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ABSTRACT The wavelength-dependent thermal refractive index
gives an extra degree of freedom for adjustment of higher-order
dispersion of a prismatic pulse compressor. The effect allows
of fine tuning of both intracavity and extracavity dispersion
of ultra-fast oscillators. The calculations have been carried out
using a new and rather handy formalism, which describes the
operation of a prism pulse compressor as a linear function of
the ratio of the total glass path in the prisms and the prism apex
distance. The validity of theoretical calculations is supported by
experimental evidence.

PACS 42.65.Re; 42.60.Da; 42.65.Ky; 42.62.Eh

1 Introduction

At the moment of the first successful generation
of a sub-10-fs laser pulse [1], it became evident that in order
to obtain transform-limited femtosecond pulses the resultant
dispersion of the system has to be compensated not only
to the second order, that is for the group-delay dispersion
(GDD), but at least to the third-order dispersion (TOD). The
recent revolution of the generation of femtosecond pulses by
Kerr-lens mode locking (KLM) [2] made it possible for sub-
50-fs laser oscillators to become an everyday tool in many
research laboratories in the fields of physics, biology and
chemistry. The dispersion of these lasers was first compen-
sated by a prism pair made of optical material of proper
choice [3] or a Proctor—Wise prism sequence exhibiting lower
TOD [4,5] and later by chirped mirrors [6]. To construct
an oscillator producing sub-10-fs pulses with > 5-nJ energy,
a long Ti:sapphire crystal should be used. In this case, how-
ever, the increased intracavity dispersion compensation can
be achieved most generally by the use of appropriately de-
signed chirped mirrors in combination with an intracavity
prism compressor [7—12]. However, due to the inherent na-
ture of these ultra-fast mirrors, i.e. the GDD and TOD curves
are higher-order polynomial functions of frequency [13, 14],
and also to inaccuracy in the production of these complicated
dielectric layers, there is always some residual TOD (and
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higher-order dispersion components) in the cavity, which sets
an ultimate limit for the generation of the shortest possible
pulses [15, 16].

The pulses coming from the oscillator pass usually more
dispersive elements, besides the thick end mirror of the cav-
ity, like beam splitters, an object plate, a cuvette wall, etc.,
and are much lengthened before hitting the target. Conse-
quently, the extracavity dispersion to be precisely compen-
sated changes experiment by experiment. In most cases the
well-known methods of fine external dispersion compensa-
tion cannot be counted on. The external chirped mirrors are
not flexible enough; that is once the mirrors are produced there
is no possibility of even slight adjustment of their dispersion
properties. A more serious pulse shaper, based on an expen-
sive grating pair along with a liquid-crystal modulator [17],
deformable mirror [18], acousto-optical modulator [19] or
thermal slab [20], cannot be afforded not only because of the
costs but also the losses in those systems.

For short UV pulses, the problem of fine pre-target disper-
sion compensation is even more serious [21], due to higher
dispersion of optical materials and also to the lack of available
chirped mirrors. The recently available femtosecond, soft-UV
pulses [22—26] certainly call for a device by which the disper-
sion can be compensated at least to the third order.

In this paper we propose a new method for the fine tuning
of intracavity and extracavity dispersion. In order to suggest
a solution for both problems we first reconsider the theory of
prismatic pulse compressors. It is shown that all the import-
ant parameters of a prismatic compressor scale with the ratio
of the total glass path and the prism apex distance. The only
remaining independent parameter is the temperature of the
prism material. We shall prove that the change of the material
temperature of a prism pair results in a change of the ratio of
GDD and TOD.

2 A generalised description of a prism-pair
compressor

It is widely known that the GDD of a prism pair,
that is the second derivative of phase shift ¢(w) with respect
to w, can be adjusted simply by changing the position of ei-
ther of the prisms [27—-29]. Itis also an inherent feature of such
prism pairs that the TOD changes at the same time. Martinez
et al.’s elegant model of ‘crossed parallel slabs’ [27] gave the
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FIGURE 1

The geometry of a prismatic pulse compressor assuming the
refractive faces parallel to each other

first analytical description of phase shift by a prism pair as

P(w) = %)lp cos (), )
where [, is the prism apex distance and c is the velocity of
light in the medium between the prisms (Fig. 1). In the follow-
ing we assume c to be equal to the light velocity in vacuum.
The scientific community had been in doubt over (1) mainly
because it seemed not to have taken into account the unavoid-
able propagation of light in the prism materials (see e.g. [30]),
which results in positive group-delay dispersion [31]. Re-
cently, Sherriff [32] has shown that the results obtained by
using complicated ray tracing are identical to that of calcu-
lated from (1). Throughout this paper we neglect any disturb-
ing effects such as non-parallel refracting surfaces and beam
deviations [33].

2.1 Specific dispersions

In everyday laboratory practice, it is hard to meas-
ure the angle 6(w) with the necessary precision. Tuning the
prism compressor, moreover, often means the change of the
glass path in either of the prisms. The total glass path [, that is
the sum of the geometrical light paths of both prisms can be,
however, more easily determined. After some algebra, using
the notation of Fig. 1, one can obtain

sin 6 sin ¢

ly=l,——M——, 2
& pcosalcosﬂo 2)

where the wavelength-dependent o, By angles can be calcu-
lated from the angle of incidence at the first prism o, the

+ GDDy (fs?mm)
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prism apex angle ¢ and the refractive index n as

sin o

o] = arcsin ( ) ,  Po=arcsin(nsin(p—oay)) . (3)
Now introducing the specific phase shift ¢ as the phase shift
per unit prism apex distance, (1) can be re-written as

2
)
I, ¢

where R is the ratio of the total glass path to the prism
apex distance (R =1/y/l,). The specific group-delay disper-
sion (GDDs) and the specific third-order dispersion (TODs),
defined similarly to ¢s, are
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respectively. Since in the everyday practice the dispersion of
optical components is usually described in wavelength rather
than frequency, the specific dispersion of (5) can be expressed

as
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The first part of both GDDg and TODs, which is linear in R,
dominates the values of the specific dispersion. Noticeable de-
viation from linearity in R can be expected only for highly
dispersive materials, like SF10, and in the practically seldom-
used region of R > 100% (Fig. 2a). A typical prism compres-
sor such as, for instance, fused-silica prisms at Brewster angle
operating at 800 nm, can then be described as follows. Start-
ing R from zero, where the light of the centre wavelength
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is assumed only to touch the apices, both GDDg and TODg
are negative (Fig. 2b). Their sign become positive typically at
2% < R < 6% and, apart from a very few special cases, the
GDD changes sign first. In the case of intracavity dispersion
control, when mainly the dispersion of the laser crystal is to
be compensated, it has a consequence that the prism pair oper-
ates at an R that provides full compensation for GDD and the
least residual negative TOD [32]. For very short laser pulses
the effect of TOD becomes significant not only on the satellite
peaks but also on the pulse length [34, 35]. Here the best align-
ment of R is that at which the pulse length is minimal, that is
where the net GDD is not zero (see e.g. [36]). In either way,
once an R has been chosen, there is no more degree of freedom
for changing the ratio of GDD to TOD.

Hence, at a given prism (material and apex angle) and
an angle of incidence, all higher-order specific dispersion of
a prism pair depends linearly only on the easily measurable R.
Please note that the operation of a prism compressor based on
the concept of specific values and the ratio of total glass path
and prism apex distance, which has never been introduced be-
fore, can be easily and simply described.

2.2 2.2 Temperature tuning

By varying the temperature of the general environ-
ment of the prism pair, the phase shift at a given wavelength
will change due to (i) the thermal expansion coefficient of the
metal parts (optical bench, mounts, etc.), (ii) the thermal ex-
pansion coefficient and (iii) the thermal refractive index of
the prism material. The first two would result in the change
of R only, which is equal to setting one of the prisms to an-
other position. Hence, no change in the GDD/TOD ratio can
be expected. The point (iii) means, however, that the refractive
index practically depends not only on the wavelength but also
on the temperature T, that is n = n(X, T ). Thus, the angles of
refraction (3) as well as the phase shift (4) and its higher-order
derivatives ((6) and (7)) will depend on the temperature.

The thermally varying values can be best characterised by
calculating their derivatives with respect to 7. The thermal
GDDs and TODg depend on temperature as
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As can be seen, GDDgt and TODgr are built up from the
products of different orders of the derivatives of n = n(A, T ).
Hence, at a given R the ratio of the resulting group-delay dis-
persion and the third-order dispersion is required to vary with
temperature. Moreover, a prism pair made of highly disper-
sive material (i.e. large dn/dA, etc.) is expected to be more
sensitive to thermal changes.

3 Results

The values of specific thermal GDD and specific
thermal TOD have been calculated at 800 nm for Brewster-
angle prism compressors made of several optical materials
as a function of the ratio of total glass path and prism apex
distance. Among them three have been displayed as good ex-
amples (Fig. 3): fused silica and SF10 have positive dn/dT
and represent materials with low and high dispersion, respec-
tively, while FK54 is one of the rare examples of optical
glasses with negative dn/dT . For the glass materials the func-
tion n = n(A, T') was taken from the Schott catalogue [37],
while the dn/dT values for fused silica were derived from [38,
39]. From the figures it can be established that (i) the GDDg
changes less with temperature than the specific TODg com-
pared to their absolute values (see also Fig. 2), (ii) the sign
of the specific dispersions at R = 0 is the opposite to the sign
of dn/dT and (iii) for materials with large dispersion both
GDDgr and TODgr vary more rapidly and change sign at dif-
ferent R(<~ 25%).

Figure 4 shows the typical spectral dependence of the
specific thermal dispersions (group delay (GD), GDD and
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other optics having a length of 5-mm fused silica in total.
This is accomplished at R =4.43% and [, = 1500 mm. It
may be worth noting that GDDst and even TODgt vary
much more rapidly for SF10 than for fused silica. The
strong dependence of higher-order dispersion on wave-
length may be an attractive feature for compensation of
such sophisticated phase shifts, which are generated upon
non-collinear optical parametric amplification of ultra-short
pulses [24—-26,40-43].

Another interesting consequence of the calculation is that
the thermal tunability of a prism compressor is much larger
towards the shorter wavelengths than in the near IR (NIR)
and visible. Figure 5 shows the change of specific thermal
dispersions of a fused-silica prism pair for the wavelengths
of 800 nm, 400 nm and 250 nm. Since the compressors are
to work with real laser pulses, to make the comparison of
the expected performance at the different spectral regimes
easier, the values of dispersion at the spectral half-width of
10-fs Gaussian pulses with a centre wavelength of 800 nm,
400 nm and 250 nm have also been displayed (dashed curves).
As can be established, the thermal dispersion at the spec-
tral wings of a femtosecond pulse with the same tempo-
ral length can be much larger for UV pulses than for NIR
ones.

4 Experimental

Owing to the lack of a suitable Ti:sapphire oscilla-
tor, a proof-of-principle experiment has been carried out using
spectrally resolved white-light interferometry [44]. A Michel-
son interferometer, illuminated by a halogen lamp, was con-
structed from optical elements having zero GDD, that is gold

mirrors (M1, M2) and an achromatic beam splitter (B/S)
(Fig. 6). A pair of ¢ = 57 °C fused-silica prisms at minimal
deviation angle was placed in one arm of the Michelson in-
terferometer and the length of the other arm was aligned to
obtain white-light interference fringes. Resolving spectrally
these fringes, the dispersion can be precisely established at
least to the third order [44,45] by using at least a third-order
polynomial for fitting of the resulting phase shift ¢. In order
to enhance the precision of the measurement, the compressor
was set to exhibit near-zero GDD at 800 nm by aligning the
prisms to a prism apex distance of [, = 1155 mm. The prisms
were mounted on two large Peltier elements, the temperatures
of which were precisely controlled and monitored.

The spectrally resolved white-light fringes were recorded
at several temperatures between 22 °C and 67 °C. The meas-
urement was repeated twice at the same temperatures both
in the heating and cooling cycles. All images have been
evaluated to determine GDD and TOD in the 650-900-nm
spectral range. Figure 7 shows the average of the meas-
urements along with the predicted curves. It can be seen
that at 800 nm the measured thermal GDD of —3.38 fs? /K is
very close to the predicted —3.40 fs?> /K. The somewhat larger
constant shift in the values of thermal TOD (—2.16fs?/K
and —2.65 fs3 /K, respectively) is a result of the slight dif-
ference between the slopes of the measured and theoretical
GDD curves. Please note that these discrepancies are still
within the precision of the measurement of 40.14 fs?> /K and
+0.60 fs /K, respectively. The accuracy of the measurement
is eventually limited by the poorer visibility of the fringes at
the wings of the spectrum (see the fringes in Fig. 6), which
causes larger uncertainty in the fitting parameters of the phase
shift.
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FIGURE 6 Experimental setup for measuring thermal change of the phase
shift of a fused-silica prism compressor

5 Discussion

In practical applications the temperature of the
prisms should be chosen very carefully. On the one hand the
prism should not be cooler than the environment by 5-7 °C,
otherwise water-vapour condensation would start. On the
other hand if the prisms are 30-35 °C warmer than the lab-
oratory air, both the air turbulence near the prisms and the
thermal gradient of the refractive index of air can deterio-
rate the beam quality. These conditions allow one to calculate
a maximum temperature difference of 40 °C. Please note,
however, that the use of a relatively simple thin-window, low-
pressure (= 1 Torr) chamber around the prisms would almost
completely stop these effects allowing a temperature differ-
ence even of 150 °C.

The higher-order dispersion control would happen in ba-
sically two ways: either the temperature of an existing intra-
cavity prism pair is changed resulting in a 20%-30% improve-
ment of the ratio of GDD and TOD, especially around the

R values where GDDg and TODg are near zero, or a second
thermal prismatic compressor can be constructed. The latter
case is more complicated but allows for an even more flexible
adjustment.

One more rather practical consequence emerges from this
study. The tight tolerance requirement of femtosecond oscil-
lators to the higher-order dispersions as well as the sensitivity
of synchronously pumped cavities to the round-trip time set
a temperature-conditioning requirement for the laboratory of
41 °C, which corresponds to the everyday laboratory practice
and was proved experimentally [46].

6 Conclusion

A practically more useful description of the op-
eration of a prismatic pulse compressor was given by in-
troducing the term specific dispersion, that is group-delay
dispersion and third-order dispersion per unit prism apex
distance. It has been shown that both GDDs and TODg
are linearly proportional to the ratio of the total glass path
in the prisms and the prism apex distance. The tempera-
ture dependence of the refractive index of the prism ma-
terial provides a new — and probably the only — extra pa-
rameter of a prismatic compressor, which makes GDDg
and TODg scale differently. Using temperature tuning at
a given prism geometry, the accuracy of adjustment of
GDDs and TODs can be in the order of 0.001 fs?>/mm and
0.01 fs>/mm, respectively. This may be necessary at gener-
ation of attosecond pulses [47] and could be successfully
used also for achieving very precise locking of spectral
phases of coherent pulses from two independent short-pulse
oscillators [48].
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