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Abstract

The shaping of ultrafast pulses is an area of great interest in the world of laser technology, due to the
multiple possibilities and applications enabled by user-defined shaped pulses. Despite the success of the
several existing techniques for pulse shaping, common problems still exist, such as the large dimensions
of the associated experimental setups or the sensitivity of the alignment to mechanical vibrations, which
limit their use in environments outside the laboratory, such as in industrial equipment. In this work we
study the feasibility of a novel alternative to the optical element that performs the spatial dispersion
inside a conventional pulse modulator. Our approach consists in using a chirped volume Bragg grating,
and the goal is to study the properties of the transverse spatial chirp created when a laser pulse enters
on the CVBG at a given angle. We developed a simplified theoretical model that allows the calculation
of the diffraction efficiency at a given depth inside the CVBG and the associated spatial chirp. Using the
model, the performance was studied for several parameters of the diffraction grating and of the incident
pulse. We performed a number of laboratory measurements using different experimental setups for
characterizing the performance of a specific CVBG operating at 1034 nm. We compare those with the
theoretical model and determine of the influence of each parameter. Finally, we analyze and discuss the
future possibilities and limitations for the use of CVBG ultra-short pulse shaping.
Keywords: Ultrafast Optics, Pulse Shaping, Chirped Volume Bragg Gratings, Spatial Dispersion.

1. Introduction

Lasers are the central building block for generat-
ing ultrashort light pulses. Just two decades had
passed after its invention and the duration of the
shortest pulse has already decreased six orders of
magnitude, coming from the nanosecond range to
the femtosecond one. As we speak, 10 fs or even
shorter pulses can be generated directly from com-
pact and reliable laser oscillators and the temporal
resolution of measurements has overcome the reso-
lution of modern sampling oscilloscopes by orders
of magnitude.

One key feature of such pulses is the way one can
process, or shape, them. Pulse Shaping consists in
the generation of arbitrary optical waveforms, and
has been an active field of research for the last 25
years. The reason behind the recent increasing in-
terest in this field is related to the fact that ultrafast
optical pulse shaping shows significant relevance in
many other areas of science and engineering. Its
applications include coherent control [1–3], multidi-
mensional spectroscopy [4], biological imaging [5],
compression of optical pulses [6], factorization of
numbers [7, 8] and optical communications [9]. In-
terested readers may find more extensive review on

some of these in [10, 11].

This work’s main goal is to acquire knowledge
on Chirped Volume Bragg Gratings (CVBGs), and
apply it in an ultrafast pulse shaping technique.
CVBGs are bulked chirp Bragg gratings, in this
case representing chirped mirrors, which modus
operandi works with the fact that the Bragg wave-
length is not constant, but varies within the struc-
ture. Thinking of an ultrashort pulse as being
composed of groups of quasi-monochromatic waves,
that is of a set of much longer wave packets of
narrow spectrum all added together coherently, the
idea is to disperse all this wavelengths in order to
manipulate them in an one-by-one fashion, shap-
ing the pulse. These gratings are known for their
robustness, making them easy to align and signifi-
cantly resistant to shocks and vibrations. They are
also potentially suitable to reduce the size of pulse
shaping systems. [12]

In order to make use of the above mentioned ad-
vantages, the objective is, then, to study the be-
haviour of these gratings in all their pulse shaping
relevant features, mainly the dispersive ones, mak-
ing possible its future integration in pulse shaping
systems.
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2. Fundamentals
2.1. Pulse Shaping
One way to realize a pulse shaper is the Fourier
transform pulse shaper. Its operation principle is
based on optical Fourier transformations from the
time domain into the frequency domain and vice
versa. In figure 1 a standard design of such a pulse
shaper is shown. This is called the 4f design.

The incoming ultrashort laser pulse is dispersed
by a grating and the spectral components are fo-
cused by a lens of focal length f. In the back focal
plane of this lens - the Fourier plane - the spectral
components of the original pulse are separated from
each other having minimum beam waists. Thus,
the spectral components can be modulated indi-
vidually by placing a linear mask, M̃(ω), into the
Fourier plane. Afterwards, the laser pulse is recon-
structed by performing an inverse Fourier transfor-
mation back into the time domain. Optically, this
is realized by a mirrored setup consisting of an iden-
tical lens and grating [10, 13].

Figure 1: Basic layout for Fourier transform fem-
tosecond pulse shaping (from [13]).

Recent discussion on ultrafast optical pulse shap-
ing methods is centered mainly in waveform syn-
thesis achieved by spatial masking of the spatially
dispersed optical frequency spectrum, particularly
in the use of Space Light Modulators (SLMs) which
allow for reprogrammable waveform generation un-
der computer control. The most commonly used
SLMs are the Liquid Crystal SLMs (LC-SLMs) and
the Acousto-optic Modulators (AOMs).

LC-SLMs are reported to contain up to 106 pixels
[14], which allow for an immensely large number of
different spectrally phase modulated pulses to be
produced. As for AOMs, the use of a 2.5 cm long
TeO2 crystal has resulted in a group delay range of
3 ps, 6.7 fs temporal resolution and 30% diffraction
efficiency[15].

In general, pulse shapers based on LC-SLMs have
low transmission losses, are suitable for high rep-
etition rate mode-locked laser oscillators, do not

impose additional chirp and have a low waveform
update rate on the order of 10 Hz. Set ups based
on AOMs have high transmission losses, they do
impose additional chirp but they have a wave-
form update rate in the order of 100 kHz. Both
are suitable for amplitude and phase modulation,
while programmable polarization shaping has been
demonstrated, so far, only with LC-SLMs [16–23].
Extensive reviews on this topic may be found in
[10, 13, 24].

2.2. Volume Bragg Gratings

Volume Bragg Gratings (VBGs) are Bragg Gratings
which are recorded inside transparent material, usu-
ally in the form of a cube or a parallelepiped [25].

Recent decades have presented us with numerous
publications on theoretical and experimental study-
ing of VBGs written in various phase photosensitive
media and used in many different configurations.
The most widely accepted basis for description of
such gratings, and which is as well adopted for this
work, is the Theory of Coupled Waves, developed
by Kogelnik in 1969 [26]. According to it, the Bragg
condition for VBGs turns into [27]:

2Λ =
λ0

nav|cos(θ∗m)|
(1)

where, here, λ0 still denotes free-space wavelenght,
Λ the grating period, nav is the average refractive
index of the medium and θ∗m is the incident Bragg
angle in a medium.

As for the sensitive media, one of the most
promising materials for VBGs, and the one used
is this work, is a phothermorefractive (PTR) glass
which is a silicate glass doped with silver, cerium
and fluorine [28]. PTR glass presented itself as
a successful solution when used for high-efficiency
holographic elements in high-power laser systems
[29, 30]. Besides that, PTR glass possesses all the
advantages of optical glass, such as thermal stabil-
ity, high laser damage threshold, and wide trans-
parency range. [31]

As the name suggests, CVBGs are non-uniform
volume Bragg gratings, which basic chacteristics are
identical to the previous described gratings, but
having its spatial period (Λ) gradually changing
along the whole volume.

Figure 2 (b) shows recording geometry for this
gratings, being the case of uniform gratings re-
peated to provide means for comparison. If uniform
volume gratings are produced by recording inter-
ference patterns of two collimated beams in photo-
sensitive materials, CVBGs are obtained by record-
ing this same sequences using a divergent beam and
a convergent one. In the figure one may observe
that the period changes in Z-direction, which is per-
pendicular to the bisector of the beams. Using two

2



identical beams, a linearly chirped grating is ob-
tained.

Figure 2: Recording geometry for uniform grat-
ings by interference of collimated beams (a) and for
chirped gratings by interference of a convergent and
a divergent beams (b). Arrows show the direction
of the recording beam propagation. Z is the axis
collinear to the grating vector (from [12]).

As mentioned above, this work made use of such
a grating in a Bragg mirror configuration, where pe-
riod variation is directed along beam propagation
direction. Figure 3 (c) shows such a configuration.
From this configuration follows that the same wave-
length may experience different distances, depend-
ing from which side we illuminate the grating. The
side with larger grating period is called the red end,
where larger wavelengths are to experience lesser
distances, according to Bragg condition. The oppo-
site end of the CVBG is called the blue end.

Figure 3: Schematics of beam diffraction by vol-
ume Bragg gratings. (a) Transmitting grating, (b)
uniform reflecting grating (Bragg mirror), and (c)
chirped reflecting grating, λ1 > λ2 > λ3. Spatial
modulation is not in scale: the typical period for a
Bragg mirror at 1 µm is about 0.3 µm (from [12]).

It easily inferred that such a grating can be con-
sidered, locally, as Reflecting Bragg Grating, and as
set of Bragg mirrors throughout its volume.

The Spectral Chirp Rate is a parameter that
translates the amount of spectrum reflected when
it travels a certain amount of space in the grating,
and is defined as:

SCR =
dλ

dz
. (2)

Taking into consideration the Bragg condition (1),
and considering it for a general wavelength to be
reflected on the grating, one may rewrite (2) as:

SCR =
dλ

dz
= 2nav|cos(θ∗m)|dΛ

dz
(3)

where one may see, as expected, that the reflection
spectrum of a CVBG depends on the chirp rate of
the grating period itself, dΛ/dz.

Integrating (3), one obtains the expression for
the total bandwidth of the grating:

∆λ = SCR× t. (4)

Finally, as one can see from fig. 3 (c), different
wavelengths are going to experience different path
sizes inside the grating. This will result in a delay
between different spectral components. The total
delay time (the maximum stretching) ts between
the spectral components corresponding to the front
and back ends of a CBVG is determined by:

ts =
2navt

c
. (5)

The contents of this section are discussed in [12]
and some of these concepts are presented with high
detail in [32].

Spatial chirp is a very common spatio-temporal
distortion in ultrafast optics, being frequently intro-
duced by many routine operations in laser laborato-
ries. It is said that a beam has spatial chirp when-
ever its different spectral components are separated
in space, transversely to the propagation direction.
The accuracy of pulse shaping depends greatly on
the degree of spatial chirp at the focal plane. Refer
to [33–35] for extensive studies on the subjected.

Spatial chirp in a CVBG is depicted in figure 4,
where we have a top view of the grating.

Figure 4: CVBG’s top view depicting transversal
chirp.

Figure 4 illustrate the mechanism by which one ob-
tains spacial chirp in these gratings: pulses entering
the grating with θi are to be diffracted and reflected
back with angle θd. However, different wavelengths
are reflected for different values of Z (or, alterna-
tively, for different values of Λ). Thus, experienc-
ing different distances in the grating, these compo-
nentes are also experiencing spacial separation.
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For detailed information on spatial chirp one
may refer to [36].

3. Numerical Model
This section’s work is a simplified version of the one
developed in [37]. It consists in considering CVBGs
as set of smaller reflective Bragg gratings, each of
which with different grating period Λn, and thick-
ness tn = t/N , where t is the overall thickness of
the CVBG, while N is the number of segments one
chooses to divide the grating into.

Consider figure 5, which represents a simplified
schematic of a CVBG with N=4. The model shows
equally spaced RVBGs reflecting parts of beam re-
maining from previously reflections.

Figure 5: CVBG divided in 4 segments. The fig-
ure shows the amount of the initial beam that is
diffracted by each of the individual reflecting grat-
ings.

Considering the initial beam intensity to be normal-
ized, from the analysis of the figure one may infer
the following relation:

η(λ) = η1(λ)+...+(1−η3(λ)(1−η2(λ))(1−η1(λ))η4(λ)
(6)

Where η is given by the following relations:

Φ = −2πnavtδn

λ2
0f

(7)

ξ(∆λ) = −πft∆λ
λ0

(8)

It results a diffraction efficiency, η(∆λ), written:

sin2

√(
πft∆λ
λ0

)2

−
(

2πnavtδn
λ2
0f

)2

(
λ0f2∆λ
2navδn

)2

− cos2

√(
πft∆λ
λ0

)2

−
(

2πnavtδn
λ2
0f

)2
(9)

where the parameters are defined as: the average re-
fractive index of the medium nav at free-space wave-
length λ0; an amplitude of refractive index modula-
tion δn; the grating thickness t; the period Λ, or the
correspondent spatial frequency f = I/Λ; and fi-
nally the inclination angle ϕ, between the normal to
the front surface Nf and grating vector KG, which
in turn is directed towards a medium perpendicular

to the planes of a constant refractive index, having
the module |KG| = 2πif .
The generalization of such a relation for a general
CVBG divided in N segments is straightforward.
For simplicity’s sake, lets first introduce the general
function hn(λ), representing each term of the sum:

hm(λ) = ηm(λ)×
m−1∏
j=1

(
1− ηj(λ)

)
(10)

Finally, total diffraction efficiency comes written as:

η(λ) =

N∑
i=1

hi(λ) =

N∑
i=1

ηi(λ)×
i−1∏
j=1

(
1− ηj(λ)

)
.

(11)
Upon analysis of figure 6, one arrives to the follow-
ing conclusions: With a non-zero diameter beam,
the maximum number of segments which may con-
tribute to a particular position x it’s a function, as
we can see, of beam diameter, as well as incident
angle: the larger the beam, or the smaller the inci-
dent angle, more reflections from different segments
are going to be present at a particular position in
the mask plane.

Figure 6: CVBG divided in 17 segments. More than
one plane contributes for the same x coordinate.

one may infer that the maximum grating distance,
from which one observer at x0 may perceive contri-
butions from the incident beam, comes:

∆z =
D

2sinθi
(12)

Taking into account the fact that each segment
has thickness t/N , one may easily deduce the max-
imum number of segments that may contribute to
a given position x in the mask plane:

S = Int
( ∆z

t/N

)
= Int

(N∆z

t

)
(13)

Obviously, the least number of segments contribut-
ing for one particular position is 1.

As show in figure 6, the segment discretization
of the grating leads to a discretization of the x axis
as well. Here, the number of segments can be calcu-
lated from the combinations of Z-segments’ contri-
butions present in each one of them, and it comes:

Nx = 3S − 2 (14)
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From this one may infer the total diameter of the
reflected beam:

∆x′ = ∆x
3S − 2

N
(15)

where ∆x = 2tsinθ is the total diameter of the re-
flected beam for a 0 diameter incident beam. Here,
we have assumed that size of each interval in x axis
is the same as in the previous case, and given by
∆x′

3S−2 = ∆x
N .

Thus, the the total efficiency formula, for each
x segment and for a given wavelength is writen:

H(n, λ) =

i=N/2+n+S/2∑
i=N/2+n−S/2

hi(λ) (16)

where:

• n =
[
− Nx

2 , ...0, ...
Nx

2

]
• x ∈

[
n∆x
N , (n+ 1)∆x

N

]
• the grating segments contributing for a given

segment in x are the limits of the sum, given

by i =
[
N
2 + n− S

2 , ...
N
2 + n, ...N2 + n+ S

2

]
3.1. Verification and Validation
In [38] it is presented a study on the variation of re-
fractive index modulation, δn, for RVBGs, accord-
ing to (9). Both simulations, from the cited article
and mine, are depicted in figure 7. From this anal-
ysis one is able to observe that a decrease in both
refractive index modulation and grating thickness
results in a decrease of diffraction efficiency. This
was also easily anticipated given the role of these
parameters in (7).

(a) Results from [38] (b) Achieved simulation

Figure 7: Dependence of diffraction efficiency of a
RVBG on deviation from resonant wavelength λ0 =
1985 nm, for monochromatic plane waves at normal
incidence. Thickness 1 mm, average refractive index
nav = 1.4867. Refractive index modulation, ppm:
1= 200, 2= 500, 3 =1000.

Before using the developed model on my labora-
tory specifications, I will first test it on the results
obtained in [12]. In it, the authors study diffrac-
tion efficiency response for different SCRs, eq. (3).
Paper’s results, along with the application of this

work’s model, are presented in fig. 8. It can be
seen that all the plot is 8 (b) are overlapping each
other, being the different colours indistinguishable.
We may conclude that this model does not describe
properly changes is the grating’s chirp. This result
should be expected, since the model itself consists in
dividing the structure in equally spaced segments,
which proves here to be insufficient in taking into
account this chirp differences.

(a) Results from [12] (b) Achieved simulation

Figure 8: Modeled spectra of diffraction efficiency
of CVBG with different spectral chirp rates (SCRs).
Parameters of modeling: central wavelength λ0 =
1550 nm, spatial refractive index modulation δn =
700 ppm, and thickness t = 5 mm, SCR dλ/dz,
nm/cm: 1-0; 2-0.5; and 3-5, respectively.

In figure 9 (b) I show the modeling of the diffrac-
tion efficiency for the CVBG I’ve used in the exper-
iments. In fig. 9 (a) it is shown the results ob-
tained in [37], where the model used is a more com-
plete version of one presented in this work. In both
simulations one easily perceives that maximum ef-
ficiency doesn’t reach 1. Besides that, a similiar
behaviour is observed, having the grating a spec-
tral bandwidth of operation of, approximately, 12
nm, which corresponds to fabric specifications.

(a) Results from [37] (b) Achieved simulation

Figure 9: Diffraction efficiency of a CVBG, using
partition methods. (a) grating parameters: Normal
incidence, λ0 = 1550 nm, t = 10 mm, N = 30, nav
= 1.5, δn = 800 ppm; (b) grating parameters: θi
= 7.5◦, λ0 = 1030 nm, t = 33 mm, N = 30, nav =
1.499, δn = 530 ppm.

Finally, spatial chirp simulation is shown in fig.
10. Hotter colours mean higher intensities, while
the purple zone correspond to 0 intensity observed.
It is possible to see that, for a given segment in
x, one may find limited non-zero bandwidth, which
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makes pulse shaping a difficult task. However, a lin-
ear relation between x and λ is also observed, which
means for different segments in x one may also find
a different set of wavelengths, allowing thus for a
better pulse shaping control. These are expected
spatial chirp properties, if we take into account the
analysis developed before.

Figure 10: Spatial Chirp simualtion, where to hot-
ter colours correspond higher intensities. Purple: 0
Intensity; Orange: Intensity = 0.9; Grating param-
eters: θi = 7.5◦, λ0 = 1030 nm, t = 33 mm, N =
30, nav = 1.499, δn = 530 ppm.

4. Experimental Measurements
Employed grating was purchased from Optigrate
(optigrate.com).

4.1. Spectral Analysis for Transmitted and Re-
flected Beams

Comparison between simulated and real normalized
reflected beam is shown in figure 11, for θi = 7.5◦.
Reality shows us a more gaussian-like form, where
two remarks should be pointed out: first, central
wavelength for the first case (1030nm) is essentially
the same as maximum point of the later (which was
measured to be 1030.54 nm); second, FWHM for
the measured beam is 10,9 nm, slightly less than
spectral bandwidth of the simulated grating, esti-
mated by Optigrade to be 13 nm. The overall re-
flected spectrum, however, is approximately 1 nm
bigger.

4.2. Spatial Chirp
A 0.4 mm diameter fiber was connected to a spec-
trometer and to a mobile stage. Upon incident
angle variation, the reflected spectrum would be
scanned upon stage movement, in one fiber diame-
ter steps.

From figure 12 one may draw the inference about
the areas where pulse shaping is possible and eas-

Figure 11: Comparison between experimental and
simulated results. 1 - Diffraction efficiency of a
CVBG, using partition methods. Grating param-
eters: θi = 7.5◦, λ0 = 1030 nm, t = 33 mm, N =
30, nav = 1.499, δn = 530 ppm. (b); 2 - Reflected
Beam at θi = 7.5◦
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(c) θi = 7.5◦
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(d) θi = 10◦

Figure 12: Horizontal chirp analysis for reflected
beams, for several incident angles. Relation be-
tween central wavelength and its relative position
in the beam.

ier. In particular, for θi = 7.5◦, 5.2 mm of beam is
suitable for pulse shaping, having a rate of change
of 1.6 nm per millimetre.

5. Conclusions

No analysis was performed regarding incident beam
diameter, in spite of its importance on the devel-
oped numerical model, due to the complexity of
changing this parameter and the unavailability of a
laboratory time slot. On the other hand, since the
laboratory only possessed one CVBG, it was impos-
sible to study the impact on pulse shaping charac-
teristics of important grating parameters such as re-
fractive index modulation or grating thickness. Fu-
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ture work should be done to account the influence
of these parameters on reflected beams.

One should also note that although numeri-
cal work presented itself important, insightful and
sufficient, some improvements may still be imple-
mented. Better models would allow for better sim-
ulations, facilitating comprehension of these mate-
rials, accelerating laboratory work, and enlighten-
ing the way for future tests, work and applications.
Probably one of the most important effects inside
a CVBG is the interference occurring between the
several different beams. For the sake of simplicity
and time, I’ve chosen to neglect such an effect, but
future endeavours should try to take it into account.

Finally, the major achievement of this work was
arriving to the conclusion that Chirp Volume Bragg
Gratings are suitable materials for Pulse Shaping
realization. It served also to define its main con-
straints and requirements for a proper accomplish-
ment of such goal. We now know that bigger in-
cident angles yield better results, but at the mo-
ment it is more complicated to say what influence
would parameters such as granting thickness or the
beam diameter have on reflected beams. Future
efforts should include the realization of an actual
pulse shaping system using CVBG and optimized
already for all the key parameters.
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Bertrand Girard. Factoring numbers with
interfering random waves. EPL (Europhysics
Letters), 83(3):34008, 2008.
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