaxis as a func- 9.35um~1, which correspond to wavelengths 6089um
tion of k, i.e. the second-order phase term in (22a) resultto 0.671m, respectively. Calculating the group delay intro-
in a chirped dielectric rugate structure, as shown in Fig. 2duced by the chirped mirror by using (20), the result of which
The parameters that we used during its computations witls shown in Fig. 4, we have found that the group delay de-
creases monotonously with frequency (or wave number) over
most of the high reflectivity band of the mirror. The mir-
ror exhibits nearly constant GDD over th&—9 um~1 wave

or equivalently, using (21):

p(K) =

10F 4 number range corresponding to the wavelength range from
A ] 1.0t0 0.7 um. We note that a constant group delay@f 2 x
" AN | 6.388um/ (0.3 x 10-2m/s) = 42.583fs has been added to
' K Y the prescribed group-delay values. The calculated group de-
) K R ] lay vs. wave number function of the chirped structure slightly
5 0.6 . . 1 differs from the specified linear function; however, the design
£ i N ) 1 can be utilized as a starting design for further refinement after
Q \ . .
E 0.4 N . - the conversion method mentioned above has been used.
z 02} . .
I K ' ] 2 Design of chirped mirrors consisting of discrete layers
0oF . ' o, ’ In this section, first we describe how to obtain an initial de-
s s 7 g 9 10 11 sign consisting of discrete layers from the formulae presented
" in Sect. 1.3: viz. we summarize the conversion methods pre-
WAVENUMBER (um”™) sented in [54,55]. Then we assume that we have an initial

Fig. 3. Specified @ashed and computed dontinuous ling reflectance of ~ design either Ob_tained by the use of Eourier tranqurmation
chirped graded-index mirror shown in Fig. 2 and the conversion procedure or by using other designs pre-
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sented elsewhere for further optimization [21, 28,56]. Our 24 ) '

aim is to find the best solution for a certain application prob- [ il
lem, bearing in mind the constraints on the parameters set 2.2
by the technology (e.g., the refractive indices of available.
coating materials, the upper and lower limits on the thick-§
ness of the individual layers, the maximum overall thickness
of optical coating), all of them depending on the technology:
utilized for coating deposition. Not losing the generality, weZ
restrict our treatment to the simplest practical case, in whicf
the (chirped) laser mirrors are built of alternate discrete layer§ | ¢ |
of a high-index TiO2) and a low-index$iO;) materials. 2 “HRH N b

AL

2.0

1.8

1.4

1 n 1 n i

-5 0 5
OPTICAL DISTANCE (2r/k units)

2.1 Conversion of graded-index chirped mirror structures to
discrete layer realizations

-10

We thought that it might be interesting to present the chrono-

logical development of chirped mirrors leading to the firstFig. 6. Refractive index profile of a discrete valued chirped dielectric mir-
designs consisting of nearly quarterwave layer3i@f, and o obtained by replacing the ghw) function with a sigiisin(kx)] function
SiO; [21,56]. First, we investigated the dispersive propertieén (25)

of dielectric structures derived from the formulae in Sect. 1.3,

and described by the following equation: the spatial chirp parameter as shown in Fig. 5. We assumed
2 the refractive indices on both sides of the dielectric structure
. NH X _ 1/2 i
N(X) = /NN exp{ In \/:exp(——2> be equal tanaye = (NN )~ <. The group delay functions were
ne 20 calculated by using the scattering matrix method [12, 13] after
. dividing the structure into 2048 sub-layers, which were as-
xSIh[X(ko+ClkoX)]}. sumed to have uniform refractive indices. As can be seen
in the figure, the group-delay functions exhibit a positive or
In (25),ny andn denote the maximum and minimum values negative slope vs. wave number (frequency), depending on
of the refractive-index profile function such thax)max =  the sign of the spatial chirp. Howeverjth some superim-
ny = 2.3 andn(X)min = N = 1.45, according to the actu- posed oscillatory behaviowWe found that the amplitude of
al upper and lower limits of the refractive indices available;this oscillatory behavior is connected with parameters such
x is defined as the optical distance similar to (15) (with-as the shape and widtlar) of the envelope functigithe chirp
out the multiplication factor 2) denotes the width of the parameterd;) and the amplitude of the refractive-index mod-
Gaussian envelope functioky denotes the wave number cor- ulation. It is worth mentioning here that a similar effect was

(25)

responding to our selected central wavelengy) {ulfilling
the Bragg conditiokg = 2k, wherek = 27/, andcy is a lin-
ear (spatial) chirp parameter. With the parameters 21/2

observed by Southwell [57] in the case of (non-dispersive) ru-
gate filters as well, in which the oscillation was considerably
reduced by groper choice of the apodization functidifits

andc; = +0.02, we obtained increasing or decreasing groupwell with our previous theoretical calculations: when super-
delay functions with the frequency depending on the sign oGaussian or rectangular apodization functions were used, the

250 v T v T T T T T v T

200

—
w
o

100

GROUP DELAY (a.u)

wn
(=

0.9 1.0 1.1 1.2 13

WAVENUMBER ( k = ky/2 units)

Fig.5. Computed group delay vs. wavelength functions of positively
(dashedl and negatively chirpedcontinuous ling graded-index profiles de-
scribed in the text. Thelotted curvecorresponds to the discrete valued
index profile shown in Fig. 6

oscillatory behavior was found to be even more pronounced.
It will be shown later that the same behavior of the disper-
sive properties was observed in the case of chirped dielectric
mirrors consisting of discrete layers.

Next we investigated similar structures consisting of near-
ly quarterwave-thick layers with appropriately chosen refrac-
tive indices similar to that shown in Fig. 6, i.e., the (3in
function in (25) was replaced by a sigim(x)] function
and the refractive-index modulation was kept constant with-
in a nearly quarterwave layer. The corresponding group delay
vs. wave number function is plotted in Fig. 5 with dots. This
gives practically the same curve obtained for the continuous-
ly varying refractive-index profile determined by (25) with
similar construction parameters. The group delay is comput-
ed for beam propagation to the direction of negative optical
distances.

It must be pointed out thdty reversing the order of the
deposition of the layer sequen¢a the direction of the in-
coming beam)we reverse the slope of the group delay vs.
wave number (frequency) functiah the chirped dielectric
mirror structure, and the following condition is approximately
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fulfilled: reflectors consisting of quarterwave stacks (i.e., quarterwave
chirped mirrors). In the former case, thin layers of thickness
(26) ti < A are immersed in a medium of a different refractive in-

’ dex. The thicknesg of theith layers permits one to adjust
ko+Ak the modulus of the elementary reflection coefficignh ac-
I11:ordance with the formula presented in Ref. [58]. The stack is
called halfwave because the optical distance between two ad-

xT

ko—Ak

R

wheretr denotes the group delay vs. wave number functio
of the spatially mirrored structureln practice, it means that jacent thin layers i4./2. However, when thin-film deposition

an initial chirped mirror design exhibiting a negative GDD technol ; d. the halfw tack soluti
can be easily converted to another design exhibiting a posicc/"0!09y IS concerned, the haltwave stack solution causes

tive GDD of the same absolute value by revising the layer Se!s_erious technological problems, such as mentioned above: the

quence, even in the case of chirped mirrors exhibiting a tWO[eIativer small thickness of the low refractive index layers

valued refractive-index profilen principle, for example, it compared to the high index components considerably increas-

would be possible to stretch and compress a bandWidtna_sthejnternal stresof the coating; stress of this nature easily

limited laser pulse to its original shape by properly designe&iestroys a coating consisting of a large number of layers. In

chirped mirrors when the pulse first hits the structure fronf:ddition to the standard (nearly quarterwave stack) chirped

the right-hand side (for stretching) and then from the |eft_d|electric mirrors with which we usually work, a combination

hand side (for compression). This feature directly 1nonowsofquarterwave Iayers and the thin layers mentioned above has
from (16) and (19) previously presented in [22]. Subsequentt-’eeln prodposed |nh[58]. h ful d th K
ly, similar “bulk chirped Bragg reflectors” for light-pulse n order 1o show the poweriuiness and the weakness

compression and expansion were proposed by Tournois aifj the Fourier-transform technique and the conversion rou-
Hartemann [58]. tine described above, we present a chirped mirror design

Let us mention here that if we assume we do not hav?eveloped for full dispersion compensation in the white-
a lower limit to the layer thickness, the refractive-index pro- ight continuum compression experiment described in [35].

file shown in Fig. 6 can be directly converted to a solutionB/ €fly. the estimated group delay dispersion of the white-

consisting of alternate layers of high- and low-index coating'9Nt continuum is=380fs at 600nmand decreases to
: : : : : ~ 220 < at1pm [35]. In order to compensate the nonlinear

materials (such a%iO2 and SiO,) exclusively with the use ; : . ; % o
of the first conversion formula presented below. The formuli?'rhprgilggi\zgngggunrg' g,[‘i\'/rep?Ddseﬁfﬁrg:umgrrimsOesxgébr']té”%_
shows that when two-layer materials with small enough optiﬁvge oD fromy600 nmtg 1500 nmwere dev%lo e% with theg
cal thickness (e.g.,.ﬂ_) in /4 units) relative to the qp_eration design method described above. We introduged a quadratic
wavelength X) are mixed, the composite layer exhibits an ef- tg  chi 1@ 10 (25 ' d modified th q |
fective refractive index between the refractive indices of the?P24&! CNIrp parametey, 1o ( ), and mo hed the envelope
two pure layer material, depending on their physical thickfunction in orde_r to obtain |ndgx modulation best fitting the
ness ratio. In (27)n; is the refractive index of thigh (nearly ~ COMVersion routine parameters:
quarterwave) layer andy andd,_ denote the physical layer ko nH x4
thicknesses of the elementary sublayers [54]: Nn(X) = /NHNL exp{a m In \/njLexp <—?>

2 _ M (27) X Sin[x(ko + C1kox + czkoxz)]} , (29)

! dn+d

H =+ 0L

Practical realization of such structures depends on the accff"€r€ N(X)max = ny = 2.315 andn()min = N = 1.45,
=2x27/0.8um™+ corresponding to our selected cen-

racy in the thickness measurement of the coating depositi
Y1 ! u Ing dep IItral wavelength of800nm o = 5.49um, ¢; = 0.05 and

hnol lied. : X . . .
technology applied > = —0.002 are dimensionless linear and quadratic spatial

In general, we prefer optical coating designs consistin hi —135isadi ionl litud d
of nearly quarterwave layers for technological purposes (e.gc/!"P Parameters = 1.35 is a dimensionless amplitude mod-
lation factor. In Fig. 7, the refractive-index profile obtained

minimizing stress in the coating, thickness control accuracy rom (29) is shown. First. the graded-index structure was

Using the results published in [54, 55], it is possible to conver p ind val h fractive-ind
structures consisting ™ layers of different refractive indices CONVerted to a step-index equivalent whose refractive-index
profile is shown in Fig. 8. Second, the step-index profile was

h h in Fig. 6) i -i [uti i : . . X
(such as shown in Fig. 6) into a two-index solution ConSIStconverted to a two-index equivalent (Fig. 9) by using (28a, b).

ing of 2N layers: we must convert all layers into HL (or LH) = h ionina h hat th : . |
equivalents by using the following equations for the physicalt 'S Worth mentioning here that the conversion routine results
In a very interesting structure: the highest index modulations

layer thickn nddi . 2 :
ayer thicknesses, 1 anddi. in the step-like index profile are converted torg4 stack

n2 —n2 of high- and low-index materials, whereas the lowest mod-
din= 'zi'édi, (28a) ulations are converted ta/8 stacks exhibiting practically

Ny —ng zero reflectivity at wavelength, as shown in Fig. 9. Between
di=d—dHn, (28b)  these two extremes, the optical thickness of the alternating

high- and low-index layers gradually changes, resulting in
Alternative methods of constructing two-index realizationa smoothly varying coupling coefficient over the layer struc-
may also be based on the recent work of Tournois [58]. Iture. Note that partial reflectances at layer interfacesigfla
is worth pointing out that in [58], two basic solutions were stack meet in phase, resulting in a high overall reflectivity,
proposed: (i) chirped Bragg reflectors consisting of halfwavevhereas in a /8 stack they meet in anti-phase resulting in
stacks (i.e., halfwave chirped mirrors), and (ii) chirped Bragca low overall reflectivity. Computed group-delay functions
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Fig. 9. Optical thickness coefficients of the two-index HL equivalent layers
Fig. 7. Refractive index profile of an ultra-broadband gradient chirped di-corresponding to the step-index profile shown in Fig. 8. Note that the high-
electric mirror corresponding to (29). The mirror was developed for full dis- €St @mplitude index modulations are converted basically/#stacks while
persion compensation in the white-light continuum compression experimerihe lowest index modulations correspondiy® stacks

described in [35]
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Fig. 8. Refractive index profile of the step-index equivalent of the graded-?(lj%?tesdhﬁ\r"vg in Fig. 7 gontinuous ling Fig. 8 (dashed ling and Fig. 9

index profile shown in Fig. 7

1.1 T y T T T T T
and reflectance vs. wavelength functions of the graded-index 1 ¢
structure, the step-index structure, and the two-index equiv-
alent are plotted in Figs. 10 and 11. As one would expect,
the graded-index structures exhibit nearly ideal reflectance 0-8 |
and group delay functions and the step-index equivalent stif§ 0.7
shows a very similar spectral response, in spite of the higkt ¢ [
partial reflectances at the layer interfaces. The two-index
equivalent, however, is far from being an ideal solution to ourﬁﬁ
application problem because of some resonant features gg— 0471
curring in both the reflectance and the group-delay spectrung o3 |
Additionally, the structure still requires impedance-matching , [
layers at the substrate—coating and air—coating interfaces.
After a computer optimization process, described in Sect. 2.2,
however, it was possible to eliminate the resonant structures 0.0
in both the reflectance and group delay functions (see Figs. 12
and 13). Oscillations in the group-delay function has been WAVELENGTH (nm)
efficiently reduced by depositing two similar chirped mirror g 11 computed reflectance vs. wavelength functions of the index profiles
designs with slightly shifted central wavelengths and usinGhown in Fig. 7 ¢ontinuous ling Fig. 8 dashed ling and Fig. 9 @otted
them in pairs (see Fig. 13). As a preliminary experimental rekne)
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Fig. 12. Computed reflectance vs. wavelength function of the two-indexrig 14, Measured interferometric autocorrelation trace of a white-light con-
equivalent after adding impedance mathing layers at the substaté\g  (inyum being compressed merely by 4 pieces of ultra-broadband dispersive

and coatingair interfaces and after computer optimization chirped mirrors (see the experiment described in [35])
L] T 1 ¥ I 1
14°f the case of chirped mirror structures consisting of nearly
120 b i quarterwave layers, however, it was difficult to find an ex-
] act analytical solution to the problem. Practically, it is an
@ 100t P 1 impedance-matching problem that we usually face when de-
- e 1 signing AR coatings or dichroic mirrors that are transparent
S 80 i P ) for the pump wavelengths. A straightforward way of solv-
B ol ing the problem is properly choosing the optical thickness of
& i a limited number of top and bottom (impedance-matching)
o 4op layers of the design. In practiceumerical optimization pro-
<} I cedures were useth order to obtain suitable solutions of
2or different application problems.
ol Numerical procedures are widely used for optical coating
L . ! L ! L design. For a review on these, see the paper by Dobrowol-
600 700 800 900 1000 11001200  gky and Kemp [60]. Most of the optimized coating designs
WAVELENGTH (nm) are obtained by using the so-called simplex method [60];

Fig. 13. Computed group delay vs. wavelength functi@or{tinuous ling h_owever, f_OI’ thanitial gIObaI S.earch.SIO\Ner but mor.e effi-
of the two-index equivalent after adding impedance mathing layers at théi€nt algorithms such ageneralized simulated annealiff,
substratgcoating and coatinir interfaces and after computer refinement. 62] or thegenetic algorithm(GA) [63] are proposed. Nev-
Combination of two such chirped mirrors with slightly shifted central wave- ertheless, the efficiency of each of the methods mentioned
lengths results in lower oscillation in the overall group delay functege(  ghove strongly depends on thoper choice of the tar-
dashed ling get function and the performance (or merit) functiakd-

ditionally, one has tqroperly define the parameter space
sult, 6-fs pulses were obtained in the experiment describeevhere the best solution of a specific application problem
in [35] with the exclusive use of 4 pieces of dispersive mir-must be foundin accordance with the technology to be
rors. A typical measured autocorrelation trace is shown iused for the coating deposition. In the following, this pa-
Fig. 14. rameter space is called ttsearch spaceln general, it is

a 2N-dimensional space, whebl¢ is the number of layers in

the system to be synthesized. One solution of the problem
2.2 Computer optimization of the design (a coating design) is described as H-Bimensional vector

X ={(t1, n1), (t2, n2), ..., (tn, NN)}, Wheret; andn; repre-
There is a practical problem in connection with the Fouriersent the thickness and the refractive index ofithelayer of
transform technique described above: the dielectric layerthe system, respectively. To obtain realistic solutions, the re-
are deposited on a substrate, e.g., on BK7 glags(1.51) fractive indices and the thickness must satisfy the following
or fused silica s = 1.45), whose refractive indices do not constraintsn. < n; < ny, and O< t; < tyax for eachi value,
fit the average value of the two coating materials used fowhereny andn, correspond to the highest and lowest refrac-
evaporation. By way of contrast, the situation is even worséive indices available. Without going into detail and referring
on the opposite side: the refractive index of air i€.1ln  to some previous work [21,56], we define below two gen-
the case of graded-index (e.g., chirped graded-index) strueral performance functionfor the amplitude and the phase
tures, the problem can be efficiently diminished by the us@roperties, which are denoted &, andMgpp, respective-
of quintic matching layers, which is described in [59]. Inly. In practice, we have always had to find a compromise
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between the tolerances corresponding to the amplitsi®e ( 26 ' ! ! ! '
and the dispersivesDgpp) properties, whose overall value 24} .
must be minimized by any of the optimization methods men- .k ]
tioned above. The performance functions are defined by the =
following equations: =2 20F .
g2 ]
1P ) o L8F .
MR(X) = = > {[RGj) = Ropt(2))] /6R }°. (30) & 6l ]
j=1 3 !
J < 14k ]
1< B0 .
Mepp(X) = — Z{[DGDD(/\J’) 212} -
p =) ! ]
) 1.0} L 4
— Depp.opT(A))]/8Deop,j} . (31) ogl—0 L ]

0 2 4 6 8 10

where R(%j) and Ropt(4j) are the calculated and desired
OPTICAL DISTANCE FROM SUBSTRATE (um)

reflection values, respectively, of the actual layer structure
(fully described by vectorX) at wavelength)j. Similar-  Fig. 15.Two valued refractive-index profile of a chirped dielectric laser mir-
|y, DGDD()»j) and DGDD,OPT()»j) are the calculated and ror designed for full dispersion compensation in a mode-lockeshpphire

i - ; ; _ s2 2 laser. Optical thickness coefficients of the design are [56]:
desired group delay dlsperSIOIDéDD = 8%/bw ) values S|0.87L 1.14H 1.58L 0.98H 1.18L 1.45H 0.75L 0.96H 1.57L 0.85H 0.73L

at wavelengthi;. Here ¢(w) denotes the phase changeggay 1.450 0.85H 1.31L 0.69H 1.30L 1.29H 0.69L 1.30H 0.81L 1.07H
upon reflection from a dielectric mirror at frequensyFor  1.25L 0.67H 0.81L 0.96H 1.35L 0.88H 1.03L 1.09H 0.62L 0.66H 0.87L
oblique angles of incidence®(j), Ropt(%j), Depp(%) é'lebOt'GZtL 1.21?501.62_ 0.43H o.sal3(|)_1£7H(§).Z8L 0.1t6H | A. | f
and Dgpp,opT(*j) should correspond to the actual and de->: sudstraténs = Lo, A: air, na = L0, 1 and L. quarterwave 1ayers o
sired reflectivities and the calculated and desired group-delayC? andSiOz respectively, ak =790nm ny = 2.315,n, =145
dispersion functions for s- or p-polarized light, respectively.
The novelty of our construction method is in the use of the

merit function defined bg81); to the best of our knowledge, 0 T . T - . . . . T
this has never been used before the publicatidd bf56]for
optical coating designd.et us comment on why the GDD
vs. frequency (or wavelength function) is usually preferred
compared to the phase vs. frequengy])] or group delay

(t = 0¢/0w) vs. frequency functions. Operation of a fem-

tosecond laser depends on the intracavity GDD rather thaa
the round-trip time in the cavity, as discussed in Sect. 1.5 -40f 1
Upon reflection of the laser light from a (chirped) mirror, > ]

a constant group delay changes the round-trip time by only5
a few femtoseconds, which is very small compared to thed 6ol 4
whole round-trip time of a (usuallft-m to 2-m long) lin- )
ear or ring cavity. Fixing the desired value of the group g
delay at a certain wavelength, we restrict the number of pos® %0 , ) , ) , ) , . ,
sible solutions, if they exist at all. However, using additional  ~ 700 750 800 850 900
performance functions corresponding to higher-order deriva-

tives of thep(w) function, such as the third-order dispersion WAVELENGTH (nm)

(TOD = 83¢/dw?), could be advantageous in some specificFig. 16. Computed group delay dispersion of the chirped mirror design
cases. shown in Fig. 15

20 F i

ERSION (f)

in [56]. The design was developed for full dispersion control
2.3 A numerical example in a femtosecond pulsE:sapphire laser [64]. Enhanced ver-

sions of the chirped mirror design shown in Fig. 15 were used
As an example [21,56], let us take one of our first designsin the experiments described, for example, in [23, 35, 64, 65].
which were obtained by optimizing the layer thickness ofThe mirror exhibits high reflectivity and a nearly constant
an initial, spatially chirped and randomized mirror structurenegative GDD of—41+5 fs> over a wavelength range from
consisting of 42 alternate discrete layersTaD, and SiO, 720 nmto 890 nm) the computed GDD of the design is shown
with optical thickness around/4. In this particular case, we in Fig. 16. The structure still shows the increasing multilayer
worked with 42 D vectors only, since the refractive-index val-period toward the substrate, hence we call it a chirped mirror,
ues of the individual layers were not changed during the optieven though the variation is far from what we can consider
mization process. The refractive-index profile of the structureegular spatial chirp.
is shown in Fig. 15. It was obtained after several optimization  If the electric-field distribution inside this chirped mirror
processes with different target functions according to the diss computed as a function of the wavelength, as shown in
persive properties of previous solutions. The correspondingig. 17a, it can be seen that the penetration depth (and thus the
optical layer thicknesses are given in the figure caption androup delay) increases approximately linearly with the wave-
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Fig. 17a,b. Computed elec-
tric-field distribution as a func-
tion of wavelength ing) the
chirped dielectric structure
shown in Fig.7 and in
(b) a 44-layer low disper-

0~ r i , sion dielectric mirror con-
sisting of alternating quar-
550 950 terwave layers ofliO, and
a WAVELENGTH (nm) b WAVELENGTH (nm) Sio,

length over th&20-nmto 890-nmrange. For the electric-field to vary approximately linearly with frequency over the high-
calculations, the results presented in [66] were used. Theeflectivity range, the corresponding upper estimate for the
figure also gives clear evidence of the high reflectivity ofGDD is simply given by the ratio ofAtmax to the mirror
the mirror, as indicated by the disappearance of the opticdlandwidthAw. For the specific case dfiO,—SiO, mirrors
field at the substrate-coating interface (penetration depth 83entered around.8 um, we have approximatellyy = 4 um
For comparative purposes, the electric-field distribution in{21 quarterwave layers) yielding apprafzmax = 27 fs for
side a traditional, low-dispersion dielectric mirror consistingour 8-um-thick structures, which is in reasonable agreement
of 44 alternate quarterwave layersia©, andSiO, and cen-  with the results presented in [21]. With the number of layers
tered at770 nmis depicted in Fig. 17b. The penetration depthfixed, Atmax scales linearly with the chosen central wave-
and thus the group delay is smallest at the central wavdength of the dispersive mirror. For a selected operating wave-
length of the quarterwave mirror and symmetrically increasekength, Armax and thus the magnitude of broadband negative
with the detuning. This behavior results in quarterwave mir-GDD can be increased only by increasing the number of lay-
rors having a positive third-order dispersion (TOD) [14]. It is ers, this number being limited by scattering and absorption
clear that if one compares the electric-field distributions corfosses due to structural defects and impurities in the deposited
responding to the chirped mirror and the quarterwave mirrofayers, respectively [14].
chirped multilayer coatings have the potential for extending
the bandwidth of standard low-dispersion quarterwave mir-
rors. We note here that ultra-broadband chirped dielectric2.4 The effect of deposition errors
laser mirrors “must” have a certain positive TOD as well
because of the same physical reason. This is why the uselul this section, we assume that we ended up with a design
range of the design presented in Sect. 2.1 is narrower than itsonsisting of alternate discrete layers of high-index (H) and
high reflectivity rangésee Figs. 12 and 13). low-index (L) materials after the optimization process. Before
The maximum achievable negative GDD of chirped mir-deposition of such a structure, the following questions arise.
rors is limited by the maximum group-delay difference thatCan the design tolerate the inaccuracies in the layer thickness
can be obtained between the extremes of the reflectivitfand the refractive indices) appearing during the deposition
range. This in turn relates to the optical thickness of theorocess? If the answer is no, can we make a better design ex-
coating. A simple approximate expression for the maximunhibiting lower sensitivity for deposition errors? Alternatively,
achievable group-delay difference was presented in [21]:  can we improve the control of thickngssfractive index in
our evaporation plant? In order to demonstrate the impor-
2(tchirped— tqw) tance of these questions, we analyse the chirped mirror struc-
ATmax= e (32) ture shown in Fig. 15. We calculated the average deviation
of GDD from its theoretical value when each layer thick-
where tehirped i the optical thickness of the chirped mir- ness was varied by-1% of the corresponding quarterwave
ror andtqy is that of a standard quarterwave high reflectodayer: Atj = 40.0025x10/n;. In our example, the reference
(R > 99.5%) consisting of the same pair of alternating layerwavelength is.gp = 775 nmand the refractive indices @O,
materials. In simplified physical terms: the required high re-and SiO, are ny = 2.315 andn_ = 1.45, respectively. Dis-
flectivity of the dispersive mirror calls for a minimum optical persion data were calculated for the wavelength range0f
thickness otqw, and only excess layers can introduce an apto 890 nm The result is shown in Fig. 18. The striking fea-
preciable frequency-dependent group delay around the centirre of the plot is that dispersion tiie design is extremely
of the high-reflectivity band. If we assume the group delaysensitive to deposition errar§or some layers the deviation



present representative GDD data corresponding to elements
of a mirror-dispersion-controlled (MDCJ)i:S oscillator [68].
Generally, the apparatus we use is a Michelson interfer-
ometer [38] illuminated by a white-light source (tungsten
halogen lamp). We place a low-dispersion gold mirror in the
“reference” arm and the chirped dielectric mirror to be meas-
ured in the “sample” arm. When one of the mirrors is tilted
around a horizontal axis and the other mirror is vertical, hor-
izontal interference fringes are generated by each spectral

— —
[\ o~
L1

—
o
P '

AVERAGE ERROR IN GDD (fs?)
(=2}
i

4 component of the white-light source at the exit plane of the in-

T terferometer. A transmission grating and an achromatic lens
2‘_ are used to create the spectrally dispersed image of a ver-
0 tical section of the superimposed “white-light” interference

10 20 30 40 fringes on a CCD array; the section is created by a verti-
LAYER cal slit. The interference patterns corresponding to different

wavelengths are linearly dispersed in the horizontal direction,
as shown in Fig. 19.

In the case of Fig. 19a, a pairdiirped mirrors developed
for full dispersion control in a mode-lockedi:S oscilla-
from the prescribed dispersion value is, on average, as high & [21, 23, 56, 64, 68] were placed in the “sample” arm of the
15 <%, which is approximately0% of the prescribed value. interferometer. To record the image shown in Fig. 19b, how-
It is mentioned that the estimated variation of the layer thickever, a pair of chirped mirrors developed fopasm pair
nesses is a realistic value in our model; this estimated valuehirped mirror compressof25, 33, 38] exhibiting negative
can be applied for most evaporation plants. We do not nee@DD with a superimposed positive TQIas used.
to mention that we were extremely fortunate with the dis- The period of the interference fringes in the vertical direc-
persive properties of the chirped mirrors used for our firstion is proportional to the wavelength when ideal flat mirrors
experiments; see [21,64]. How can one improve the situare used for the measurement. If the mirror in the sample arm
ation? The answer is, first, by a better design that exhibita/ere to have no phase dispersion, the vertical pixel positions
a lower sensitivity to the deposition errors. Here we refer tacorresponding to the same phase difference, e.g., minima and
the recent work by Greiner [67], who developeibust op- maxima, would be a linear function of the wavelength [38].
tical thin film designs that are insensitive to the variation ofBecause of the second-order phase shift of one sample mir-
layer parameterdy applying different search strategies. Theror (a) and the second-order phase shift with superimposed
design methods described in [67] can be adapted to our appfositive third-order dispersion of the other mirror (b) we were
cation problem as well. Second, the situation can be improveable to record the images shown in Fig. 19.
by applying enhanced thickness control during the evapora- By storing and computer-processing the spectrally re-
tion. The final solution to the problem, however, is based orsolved interference pattern detected on the CCD, we can
the development of highly accurate methods for dispersiorasily obtain the group delay and GDD versus wavelength
measurement on laser mirrof88, 39]. In the following, we  functions of the sample mirrors within a few minutes by using
briefly introduce our dispersion measurement apparatus arapersonal computer.

Fig. 18. The effect of deposition errors on the GDD vs. wavelength function
of the chirped mirror design shown in Fig. 15

T VERTICAL PIXEL POSITION T VERTICAL PIXEL POSITION

Fig. 19a,b. Spectrally resolved white-light in-
terference fringes recorded on a CCD, when
pairs of @) chirped mirrors with a pure nega-
680 780 880 680 780 880 tive quadratic phase and)( chirped mirrors
with negative GDD and superimposed positive
TOD are placed in one arm of a Michelson in-
terferometer illuminated by a tungsten halogen

a  WAVELENGTH (nm) b  WAVELENGTH (nm) lamp [38]
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M7 deposition with high accuracy, and by proper selection of
the mirrors, it is possible to realize a nearly optimum GDD
vs. wavelength function for most of the application problems
mentioned above [23-25, 35, 36, 64, 65, 68].

2.5 Defining the target function for different application
M4 problems

Let us continue dealing with the designatfirped mirrors de-

M2 ] M1 Veloped for modelocked femtosecond pulse solid-state laser

Pump 532 nm

oscillators and parametric oscillators, when chirped mirrors
provide exclusively the negative dispersion in these cavi-
ties i.e., we continue our treatment with mirror-dispersion-
controlled oscillators [23, 24, 26, 27, 29, 56, 64, 65].

h
U

R =-50 mm Ti:S R =-50 mm

Fig. 20. Schematic laser setup of a mirror-dispersion-controlled KNG
laser [68]

2.5.1 Low-loss chirped mirrors for a su#B-fs Cr.LiSAF and

As an example, we present the measured GDD versuSr:LiSGaF lasers. In order to design a compact laser set-
wavelength functions of some chirped mirror pieces used tap comprising only chirped mirrors for intracavity dispersion
build a MDC Ti:S laser pumped by a Millennia (Spectra- compensation [27,56], precise knowledge is required of the
Physics, Inc.) laser at the Advanced Photon Research Cedispersion data not only of the dispersive mirrors [38, 39]
ter of the Japan Atomic Energy Research Institute (Ibarakibut also of the laser active materials utilized. During our
Japan) [68]. Figure 20 illustrates the schematic laser setuptudies, however, we were unable to find dispersion data on
The laser exhibits a standard linear cavity [64,65] comprissome laser-active materials, e.@r:LiSGaF, alternatively,
ing a2.1 mmlong (optical path)Ti:S crystal (Crystal Sys- the dispersion data we found in the literature did not fit our
tems = 6 cm 1) whose dispersion is compensated by sevemeasured data in some other cases, e.g., in the case of the
reflections from chirped mirrors in one round-trip. M1 and Cr:LiSAF crystal. Moreover, we observed strong dependence
M2 are standard quarterwave mirrors that are transparent fof the measured GDD on the doping concentration/and
the pump wavelength (alternatively, these pump mirrors cathe supplier of the crystal [69]. We mention the striking situ-
be replaced by curved chirped mirrors since these too araion we faced when we started dealing wittodelocked
transparent for the pump wavelengths and have similar disviDC Cr:LiSAF lasers In Fig. 22, measured GDD vs. wave-
persive properties to those of the flat chirped mirrors). Meadength functions are plotted fdfO-mm long LiSAF crystals
ured GDD functions of the chirped mirror pieces are plottedwith differentCr doping concentrations: (1).8% (Lightning
in Fig. 21. We use four reflections from mirror M4 (dotted Optical Corporation), (iiR.0% (Strathclyde University, Glas-
curve), two reflections from M5, and one reflection from M3.gow). The crystal dispersion was measured at the Brewster
The overall GDD originating from these chirped mirrors isangle for extraordinary rays by the method described in detail
also plotted in Fig. 21 (continuous line). It is seen that then [69]. It can be seen that the measured GDD vs. wavelength
overall GDD of the chirped mirrors is a nearly constant func-function considerably depends on the doping concentrations.
tion from 740 to 860 nm i.e., by measuring the GDD vs.
wavelength functions of each chirped mirror piece after the

500 , T T
* ——— 1 [ - - - -measured, 2.0 % doping
e — 400 | — — measured, 0.8 % doping .
STee— =T - s T3 e _:__ | | — calculated
_— . S
« -loof . ‘@ 300F el .
] = h——_ T Tt. -
< | | E P Tme—e T
8 A 2000 T T T E
-200 . A L ]
8 O
2| ] 100} 1
Z L ]
E -300 i ] 0 n 1 i 1 i
750 800 850 900
WAVELENGTH (nm)
_400 1 i 1 i 1 i 1 2 | n 1 n 1 1
720 740 760 780 800 820 840 860 Fig.22. GDD vs. wavelength functions plotted f@mm by 5-mm long
WAVELENGTH (nm) LiSAF crystals with differenCr doping concentrations: (0.8% (Lightning

Optical Corporation), (ii)2.0% (Strathclyde University, Glasgow). Disper-
Fig.21. Measured GDD vs. wavelength functions of the chirped mirror sion of the crystals was measured at the Brewster angle for extraordinary
pieces used for building the sul-fs Ti:S oscillator shown in Fig. 20 rays. The calculated values correspond to the Sellmeier formula (see [3])
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This dependence could also be derived from the Kramersreflection delay. The first possibility was experimentally test-
Kronig relation. For comparative purposes, the calculate@éd by depositing dielectric high reflectors with different coat-
GDD values corresponding to the Sellmeier formula presening materials and deposition technologies, the result of which
ed in [3] are plotted as well. Since the pulse duration ofis demonstrated in Fig. 23a,By properly choosing the sub-
mode-locked solid-state lasers depends strongly on the intratrates, the coating materials and the technology for coating
cavity overall negative GDD, which is related to their soliton-deposition, we were able to considerably decrease the sur-
like pulse-shaping mechanism, thember of reflections from face roughness of our mirrorgzurther technical details on
the chirped mirrors and their nominal GDfeflection value the coating deposition technology are available in [14]. The
have to be chosen in accordance with the actual dispersiomaximum value of the GDD vs. wavelength function is trad-
of other intracavity elements such as the laser active meded off against the bandwidth of the mirror, as follows from the
um [27]. Accordingly, the target function defined by (31) definition of the GDD:

must be derived as dr

At
D =—=— 36
. —(Dcpp,MEAS(A)) + |ADGpD,RES]) PP =40 T Aw (36)
Dcpp,opT(A)) = , ) " .
m (33) In other words, a certain amount of positiiespp meas IN

the cavity [see (33)] calls for a minimum negative GDD orig-

wherem is the (integer) number of reflections from chirped Nating from the chirped (or Gires—Tournois [26]) dielectric
mirrors in the cavity per round-tripDapp,veas(hj) is the mirrors for dispersion compensation. The reflection losses at

measured overall (positive) GDD vs. wavelength function of
other cavity elements, andDgpp res iS the absolute value
of the optimum overall (negative) GDD for mode-locked op-
eration.

With precise information on the dispersion ©f.LiSAF
and Cr.LiSGaF crystals obtained by measuring their phase
shift vs. wavelength functions in the frequency domain [69],
we were able to construct compact MDC laser oscillator
delivering sub20-fs pulses directly from the laser oscilla-
tors [27], which are suitable for direct diode pumping.

Whendefining the search space and the target function r
an additional important technological issue is the reflectio =f
losses on the chirped mirrardn a diode pumped, mode- } :
locked fs solid-state laser, the reduction of the reflectiorp ™
losses in the cavity is of primary importance. Let us recall thaj®™
the optical quality of substrates is described by the rms (roof
mean-square) roughness)( According to [70] (and assum- |
ing a wavelength-independent reflection delayret 1 fs),
the reflection lossesAR,) of high reflectors corresponding
to a rms surface roughness<an be described by the follow- L
ing formula at wavelength: a

2
AR, () = (4”0) . (34)

A

The results of (34) are the following. (i) The scattering
losses decrease towards the longer wavelengths. (ii) A lovg=ss
er surface roughness (originating from the higher quality o
the substrates or from the higher density of the deposited la
ers) reduces the scattering losses. In connection with (i),
recall that in chirped dielectric mirrors intended for intracav-
ity use, the group-delay increases towards the longer wavg
lengths. Furthermore, it was shown in [14] thatdielectric |
high reflectors, reflection losses are proportional to the re
flection delayat a certain wavelength when the same coating
materials and deposition technology are used for each reflefp
tor. Accordingly, the wavelength- dependent reflection losse},
at chirped (or any other dispersive) mirrors can be written agy

AR = AR, (M) (1) . 3) P
ig. 23a,b. Atomic Force Microscopy measurements on chirped laser mir-
As a result, reflection losses at chlrped mirrors can bg ors using different coating materials and technologies for coating de-

minimized by (i) reducing the surface rOUghnes$ 0f the  position. The lower grain size results in lower scattering losses of the
chirped mirrors and (ii) reducing the maximum value of themirrors
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Fig. 24. Measured GDD vs. wavelength function of chirped mirrors de-
signed for sut20-fs Cr.LiSAF andCr:LiSGaFlasers [27] Wavelength (nm)

Fig. 25. Transmittancedolid line) and group delaydashed ling of an ultra
. . broadband CM vs. wavelength. Optical thickness coefficients of the design
the mirrors, however, can be reduced by reducing the ovegre [71]:

all group delay on reflection, which can be minimized at theS | 1.31L 1.70H 1.43L 0.66H 1.55L 1.45H 1.04L 1.20H 1.14L 1.32H 1.47L

xpen fthe r ndwidth«f). For the experimen 0.99H 0.97L 1.17H 1.46L 1.15H 1.18L 1.11H 1.09L 1.08H 1.11L 1.33H
expense of the reduced bandwid or the experiment 1.19L 0.91H 1.11L 0.96H 1.05L 0.83H 0.93L 1.11H 1.01L 0.98H 0.85L

described in [27], chirped mirrors exhibiting & GDD per re-;'gq 5791 0.99H 0.80L 0.93H 0.96L 0.60H 0.69L 1.09H 0.97L 0.41H
flection of = —80 fs* from 800to 900 nmwere constructed. o 591 1.35H 0.90L 0.10H | A

The measured GDD vs. wavelength function of the mirrorss: substratens = 1.51; A: air, na = 1.0; H and L: quarterwave layers of
is shown in Fig. 24. Both of ou€Cr.LiSAF and Cr.LiSGaF  TiOz andSiO, respectively, at =790 nm ny = 2.315,n =145
lasers both delivered sutf-fs pulses from an extremely
compact mirror-dispersion-controlled cavity capable of direct
diode pumping [27]. The Optical thickness coefficients of the design are listed
in the figure caption [71]. The theoretical smooth variation

2.5.2 Ultra-broadband chirped mirrors for broadly tunable of group delay vs. frequency of the UBCM'’s is plotted in
femtosecondi:S lasers and pulse compression experimentsFig. 25. We verified the dispersive properties of the chirped
One of the main practical complication factors in connectiormirror coatings after the deposition process by using the
with using broadly tunable cw, ps and fs laser systems is thehite-light interferometric technique described in [38]. These
lack of ultra-broadband, low-loss dielectric high reflectors formirrors were designed to have an average negative GDD of
feedback in these systems. Fluorescence bands of broadbar80 f& and a positive TOD of+75fs® around800 nmto
laser active materials such as:S [1] are usually covered ensure nearly ideal dispersive conditions for mode-locked op-
by several low dispersion quarterwave mirror sets that musration. The considerable extension of the high reflectivity
be replaced when these lasers are tuned out of the (relativezange of the CMs was achieved at the expense of a slightly
ly narrow) reflectance band, which complicates the practicahigher fluctuation in the negative GDD, which, however, does
application of these or similar laser systems, such as OPOsnot affect the formation of pulses longer thahfs

Recently, we succeeded in solving the problem by devel- In order to demonstrate the performance of the UBCMs,
oping ultra-broadband chirped mirrors (UBCM) for a broadlywe replaced all mirrors, except the output coupler (OC) but
tunable cw and ultrafadii:S laser [28]. The main difference including the dichroic pump mirror, by UBCMs in odii:S
during its design compared to previous designs was that wiaser. TheTi:S laser is continuously tunable fro®81 to
required a high transmittance at the pump wavelengths, i.e1013 nmin cw operation with only one change of the output
Rop1(%j) = 0 in (30), and we allowed a higher tolerance in coupler (OC). The wavelength dependence of the cw output
(30). power is similar to the one in mode-locked operation (Fig. 26)

Figure 25 shows the calculated transmittance of one ofvith a maximum ofL.34 W at 770 nm The wavelength range
our present state-of-the-art UBCMs. A high reflectivi£  of cw operation agrees quite well with the calculated high-
99%%) from 660 to 1060 nmwas obtained for normal inci- reflectivity range of the UBCMs.
dence by computer optimization that covers most of the flu- Figure 26 shows the measured output power over the tun-
orescence band of th&i:S. The mirrors are designed for ing range 693 nmto 975 nm) in mode-locked operation. The
high transmissionT > 90%) at the pump wavelengths 488  plotted output power was measured with the pulse duration
and 514 nmin order to test the UBCMs in a f§i:S laser kept constant at abo@86 fs In practice, we were not able to
system (Coherent MIRA 900) pumped by a multili@® W  observe any decrease in the laser output power when using
ArT-laser (Coherent Innova 400). the UBCMs instead of /4-stack standard type mirrors. The

This specific design is built up of alternating layers ofintracavity negative GDD required for mode-locked opera-
SiO; andTiO3 as the low- and high-index materials, respec-tion is provided by a standard Brewster-angled prism pair
tively, with optical thicknesses varying around a quarter ofand the UBCMs. This hybrid solution is necessary since the
800 nm corresponding to our selected wavelength regimenegative GDD of practicable UBCMs is too low to compen-
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Fig. 26. Output power doty and pulse durationd@ashed ling of the O
fs-Ti:sappire laser using ultra-broadband chirped mirrors. For intracavity 10 7
dispersion control, a standard Brewster-angled prism pair made of SF10 —
glass was used in a Coherent MIRA 900 laser with a prism separation of ) . , ,
60 cm[28] 0 ’
700 800 900 1000 1100
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sate for the POS'“Ve material GDD Of_ thh}mml_ong Ti:S Fig. 28. Group delay of a three-component ultra broadband CM vs. wave-
CrySta| Used In our |asel’ Setu-ﬁﬁe hyb”d dISpeI’SIOI’]-COI’]tI’0| |eng[h deve|0ped for a broacﬂy tuna[jﬁ{sapphire laser

system combines the advantages of the CM approach, which

allows higher-order dispersion compensation for relatively

long crystals, and the continuous variation of the GDD by thea nearly ideal group delay vs. wavelength functions in hybrid
prisms[25]. white-light-continuum compression schemes.

Recent results show that in combination with prism pairs, One can use all of the dielectric mirrors at oblique angles
the presented ultra-broadband chirped mirrors [28] with propef incidence in extra-cavity broad spectrum laser applica-
erly chosen third- and fourth-order dispersion functions aréions, such as in pulse-compression schemes. It is well know
well suited for white-light continuum compression below from thin-film theory [13] that the effective refractive indices
51s[35, 36]. of the layers also depend on the angle of incidence and the

In order to take an example for dispersion control up topolarization of light:
the fourth order, we present the computed transmittance and
group delay functions of an ultra-broadband chirped mirroms e = ncoss, (37a)
design composed of three different layer materials in order to n
minimize reflection losses. The mirrors were required to bé'p.eff = cosd (37D)
transparent arounsi32 nmand to have high reflectivity over
most of the fluorescence band TGfsapphire. The computed wheren andé denote the refractive index of thth layer and
transmittance vs. wavelength and group delay vs. wavelengthe angle of refraction in thih layer, andns andnp stand
functions are plotted in Figs. 27 and 28. The ultra-broadbanfbr the effective refractive indices for s- and p-polarized light,
chirped mirror exhibits negative GDD, positive TOD and pos-respectively. In effect, it results in broader reflectance bands
itive FOD (= 9%p/dw®) around800 nm as shown in the fig- and higher reflectivities for s-polarized light and narrower re-
ure. Combination of such mirrors with prism pairs results inflectance bands and lower reflectivities for p-polarized light
a nearly constant overall negative GDD in the laser cavity, om case of standart/4 stacks [13]. A recent study on broad-
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Fig. 27. Transmittance of a three-component ultra broadband CM vs. wavi

€ig. 29. Refl f a three- [ M vs. -
length developed for a broadly tunatiesapphire laser ig. 29. Reflectance of a three-component ultrabroadband CM vs. wave

length computed for s-polarized lightdntinuous lingand p-polarized light
(dashed ling at oblique incidenced(= 45°)
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Fig. 30. Group delay of a three-component ultra broadband CM vs. waveFig. 31. Measured GDD vs. wavelength function of a chirped mirror man-
length computed for s-polarized lightantinuous lingand p-polarized light ~ ufactured for higher-order dispersion control in a self-starting, soft aperture

(dashed ling at oblique incidenced(= 45°) KLM Ti:S laser delivering suli0-fs pulses directly from the oscillator [25]
L] 1) T L) | L)

band high-reflection multilayer coatings at oblique angles of , ;1 ]

incidence were recently published by Popov et al. [71]. In

Figs. 29 and 30, we compare the reflectivity and group- delay ]

vs. wavelength functions of the latest three- componentde3|gn 15}F .
for s- and p-polarized light.

Comparing the reflectance bands, we find that the h|g =
reflectivity range of the dielectric chirped mirror is extend-& 1.0F
ed for s-polarized light and reduced for p-polarized light, asZ I ;
with A/4 stacks. With respect to the group delay vs. wave{2
length functions we find the following: the group delay ex-Z
hibits a higher modulation for oblique incidence for both
polarizations that must be a problem in pulse-compression 4| J
experiments. During our previous studies, however, we found , . G
that this oscillation can be considerably reduced by computer 650 ' 700 ’ 750 300 850 900
optimization. Additionally, it is worth pointing out that the
group delay and thus the reflection losses could take a low-

er value for s-polarized light, which might be important in Fig. 32. Measured spectrum of &i:sapphire laser comprising a prism pair
intracavity applications. in combination with chirped mirrors for intra- and extracavity dispersion
control

WAVELENGTH (nm)

2.5.3 Third- and fourth-order dispersion compensation bysemiconductor saturable absorber mirror (SESAM) as a start-
means of chirped dielectric laser mirrors in a stbfs ing mechanism for soft-aperture KLM action. Besides the
Ti:sapphire laser. In the previous section, we mentioned chirped mirrors with negative GDD and higher-order disper-
thatchirped mirrors exhibiting negative GDD, positive TOD, sion, a FS prism pair with prism separatiodfcmwas used
and positive FOD[28, 33, 38] are suitable for balancing the for intracavity dispersion compensation of2sb-mm-long
TOD and FOD of laser cavities comprising prism pairs forTi:sapphire crystal. The bandwidth of the laser was limited
intracavity dispersion control. In order to demonstrate théy the finite bandwidth of the standard input couplers on the
powerfulness of this combination, we present the recent reshort wavelength side. It is worth pointing out that in this lin-
sults of Kartner et al. [25], who worked with a self-starting, ear cavity the positive GDD (and positive TOD) introduced
KLM Ti:sapphire laser comprising a prism pair in combi-by the Ti:S crystal is approximately twice as much as that
nation with some of our chirped mirrors for intracavity andin the case of the ring oscillator developed by Xu et al. [24].
extracavity dispersion control. Figure 31 shows the measuredevertheless, this higher amount of positive TOD was effi-
GDD versus wavelength function of the chirped mirror weciently compensated by balancing the negative TOD of the
provided for the experiment. According to his test results, therism pair and the positive TOD of the chirped mirrors in this
laser delivers approximately.4-fs pulses directly from the experiment. Figures 32 and 33 show the measured spectrum
Ti:S oscillator, which competes with the best results obtaineé@nd interferometric autocorrelation traces of thisS laser.

with the mirror-dispersion-controlle@i:sapphire ring oscil-

lator recently reported by Xu et al. [24]. The hybrid laser is2.5.4 Chirped mirrors for an optical parametric oscillator
pumped by a multi-lineAr-ion laser with an output power working in the infrared.Continuing our work with fs OPOs
of 5.5 W. With a3% output coupler, the mode-locked output employing chirped mirrors for intracavity dispersion com-
power of the laser i820 mW. The laser utilizes a broadband pensation [29], recently we managed to manufacthigoed
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present valuable results that might help in solving the prob-
lems originating from the approximate nature of the Fourier-
transform method described in Sect. 1.3.

3 Conclusion

Chirped dielectric laser mirrors for broadband feedback, in-
tracavity and extracavity dispersion control have been in-
troduced. The design technique, deposition technology, and
quality control permit higher-order contributions to the mirror
phase dispersion to be kept at low values or to be chosen such
that high-order phase errors introduced by other system com-
ponents (e.g., the gain medium, prism pairs) are cancelled.
By replacing conventional thin-film optics (and prism pairs
in most of the cases) these novel devices made it feasible to
build Kerr-lens mode-locked, all-solid-state lasers delivering

Fig.33. Measured interferometric autocorrelation trace of the hybridnearly bandwidth-limited sutb&-fs pulses fromTi:sapphire

Ti:sapphire laser

mirrors with negative GDD and negative TJBO]. The dis-

lasers around.8 um, and sub20-fs pulses fromCr:LiSAF
andCr:LiSGaFlasers aroun840 nm Further applications of
chirped mirrors that have been accomplished were discussed:

persive properties of the chirped mirrors were tailored to fifor broadband feedback and dispersion control in broadly tun-
the dispersive properties of zamm-long KTP crystal used able cw, ps and fs solid-state lasers and parametric oscillators,
for parametric wave generation. The wavelength dependendsoadband third-order (and fourth-order) dispersion control
of the (absolute value of the) GDD of the KTP crystal andin pulse compression schemes used in CPA systems; or in
of the chirped mirror is shown in Fig. 34. The OPO is syn-white light continuum compression experiments supporting
chronously pumped b¥30fs to 170fs pulses from a Coher- pulses belovk fs. Basic theoretical and design considerations
ent MIRA 900Ti:sapphire laser. The OPO generates nearlyvere also presented.

transform limitedb0 fspulses with a time—bandwidth product
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