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ABSTRACT A reliable and efficient method based on a geo-
metrical optical approach is presented to model the propagation
of ultrashort pulses in optical systems. It is shown that the
commonly used method to determine the group delay of the
spectral components of a pulse from their geometrical optical
path lengths is only correct for aberration-free optical systems.
In the case of systems with angular dispersion and imaging er-
rors, a correction to the path values obtained from ray-tracing
calculations must be applied, since for specific systems neglect
of the correction causes significant errors. A technique for per-
forming this correction is presented. Two optical arrangements
used for the generation and detection of tunable THz radiation
by the femtosecond tilted-pulse-front excitation technique are
analyzed to demonstrate the indispensability of the correction.

PACS 42.15.-i; 42.15.Dp; 42.15.Eq; 78.47.+p

1 Introduction

Numerical results provided by ray-tracing algo-
rithms of optical design programs give accurate information
on the spatial properties of the imaging optical system. In the
case of systems implementing measurements at high tempo-
ral resolution, the temporal deformation of the applied ultra-
short optical pulses is not negligible: aside from the conven-
tional aberrations, temporal pulse distortions should also be
considered. The propagation and distortion of femtosecond
pulses in optical systems can be described using wave optical
theory. Several papers have discussed the temporal and spa-
tial intensity distribution of a femtosecond laser beam [1, 2].
These simulations, based on a wave optical description of
the problem, have confirmed results obtained from geomet-
rical optics [3]. However, wave optical models are difficult
to use in practice due to the complicated numerical cal-
culations they require. Furthermore, several simplifications
and approximations must be made to retain a simple model,
which can be used in the assessment of practical applica-
tions. Attempts at reliably modeling femtosecond beam de-
livery using ray-tracing calculations are attractive for their
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simplicity and speed [4, 5]. Therefore it appears worthwhile
to develop methods that determine the group delay from the
geometrical optical path length.

2 The geometrical optical approach

In a dispersive system, the phase velocity of νph =
ω/k a wave and the group velocity νgr = ∂ω/∂k of a wave
packet centered at frequency ω are functions of frequency,
where ω is the angular frequency of the radiation and k the
wave number. A short pulse propagating through this system
will change its shape as it propagates. Usually, a system is
designed by specifying its layout and elements, whose disper-
sive properties are given by the coefficients of the expansion
of the spectral phase function φ (ω) to a Taylor series:

φ (ω) =
∑

n

1

n! φn (ω0) (ω−ω0)
n , (1)

where φ(n) (ω0) is the nth derivative of the phase function with
respect to the frequency evaluated at a reference angular fre-
quency ω0. The term φ(1) (ω0), the so-called group delay τ ,
is the time taken for a wave packet centered at the reference
frequency to propagate between the reference planes. Starting
from

τ = dφ (ω)

dω
(2)

and transforming the frequency into wavelength dependence,
a commonly applied formula is obtained to calculate the group
delay of the pulse upon propagation through a medium with
dispersion:

τ = 1

c

(
nL − Lλ

dn

dλ
−nλ

dL

dλ

)
, (3)

where L is the geometrical path length of light in a medium
having a refractive index n, and c is the speed of light in a vac-
uum. For a specific arrangement, once the optical path L as
a function of wavelength has been determined and the ac-
cumulated group delay in each optical medium the pulse is
propagating through has been added up, information on the
distortions of the pulse upon exiting the system can be ob-
tained. The typical way to characterize distortions based on



258 Applied Physics B – Lasers and Optics

ray-tracing analysis is to determine the difference in the group
delays of the short- and long-wavelength components (usu-
ally the wavelengths where the spectral intensity of the pulse
reaches half its maximum value). The derivatives in (3) are
approximated by the difference quotients for two adjacent
wavelengths λ1 and λ2:

dn

dλ
= n (λ1)−n (λ2)

λ1 −λ2
(4)

and

dL

dλ
= L (λ1)− L (λ2)

λ1 −λ2
(5)

Clearly, (3) is correct only for cases when rays of different
wavelengths originating from the same point on the object
meet again at one point in the image plane; that is, the optical
system is aberration-free. Otherwise there is a need for cor-
rection. In Sect. 5 we propose a correction method. According
to our knowledge there is no reference in the literature for ap-
plying such a correction. The significance of errors caused
by the neglect of corrections is specific to the geometry of
the modeled arrangement. In our earlier work on the model-
ing of pump arrangements for the generation of laser-induced
dynamic gratings [6], for example, it was obtained that the
omission of correction caused an error of only 2 fs for the in-
vestigated setups, which was negligible when compared to the
25 fs assumed pulse duration. In order to demonstrate the ne-
cessity of the correction, in the following we present results
of ray-tracing simulations of pulse propagation though opti-
cal setups used for the generation of tunable THz radiation
by the recently reported femtosecond tilted-pulse-front exci-
tation technique [7].

3 Excitation geometry for THz generation

These optical arrangements realize a novel exci-
tation geometry that makes velocity matching possible be-
tween the exciting visible ultrashort light and THz radiation in
a dielectric crystal below the phonon frequency. The import-
ant feature of the tilted-pulse-front technique is illustrated in
Fig. 1: the pulse front of the light beam is tilted by angle γ

FIGURE 1 Scheme of the impulsive phonon-polariton generation using
a tilted pulse front. The ultrashort light pulse propagates to the right, while
the polariton propagates perpendicularly to the generating pulse front, that is,
at an angle γ with respect to the optical pulse

FIGURE 2 Schematic of the experimental setup for the generation and
detection of THz radiation: pre-compression is introduced by a prism com-
pressor PC to the pulse from the Ti : sapphire laser, L. The slight tilting of
the 50% beam splitter BS vertically separates the pump and the probe beam.
The latter is sent through a rapid scan delay line, DL. A cylindrical lens CL
focuses the pump and the probe pulses onto the grating G, which introduces
the tilt of the pulse front. The grating is imaged into the sample S by a sys-
tem of imaging optics IO. The transmission of the probe pulses is detected
by a detector D

with respect to the phase front, which is perpendicular to the
propagation direction of the light beam. The THz radiation (in
non-linear material the phonon-polariton) excited impulsively
along the pulse front propagates according to Huygens’ prin-
ciple perpendicularly to this front, with velocity νph

THz. In this
case, not the velocity of the light pulse ν

gr
vis [8], but its projec-

tion onto the propagation direction of the THz radiation has to
be equal to νph

THz. Thus the velocity matching condition reads

νgr
vis × cos γ = νph

THz (6)

enabling effective THz generation in materials with even
a significantly larger dielectric constant in the far-infrared
than in the visible, just by proper choice of γ .

The experimental scheme capable of the generation and
detection of THz radiation is shown in Fig. 2. The primary
source of ultrashort pulses is a Ti:sapphire oscillator deliver-
ing 25 fs pulses at 810 nm. The presence of phonon-polaritons
generated by the pump pulses is monitored by measuring the
transmission of identical probe pulses with variable delay.
The tilt of the pulse front of the pump and probe is introduced
by diffraction off a reflection grating. The grating is imaged
into the non-linear material (a 100-µm thick GaP crystal) by
different imaging optics to increase the tilt angle of the pulse
front [9].

4 The optical arrangements analyzed

In this paper, we discuss simulations of two pos-
sible optical arrangements for imaging the grating into the
sample; one consists of a spherical lens, the other is a tele-
scopic system consisting of two confocal spherical lenses. In
the second case, the grating is placed at the front focal plane
of the first lens and the grating is image-relayed at the back
focal plane of the second lens. Figure 3 shows detailed views
of the optical path of the central and the boundary rays of
the pump beam from the grating to the sample for both se-
tups. The rays shown are at the 810 nm central wavelength
and at the two edges of the assumed 30 nm spectral bandwidth
(FWHM), which corresponds to a pulse width of 23 fs, assum-
ing sech2-shaped pulses. The pump and the probe beams are
superimposed upon the transmission grating at a finite angle.
Their projections on the plane of the drawing are overlapping
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FIGURE 3 Optical paths of central and boundary rays of the pump pulse at
the central wavelength (solid line), and at the long- (dotted line) and short-
wavelength edges (dashed line) of the bandwidth when the reflection grating
is imaged by a spherical lens (a) and with a telescope comprised of two
spherical lenses (b)

each other. For the sake of clarity, the plots are strongly dis-
torted to counterbalance the difference in the scales along the
optical axis z and axis x, which is perpendicular to it.

Both setups realize demagnification with the same sagittal
demagnification factor of 3. Data of commercially available
typical high-numerical-aperture spherical achromatic dou-
blets are used in our models. The single lens has a focal
length of 50 mm (Linos AG catalogue number: 322265). The
elements of the telescope are near-IR doublets and have focal
lengths of 60 mm and 20 mm (Edmund Industrial Optics cata-
logue numbers are NT45-798 and NT45-786), respectively.

The pulse front tilt introduced by the diffraction grating
depends on the angular dispersion of the grating for a given
wavelength [10, 11]:

tan γ = λ× dβ

dλ
, (7)

where dβ/dλ is the angular dispersion of the beam. To achieve
the required tilt of the pulse front, a reflection grating having
high grating groove density G = 1200 l/mm is used. In the ex-
amined cases the angular spread of the spectrum of the first
diffraction order practically fills in the entire numerical aper-
ture of the lenses. Rays of different wavelength will propagate
through the lenses at different heights above the optical axis
and traverse the systems along different paths. Necessarily,
when using the spherical surfaces of the lenses not only in the
paraxial region, monochromatic aberrations become signifi-
cant as well.

5 The proposed method and simulation results

Due to the imaging errors, rays originating from
one point on the object will miss each other on the image
plane. This situation is illustrated in Fig. 4. (Again, the
drawing is greatly distorted to facilitate the understand-
ing of the problem.) Using the optical path lengths L1 and
L2 of rays having wavelengths λ1 and λ2, respectively, in
(4), and then substituting the values of the obtained dif-
ference quotients into (3) to calculate the group delay, one
obtains an implausible result. This is due to the fact that
even a small spectral separation ∆λ results in a significant
spatial separation of the rays, and the optical path lengths
no longer correspond to the same phase front. This can
be compensated for by intersecting the optical paths with
a line perpendicular to the bisector of the two rays, and sub-
tracting the distance s1 between the point of intersection
P′

1 and the image point P1 from L1, and adding the dis-
tance s2 between the point of intersection P′

2 and the image
point P2 to L2.

Note that in our calculations we only considered the pro-
jection of the lines and points onto the xz plane. The fact
that the imaging errors of the systems are more significant
in this plane than in the yz plane permits this simplifica-
tion. When the omission of the correction for errors in the
yz plane would cause similar inaccuracies, the compensa-
tion technique should be extended to that plane as well in
a likewise fashion, making the calculations more complicated.
Figure 5 shows the results of two series of calculations for
both setups; in one the necessary correction is omitted and in
the other it is applied to the optical path lengths. The arrival
times as a function of x vertex position for the short- (solid
line) and long-wavelength (dotted line) components (at the
edges of the 30 nm spectral bandwidth) are depicted in Fig. 5a
for the one-lens setup, and Fig. 5b for the telescopic system.
The plots corresponding to the calculations without the cor-
rection are indicated in all cases by bar symbols. In both cases
the tilt of the pulse front changes slightly upon applying the
correction.

There is a more conspicuous difference between the tem-
poral separation of the two spectral components obtained

FIGURE 4 Diagram for calculation of the group delay. The optical path
lengths of rays from the grating to the image plane having a ∆λ spectral sep-
aration are labeled as L1 and L2. They should be modified by subtracting and
adding the value of s1 and s2, respectively
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FIGURE 5 Calculated group delay as a function of the distance from the
center of the imaged area for the one-lens setup (a) and for the telescopic sys-
tem (b). The bar symbols denote the uncorrected values for both the short-
(solid line) and the long-wavelength (dotted line) components

FIGURE 6 Uncorrected (a) and corrected (b) group-delay difference for
the one-lens imaging system

with the different calculation methods. Figure 6a gives the
difference in the arrival times for the two extreme spectral
components as a function of the distance from the center
of the imaged area for the one-lens imaging system when
calculating with the uncorrected optical path-length values.
The obtained group delay difference is around 1 ps. This un-
realistic value decreases to a value around 97 fs upon ap-
plying the corrections (see Fig. 6b). Part of this temporal
dispersion arises from the lens material. We calculated for
the two wavelengths examined the difference between the
group delays due to material dispersion of the achromatic
doublet used in the model for the one-lens setup. For the
axial ray this value was 40 fs. In Fig. 7 we show the (a) un-
corrected and (b) corrected group-delay difference for the
telescopic system. In this case, the 680-fs value reduces to
a difference of merely 113 fs between the two extreme spec-
tral components. The group-delay difference for these wave-
lengths resulting from the material dispersion of the two
achromatic doublets is 111 fs for the axial ray. The pulse
broadening due to group delay dispersion can be eliminated
by pre-compensating with a pair of prisms, since the vari-
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FIGURE 7 Uncorrected (a) and corrected (b) group-delay difference for
the telescopic system
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FIGURE 8 Uncorrected (a) and corrected (b) group delay difference for the
one-lens setup when the image plane is in the middle (circle), on the front
(square) and on the back (triangle) surface of the 100-µm thick sample. The
corresponding uncorrected (c) and corrected (d) temporal broadening of the
pulse in the sample

ation of the chirp along the pulses in both cases remains
below 5 fs.

Another important aspect is the pulse propagation in the
sample. We ran simulations for the one-lens setup to deter-
mine the group delay in the middle of the 100-µm thick GaP,
and 50 µm before and 50 µm behind this plane, that is, at
the front and back surfaces of the sample. Figure 8a and b
depicts the uncorrected and the corrected group-delay differ-
ence, respectively. The change in the group-delay difference
between the back and the front surface of the sample yields the
temporal broadening of the pulses as they propagate through
the sample. These ∆τback −∆τfront values resulting from the
uncorrected and corrected calculation methods are given in
Fig. 8c and d, respectively. Comparing the values obtained
with the 16.2-fs temporal broadening that follows from the
material dispersion of GaP, it is again obvious that applying
the correction to the length of the optical paths calculated by
ray-tracing code gives accurate results for the modeling of
short-pulse propagation.
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6 Conclusions

The method of determining the group delay of
the spectral components of a pulse from their geometri-
cal optical path lengths has been improved. It has been
shown that the commonly applied method for the model-
ing of ultrashort-pulse propagation in optical systems can
give inaccurate results in the case of setups having angular
dispersion and imaging errors. This is, to our knowledge,
the first description of this limitation. A technique has been
developed to overcome this problem by applying a correc-
tion to the path values obtained from ray-tracing calcula-
tions. Case studies of two optical arrangements used for the
generation and detection of tunable THz radiation by the
femtosecond tilted-pulse-front excitation technique were ana-
lyzed to demonstrate the indispensability of the correction.
The method developed is a reliable and efficient tool for

the characterization and optimization of femtosecond optical
systems.
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