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Abstract. We demonstrate a new technique for the desigmmajor steps towards shorter pulse duration have been enabled
of chirped mirrors with extremely smooth dispersion characby improved dispersion-compensation schemes. The long-
teristics over an extended ultra-broadband wavelength rangstanding world record of 6-fs pulse duration was achieved by
Our approach suppresses spectral dispersion oscillationgptimized third-order dispersion in the pulse compressor [3].
which can lead to unwanted strong spectral modulation$he first sub-10-fs laser pulses directly from a Ti:sapphire
and limit the bandwidth of mode-locked laser pulses. Disdaser were obtained by using silver mirrors as high reflectors
persion oscillations are significantly reduced by coating thend a prism pair for dispersion compensation [4]. This laser
chirped mirror structure on the back side of a substrateyas operated at a wavelength where the prism pair provides
providing ideal impedance matching between coating andimultaneous second- and third-order dispersion compensa-
ambient medium. An anti-reflection coating may be addedion. However, considerable residual higher-order contribu-
on the front side of the substrate, geometrically separatetibns prevented this laser from producing pulses shorter than
from the chirped mirror. The chirped mirror structure and~ 8.5fs. The invention of chirped mirrors by Szipdcs et al.
the anti-reflection coating are non-interfering and can be&et a new milestone in ultra short-pulse generation [5]. Today,
independently designed and optimized. The separation afitra short-pulse generation in the 5-fs regime generally relies
both coating sections provides a much better solution for then chirped mirrors. Chirped mirrors are used in Ti:sapphire
impedance-matching problems than previous approaches kasers, external compression schemes [6, 7], and optical para-
chirped mirror design. We show by a theoretical analysis anthetric amplification [8]. Ultimately, chirped mirrors do not
numerical simulations that minimum dispersion oscillationssupport an unrestricted bandwidth and limit further pulse
are achieved if the index of the substrate is identical to the inshortening [9]. Thus, further improvements in chirped mir-
dex of one of the coating materials and if double-chirping isror design and fabrication are mandatory for the generation of
used for the chirped mirror structure. Based on this analysishorter pulses.

we design a mirror that supports a bandwidth of 220 THz with  The basic idea behind a chirped mirror is relatively
group delay dispersion oscillations of about 2 (ems), an  simple: layers with increasing thickness (e.g., quarter-wave
order-of magnitude improvement compared to previous ddayers with a gradually increasing Bragg wavelength) are
signs of similar bandwidth. In a first experimental demonstrastacked such that longer wavelengths penetrate deeper into
tion of back-side-coated (BASIC) mirrors, we achieve nearljthe mirror structure, producing a negative group-delay dis-
transform-limited and virtually unchirped pulses oB8%  persion (GDD). More precisely, the GDD of a chirped mirror
duration from a Kerr-lens mode-locked Ti:sapphire laser. BAis designed such that the dispersion of other elements in the
SIC mirrors are particularly suited for higher-order dispersioraser cavity is compensated for. Additionally, these mirrors
compensation schemes. They support the extremely brogulovide an enhanced high-reflectance bandwidth compared to
spectra of few-cycle pulses and promise to provide cleastandard dielectric quarter-wave mirrors. In combination, this

pulse shapes in this regime. allows for a more efficient compensation of higher-order dis-
persion over a broader spectral range than prisms do. In [10]
PACS: 42.65.Re; 42.79.Bh; 42.79.Wc ~ 7.5-fs pulses were reported for a prism-less ring oscilla-

tor using only chirped mirrors, which provided dispersion
compensation over a bandwidty ~ 85 THz (710—-890 nm).
Over the last few years, ultra short-pulse generation in the However, chirped mirrors have one important drawback.
sub-10-fs regime has advanced at a rapid pace, leading to sulhe designed mirror dispersion shows unwanted spectral os-
6-fs pulses directly from a laser oscillator [1, 2]. Retracing thecillations around the target function. These oscillations are
history of ultra fast oscillators, it becomes clear that severataused by an impedance mismatch of the chirped mirror
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structure to the ambient medium, which is typically air [11].a substrate. As illustrated in Fig. 1b, the AR coating is coated
Generally, the amplitude of dispersion oscillations dramation the front side and the chirped mirror on the back side of the
cally increases with mirror bandwidth. A powerful approachsubstrate. Therefore, we call these mirrors back-side-coated
to address this problem of mirror design is the concept ofBASIC) mirrors. This approach provides a better solution
double-chirped mirrors (DCMs, [12]). In a DCM the different to impedance-matching problems in chirped mirror design.
matching problems are solved by different multilayer sub-The refractive index of the substrate can be chosen close to
sections [13] (see Fig. 1a). The technique of double-chirpinthe refractive index of the low-index coating material. This
matches the impedance of the chirped mirror section to thavoids the discontinuity of the refractive index at the inter-
low-index or high-index material of the coating, which is thenface to air. In such a situation, dispersion oscillations can be
matched to ambient air by an additional anti-reflection (AR)almost completely removed [17]. Other than standard DCMs,
coating on top of the chirped mirror. BASIC mirrors do not require the front AR coating for a re-
With one of our first sets of DCMs we readily gen- duction of dispersion oscillations. A nearly total elimination
erated pulses of .6-fs duration [14]. Dispersion compen- of dispersion oscillations is achieved by non-interfering front
sation was obtained over a bandwidth afv ~ 115THz and back surfaces. For the BASIC mirror, the AR is merely
(680-920 nm). Further improvements in both the theoreticalequired to avoid additional losses, i.e., to increase the net re-
understanding of a DCM [13] and in the layer-depositionflectance of the mirror. Consequently, the BASIC technique
accuracy finally resulted in pulses in the two-optical-cycleallows compensation for the dispersion over a much broader
regime. The dispersion-compensation bandwidth supportdshndwidth with strongly reduced dispersion oscillations. As
by the DCMs used in these lasersAs ~ 180 THz [1]. In-  a consequence of the passage through bulk material, the ad-
evitable imperfections of the AR coating, which provides theditional positive material dispersion reduces the achievable
impedance-matching step to air, are the limiting factor in suclmegative net GDD of such a mirror. Hence, the most pow-
ultra-broadband designs. Consequently, the enormous bangtful applications of BASIC mirrors are combinations with
width can only be supported with an additional cancellatiorother dispersion-compensating elements like grating or prism
of dispersion oscillations. This cancellation is achieved byequences, which allow for a pre-compensation of second-
using combinations of DCMs under different angles of inci-order dispersion. BASIC mirrors can then be used to correct
dence [1, 15]. Alternatively, suitably designed combinationshigher-order dispersion.
of mirrors from different coating runs may be used [16]. This paper widely uses the notation and results derived
Because of the limiting trade-off boundary conditionin [11,13,18]. We will use this formalism to specifically
between dispersion-oscillation amplitude and bandwidth, furaddress the problem of impedance matching between the
ther improvement of pulse bandwidth with conventionalchirped mirror coating and ambient medium. In Sect. 1, we
chirped mirrors appears to be difficult. In this paper, wegive the exact description of multilayer interference coatings
present a novel chirped mirror concept, which suppressdsy exact coupled-mode equations [18]. Additionally, we ex-
detrimental dispersion oscillations by design. This is achieveténd this description by inclusion of the ambient medium.
by geometrically separating the chirped mirror stack from thé his is achieved with a similarity transformation of the co-
AR section, coating them on two non-interfering surfaces ogfficient matrix of the coupled-mode equations. The trans-
formation matrix is the Fresnel matrix, which describes the
refractive-index step between ambient medium and the first-
Standard Double-Chirped Mirror (DCM) layer material._ We introduce t_he_ method of equiva!ent layers
as an alternative exact description of a chirped mirror struc-
- ture [19—21]. The design parameters of coupled-mode theory
AR air and the equivalent-layer design parameters are strongly re-
coating lated to each other [22]. As one result, the normalized equiva-
lent (refractive) index (Herpin index) is the reciprocal of the
characteristic impedance for the equivalent transmission-line

substrate

+—— Pt <—>
quarter-wave  simple-chirp double-chirp  matching

a section section section to air model derived in [11]. With respect to the synthesis prob-
] ] ] lem of a chirped mirror, this correspondence illustrates the
Back-Side-Coated (BASIC) Chirped Mirror equivalence of matching the impedance with matching the
- 2 equivalentindex. In Sect. 2 we discuss three examples, which
AR _ differ in the degree of impedance matching achieved. In par-
substrate | coating | @ ticular, we investigate matching to an ambient medium with
i - a refractive index which is the geometric average of the high-
- ¢ —> and low-index material. Although this is a very intuitive and
b chirped mirror structure optional common choice (see, e.g., [23]), it does not provide perfect

Fig. 1ab. Schematic comparison of a standard double-chirped mirroimpedance matching as will become clear in the comparison

a (DCM) and a back-side-coatdl (BASIC) mirror. Both approaches em- ith oyr final example. In Sect. 3 we present a practical ex-
ploy the same functional components: a substrate, a chirped mirror structure | f a BASIC desi This desi bandwidth
and an anti-reflection coating (AR). In the conventional approach, AR anfMple or a esign. Is design covers a bandwidt

chirped mirror are coated on top of each other, whereas in case of the B 220 THz (610—1100 nm) for dispersion compensation in
SIC mirror the AR coating is optional and coated on the opposite side ofi Ti:sapphire laser. The design exhibits residual GDD os-

the substrate. Im, the subdivision of the chirped coating into a double- gjllations of 5 f2 (peak-to-peak) or 2?s(rms) which is an
chirp section, a simple-chirp section and an unchirped quarter-wave sectio ey . . | . )
is shown as described in [13]. The same approach can be employed for tﬁé’der of-magnitude improvement compared to previous de

chirped mirror structure of the BASIC mirror. In the following, examples of SIgN techniques. We compare qiSperSion "f‘nd reflectance of
BASIC mirrors with simple-chirped coatings are also considered manufactured coatings and designs. Experimental results are
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described in Sect. 4. Using these mirrors in our laser, we gera(m)

erate pulses of.B-fs duration, which are then carefully char- 4 ot @
acterized by spectral phase interferometry for direct electric- | — 1 |
field reconstruction (SPIDER, [24, 25]). The deposition ac- 2 ! i
curacy of ion-beam sputtering presently sets a limit to the —A>; ; _A,
dispersion oscillations of the manufactured coatings. In the B | %(Pl @ %fﬂl B
near future, it is to be expected that improved in-situ monitor- ) N ' ]
ing schemes allow for an improved control of layer thickness I l y M
to fully exploit the potential of the BASIC approach.
a
n(m)
A
1 Exact coupled-modetheory and equivalent layersfor . ! i
the description of multilayer interference coatings 2 ! !
| |
| |
1.1 Exclusion of the ambient medium i i
- : :
1 | m

[
>

A binary multilayer coating consists of a sequence of alter-
nating layers with low and high refractive indicesandny, b

_respectlvely. For the theoretical ConSIderatlonS.anq e).(amplg%_ 2. a Refractive-index profile of the symmetrically defined unit cell.
in Sects. 1 and 2, we assume that the refractive indices agg (i = 1, 2) denotes the phase shift in the different layers, yielding a total
real quantities without any wavelength dependence. We comptical phase shifp. The amplitudeA(m) refers to rightward-propagating
pose the chirped Bragg structure by symmetrically definedaves,B(m) to leftward-propagating wave$. Resulting index profile for
unit cells according to Fig. 2a [11]. The values for the re-2 Sequence of three unit cells

fractive indices may be chosen arbitrarily amg> n; is not
required. Figure 2b shows the resulting refractive-index pro-
file for a sequence of three unit cells. Application of standardvith
coupled-mode theory on such a multilayer stack neglects em-

ny—n
bedding of this structure into an ambient medium, e.g., air of = n2 n nl ) (4)
the top and the substrate at the bottom side of the coating. 2" '
Usually the influence of index discontinuities at both ends og’(m) = ¢2(M) +¢1(M) , ®)
the coating is taken into account after the coupled-mode difA¢(m) = ¢2(mM) — @1(m) , (6)
ferential equation system has been solved. 2
An exact description for chirped Bragg gratings is given®1(M) = ——Ndim. @)
by exact coupled-mode equations of the form [11] o
¢d2(m) = —nato . (8)

d /A(M) f—8(m) — k(M) /A(M)
d_m<B(m)> - '( k(m)  8(m) )(B(m)) ' (1) In (2)—(8), r denotes the Fresnel reflectivity between the
adjacent media 1 and 2, is the vacuum wavelength, and

In (1) A and B represent slowly varying normalized am- di/zm the physical thickness of layers 1 and 2 of thgth

plitudes of the right- and leftward propagating waves, respedinit cell. ¢1/2(m) describes the optical phase shift in media

tively. The quasi-continuous variabte determines the pos- 1 and 2, respectively. Thygm) gives the total optical phase

ition inside the mirror and counts the symmetric unit cells. Byshift of thejmjth unit cell, andA¢(m) is a measure of the duty

conventionm is a negative numbet. ands denote the coup- ~ cycle within this unit cell. The factax = y/ sin(y) is defined

ling and detuning coefficients, respectively. For non-unifornPY the exact propagation constant

grating structures these coefficients are locally defined for

each unit cell. As we have recently proven, a chirped mirror

is exactly described by the coupled-mode equations (1), even
for arbitrarily large refractive-index differences of the layer
materials, provided the normalized coupling coefficient and

detuning coefficient are properly defined. The exact coeffiy = /62 —«2 =

cients can be written as [18, 22]

2
k(M) =—ale(m), AgM) =
/1
x sin <§(¢(m) + A¢(m))) . 2
1 with
8(M) = — e ($(m). Ap(m) T
x {sin(g(m)) +r?sin(Agm))} , @) ==

1
T {cos(¢) —r?cos(A¢)} ,

—iln (-FR+,/F§—1> ; Fr<-—1

1-R\
arctan = | —-1<Fr<0

J1-F3
— arctan +7;0<Fr<+1

-

Fr

—i |I’](FR—,/F|%—1)+JT; Fr>+1

9)

(10)
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using the definitions as given in [22]. The piecewise definimpedanceZ!, and the equivalent thickness is essentially
ition of y allows for the distinction of different stop-band and given by the exact propagation constant/nversion of (13)
passband regions. Complex valuesyoffor |Fg| > 1) indi-  results in a multi-valued solution foF,. We take the so-
cate the stop bands. In the first caBg & —1), the stop bands lution derived in [22], which is compatible with the defin-
are centered at total phase shiftshat are odd multiples of ition given in [20]. In contrast to the constant indiagsand
7. This includes the case of the fundamental Bragg waven,, the equivalent index shows a strong wavelength depen-
length atp = 7. In the fourth caseRr > 1) the stop bands are dence. Moreover, for wavelengths in the stop-band regime
centered at even multiples of the equivalent-layer parameters become complex. It follows
In coupled-mode theory the coupling and detuning coeffifrom (12) that the impedance-matching problem of a chirped
cients are design parameters, i.e., particular spectral responms@ror translates into the problem of matching the equivalent
characteristics of a multilayer coating can be achieved bindex, as will be discussed in detail in Sect. 2. Additionally,
suitable choice of these parameters. For the design problefinding an appropriate chirp law by adjusting the propaga-
of a chirped mirror the concept of impedance matching playsion constant’ via the detuning coefficierdtis equivalent to
an important role. As derived in [11], the exact coefficientsa proper choice of the equivalent thickness along the chirped
(2) and (3) for the individual unit cells define a characteristicmirror structure according to (13).
impedanceZ according to

5 1.2 Inclusion of the ambient medium
Z(my = |2 kM) (11) . . . .
8(M) + k(M) Now we incorporate the index discontinuity at the ambient

. ) ) ) . mediunycoating interface into our coupled-mode descrip-

The oscillations observed in the dispersion properties ofion. We define the refractive-index profile of the unit cell as
a chirped mirror are caused by an impedance mismatch in thhown in Fig. 3a, i.e., we include the step of the refractive in-
front part of the mirror. The impedance can be matched bylex from medium 1n, to the refractive index of the ambient
properly adjusting the coupling coefficient as a function ofmedium n,, at both ends of the unit cell. Figure 3b shows the
penetration depth [11]. Moreover, the GDD can be indepenyefractive-index profile of a sequence of three unit cells. In-
dently designed by suitable choice of the detuning coefficiengide the mirror structure, the downward steps and subsequent
with the chirp law [13]. It is important to note that 5, and  ypward steps cancel each other. At the ends of the structure,
Z are not only functions of the considered unit dell; they  however, an index step from material 1 to the respective am-

also depend on wavelengtfsee (7) and (8)). bient medium remains. This symmetric description of the unit
Alternatively, multilayer coatings that are composed of
symmetrically defined unit cells can be described by the
method of equivalent layers [26, 27]. According to Herpin's
theorem, every symmetrical combination of homogeneou ( )“
layers is equivalent, at one arbitrary wavelength, to a sin- \
gle homogeneous layer [19]. This layer, called the equivalent n, |----- S h——
layer, is characterized by its equivalent (refractive) indigx i %gal
(Herpin index) and its equivalent (phase) thicknEssAt the V) IO =
design wavelength the substitution of multiple layers by an A A A
equivalent layer conserves the optical properties of the coat- | +— | +— —
ing and is therefore exact. In the picture of equivalent layers, p | B B
Ne and Iz act as design parameters, similar to the situation é S =S
described above for the coupled-mode theory. Hence, we have m
an alternative formalism that exactly describes a multilayer
coating by using a set of two design parameters. a
As recently shown in [22], there is a formal equivalence
between coupled-mode theory and the method of equivalerﬂ(m)
layers. Relations exist that directly link the coupled-mode pa-
rametersk, §) with those describing the equivalent lay&k( 1 I ——
I). For the three-layer combination shown in Fig. 2a, the fol-
lowing relations are valid: ng p---———-

Ne_ 1 _ 16+ K
nl_Z_ S—«K Y

_[sin(®) +r2sin(A¢) + 2 sin[(¢+ Ag) /2] 12)
~\ sin(g) +r2sin(Ag) — 2r sin[(¢ + Ag) /2] | b
Fig. 3. a Modified refractive-index profile of the unit cell defined for the

cos(le) =cos(y +nm) = Fr inclusion of the ambient medium. Transfer matriGsand S, convert am-
1 plitudes A and B inside the layer stack into amplitudes and B in the
— _y2 ambient medium as shown. Note that symmetric inclusion may be assumed
1—r2 {COS(¢) r COS(A¢)} ’ (13) without loss of generality in the case of a high-reflectivity coating, as ef-
fectively no light propagates through the layer structlr&®esulting index
where (2), (3), and (9)(11) have been used. Thus, the nor-profile for a sequence of three unit cells. Note that upward and downward
malized equivalent index is the reciprocal of the characteristitdex steps cancel except for the ends of the coating structure
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cells presupposes that the refractive indices of both ambiemtble1. Values of the transformation coefficients andc, for the design
media (e.g. substrate and air) are equal, which is generally ngtidies of Sect. 2
the case. However, for highly reflecting mirror coatings, as

considered in this paper, this is irrelevant as almost no light “ “
passes through the coating. . . L A. No impedance matching 1.08 A2
Mathematically, the terminal discontinuity of the refrac- B. partial impedance matching 1.03 —0.26
tive index is described by Fresnel transfer matri€gsand  C. Perfect impedance matching 1.00 0O
S for the upward and downward steps, respectively. These
transfer matrices transform the amplitudes A and B into new
amplitudesA andB (see Fig. 3a). We write Using (11) and (19} (22) the transformed impedance fol-
~ y lows as
A(m) A(m) A(m) A(m)
<B(m)) - SJ(B(m)) < <B<m>> - S’(E?(m)) W S —k(m) N na
Z(m) = Sam e n—Z(m) N (23)
. . m m
with the Fresnel matrices [18] () +fe(m) ! ©
1 NNy Py—n Finally, we note that the equivalent-layer parameters are
S = < aTl T 1) =5*, (15) invariant under the transformation (14), i.&Ne = Ne and
2«/ NaN1 \Na—N1 Na+M Te=1T%.
1 Na+N1  —(Na—Ny) 1
S= 7< = . 16
2,/Nang \—(Na—Ny) Na+ N1 2 (16)

2 Impedance matching to the ambient medium
Using the transformation (14), we obtain the following new

coupled-mode equations for the transformed amplitudes Comparing the coupled-mode equations (1) with (17) we see

~ = - ~ that both equations are exactly of the same form. Hence, all
da <,§(m)> =i (—:S(m) _'f(m)> <,§(m)> , (17)  equations and conclusions derived in [11—13] still hold, pro-
dm\ B(m) k(m)  s(m)/\B(m) vided the transformed coefficients (19R2) are used instead
. L of (2) and (3). The conditions for the suppression of disper-
where the transformed coefficient matrix is given by sion oscillations
<—~5(m) - /:c(m)) _ Su<—8(m) - x(m)> gt (18) ZM=0=1 V5= k(m=0)=0, (24)
g(m)  3(m) k(m)  8(m)

Z/(m=0)=0 Vé§=«'(Mm=0)=0. (25)

Thus, the new coefficients are obtained from the original ) ] ] ]
ones by a similarity transformation. Evaluating (18) yieldsProvide perfect impedance matching of the chirped mirror

the following explicit expressions for the transformed exac$tructure to an ambient medium with the same refractive in-
coupling and detuning coefficients dex as medium 1 (see [11]). The prime in (25) denotes the

derivative with respect ton. Condition (24) states that, ac-

%= Cik +CpS, (19) cording to (12), the equivalent index must equal the index of
~ medium 1 at the mirror front. Moreover, for perfect matching,
§ =C1d+Cok, (20)  condition (25) requires that the equivalentindex be ramped up
) or down as slowly and smoothly as possible.
with The same conditions also hold for the transformed
coupled-mode parameters, i.e.,
1/n1 ng
C1=—<—+—> s (22) _ .
2\ha M Zm=0=1 V3=km=0)=0, (26)
and Z/(m=0)=0 V5=« (Mm=0)=0. (27)
o= 1 (E _ @) 22) According to (23), these impedance-matching conditions
2\na n/° are equivalent to matching of the equivalent index of the unit

cell to the refractive index of the ambient medium. Generally,

We can immediately see that the transformed couplindor an arbitrary ambient medium, finding a broadband solu-
and detuning coefficients reduce to the original coefficientsion satisfying these conditions is very difficult because of the
(2) and (3) in the case of an ambient medium with a refractivstrong wavelength dependence of the equivalent index.
index equal to the index of medium 1, i.@g=n;. Table 1 In Sects. 2.12.3, we investigate matching condition (26)
summarizes examples of transformation coefficients (21) anfibr three ambient media with different refractive indices
(22) that will be discussed in Sect. 2. The coefficienis al-  Without loss of generality, we restrict ourselves to the inves-
ways close to unity, whereas the valuecafstrongly varies. tigation of (26). If this condition is satisfied, condition (27)
c is a direct measure of the index discontinuity between thean be always fulfilled by a sufficiently slow change of the
ambient medium and medium 1 and essentially describes tlkesign parameters. We find large differences in the quality of
difference between transformed and original coefficients.  the design, depending on the degree of impedance matching
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achieved and indicated by the magnitude of dispersion oscil- Unit Cell
lations. In the following examples, we choose the refractive 25 20 15 10 5
indicesn; = 1.5 andn, = 2.5 for the layer materials, lead- 1200 ' ' ' '

! - - ont % 12
ing tor = 0.25. These values are chosen as they are close tg- 1100 —\ 115

the indices of SiQ and TiG,, commonly used as dielectric
coating materials.

Wavelength (n

2.1 No impedance matching

In the first example, we assume that the ambient medium ig
air, i.e.,ny = 1.0. In terms of dispersion oscillations we want
to discuss this as the worst possible case. We refrain fro
any attempts to improve impedance matching at the interface
to air and consider a plain simple-chirped mirror structure.S
A simple-chirped mirror refers to a multilayer structure with §
a gradually increasing Bragg wavelength but a constant 50%&
duty cycle, i.e.gp1(m) = ¢go(M)¥Vm. S

Figure 4 shows the response characteristics of a simple-
chirped mirror. In this example, the Bragg wavelength isb
chirped over the initial 20 unit cells and then kept con-
stant for another five unit cells to increase the reflectance fog
long wavelengths. The reflectance is very high over a broad
wavelength range and covers most of the Ti:sapphire gairg,
spectrum. However, the group delay (GD) shows extremelyg
large oscillations, similar to a Gires—Tournois interferome-%
ter (GTI, [28]), with a peak-to-peak amplitude on the order =
of 100fs, which makes such a mirror useless for ultra short-
pulse generation. c

Obviously, the simple-chirped mirror structure does not
provide any impedance matching. To further investigate this,’
we explore the transformed coupled-mode design parame=
ters ,§) and the equivalent-layer parameteid(Ic) as
two-dimensional functions of the unit cell and wavelength,
depicted as contour plots. In these plots thexis gives
the unit cell and they-axis gives the incident wavelength.
It is assumed that the light is incident from the right. In 500 |
Fig. 5a the contour lines of the transformed coupling co- 25 20 15 10 5
efficient (19) are almost horizontal lines with values far d Unit Cell

Fig.5. a Contour plots of the transformed coupling coefficightb the

detuning coefficiend, ¢ the equivalent indeie, d and the equivalent thick-
nessle (in units of ) of the simple-chirped mirror of Fig. 4 as functions

Wavelength

1.0 7~ V\ 200 of unit cell [m| and wavelength
o8l 160 @
5 el | b Al e £ . on (26)
g 06 120 2 from zero at the coating surface. Condition (26) is not ful-
3 04 / | n I “ \ U 80 2 filled for any given wavelength in the high-reflectance re-
g - {j l\ l\ l l\ \_‘L = gion. In fact, the transformed coupling coefficient in Fig. 5
0.2 \J V V 40 £ is even farther from being matched to zero than the ori-
N\/ﬂ &/ Y ginal coupling coefficient. The original coupling coefficient

is always negative and approximately constant due to the
simple-chirped mirror structure & —2r = —0.5, [22]). Ac-
cording to (19), matching can only be achieved by pos-
Fig.4. Calculated amplitudgeft axis) and phaseright axis) properties  jtive values ofc,s. For wavelengths above 650 nm, how-
of a standard front-coated simple-chirped mirror as a function of wave,

length. Shown are the reflectance and the group delay upon reﬂectionever’ this is not fulfilled at the coating surface because of

respectively. In this example the Bragg wavenumber is linearly decreaset€ _neqative detuning_coe_fficiemConsequeptly,. ab50|Ut_E|y

over the first 20 unit cells from the maximum val§® = 27/(650nm N0 impedance matching is achieved in this simple-chirped

to the minimum valuek§" = 27/(950 nm) according tokg(m) = k'™ — structure.

élmlf }() (kg™ —kg™) /19. For the last ﬁ‘I’E liln”itAC_e'r']S thg Bragg waverum-  Figure 5b shows the contour lines of the transformed de-
er is kept constant at its minimum valk@™™. Air has been assumed as : ey : . .

the ambient medium. The simple-chirped mirror provides a broad high-t.unmg coefficient. These 9°”tour lines are nearly linear func

reflectance range, but exhibits strong dispersion oscillations over most ¢{ONS over the range of chirped Bragg wavenumbers. Accord-

this range ing to (20), the transformed detuning coefficient essentially

0.0 0
500 600 700 800 900 1000 1100 1200
Wavelength (nm)
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follows the original detuning coefficient with an offset of From this the ambient refractive index can be resolved as
cok ~ —0.2. The qualitative behavior of the detuning coef-
ficient is not changed by the transformation. The zero con- cog¢p/2) +r
tour line of the original detuning coefficient indicates theMa= "1 cos¢/2) —r (29)
Bragg condition, i.e., the dependence of Bragg wavelength
on penetration depth or chirp law. Compared to the ori- The right-hand side of (29) is the equivalent index as
ginal detuning coefficient, the zero contour line of the transg function of the phase variabie Impedance matching re-
formed detuning coefficient is shifted by 50 nm to shorter  quires that (29) be fulfilled over a broad wavelength range,
wavelengths (dashed line). This plot clearly illustrates the.e., the equivalent index should equal the index of the am-
approximately linear increase of the GD with wavelengthpient mediumm, independent of the total phase shiftThe
(negative GDD). _ _ _ refractive index of the ambient medium is a real quantity.
This scenario can be also interpreted in the picture offhis requires¢ < 2arccog|r|) as a necessary condition if
equivalent layers. According to Sect. 1, impedance matchinge restrict ourselves to phase shifis< 7. The equivalent
requires that the equivalent index at the mirror front equalsndex is approximately constant only for sufficiently small
the refractive index of the ambient medium & 1.0). How-  phase shiftg close to zero, see Fig. 6. In particular, this fig-
ever, Fig. 5¢c shows that the equivalent index is extremely fagire clearly illustrates the strong wavelength dependence of
from being matched to unity at the mirror front, illustrating the equivalent index, as mentioned in Sect. 1. In the limit
the large impedance mismatch. The broad area surroundgd 0(» — co) we get the long-known result [21]:
by contour lines with the values zero and infinity marks the

stop-band region, where the equivalent index becomes com- 1+r
plex. For this region the unit cells represent a potential barriefa = N1,/ 77— = v/MMN2. (30)
with an exponential behavior of the electromagnetic field.
In the passband regions outside the evanescent region, the This is exactly the geometric average refractive index of
equivalent index is real and the unit cells are transpareriioth layer materials. The limip — O appears to be in con-
for the light. With respect to the quantum-mechanical scattradiction to the assumption of quarter-wave layers, where
tering problem as introduced in [11], the upper lifd& ¢ ~ = for wavelengths near the Bragg wavelength. In this rel-
oo) corresponds to right turning points and the lower lineevant case, the impedance-matching condition practically re-
Ne = 0 to left turning points of the corresponding classicalquires us to start chirping at Bragg wavelengths much smaller
motion. than the minimum design wavelength of the coating. In other
Figure 5d shows that, for a fixed wavelength, the equivawords, the impedance-matching conditipn> 0 is only ful-
lent thickness of the unit cells monotonically increases witHfilled for wavelengths much larger than the Bragg wavelength
penetration depth, illustrating the chirp of the Bragg wave-of the unit cell considered.
length along the mirror structure. As mentioned above, Let us consider the example of a simple-chirped mirror
custom-tailored dispersion properties can be designed Istructure in Figs. 7 and 8. Unlike in the previous example
a proper control of the equivalent thickness. For passband re-
gions the equivalent thickness of unit cgtl| approximately
corresponds to the total optical phase shift (5) evaluated at
wavelength [22]. Similarly to Fig. 5¢, the evanescent region
is surrounded on both sides by the dashed unity contour line
(given in units ofr).

2.2 Partial impedance matching
x
()
In the second example we again consider the case of a simpl&
chirped mirror, but now we search for the refractive index ofe
the ambient medium with best possible impedance matching
without additional matching layers (e.g., an AR coating). It-2
might be suspected that best matching is achieved if the ing
dex of the ambient medium is the geometric average of the
indices of media 1 and 2. Structures matched to the geomet-
ric average of the refractive indices have been used before
as a starting design for chirped mirrors (see, e.g., [23]). We
will exemplify, however, that this method does not yet lead
to the optimum solution for the impedance-matching problem 1 | | |
considered and only provides partial impedance matching. 0 0.25 05 0.75 1
For a simple-chirped mirror witth¢(m) = 0Vm, using Phase Shift @/t
(12) and (23) the impedance-matching condition (26)
rewritten as

ISFig. 6. Equivalent index as a function of phase shift as given by (29). As in
the other examplesy; = 1.5, n = 2.5 has been assumed. For small values
of ¢, the equivalent index approaches the geometric average ahdny,

i.e., ng=1.94. The equivalent index diverges f¢r— 2 arccos|r|) and is
complex-valued for the fundamental stop-band region at Bragg resonance
=17

~ _Na [SiN(@) —2r sin(¢/2) 1
Z(m) = n1\ sin(g) + 2r sin(¢/2) 1 (28)
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Fig.7. Calculated reflectanc@eft axis) and group delay(right axis) of
a back-side-coated simple-chirped mirror as a function of wave
The Bragg wavenumber is linearly decreased over 50 unit cells
kg®* = 27/(300 nm to k'™ = 277/(1000 nm. A material with the geom

tial impedance matching, as indicated by the reduced dispersion oscillatio
over most of this range

(Figs. 4 and 5) we now assume an ambient mediu
an index equal to the geometrical average of the two |
materials. For a coating providing dispersion compensati
from 600 nm to 1000 nm, we start chirping the Bragg wave-
length at 300 nm. The high-reflectance range of the coatin§
is extremely wide as shown in Fig. 7, but most of this range
lies well out of the band with phase properties that mightE 1%
be useful for dispersion compensation. The GD oscillationsZ 1000 —
with a peak-to-peak amplitude of about 10fs are consider goo -
ably reduced compared to Fig. 4. The dispersion oscillations 44, _
decrease with an increasing wavelength but never reduce tg

i : : 400
a negligible value. The curve is far from being smooth and= -
such oscillations are not tolerable for an ultra-short-pulse 200 = | T T T
laser source. Reducing the number of layers and increasin 50 40 é\ 20 10
Unit Cell

the initial Bragg wavelength of the design further deterio-
rates the phase properties of the coating. On the other harflg.8. a Contour plots of the transformed coupling coefficientb the
dispersion properties at 800 nm may be improved by starﬂetun;ng(_coeﬁifsiegf, C) tg? ;luiggfkn;_igg?:gtgdagd rr:hfe iqhqrivaelgnrtn t_?rigll:-of
H H ness In uni b4 -Slae- | -cnl |
:?]ga’;]o chirp at even lower Bragg WavelengthSS_OO nm. d:ig.7;s functions of unit celim| and wavelength P P
y case, only a small part of the spectrum is covered,

providing high reflectance and decent dispersion properties
simultaneously. number of layers, which renders it impracticable for many

The contour plots shown in Fig. 8 further illustrate the par-applications.
tially achieved impedance matching. Still, the contour lines
at the mirror front are essentially horizontal lines similar to
the contour lines shown in Fig. 5. In contrast, matching conz2.3 Perfect impedance matching
dition (26) is now partially fulfilled, as indicated by the con-
tour plots for the transformed coupling coefficient and for theln the final example, we assume that the ambient medium has
equivalentindex (see Fig. 8a and c). These contour plots cotihe same refractive index as medium 1, ng=n; = 1.5. As
firm that matching is improved at longer wavelengths. Withmentioned in Sect. 1, this reduces the transformed coupled-
increasing wavelength the coupling coefficient approximatemode parameters to the original ones and matching condition
zero, Fig. 8a, and the equivalent index in Fig. 8c approachdg®6) reduces to the old matching condition (24). Accord-
N, given by (30). ing to [11], the DCM design technique now allows for per-

In conclusion, assuming quarter-wave layers and an anfect impedance matching. This means using very thin layers
bient medium with a geometric average of the indices obf material 2 for the initial unit cells in the mirror struc-
media 1 and 2 provides a partial reduction of dispersion osture, i.e.,n,d» m < Ag(M)/4, and then slowly ramping up the
cillations. The quality of impedance matching, however, isduty cycle of the coating until 50% is reached, ired, m =
directly related to the excess bandwidth, with excellent reag(m)/4. With the DCM technique, the coupling coefficient
flectance but poor dispersion properties. Therefore, this desanishes according to (2) and—8), and the impedance
sign approach makes very uneconomic use of the availabkguals unity according to (11). Other thanin a standard DCM,
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however, no broadband AR coating is required to match the Unit Cell
index to the ambient medium. 25 20 15 10 5
Figure 9 shows reflectance and GD of a DCM consisting 1200 f————e '
of 25 unit cells. The Bragg wavenumber is linearly chirpedg 1100
over the first 20 unit cells and then kept constant for the re-<
maining five unit cells in the same way as in Sect. 2.1. Ing,
Sect. 2.3, however, a material with an index identical to thed
low-index layer material has been assumed as the ambie
medium. Also, we independently chirp the thickness of the>
material 2 over the first 12 unit cells (double-chirping). Thea
very smooth dispersion over the entire high-reflectance range
in Fig. 9 clearly illustrates the resulting effect of impedance -~
matching. This comes at the expense of a slight reduction OE,
the high-reflectance bandwidth on the short-wavelength sideg
as a comparison of Figs. 4 and 9 reveals [11]. 5
In Fig. 10a the (transformed) coupling coefficient of the &
DCM is plotted. At the beginning of the mirror structure, =
the contour lines are almost vertically oriented. Each individ-
ual unit cell provides an almost constant coupling coefficien®
for any given wavelength. The coupling coefficient vanishes
at the beginning, indicating excellent broadband impedancé;
matching. The absolute value of the coupling coefficient in-Z
creases along the grating structure until it reaches its max2
imum value. The behavior of the (transformed) detuning co-g
efficient shown in Fig. 10b generally resembles the first ex-8
ample shown in Fig. 5b. In contrast, however, the detuningg
values of Fig. 10b are shifted towards larger values. The zero
contour line pinpoints Bragg resonance, yielding the chirp
law [13].
The high degree of impedance matching achieved is alsg 1000
clearly illustrated by the contour plot of the equivalent in- 900
dex. For the passband region at the mirror front, the contoug 800
lines are essentially vertical lines with a value close to 1.58 700 |
over a broad wavelength range. This demonstrates again the 600
almost perfect matching to the refractive index of the ambient 5o : . . . .
medium. The equivalent thickness plotted in Fig. 10d shows 25 20 15 10 5
the same qualitative behavior as the equivalent thickness i@ Unit Cell
the first example (see Fig. 5d). However, one deviation beig. 10. a Contour plots of the coupling coefficieft b the detuning coef-
ficient 3, ¢ the equivalent indeXNe, d and the equivalent thickned% (in

units of ) of the BASIC double-chirped mirror in Fig. 9 as functions of
1.0 100 unit cell |/m| and wavelength. Note that emandb transformed and original

ngth@nm)

values for the coupling coefficient and the detuning coefficient are identical
08— 80 @
[0 o
S 06 ’ 7 \ 60 S tween the equivalent-layer parameters of Figs. 5 and 10 is
it} v o . -
g / - &  very obvious. For short wavelengths at the mirror front the
= 04 40 Q H : _ .
o) I ~ < dashed contour lines, which surround the stop-band region,
T 2 ,/ o0 @  are narrower, indicating the reduction of the high-reflection
" bandwidth for short wavelengths (compare Figs. 4 and 9).

0.0 0
500 600 700 800 900 1000 1100 1200

Wavelength
avelength (nm) 3 BASIC mirror design

Fig.9. Calculated reflectancéeft axis) and group delayright axis) of

a BASIC double-chirped mirror as a function of wavelength. In this .

example the Bragg wavenumber is linearly decreased over the first 28.1 Substrate properties

unit cells from the maximum valukl® = 2/(650 nm to the minimum

value k' = 277/(950 nm according tokg(m) = k¥ — (|m| — 1) (kE&*— . .

kgi”)/lg. For the last five unit cells the Bragg Wavenumber is Bkept con-The theoretical findings of Sects. 1 and 2 now offer a con-
stant at its minimum valu&®™. The thickness of the material 2 is varied venient method to avoid dispersion oscillations of chirped
with penetration depth according th m = 7/(2ks(12n2)(Im|/12)*2 over  mirrors by proper design. Choosing an index of refraction of
the first 12 unit cells (double-chirp section in Fig. 1). A material with an in- the ambient medium identical to the index of one of the coat-

dex equal to the low-index material of the coating has been assumed as t - . - i
ambient mediumr(, = n; — 1.5). The BASIC double-chirped mirror pro- ﬂ‘?g materials, perfect impedance matching at this interface

vides a broad high-reflectance range and smooth dispersion characteristiés, aChieveq by dou_ble-chirping of t'he chirped mirror struc-
simultaneously ture. Practically, this means inversion of the layer sequence
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and coating the layers on the back side of a substrate. Cothin substrates. In our experiments we found a substrate thick-
sequently, the light beam passes through the substrate befaress of about.® mm a viable compromise between surface
reflection by the chirped mirror coating. Therefore, we namealeformation and tolerable material path.
this method back-side-coated (BASIC) chirped mirrors.

It might appear difficult to choose a substrate material
with exactly matching index because the refractive index 08,2 Optimized design for ultra-short-pulse Ti:sapphire
sputtered or evaporated materials may significantly deviate |asers
from the refractive index of bulk materials. A refractive in-
dexnsio, &~ 1.49, e.g., for sputtered silica compares to a bulkFor BASIC chirped mirrors, one has to design two indepen-
valuengs ~ 1.45 at 800 nm. Such an index discontinuity atdent coatings, an AR coating for the top surface and the
the interface between coating and substrate, however, merethirped mirror coating for the back surface. We use an 18-
causes a reflection of:210- at normal incidence. A further layer AR coating and a 60-layer BASIC coating for the cov-
reduction is achieved by suitable choice of an optical glassrage of the gain bandwidth of Ti:sapphire (650—1100 nm)
with a refractive index closer to sputtered $i(2.g9., BK7  with both high net reflectance and smooth dispersion prop-
with ngg7 ~ 1.51 at 800 nm). In any case, the problem of re-erties. The AR coating is designed using commercial soft-
sidual mismatch between substrate and coating index is favare [30]. Figure 11a depicts the residual reflectivity of about
less stringent than the problem of matching to air. A residual0~2 for the given wavelength range. Note that this coating
mismatch of the order discussed above is easily resolved talso provides high transmission for the pump wavelengths
numerical optimization of the layer sequence. 488 and 514 nm (argon-ion laser). Figure 11b shows the re-

One might argue that the BASIC approach only transsulting GDD of the BASIC AR coating upon transmission
fers the impedance-matching problem to the opposite intewith nearly negligible dispersion over the entire gain band-
face of the substrate. In fact, if plane-parallel substrates wengidth of Ti:sapphire.
used, interference with the reflection from the interface to air The 60-layer chirped mirror coating on the back surface
gives rise to pronounced satellite pulses. With the high reis designed according to [13] and is subsequently computer-
flection from the back and the partial Fresnel reflection fronoptimized with a local gradient algorithm [31]. The design
the top, such a mirror would form a GTI, causing a stronggoals are a high reflectance and a smooth GDD over the
spectral variation of the mirror phase. However, these detri450-nm wavelength range of the AR coating. Additionally,
mental interference effects are suitably suppressed by a geitve mirror has to be highly transparent for the pump laser.
metrical mismatch of the two surfaces. This can be achieve@ihe mirror is designed for p-polarized light with an incidence
by making the two surfaces non-parallel and therefore norangle of 3 in air. This corresponds to an incidence angle
interfering, i.e., by wedging or by choosing different centersof ~ 3.44° in the fused silica substrate. Figure 12 depicts
of curvature for the two surfaces. Residual interference is cathe spectral response characteristics of the resulting BASIC
culated from the overlap of the reflections in the far field. FoDCM structure, calculated for fused silica as the incident
typical applications in a laser cavity with beam divergences of
a few mrad, wedge angles on the order of one degree readily
reduce interference to a negligible amount for a plane mirror.  10° T T T . | . .

To replace the concave focusing mirrors in a typical laser cav- 1| 7 e
ity, thin plano-convex lens substrates may be used to diminish3 , . [z--- StandadDCM| - ;
interference effects. g 10° B

The geometrical mismatch of the substrate surfaces al-g 43| | |  \__ I N /
lows for suppression of detrimental interference effects by | | v | L | |
any given degree, but the power losses caused by the Fresnl 0% NP ‘
reflection at the top surface appear prohibitive for use inside o5 L1 i il i h i i
a laser cavity. Of course, an AR coating on the front surfacet
of the BASIC mirror readily reduces this problem. Addition-
ally, an AR coating further suppresses dispersion oscillations _
caused by a small residual overlap of the beams in the far field',
and allows for a smaller geometrical mismatch of the two sur- =
faces. Hence, even though it is not strictly required, the AR A
coating also improves the dispersion properties of the BASIC o
mirror.

S AN o N A~ O

The total dispersion of a BASIC mirror is given by the dis- 0 600 7('30 8(')0 9(')0 10'00 11'00
persion of the chirped mirror structure plus twice the disper-

sion of substrate and AR coating upon transmission. Typical

Wavelength (nm)

; ; ; ST ; ig.11. a Reflectance of two AR coatings with different bandwidth. The
chlrped mirror coatings foruse in T|.sapph|re lasers allow forFashed line shows a 14-layer AR coating that provides about 240-nm band-

the compensation of mate”a_l .dlspersmn equivalent to a pa idth with less than 10* reflectance as used in standard DCMs [11]. The
length of about 2-mm fused silica per bounce [29]. Thereforesolid line refers to an ultra-broadband coating (18 layers) with more than
it is desirable to use substrates of a few 100-thickness to  400-nm bandwidth and about 1®residual reflectance as used on the front
permit the generation of a net negative GDD with a BAS|csurface of the BASIC chirped mirror. As the AR coating is passed twice

. . . er bounce, the effective losses amount to double the residual reflectance
mirror. On the other hand, however, mU|tIIayer coatings of 6(& the coating. The ultra-broadband coating also provides high transmission

or more layers are known to generate tensile or coOmpressiVghe pump wavelengths 488 and 514 fmGroup delay dispersion of the
stress on the substrate, causing a deformation of extremeltra-broadband AR coating upon transmission
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Fig.12. a Calculated reflectance of a BASIC double-chirped mirror structure. The structure is designed for use in an ultra-short-pulse Ti:sapphire laser. Ir
a computer optimization process, a highly transmissive window for the pump laser is introduced. Measured refractive-index data for the coakingrenate

used. In these calculations, the influence of AR coating and substrate on spectral properties is not considered. The reference plane is chbseata the su
close to the coating, isolating the effect of the DCM coating. The reflectance is plotted on two different scales to show the high reflectance i the 620- t
1050-nm range and the transmissive region at 500mDesigned(solid line) and desireddashed line) group delay of the BASIC double-chirped mirror
structure upon reflection. Note that both curves practically coincide except for the short-wavelength end of the range Besigned(solid line) and
desired(dashed line) GDD of the BASIC double-chirped mirror structure upon reflection

medium. The chirped mirror structure provides a899 re- In contrast, the BASIC approach tolerates a residual re-
flectance from 610—1000 nm (190 THz bandwidth). Accountflectance of 10° for use inside a Ti:sapphire laser, and this
ing for the additional 2% losses due to the double passcan be immediately traded for 200 nm of extra bandwidth.
through the AR coating, this results in a net reflectivity The BASIC design technique is mainly limited by the achiev-
of 99.6% over the same 400-nm bandwidth. The wide re-able net reflectivity rather than by the magnitude of dispersion
flectance range favorably matches the unprecedented barwkcillations as in conventional DCM designs. The insensi-
width of extremely smooth dispersion of 220 THz.

3.3 Comparison to standard DCMs

BASIC-DCM
- - - - Standard DCM |

Comparison of the structure of a BASIC mirror and a stan-
dard DCM readily reveals three identical functional sec- &
tions but in a different order: a substrate, a chirped mir-©
ror structure, and an AR coating (Fig. 1). In the case of§ : N AN
the BASIC mirror, however, the two coating sections areg '
non-interfering, separated by the substrate in between. The
non-interference of the two coating sections decouples their
design, and imperfections of the AR sections do not spoi.

elay) (fs)

the dispersion properties of the mirror. Figure 11a illustrates ,ml P
this by comparing the reflectance of the AR coating used - - - - Standard DCM Lo
in the BASIC design approach with similar 14-layer coat- & 180 THz R
ings used in the design of previous standard DCMs [11].= 20 T LR R T A B LR
Due to the high sensitivity of the DCM dispersion towards § Vo RS no
residual reflection from the AR section, the residual reflec-O 0 ff: SOt~
tivity has to be kept at 10¢' or below, which limits the < AR BN S AT A
bandwidth of such a coating to about 250 nm at 800-nm cen- 20 B R i 1 R
ter wavelength. Given the layer materials and the 450-nm T R L
bandwidth of this design, the residual reflectivity generally ;" 700 800 900 000 1100
saturates at about 18 with only marginal improvement Wavelength (nm)

from an increased number of layers [32]. Consequently,.

. . ig. 13a,b. Dispersion oscillations of BASIC double-chirped mirrdsslid
any attempt to further increase the bandwidth of standar e) and standard DCMg&lashed line). Data from Fig. 12 and [1] have been

DCM ?Oatings causes a dramatic increase of dispersiofked for this comparison. Shown are the differences between desired and
oscillations. designed values af group delay and» GDD
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tivity towards dispersion oscillations is illustrated in Fig. 13,the lens, the front surface can be cleaned with no danger of
comparing the dispersion properties of a BASIC DCM andmechanical damage to the chirped mirror coating. The final
a conventional DCM. Both coatings shown use 60 layers, oftructure consisting of the thin BASIC DCM lens and the
which 14 are used in the AR section of the standard DCMthick glass support forms a mechanically rugged slab with
This example clearly shows that the BASIC design approactwo flat surfaces. The back side of the thick supporting glass
reduces dispersion oscillations to a peak-to-peak value afubstrate can be additionally AR-coated to improve transmis-
5fs? (2 fs® rms), whereas the standard DCM of significantly sion of the pump light.
less bandwidth exhibits peak-to-peak oscillations of 30fs  We use white-light interferometry to characterize the dis-
(151 rms). persion of the manufactured mirrors. Figure 14a shows the

Some additional advantages of the BASIC approacimeasured GDD of a BASIC chirped mirror in comparison
should be pointed out. With the weak remaining impedancewith the target GDD of the design. Note that these curves
matching problem, computer optimization of the coatingnow include twice the GDD of a.85-mm substrate and
structure is less demanding than in the conventional DCM dewice the GDD of the AR coating upon transmission. We
sign approach. Using the same number of layers in a BASIC
mirror, a wider wavelength range can be covered because no
layers have to be sacrificed for impedance matching to air.
Finally, the AR coating of a BASIC mirror may be grown |  [=o Target
independently, using materials with higher index contrast to o, b e 1 comenional
further increase the net reflectance. o \

The design in Fig. 12 may serve as an illustration of how &
to achieve optimum performance given the bandwidth andg 0
other constraints of a mode-locked Ti:sapphire laser. Giving8
up the highly transmissive region around 500 nm used for
pumping the laser allows for an additional reduction of dis-
persion oscillations in the design. A further extension of the
dispersion-compensation bandwidth, e.g., for the compres"’}
sion of white-light supercontinua, is possible by allowing for

1 1

1 1

a reduced net reflectance or using more layers. For applica- 50 |72 S oem o
. . . . . . 1

tions outside a laser cavity, slightly increased losses typically <~ : Lo

pose no problem. In principle, support of single-cycle spectra £ oL [y i

. . - . . . —~ H AN \ \ I i

with BASIC chirped mirrors is feasible in external compres- 3 o v\/rOV\\!AVf\W y \/ A

sion schemes. o N - i !

< i - i

. -50 [ N
4 Experimental results

4.1 Back-side-coated chirped mirrors
Error simulations
Measured GDD

The design presented in Sect. 3 was grown using high-__
precision ion-beam sputtering [33]. Active control of layer ‘u
deposition in the few-Angstrom range [34] is indispensable <
because of the high sensitivity of the GDD to deposition &
errors [12,23]. We used 0.45-mm-center-thickness plano-%
convex lens substrates as a replacement for the 10-cm-radius
concave focusing mirrors previously used in our laser. The

convex side of the lens substrates has a radius of curvature
of 150 mm (focal lengthf = R/2n ~5cm) and is coated 600 700 800 900 1000
with the BASIC chirped mirror structure. The AR coating
is applied to the plane surface. During polishing, the thin

lens substrates are optically contacted to plane carrier subid- 14 @ De$|i1f95"0round""p GDD (single pass thﬂ!gh f“f].ed)s”‘ca dprism
. . quence witl -Cm apex Separatlon al M O l:'sappnire) used as
strates. With the support of the carrier substrates, Surfa(‘ggtarget function for the mirror desigdotted ling). The measured GDD of

deformations of the substrates can be kept belgw/(peak-  the BASIC chirped mirror is shown adots. Note the net positive disper-
to-valley values over 1-cm diameter) in the manufacturingsion of the BASIC mirror at 900 nm. In comparison with Figs. 12 and 13,
process. For the coating process, the substrates are remo@@%e;ﬁi_olr(l of tth /ag coating (Fig-_llr)daggi ;f;]e zuf?strate Witt)h t\z meas-
; : ; ; ; ; ured thickness of @5 mm are now include e differences between
fr(.)m the carrier. With the_chlrped mirror cpatlng applled, thedesigned and manufactured GDD are shown (BASIC chirped miobd
thin lens S’,UbStrat,es are fma”y Cem,er,'ted Into mating CO”Qa\ﬂ%e; standard DCM [1],dashed line). The standard DCM exhibits similar
10-mm-thick carrier substrates, similar to the constructionispersion oscillations, which are, however, shifted such that they partially
of an achromatic lens. Cementing to a carrier substrate preancel out dispersion oscillations of the BASIC mirror. A combination
vents mechanical stress to the thin mirrors and also protecs °ne Stat’_‘daf]f‘ ch’é Oa”d ttwoggésm irrors y'ﬂgsdslm‘?th d'?‘;]ers'm‘
. : . . . compensation from nm to nm, shown as ine in a. The
the c_hlrped mirror coatings fr.om .enVIronmental mfluencesm gnitude of the dispersion oscillations of the BASIC mirror coating agrees
The internal stress of the coating is decreased by the reduc numerical simulations, indicating a 2-A (rms) layer-deposition accu-
substrate curvature. Since the BASIC DCM is buried behindacy )

Wavelength (nm)
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find an excellent agreement between designed and manufac- 3.0
tured dispersion with small residual dispersion oscillations ugz , 5
to a wavelength of about 800 nm. For longer wavelengthsg
which penetrate deeper into the mirror structure, depositior? 2-0 7
errors become noticeable and the GDD oscillation amplitudéé 15 —
exceeds the designed value. But still, up to a wavelengti®
of about 950 nm the resulting dispersion oscillations are o%
the same magnitude as in previously grown DCMs, whichS 0.5 —
are shown for comparison in Fig. 14b. Compared to standard 0.0
DCMs, the BASIC mirrors again exhibit much smaller dis- '
persion oscillations at longer wavelengths up to 1050 nm. In
summary, the manufactured BASIC mirrors exhibit a simi-&

lar magnitude of dispersion oscillations but cover a 100-nm- 19
wider bandwidth.

Our simulations (Fig. 14c) indicate an rms layer growth 0.8 —
accuracy of~ 2 A, for both the standard DCMs and the -
BASIC mirrors manufactured. Although this is an excellent-‘g 0.6 7
value, it is still necessary to combine mirrors to compensatg , _|
for manufacturing defects. A further reduction of manufactur--
ing errors to aboutr 1 A per layer appears necessary in order 0.2 —
to use BASIC mirrors of similar bandwidth directly without
compensation for manufacturing errors and to fully exploit 0.0 | | I T T

1.0

[
w N [l o = N w
(pes) aseyd renoads

600 700 800 900 1000
Wavelength (nm)

their potential in an oscillator. -100 -50 0 50 100
b Time (fs)
4.2 Ultra-short-pulse Ti:sapphire laser Fig.15a,b. SPIDER measurement of pulses from a Kerr-lens mode-locked

o . ) ) _ Tirsapphire laser employing two BASIC chirped mirrors (see Figs. 12-14).
In initial attempts to use three BASIC mirrors in a Ti:sapphirea Measured spectral power dens{iplid ling) and phasgdashed line). As-

laser, we did not succeed to push the mode-locked spe(;iftrl]ming a flat F&haseytthe trf’;meOf”l-"mitedhqbl_ltfatiotn of ]}he Pll_llsf?gf;f

H H H H Ir naing Intr VI rum exnioi ran: rm himit
trum. beyond the posmye_ net dlsper3|on_ region at 900 nm, Ige%%nifr%?:ted ?empg(r:;ll p)rlo?i?eecofutheepulsesvathaa S|1133Ise duration (full
Previously, we solved similar problems with standard DCMsy;gih at half maximum) of B s
by combining mirrors from one coating run under differ-
ent angles of incidence [1]. Increasing the angle generally
allows shifting the dispersion oscillations of a particular mir-and the resulting pulse profile in the time domain are shown
ror towards shorter wavelengths. As we did not have a flain Fig. 15. We measure a pulse duration & . Our meas-
BASIC mirror available as would be required for that pur-urements indicate that the pulse duration is very close to the
pose, we used a combination of two BASIC chirped mir-bandwidth limit of 56 fs and significantly lower than the in-
rors and one standard DCM to reduce the dispersion oscitracavity transform limit of 67 fs. Taking into account that
lations. The standard DCM is identical to the mirrors usedhere is still one conventional DCM in the cavity, these results
in [1]. All mirrors are now used at near-normal incidence.agree favorably with the.8fs achieved with only conven-
The net dispersion of the mirror combination is shown intional DCMs. The results achieved with the BASIC mirrors
Fig. 14a. Note how dispersion oscillations of the individualare within 3% of the bandwidth limit, resulting in a nearly
mirrors cancel out for the wavelength range from 780 nntransform-limited pulse. In a slightly different configuration,
to 970 nm (Fig. 14b). Together, two BASICs and one stanwe also obtained very clean pulses of about 7-fs duration.
dard DCM yield a relatively smooth net dispersion, rangingThe latter pulses have strongly reduced satellites with less
from 650 nm to 970 nm with maximum dispersion oscilla-than 5% of the main pulse and exhibit a nearly bell-shaped
tions of 80 fé (peak-to-peak value, for a single pass througtspectrum. This configuration made use of a broadband OC
the cavity). The described mirror combination is used inmirror of 55% transmission, surrendering spectral shaping
a Kerr-lens mode-locked Ti:sapphire laser otherwise similaupon output coupling [15]. In summary, the results obtained
to [1]. Compared to the set-up described earlier, two of thevith the BASIC mirrors clearly demonstrate the potential of
focusing mirrors inside the cavity are replaced by BASICour new mirror design approach. Our experiments show that
chirped mirrors and the flat folding mirror is taken out. Togiven the current state of the art of layer-deposition accu-
balance the average negative GDD in both resonator armscy and substrate manufacturing the BASIC design approach
the standard DCM with stronger negative GDD is placed ircan be successfully used in a sub-6-fs laser. With a similar
the resonator arm with the semiconductor saturable-absorbeispersion-oscillation amplitude, the bandwidth of the BA-
mirror (SESAM). The fused silica prism pair (50-cm apexSIC mirrors is clearly enhanced compared to earlier designs.
separation) introduces negative GDD in the other resonator
arm that contains the OC mirror. Compared to [1] a slightly
shifted output coupling mirror design is used to optimize5 Conclusions
spectral shaping. Standard DCMs are also used for the exter-
nal compression scheme. The pulses are fully characterizétle have reviewed the matching problems of chirped mirror
by spectral phase interferometry for direct electric-field restructures to the ambient medium. The analytical findings and
construction (SPIDER, [24, 25]). Spectral intensity and phasaumerical investigations show that the double-chirped mirror
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technique provides an optimum solution to the impedance- 5.
matching problem if an ambient medium with index iden-
tical to one of the layer materials is chosen. The resulting &
design approach of BASIC chirped mirrors allows for ultra- -
broadband dispersion compensation with virtually no disper-
sion oscillations. A comparison with standard DCMs clearly 8.
demonstrates the superiority of the BASIC design approach.
Over a bandwidth of 220 THz (610-1100 nm), GDD oscil-
lations of 2f¢ (rms) can be achieved, which presents ang
order-of-magnitude improvement compared to earlier designs
of less bandwidth. We use BASIC chirped mirrors inside 11.
a Kerr-lens mode-locked Ti:sapphire laser to generate near-
bandwidth-limited 58-fs pulses. Despite the clearly extended
bandwidth of the manufactured mirrors, deposition errors of;3,
BASIC chirped mirrors are still a limiting factor for the fur-
ther reduction of dispersion oscillations. With expected im- 14.
provements of fabrication accuracy, the BASIC technique
will allow for chirped mirror structures with negligibly small ;¢
dispersion oscillations. Besides use inside an oscillator, BA-
SIC mirrors appear very attractive for external white-light
continuum compression schemes [6, 7] and optical parametL6.
ric amplifiers [8], which can greatly benefit from the extended
bandwidth. BASIC mirrors promise an improvement of dis-
persion control for octave-exceeding pulse spectra, which igg,
a very important prerequisite to push pulse durations further
into the single-cycle regime.
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